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We have measured projectile and target x-ray cross sections for F+ Ar and F+ Kr collisions using fluorine
beams of charge states 7+, 8+, and 9+ with energies from 20 to 76 MeV. Pronounced enhancements for the
Ar K and Kr L vacancy cross sections using F + ions compared to those for the 7+ projectile can be
explained by charge exchange as described by an empirically scaled Brinkman-Kramers theory. The Ar L, Kr
K, and Kr M cross sections are found to exhibit features expected for Coulomb ionization. The projectile K x-
ray production for the 9+ ion is accounted for by charge exchange processes. Predictions of the first Born
approximation for direct single-step excitation to bound states by the target nucleus overestimate the observed
cross sections for F'+ and F'+.

I. INTRODUCTION

The complexity and the number of modes of ex-
citation playing major roles in heavy-ion-atom
collisions has become evident as the result of
several recent experiments. In particular, for
asymmetric collisions at MeV/amu bombarding
energies, inner-shell vacancy cross sections have
been found to deviate substantially from the quad-
ratic dependence on projectile Z suggested by
simple Coulomb ionization theories. ' The experi-
mental evidence has led to modifications of the
description of the ionization process itself as well
as the consideration of additional mechanisms for
creating vacancies. We present in this paper a
study of the projectile-charge-state dependence of
the x-ray cross sections for collisions involving
highly stripped fluorine projectiles with argon and
krypton targets. In the analysis of the data, we
have considered specifically three mechanisms
for the creation of inner-shell vacancies: ioniza-
tion, charge exchange, and direct Coulomb excita-
tion to bound states within the one- and two-elec-
tron projectiles.

The process which has received a majority of
recent experimental attention is ionization. De-
partures from the Z' dependence in ionization
were first reported for several light projectiles
(Z~ 3)' ~ and subsequently for heavy ious. ~ ' In
the regions of q'~' [= (projectile velocity)/(orbital
electron velocity) j relevant to the present work,
two effects have been suggested4 to account for ob-
served depressions and enhancements in the cross
sections below and above g' '=0.5, respectively.
The former effect involves an increase in the

binding energy U& of the electron due to the pres-
ence of the projectile charge within the g shell4
or the L shell. ' The I/U2s dependence in either
the binary-encounter approximation (BEA)' or the
plane-wave Born-approximation (PWBA)' formula-
tions then leads to a reduction in the cross sec-
tion. The second effect is also based upon a
quasiadiabatic adjustment of the bound electron to
the projectile charge, in this case a polarization
which decreases the interaction distance and so
increases the ionization probability. Cancellation
of the two effects has been suggested4 to occur at
q'~' =8/2, where 8 is the Born screening param-
eter' for the shell being considered. Experimen-
tally, for heavy ions, these crossover points are
observed to fall reasonably close to the predicted
values. "

Rather dramatic evidence for the importance of
processes other than Z' ionization in inner-shell
vacancy cross sections has been reported in the
strong projectile-charge-state dependence of tar-
get x-ray cross sections for F'+'+'++Ar colli-
sjpnsio, ii and for Arri+-i6++Ne cpllj. sjpns i2 Thep-
retical estimations of the magnitudes for the
F Ar experiment in terms of charge-exchange
cross sections have been made within the BEA"
and first Born (Brinkman-Kramers)" frameworks.
More recent and intensive attempts to analyze the
charge-state dependence in the F+Ar case with
the electron capture mechanism have met with
success in the employment of the Brinkman-
Kramers cross section advanced by Nikolaev"
with velocity-dependent scaling based on either the
measured total capture" or the measured F K
x-ray cross section with the F" ion." It seems
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apparent that the inclusion of electron capture in
attempts to explain the available experimental re-
sults is a promising step toward understanding the
many and varied aspects of heavy-ion-atom col-
lisions.

The data and analysis presented in this paper
are intended to provide further information on the
respective roles of ionization and charge exchange
in such collisions. Of particular interest is the
applicability of the Nikolaev expression in explana-
tions of charge-state effects, i.e., the consistency
and validity of the velocity-dependent scaling. In
addition, the topic of Coulomb excitation to bound
states was found relevant in the evaluation of the
projectile K x-ray cross sections at the higher
energies.

II. EXPERIMENTAL PROCEDURES

MANOMETER
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FIG. 1. Diagram of doubly differentially pumped gas
cell. .

The fluorine beams with energies from 20 to 76
MeV utilized in this experiment were provided by
the Stony Brook FN Tandem Van de Graaff Accel-
erator. Individual charge states 7+, 8+, 9+ were
obtained by inserting a 20-p. g/cm' carbon foil be-
tween the 90 analyzing magnet and the switching
magnet preceding the beam line. %here possible,
charge states directly from the accelerator termi-
nal were also used. Beam currents on target
ranged from -1 to - 50 nA, depending on availabil-
ity and counting rates.

The target cell consisted of a doubly differen-
tially pumped gas cell as diagrammed in Fig. l.
Four apertures sequentially positioned along the
beam axis with diameters 1.5, 2.0, 2.5, and
3.0 mm (alternatively 3.5 mm), respectively, pro-
vided both beam collimation and graduated pumping
regions. The center target chamber, defined by
the second and third apertures, was 1.0 cm in
length. The intermediate region, -5 cm in length

on either side of the target region, was tied direct-
ly into a 1500-1/sec diffusion pump. Pumping for
the beam line preceding the cell and the beam
dump was provided by two 220-1/sec turbopumps.
Argon and krypton gases were introduced into
the target region by means of an electronic leak
valve. Through a separate port on the same re-
gion, the pressure was monitored with a Bara-
tron capacitance manometer. Control of the gas
flow and pressure was accomplished either auto-
matically with a leak-valve-manometer feedback
or by simply setting a pressure and keeping a
careful check on pressure drift.

Two detectors were used simultaneously to de-
tect x rays. An 80-mm' Si(Li) detector with a
1-mil Be entrance window was placed on one side
of the cell at 90' to the beam axis to record Ar K,
Kr K, and Kr L lines. The Si(Li) was used alter-
nately e.'.ther coupled directly into the gas cell or
placed outside of a 0.00125-cm-thick Mylar win-
dow capping the cell. Opposite the Si(Li) detector
and vacuum coupled into the system to detect Ar L,
Kr N, and F K x rays was positioned a center-
wire flow proportional counter' operated at 2100 V
with a 10%-methane-90%-argon gas mixture. Both
detectors were provided with various collimating
apertures. The entire 1.0-cm active path length
was visible to the Si(Li). A rectangular aperture
was employed to shield the stainless steel aper-
tures from the proportional counter so as to elim-
inate projectile x rays from sources other than the
target gas. Typical solid angles subtended were
6.9x10-' and 4.0&10 ' sr for the former and lat-
ter, respectively. Energy calibration was ac-
complished with a "Fe source which could be in-
serted into the evacuated target region. Resolu-
tion of the Si(Li) was typically 210 eV for the 5.9-
keV Mn Kat» x ray, while the proportional counter
had an intrinsic resolution of -25% for the Mn line.

Beam integration was accomplished two ways.
The first was integration with a calibrated current
integrator of the charge collected in the beam
dump, which was preceded by a ring biased to
-300 V. The second, and the method used most
often, was recording Rutherford scattering at 90
from Au foils of known thicknesses located in the
first part of the beam dump approximately 15 cm
from the exit (fourth) aperture of the gas cell. The
Au thicknesses (300-400 p, g/cm') were determined
from energy loss" of the fluorine ions at several
incident energies. The charge integration was in
rough agreement with the elastic scattering but
was found to be sensitive to changes in the pres-
sure in the beam dump. Consequently the more
reliable elastic scattering values were used in the
data reduction. The solid angle for the surface
barrier detector at 90' was 5.1x10~ sr.



FORREST HOPKINS et al.

A most important part of all of these runs was
the assurance of single-collision conditions, i.e.,
charge-state purity of the beam. The linearity of
x-ray production with changes in target pressure
was checked for various energies. Typical results
are shown in Fig. 2. Data points were always
taken well within single-collision regions of pres-
sure. All of the Ar and Kr runs were taken at
-10-p, target pressure, with resulting pressures
of -0.2 p. and -2X10 ' torr in the intermediate
region and beam line/beam dump, respectively.
Residual pressure in the active region was 0.1 p,

and was due primarily to leakage through the
2-p, m Makrofoil window of the proportional coun-
ter.

Data were taken in the form of 1024-channel
'spectra for the Si(Li) and 256-channel spectra for
both the proportional counter and particle detector.
Prior to the analog-to-digital conversion, the
pulses from all three detectors were self-gated
via single-channel analyzers (SCA) set to reject
noise and saturated pulses. A dead-time reading
was derived from a comparison of the number of
the SCA pulses to the number of signals digitized
in the multiplexed ADC. Counting rates were kept
sufficiently low to ensure deadtimes of at most a
few percent. All of the spectra, were stored on
magnetic tape for subsequent analysis.

Extraction of yields for the Ar K, Kr K, and
Kr I x rays in the Si(Li) spectra involved integra-
tion of photopeak areas with subtraction of a linear
background determined by best-fit procedures.
Also the centroids of the Ar Ko. and Kp components
were obtained from a least-squares fitting of two

I f I

Ar K Yield
~ F (36MeV)
~ F (66 MeV)

IO l5 2O

Pressure (p.)

FIG. 2. Typical pressure curves for ArE x-ray pro-
duotloQ.

Gaussians plus a linear background, for the pur-
pose of estimating K fluorescence yields. Extrac-
tion of yields from the proportional-counter spec-
tra required in each case a least-squares fitting
of two Gaussians corresponding to the F K and
either the Ar L or Kr M superimposed on an ex-
ponential tail representing electronic noise.
Spectra taken at several energies with the target
gas removed revealed very small backgrounds in
the spectra, negligible for the Si(Li) and at most
5%%uo for the proportional counter in the region of
interest. Fitting errors were significant only for
the proportional-counter spectra, around 10% for
the F K lines and 20%%uo for Ar L and Kr I x rays.

Cross sections were determined from the ex-
pression

o„=N/tQQ~,

where X is the number of observed x rays cor-
rected for dead-time loss, t is the target thickness
(3.53x 10"/cm'), P is the total number of beam
particles, 0 is the solid angle subtended by the de-
tector, and e is a correction for absorption. The
absorptions of Ar K, Kr K, and Kr L x rays in the
Be window of the Si(Li) were taken from the man-
ufacturer's efficiency curve. " The transmission
through the 2-p. m Makrofoil of the F K, Ar L, and
Kr I x rays was measured simply by repeating
several runs with a second foil inserted between
detector and target. Average values of 0.32, 0.38
and 0.42 were obtained for the F K x rays pro-
duced with charge states 7+, 8+, and 9+, respec-
tively, matching up well with published values"
for the 2-p. m foil. A value of 0.28 was used for
the Ar L and Kr M x rays. It must be stated that
increases in the energies of the Ar L and Kr I
x rays due to multiple ionization could easily ex-
tend part of the lines above the C K absorption
edge, where nearly total absorption would occur
through just one foil thickness. The determination
of the relative importance of that absorption is
not possible in the present experiment. Conse-
quently the Ar L and Kr M cross sections must be
regarded as tentative. The cross sections for the
Kr M x rays must further be regarded as approxi-
mate owing to the great variance in the possible
energies, which results in additional uncertainties
in the absorption corrections. Absolute errors
are estimated tobe 15% for the Ar K, Kr K, and
Kr I cross sections and 20%%ua for the F K x rays.
Relative errors should be considerably smaller.
For all cross sections isotropic emission has been
assumed. Recent measurements" indicate strong
polarization of F K x rays arising from F"'++Ar
collisions at and below 33 MeV. The current F K
cross sections may be overestimated by as much
as 15% owing to the assumption of isotropy.
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III. RESULTS
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Typical Si(Li) spectra of the Ar lf', Kr K, and
Kr L x rays with F + bombardment at 46 MeV are
shown in Fig. 3. Proportional-counter spectra for
the same beam incident on Ar and Kr are present-
ed in Fig. 4. The energy calibration for the latter
is only approximate and is based on the assump-
tion that the centroid of the F K peak is equivalent
to the 827-keV energy of the ~s-2P transition in
hydrogenic fluorine. High-resolution spectra of
the fluorine x rays following capture by 34.8-MeV
F'+ in Ar indicate that the majority of the x rays
belong to that term member. "

The measured x-ray cross sections are pre-
sented in Tables I and II for Ar and Kr, respec-
tively. Decreasing cross sections coupled with
the electronic noise tail precluded accurate deter-
mination of the Ar L cross sections above 61 MeV.
These data are presented in graphic form in Figs.
5 and 6. The present values are within 20%%uq of the
previous data available for the Ar K" and Kr L"

I

200 600

E(ev)

1000 l400

FIG. 4. Proportional counter spectra for Ar and Kr.

shells at F energies at and below 36 MeV. A strik-
ing feature of the data is the similarity between the
Ar L and Kr M cross sections as well as between
the F K cross sections for the two targets.

The peak labeled Ar L in Fig. 4 may include
F L x rays produced following capture or excita-
tion. The more energetic of such transitions with-
in one- and two-electron fluorine ions approach'4
-200 eV and would be unresolved from the Ar L
x rays. The energies of the normal Ar L lines

TABLE I. X-ray cross sections for F-Ar collisions.

(MeV)

Ar K (10-20 &~2)
9+ 8+ 7+

Ark (10 cm )
9+ 8+ 7+

F g g0-&8 cm
9+ 8+ 7+

20
26
31
36
41
46
51
56
61
66
71
76

2.79
6.55
9.09
9.98

11.93
14.94
16.21
17.79
18.12
18.05
17.08
17.09

1.39
3.10
4.65
5.61
7.01
8.08
9.22
9.99

10.65
10.98
10.61
10.61

0.75
1.38
2.37
2.75
3.75
4.76
5.43
5.87
6.02
5.88

31.75
22.50
16.42
14.08
11.44
10.93
9.43
8.20
6.76

18.14
14.81
12.65
10.40
9.30
7.94
7.00
6.09
5.50

10.80
9.07
8.91
7.05
6.51
5.40
4 94
4.40
3.82

50.08
34.54
23.70
16.45
12.89
10.61
8.02
6.37
5.14
3.92
2.83
2.42

12.24
8.61
7.03
5.26
4.82
3.82
3.92
3.78
3.56
3.27
3.03
2.58

4.94
4.12
4.64
4.23
4.62
4.70
4.72
4.38
4.14
3.93
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TABLE II. X-ray cross sections for F-Kr collisions.

E
(MeV)

rg (1p ~~ cm~)
9+ 8+ 7+

Kr g, (].0-» cm~) Kr I (1P-" cm~)
9+ 8+ 7+ 9+ 8+ 7+

FK (10 ~8 cm~)
9+ 8+ 7+

26
36
46
56
66
76

0.45
2.25
5.52

12.43
21.13
33.00

0.46
1.77
4.86
9.96

16.88
28.91

0.47
1.59
4.29
9.39

16.15

2.92 1.60 0.90
3.69 2.12 1.39
3.20 2.23 1.59
2.99 1.98 1.78
2.51 1.77 1.53
2.21 1.72

2.90 1.49
2.22 1.26
1.41 0.97
1.08 0.67
0.93 0.58

1.01
0;87
0.75
0.62
0.50

51.70
30.60
14,42
8.39
5.14
3.97

10.92
7.88
5.77
4.55

4.00

5.71
6.44
7.18
7.73
6.81

are around" 220 eV but are expected to be shifted
higher here owing to simultaneous I-shell ioniza-
tion. The transitions to n=2 in the F ion following
capture into n&2 states are expected to be more
prolific when the K shell is filled, since all of the
decay is via J transitions. Thus if the capture
rate into the n&2 states is the same for both F"
and F'+, the F I.x-ray yield would be larger for
F", which is contrary to observation. Second,
according to theory" the F I.x-ray yield following

capture should exhibit a velocity dependence very
similar to that of the F K cross section with F'+.
Again our observation does not reflect this behav-
ior. Consequently the assignment of the peak en-
tirely to Ar I x rays is a reasonable one. Similar
arguments can be made for the Kr M data.

The conversion of the Ar and Kr x-ray cross
sections to vacancy-production cross sections
necessitated certain assumptions about the fluores-
cence yields. The critical dependence of the

fluor-

escencee yield for a vacancy in a given shell upon
the degree of multiple ionization of the neighboring
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FIG. .5. ArK, Ar L, and FK x-ray cross sections for
Fv+'8+ '9+ bombardment.

FIG. 6. KrL, Kr M, and FE' x-ray cross sections for
F~+' ~ + bombardment.
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outer shell has been well documented experimen-
tally for the K fluorescence yields for neon bom-
barded by oxygen" and chlorine". For the Ar K
shell, we have used a single theoretical, yield +&
based on the calculations by Bhalla" and on the
average degree of ionization indicated by the en-
ergy shifts of the Ar Ka and Kp x rays for F'+ at
46 MeV. The respective shifts of 65 and 148 eV
corresponded to the value 0.146 for co~, and can be
attributed to various defect configurations involving
a total of 6 to 7 vacancies in the 2p and 3P shells.
The fluorescence yields for the other charge states
and energies, again based on the energy shifts,
fell within+10% of this number. A recent meas-
urement" of Ar g fluorescence yields for 30-MeV
F has reVealed that such an approach is reasonably
accurate.

Chving to a lack of similar information for the
Ar L-shell fluorescence yields and further an in-
ability to determine accurately defect configura-
tions from the proportional-counter spectra, we
have simply normalized the Ar L x-ray cross sec-
tion for F'+ to the predictions of the binary-en-
counter approximation (BEA)' for ionization using
values for the universal function 6 from McGuire
and Richard. ' Two considerations would suggest
that the measured Ar L cross sections, with the
exception of the first two of the F'+ data points,
are essentially due to ionization. Both of these
mill be discussed more completely in Sec. IV.
Briefly, the Ar L vacancy cross section due to
capture is expected to behave like the F E x-ray
production cross section. The latter is seen to be
rapidly decreasing with increases in energy,
whereas the observed Ar L yields are well des-
cribed by the theoretical ionization curve pre-
sented in Sec. IV. Second, the empirical scaling
of the Brinkman-Kramers expression" to be dis-
cussed shortly gives a charge-exchange contribu-
tion to L vacancy creation which is a small frac-
tion, -10%, of the BEA ionization curve The B.EA
curve is expected to be a reasonable lower limit
on the actual ionization taking place, since the Ar
L cross section for 600-keV proton bombardment
is within 25% of the BEA prediction. " Accordingly
we have used a single value of (S.1x10-') ' to nor-
malize the x-ray data to the theory. Theoretical
fluorescence yields for the Ar I shell which ap-
proach this value have been reported" "and cor-
respond to configurations with nearly fully stripped
M shells.

Specific theoretical calculations of the types for
the Ar X shell do not currently exist for the Kr K
and L shells. Consequently we have used the sin-
gle average values of 0.66 for the Kr K'4 and 0.024
for the Kr L" yields. The former should be ac-
curate for the present case since the Ko. and Kp

IV. DISCUSSION

In order to place emphasis upon the processes
involved, we discuss together those cross sec-
tions for both the argon and krypton targets
thought to reflect a particular process, e.g. , ioni-
zation and effects associated with it. Included in
the category of ionization are the Ar K and Kr l,
cross sections for F'+ and all of the Ar L, Kr E,
and Kr N cross sections. The enhancements in
the Ar K and Kr L cross sections for the fully
stripped F over those for the two-electron F are
examined in terms of charge exchange to the g
shell of the projectile, along with the F K cross
sections for F9+. Finally the projectile x-ray pro-
duction for incident one- and two-electron F ions
receives attention under the heading of excitation.

A. Ion&zatj(on

As mentioned earlier, the subject of ionization
has received a major part of the experimental and
theoretical efforts in the area of vacancy cross
sections for ion-atom collisions. Qf particular
interest for the present experiment is the role of

TABLE III. Ar vacancy cross sections.

(MeV)

ArZ (10 "cm')
9+ 8+ 7+

Ar 2 (10 ~6 cm2)
9+ 8+ 7+

20
26
31
36
41
46
51
56
61
66
71
76

1.92
4.52
6.27
6.88
8.23

10.3
11.2
12.2
12.4
12.4
11.7
11.7

0.952
2.12
3.19
3.84
4.80
5.53
6.32
6.84
7.30
7.52
7.27
7.27

0.517
1.16
1.63
1.90
2.59
3.28
3.74
4.05
4.15
4.06

10.24
7,19
5.30
4.54
3.69
3.53
3.04
2.65
2.18

5.85
4.77
4.08
3.35
3.00
2.56
2.26
1.96
1.77

3.48
2.93
2.87
2.27
2.1
1.74
1.59
1.42
1.23

line shifts are observed to be small. For the Kr L
shell a comparison with the aluminum K shell,
which has a comparable binding energy and atomic
fluorescence yield, is instructive. A high-resolu-
tion study" of the Al Kc. satellite structure result-
ing from fluorine bombardment implies that in the
present situation the atomic value should be about
-', the actual value at F energies around 36 MeV.
Presumably above that energy, it should be even
closer owing to decreasing M-shell ionization.

Using the various fluorescence yields discussed
above, the vacancy cross sections have been de-
rived from the x-ray data and are presented in
Tables III and IV for Ar and Kr, respectively.
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TABLE IV. Kr vacancy cross sections.

(MeV)

K X(10-» cm')
9+ 8+ 7+

KrL(0 c )
9+ 8+ 7+

Kr m (1O-" cm')
9+ 8+ 7+

26
36
46
56
66
76

0.676
3.40
8.37

18.8
32.0
50.0

0.696
2.67
7.37

15.1
25.6
43.9

0.718
2.41
6.50

14.2
24.5

12.2
15.4
13.3
12.5
1O.5
9.21

6.68
8.82
9.30
8.31
7.37
7.15

3.74
5.80
6.63
7.41
6.40

30.3
23.1
14.7
11.2
9.74

15.6
13.2
10.1
7.27
6.09

~ ~ ~

10.5
9.09
7.85
6.49
5.28

Io I8=

s ( g

BEA ( IONIZATION):——BK (ELECTRON
CAPTURE)

B+) ( ') ——BK (CONSTRAINED)-
7+

0
o 0 0o o

Ar K
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&r
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"finite charge effects" suggested to account for the
substantial departure from Z' dependence observed
previously in the ionization of various target K
shells by heavy projectiles. ' '

The Ar K vacancy cross sections for F'+ bom-
bardment are shown in Fig. 7 compared to a BEA

ionization curve, which has been normalized to a
scaled (x81) proton cross section at 8.0 MeV jamu.
The F'+ cross sections divided by the product of
Z' (=81) and the proton cross sections at identical
projectile velocities from Winters et al."are
shown in Fig. 8; also in which the prediction for
the scaled cross sections including the "increased-
binding" effect' is presented. The data reach a
crossover point somewhat above the q~~' = 8j2
value but do dip toward the binding curve for
gk '&0.5. Both of these characteristics have been
noted before' for similar projectile-target com-
binations. In line with considerations discussed in
the following sections, the strength of the electron
capture from the Ar E shell to n & 2 states in F is
expected to be small compared to ionization. The
data here indicate that such is the case.

The Ar L vacancy cross sections displayed in
Fig. 7 exhibit a velocity dependence which is well
described by the binary-encounter approximation.
The arbitrary normalization by (S.1x10 ') ' pre
eludes any accurate comparison of magnitudes.
A reasonable expectation based on available in-
formation on heavy-ion ionization cross sections
for g' ' &0.5 is that the Z' scaled BEA curve is an
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FIG. 7. ArÃ and ArL vacancy cross sections in
terms of F +-induced magnitudes and the (9+) -(7+)
differences. Included is the FK x-ray cross section
for F~ (see text for details of theoretical curves).

FIG. 8. Proton-scaled ArK vacancy cross section
for F + compared to increased-binding prediction (dot-
dashed curve). The arrow indicates g ~ =8/2.

k
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underestimate of the actual cross section, although
no such measurements exist for a shell as loosely
bound (-245 eV) as the Ar I shell.

The charge-state dependence in the Ar L cross
sections is comparable to that expected for ioniza-
tion due to ionic charge (full screening) rather
than nuclear charge. Two recent experimental
papers have interpreted their results in terms of
screening effects. The first" noted a partial
screening due to Cl L electrons as reflected in
the Ne K vacancy cross sections for Cl-Ne col-
lisions. The second" reported that ionization of
the Ne L shell simultaneous with the creation of
Ne g vacancies, observed in the Ne ge satellite
structure, appeared to be due to the ionic charge
of C, N, 0, and F projectiles. The latter case is
relevant to the situation here, where the projectile
electrons are considerably more tightly bound than
the target electrons. A full screening assumption
here predicts an increase of 65% for F" compared
to F'+, close to the observed differences in Fig. '7.

The first two F" data points depart somewhat
from the behavior of the remaining Ar L cross
sections, possibly owing to Ar L x rays arising
from capture as discussed previously. It must be
kept in mind that the same normalization of (3.1
x10-') ' has been applied to all of the data points.
Thus the 9+ values for the vacancy cross sections
may be overestimated somewhat with respect to
the other values, as the "average" fluorescence
yield might be expected to be larger for the fully
stripped ion.

The vacancy cross sections for the Kr E shell in
Fig. 9 show little charge-state dependence up to
g~ '=0.4, as has been observed before at lower
energies. " The proton-scaled" cross sections in
Fig. 9 again, as in the Ar g case, exhibit trends
expected for ionization, tracking the appropriate
increased binding curve' at low g~~'. Using scaling
discussed in Sec. IV 8, charge exchange from the
Kr K shell should be down at least a factor of 10
from the measured cross sections, in agreement
with the small dependence on charge state.

The Kr L cross section for F" along with the
Kr M cross sections for F" and the differences
between F'+ and F'+ are shown in Fig. 10. The
BEA ionization curve for the L shell has been nor-
malized to a measured proton cross section" at
3.0 MeV scaled up by 81, while for the M shell the
curve is purely theoretical, using 213 eV for an
average binding energy. The normalization value
of (1.2x 10-') ' for the M shell includes the ab-
sorption uncertainties mentioned previously for
the M x rays as well as those introduced by as-
suming a single M binding energy. The intent here
is simply to point out the agreement between the
measured velocity dependence and the theory.
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%'ithin these velocity regions, 0.66 & g~~' & 1.05
and 1.88 ~ q~/'6 3.0, the ionization description
appears adequate. The Kr M cross sections bear
features almost identical to those of the Ar I
data, not surprising in view of the closeness of
the Kr I and Ar L binding energies.

8. Charge exchange

The Brinkman-Kramers (BK) treatment" of the
simple -e /x interaction within a first-Born-ap-
proximation framework was generalized by
¹ikolaev" to give the following expression for
electron capture by a bare projectile into states
with principal quantum number n from a filled
target shell of principal number n&..

o'(n&/n) = wa20(~~)N&n'(vo/v)'y'q„'f (Py) .
Here a, =S'/e', v, =e'/5, N, is the number of elec-
trons in the target shell, v is the projectile veloc-
ity, and q„ is the ratio of the orbital electron ve-
locities for states n and n&. y is a simple function
of q„and the quantity V = v/u, where u is the elec-
tron velocity for the state n„while f is a function
of y and a screening parameter P. The expression
assumes identical "average" parameters to des-
cribe subshells within a target shell and includes
a sum over final states.

As noted by Nikolaev, empirical scaling of the
magnitude of the cross section is required if
agreement with experimental data for protons in-
cident on a variety of gases is to be obtained. A
similar need for scaling of the total capture cross
sections for heavy fully stripped projectiles has
been reported. 4' " More recently velocity-depen-
dent scaling has been used successfully" to ac-
count for the projectile-charge-state dependence
in the Ar K vacancy cross sections with F'"'""
impact, below 36 MeV.

The results of using a velocity-dependent scaling
are compared with the differences between the F9+

and F'+ cross sections in Fig. 7 for the Ar K shell
and in Fig. 11 for the Kr L shell. The correspond-
ing F K x-ray cross sections for incident F" are
also displayed for completeness. Assuming that
the ionization of the target is nearly the same for
F'+ and F'+, i.e., minimal screening effects, the
cross-section difference should just reflect the
charge-exchange contribution from either Ar g or
Kr 1. to the F K shell. According to Eq. (2), this
component forms 80-90% of the capture cross sec-
tions from either one of these target shells. The
dashed curves are the predictions of Eq. (2) using
constant scaling factors of 0.11 and 0.05, respec-
tively, for Ar K and Kr L. Capture to the 2S, &,
m.etastable state has been excluded. In each case,
normalizing the dashed curve for F K x rays to
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FIG. 11. (9+) —(7+) differences for Kr L vacancy
cross sections with single scaled (dashed) and multiply
scaled (solid) BK curves.

the measured values results in a corresponding
adjustment of the dashed curve for the target. The
results are shown as a dot-dashed curve for Ar
and as a solid curve for Kr. The new predictions
in both cases are seen to reproduce the magnitude
to within 50%%uo at worst More striking are the re-
productions of the observed velocity dependences.
In the case of the Ar K shell, the adjusted curve
tracks data which is increasing up to q~

' = 0.8,
well above the point at which the direct BK curve
starts receding. The agreement is somewhat sur-
prising since the particular components are only a
fraction of the total capture cross sections. The
Kr 1'-shell to the F &-shell component is only -9%%u0

at 26 MeV, increasing to -30%%uo at the higher ener-
gies. The Ar K to F X process is less than 1% of
the total. The lack of better agreement in both
cases may just reflect misestimation of the exper-
imental (9+) —(7+) magnitude owing to the use of a
single fluorescence yield and to neglect of the
screening-by--the F K electrons in ionization.

The similarity of the scaling factors for the Ar
and Kr targets can be seen in Table V. The factors
for protons are around 2 times larger at equivalent
velocities. " The principal shells involved in the
total cross section for capture as well as for pro-
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jectile K x rays are in each case filled, making
negligible the corrections" for the partially filled
outermost target shells. The scaling factor is
known to decrease still further for energies below
those in Table V.4' In spite of the larger F nuclear
charge and the possibility of "finite charge effects"
such as those discussed above for ionization, the
success of simple scaling is remarkable in that
one normalization at each energy accounts for pro-
cesses of grossly differing dynamics, i.e., capture
from inner shells versus capture from outer shells.
Inasmuch as the inadequacy of the theory in ex-
plaining the impact-parameter dependence of the
Ar g cross section using F'+ has been reported, "
the fact that the theory works as well as it does
for estimating total cross sections is an intriguing
result.

TABLE V. Scaling factors for BK charge exchange
cross sections based on F K x-ray cross sections Fe+.

(MeV) Kr

20
26
31
36
41
46
51
56
61
66
71
76

0.05
0.07
0.077
0.081
0.096
0.113
0.119
0.129
0.141
0.141
0.130
0.144

0.054

0.078

0.080

0.088
0 ~ 0

0.094

0.118

C. Excitation to bound states

The subject of Coulomb excitation to bound
states, as opposed to the continuum (ionization),
has been dealt with by numerous theoretical
papers. 4' Although data for collisions involving
excitation of hydrogen, helium, and outer shells
of heavier particles are available, "the subject
has escaped definitive study as far as experimen-
tation with the inner shells of heavy ions is con-
cerned. Presumably the difficulty lies in distin-
guishing the process from other possible mechan-
isms for creating inner-shell vacancies. The use
of few-electron F projectiles in the present ex-
periment affords a qualitative look at this mechan-
ism, insofar as some estimate of competing pro-
cesses in producing F K x rays can be made.

For example the F K x-ray cross sections for
F" incident on Ar appear to reflect different pro-
cesses at different energies. At the lower ener-
gies the data mimic the cross section for F K

x rays following capture by F". Above 41 MeV,
it assumes the shape and nearly the magnitude of
the F'+ data points, which ostensibly represent
some form of excitation of at least one K-shell
electron. It seems reasonable to assume that the
capture contribution to the 8+ cross section above
41 MeV is roughly in the same proportion to the
F" cross section as at the three lowest energies,
that is, down by a factor of -4. Thus it is inform-
ative to compare the F'+ cross sections above 56
MeV with expectations for Coulomb excitation.
The F'+ data can likewise be compared to excita-
tion for a two-electron ion. It must be kept in
mind that this is a qualitative assessment in that
available high-resolution data"" for F incident
on a variety of gases indicate that multistep events
are highly probable. Two such possibilities leading
to F E x rays are electron exchange and ionization
of the F K shell coupled with capture into the F L,

shell.
Bates has noted'4 that within the first born ap-

proximation Coulomb excitation from ground state
a to an excited state b within a hydrogenic system
is given by

o'(a, 5 [ Z„Z„M„E)= (Z', /Z,')o(a, 5 ) 1, 1, 1, E/M, Z, ) .

Here Z, and Z, are projectile and target nuclear
charge, respectively, and a(a, b(1,1,1,E/M, Z2) is
the cross section for exciting the hydrogen atom
from the ground state a to the state b by proton
bombardment. Dividing out the dependence on Z,
and Z, leaves a single "universal curve" for exci-
tation analogous to that' for ionization, differing
only in that b is a bound state rather than continu-
um states, against which experimental results for
different projectile-target combinations can be
tested. We have used closed-form expressions for
the proton-hydrogen excitation from Van den Sos
and deHeer4' in obtaining the theoretical curve
shown in Fig. 12. The o(ls-2P) and o(ls-Sp)
cross sections have been added to give o'~, with
higher terms of smaller magnitude neglected. The
use of one-electron F provides a hydrogenic "tar-
get" as well as opening up completely the excita-
tion channel with the highest probability, o (1s —2P),
according to Eq. (3).

The F g x-ray cross sections, as shown in Fig.
10 for F'+ incident on Ar and Kr, and the higher-
energy F'+ ions on Ar, have been multiplied by
the factor (Z, /Z', n), where n is the number of F &
electrons, Z, =9, and Z, =18 or 36. For the as-
sumption of bare charge for the neutral Ar and Kr
projectiles, there is an overestimation of all cross
sections. Allowing for full screening due to the
Ar K and Kr g and L, electrons, all more tightly
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bound than the F K electrons, still places the
measured data points below the first Born curve
by a factor of 3. It should be pointed out that the
x-ray cross sections for F'+ underestimate the ex-
citation in that only -30%%u& of the is-2p('P, ) meta-
stable states formed (lifetime" of 0.534 nsec) de-
cay in the viewing region. It is known" that at 36
MeV a large fraction of the total excitation goes
to that state, in spite of its being a forbidden one-
step spin-flip transition.

The reasons for the discrepancies are not cur-
rently known. In any case, the above comparisons
indicate that Eq. (3) serves as a guide in estimating
excitation cross sections, specifically upper limits
for those situations where Coulomb excitation is
thought to dominate.

V. SUMMARY

The single-collision measurements performed
here have allowed us to delineate regimes in
which various of the mechanisms responsible for
inner-shell vacancy production appear to dominate.
Iri our analysis of the observed strong projectile-
charge-state dependence in c„ for Ar K and Kr L
we have found that an empirically scaled Brink-
man Kramers treatment of charge exchange as
generalized by Nikolaev provides a surprisingly
good reproduction of the enhancement of those
cross sections for F" impact over those for F'+
impact. The scaling factors used, which were
based on the measured F K x-ray cross sections,
are found to be of about the same magnitude for
both Ar and Kr.

The corresponding exchange implied for the Ar
L, Kr K, and Kr I shells is reduced from cross
sections expected for ionization of those shells.
The absolute magnitudes, velocity dependences,
and charge-state dependences of the measured
vacancy cross sections are compatible with that
picture.

Significant projectile K x-ray yields have been
observed for one- and two-electron ions, even at
higher velocities where charge exchange as gauged
by the F" results has declined. Calculations of
direct Coulomb excitation of K electrons to bound
states based on the first Born approximation sub-
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FIG. 12. FK x-ray cross sectionf for F+ and F+
compared to universal curve for Coulomb excitation to
bound states from the first Born approximation.

stantially overestimate the experimental x-ray
cross sections.

Thus many of the seemingly complex features of
the asymmetric collisions discussed in this paper
can be interpreted fairly successfully within a
first-order framework, i.e., PWBA or BRA. Al-
lowances for screening in ionization and velocity-
dependent scaling of the BK theory provide a use-
ful first basis for examining the origin of the vari-
ous charge-state effects. The possibilities of
second-order effects, i.e., "finite charge effects",
and alternative mechanisms, such as excitation
and exchange from molecular-orbital processes, "
lnvlte ful'thex' experimentation and thought.
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