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The systematics of single and double K-shell-vacancy production in titanium has been investigated
in the limit of zero target thickness (~1 ug/cm? for incident C, N, O, F, Mg, Al, 8i, S, and Cl ions
over a maximum energy range of 0.5 to 6.5 MeV/amu. This corresponds to collision systems with
0.27<Z,/Z,<0.77 and 0.24 <v,/v, ¢ <0.85, where v, is the projectile nuclear velocity and v, g is
the mean velocity of an electron in the target K shell. The present work is divided into four major
sections. (1) Single K-shell-vacancy production has been investigated by measuring Ko and Kf
satellite x-ray-production cross sections for projectiles incident with no K-shell vacancies. For in-
cident ions with Z, > 9, the contribution due to electron-transfer processes from the target K shell to
outer shells of the projectile has also been noted. (2) Single K-shell-to—K-shell electron-transfer
cross sections have been obtained indirectly by the measuring of the enhancement in the TiK x-ray
production cross section for bare incident projectiles over ions incident with no initial K-shell vacan-
cies. (3) Double K-vacancy production has been investigated by measuring the Ka hypersatellite in-
tensity in ratio to the total Ka intensity. (4) Double K-shell—to—K-shell electron-transfer cross sec-
tions have been obtained indirectly with the use of a procedure similar to that used for single K to K
transfer. The measured cross sections have been compared to theoretical models for direct Coulomb
ionization and inner-shell electron transfer and have been used to investigate the relative importance
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of these mechanisms for K-vacancy production in heavy-ion—atom collisions.

I. INTRODUCTION

Two of the principal mechanisms responsible for inner-
shell vacancy production in ion-atom collisions are direct
ionization and electron transfer. Until recently, the basic
theoretical models for these processes have all been pertur-
bative in nature and intended to be applicable to vacancy
production by swift, point projectiles (v,/v,;>0.1 where
vy; is the mean velocity of an electron in the ith target
shell) interacting with more massive target atoms
(Z, <<Z,). The classical impulse or binary-encounter ap-
proximation (BEA),! the impact-parameter-dependent
semiclassical approximation (SCA),> and the quantum-
mechanical plane-wave Born approximation® (PWBA) for
direct ionization were all developed on this basis, as was
the Oppenheimer, Brinkman and Kramers (OBK) approx-
imation for electron transfer as formulated by Nikolaev.*
Comparisons of these theories to ionization and electron-
transfer cross sections for protons over a large range of
target atomic numbers and incident ion energies’ have
demonstrated that the general trends of the experimental
data for asymmetric collision systems are reasonably well
predicted by these theoretical models.
heavier ions are used as projectiles, ab initio calculations
for inner-shell vacancy production based on first-order
perturbation theory generally prove to be inadequate. This
has motivated extensive modifications to some existing
theories and the development of new theoretical models
for inner-shell vacancy production which go beyond first-
order perturbation theory.t—°

In the present work, we extend the investigation of K-
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vacancy production in heavy near-symmetric collision sys-
tems (Z; <Z,) focusing on the ionization and electron
transfer channels at low to intermediate collision velocities
(vy <vy k). We provide a broad range of self-consistent
data free of ambiguities due to target thickness effects!®
for comparison to current theoretical models for ioniza-
tion and electron transfer. The projectile energy, atomic
number, and charge-state dependence of K-vacancy pro-
duction in Ti bombarded by heavy ions are studied near
the limit of zero target thickness (~1 pg/cm?) for in-
cident C, N, O, F, Mg, Al, Si, S, and Cl ions over a max-
imum energy range of 0.5 to 6.5 MeV/amu. This corre-
sponds to collision systems with 0.27<Z,/Z, <0.77 and
0.24 <v,/v, ¢ <0.85. Additional data for H,!! He,'>!?
Li,'* and B (Ref. 15) are taken from the literature to ex-
tend the study to collision systems with Z, /Z, as low as
~0.05. Figure 1 shows the complete range of collision
systems to be studied in terms of relative atomic numbers
and scaled projectile velocities.

The present work is divided into four major sections.
(1) Single K-vacancy production is investigated by measur-
ing Ka and Kp satellite x-ray-production cross sections
for projectiles incident with no K-shell vacancies (o'%x).
For incident ions with Z,>9, the contribution due to
electron-transfer processes from the target K shell to outer
shells of the projectile is noted. (2) Single K-shell-to—K-
shell electron-transfer cross sections are obtained indirect-
ly by measuring the enhancement in the Ti K x-ray-
production cross section for bare incident projectiles (o%x)
over ions incident with no initial K-shell vacancies (a(,)(x),
ie., 085 K=0%x—0%x. (3) Double K-vacancy production
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FIG. 1. Systematic plot of Z,/Z, vs v, /v, g for various pro-
jectiles incident on TiK shell. Filled circles represent data taken
in this work and open circles represent data taken from the
literature. The labeled regions indicate the approximate regions
of validity for molecular orbital calculations and early (Refs.
1—3) direct-ionization calculations.

is investigated by measuring the Ka hypersatellite x-ray
intensity ratio to the total Ka x-ray intensity. Ka hyper-
satellites are x rays originating from states with double K-
shell vacancies. (4) Double K-shell—-to—K-shell electron-
transfer cross sections are obtained indirectly by measur-
ing enhancements in Ti Ka satellite and hypersatellite in-
tensities for projectiles incident with and without initial
K-shell vacancies. Measured ionization cross sections are
compared with calculations by Basbas, Brandt, and Lau-
bert®’ which include as corrections to the PWBA the ef-
fects of Coulomb deflection of the projectile in the field of
the target nucleus, increased binding energy of the target
electrons due to the presence of the projectile, and high-
velocity polarization of the target electron density.
Electron-transfer cross sections are compared with recent
coupled-state calculations by Lin et al.® and Reading,
Ford, and Becker.’ Preliminary results from this work
have been reported in two previous publications.'®!

II. EXPERIMENT

The experiment was performed using beams of C, N, O,
F, S, and Cl, in the 0.50 to 2.25 MeV/amu range obtained
from the model-EN tandem Van de Graaff accelerator at
the James R. Macdonald Laboratory, Kansas State
University along with beams of N, F, Mg, Al, Si, and Cl
in the 2.0 to 6.5 MeV/amu range obtained from the

model-MP tandem Van de Graaff accelerator at
Brookhaven National Laboratory. These beams were ob-
tained in charge states corresponding to zero, one, and two
initial K-shell vacancies and were then focused onto thin
(~1 pg/cm?) transmission-mounted Ti foil targets orient-
ed 45° with respect to the beam axis. Thin targets were
used in order to approach single-collision conditions and
thus avoid ambiguities in x-ray yield measurements due to
target thickness effects.!® Titanium K x rays were detect-
ed by a solid-state Si(Li) detector (resolution ~ 175 eV at
5.9 keV) mounted in vacuum at a laboratory angle of 90°
with respect to the beam axis. Simultaneously with x-ray
detection, projectile ions scattered by a thin layer of Au
(~5 ug/cm?) evaporated onto the back side of each target
were detected by a surface barrier detector mounted in
vacuum at a laboratory angle of 30°. Assuming Ruther-
ford scattering of the incident ions, the effective target K
x-ray-production cross section for a given projectile atom-
ic number, energy, and incident charge state can be related
to the yield of target K x rays per scattered ion by

oxx=k(Z/E|)(Yxx/Yp),

where the constant of proportionality k may be deter-
mined by normalizing to a previous measurement. The
cross sections determined in this work were normalized to
a measured value of ogx=(6.63+0.99)x 10~2! cm? for
1.7 MeV/amu F**+ 4 Ti due to Schmiedekamp et al.!8

The relative error associated with the data was dominat-
ed by a reproducibility error in (Yxx/Yp) of ~15%.
Adding this in quadrature to a normalization error of
~15% gives an absolute error in ogx of ~20%.

III. ANALYSIS

A. Cross sections

The energy resolution of the detector was sufficient to
distinguish the hypersatellite x rays due to the decay of
double K-vacancy states from the satellite x rays due to
the decay of single K-vacancy states. A least-squares
analysis of the low-resolution Ti x-ray spectra thus allows
the total x-ray-production cross section gy to be separat-
ed into satellite and hypersatellite components as shown in
Fig. 2. The cross section for hypersatellite production,
okx(H), is obtained from a ratio of x-ray yields according
to oxx(H)=0gx(Yy 4/ Y o) and is related to the dou-
ble K-vacancy-production cross section, OpKv, by
okx(H)=wgopky. The satellite component, corrected for
cascade from double K-vacancy states, is given by
0kx(S)=0kx —20xx(H)=wg0osky, Where osgy is the sin-
gle K-vacancy-production cross section and where we have
assumed that the hypersatellite fluorescence yield is equal
to the average K-shell fluorescence yield wg.

The relative error in experimental values of ogx(S) is
~15%, i.e., on the order of the relative error in ogx. Sub-
tracting the hypersatellite yield has only a small effect on
the relative error in ogx(S) due to the relative magnitudes
of the two cross sections. The absolute error in ogx(S) is
~20%. The relative error in experimental values of
okx(H) is ~(20—25) %. The absolute error in ogxx(H) is
~(25-30) %.
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FIG. 2. Ti K x-ray spectrum observed in low resolution for 5
MeV/amu Si'** + Ti. The principal features of the x-ray ener-
gy spectrum, as stripped out by least-squares analysis, are shown
beneath the data. The broad structure labeled REC (radiative
electron capture) is a kinematic peak associated with the capture
of a loosely bound target electron directly into an inner shell of
the projectile. The K-shell REC peak moves through the Ti K
x-ray lines as the projectile energy is increased from 2 to 6
MeV/amu.

The target single K-vacancy-production cross sections
per atom when projectiles are incident with O, 1, or 2 ini-
tial K vacancies may be written in terms of the principal
component processes as

0 i,K-L

Oskv=0%kv, 4<Z;—3
1 i,K-L K-K

Oskv=0§KkvV +a0skv, ¢4=2Z;—1 1)
2 iK-L , K-K

Oskv=08kvV +0Oskv, 9=2,

where 055 represents the contribution due to direct ioni-
zation, excitation, and K electron transfer to the outer
shells of the projectile and oXX represents the contribu-
tion due to target K-shell to projectile K-shell electron
transfer. If we assume that the variation in o35y with the
number of projectile K vacancies is small compared to the
enhancement in oggy for bare and one-electron ions
caused by the opening of the target K-shell to projectile
K-shell electron-transfer channel'® (see Fig. 3), then we
may write the transfer cross section oé(kl\(/ in terms of the
vacancy-production cross sections as

K-K__ 2 0
OSKV=0SKV —OSKV - 2
The coefficient « is given by

1
OsKv — O gKV
= ®
OSKvV —OSKV
and is related to the enhancement in oggy caused by K-
to-K electron transfer to a projectile with a single K vacan-

cy. The coefficient = is observed to be ~0.5 and is ap-
proximately independent of projectile velocity over the
range relevant to this work. The factor « is useful in es-
timatinzg cross sections which cannot be measured directly
(e.g., oskv at low projectile velocities or o2y at high ve-
locities).

The relative error in experimental values of the
K-to-K transfer cross section ohgy is ~(25—35) %, pri-
marily due to the fact that Eq. (2) may require measuring
a relatively small difference between two large quantities.
The absolute error in okgy is expected to be ~(30—40) %.

The target double K-vacancy-production cross sections
per atom analogous to Eq. (1) are given by

0 i,K-L
OpKV=0BKv, 4<Z;—3

1 iK-L i K-L;K-K

OpKV=0DKV+20pky’ , 9=2Z;—1 (4)
2 iK-L |, iK-L;K-K | 2K2K

OPKV=O0DKV+ODKY = +ODKV, 4=2Z,

where a‘i’)'ﬁ'\'; represents the contribution due to all double
K-vacancy-production processes involving combinations
of direct ionization, excitation, and K electron transfer to
the outer shells of the projectile, and oiKLiKK represents
the contribution due to direct ionization, excitation, or
K—LMN ... electron transfer simultaneous with K-to-K
transfer. Addition of this second term involving single
K-to-K transfer results in the enhancement of the hyper-
satellite cross section observed in Fig. 3 for incident one-
electron ions. Finally, the cross section o 2K represents
the contribution due to double K-to-K electron transfer. If
we again neglect the variation in oX-L with the number of
projectile K vacancies, then o2 may be expressed in
terms of the vacancy-production cross sections as

<17
10 T T T T T

T T

K-VACANCY PRODUCTION B

T

o ® Single
A Double

o
]
I Y

T

©

VACANCY PRODUCTION CROSS SECTION (cm?)
o

T

Ll

20|

| Il 1 1
75 z/4  z73  z2  Zl Z,
PROJECTILE CHARGE STATE (q)

FIG. 3. The charge-state dependences of single K-vacancy
production osgy and double K-vacancy production opgy in Ti
for 5 MeV/amu Si?* + Ti collisions are presented (reproduced
from Ref. 17). The error bars indicate absolute errors in the
cross sections. Relative errors are at least a factor of 2 smaller.
Cross sections for the two-electron ion beam were not measured
due to the metastable 1s2s 3S component in the beam. The solid
lines are eye guides.
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The relative error in experimental values for o&%2X is

~(40—50) %, again due to the fact that Eq. (5) may re-
quire measuring relatively small differences between large
quantities. The absolute error in o3¢ is expected to be

~(45—-55) %.

B. Effective fluorescence yields

The fluorescence yields required to relate x-ray-
production cross sections to vacancy-production cross sec-
tions are given in general by

r X( Im)
m=——"—"-——, (6)
@xUm) =1 i)+ Ty (im)
where the x-ray and Auger linewidths, T'x(/m) and
I'4(Im), depend on the electronic configuration of the
atom at the instant of decay. In the present work, we as-
sume initial single K-vacancy configurations of the form

1s'2522p'3523p™ ,

where, for a given / from 1 to 6, an average value of m has
been determined for Ti from the work of Jamison et al.'®
The x-ray and Auger linewidths in Eq. (6) represent sums
over all allowed x-ray and Auger transitions which lead to
filling of the K vacancy. In the absence of a direct calcu-
lation, the various linewidths may be estimated using the
scaling technique of Larkins.?’ Details of this procedure
are discussed elsewhere.?!

Once the configuration yields wg(/m) have been ob-
tained, the average K-shell fluorescence yield wg may be
estimated from the intensity distribution of the Ka satel-
lite peaks observed in high resolution according to%?

g = "6——1—‘—’—‘— ) )
S 1k Jwg(Im)
=1

where I represents the relative intensity of the satellite
peak corresponding to / L-shell electrons prior to the de-
cay of the K vacancy. The intensity distribution of the
satellite peaks depends upon the degree of multiple L-shell
vacancy production and therefore on projectile energy. It
is not unreasonable to expect that wg should reflect this
energy dependence. Figure 4 shows the energy dependence
of wg calculated from Eq. (7) using relative satellite inten-
sities of Sc (Ref. 23) (open points) and Ti (Refs. 19, 24,
and 25) (closed points) and wg(Im) values detailed in Ref.
21. For light ions, where there is little multiple L-shell va-
cancy production, the energy dependence is flat. However,
for heavy ions there is a peak in wx near matched velocity
for the Ti L shell (~1 MeV/amu), the point at which L-
shell vacancy production is maximized. The dashed line
in Fig. 4 represents an average value of wg for incident
heavy ions and will be the value used in this work.

In order to determine K-to-K electron-transfer cross sec-
tions via Eqs. (2) and (5), it is necessary to know the
dependence of the target fluorescence yield on the charge
state of the incident projectile. This was investigated in
the work of Tawara et al.?® in which the average fluores-
cence yield of Si bombarded by F ions was studied as a
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FIG. 4. Average Ti fluorescence yields calculated from Eq.
(7) using relative Ka satellite intensities of Sc (Ref. 23) (open
points) and Ti (Refs. 19, 24, and 25) (closed points) and wg(Im)
values detailed in Ref. 21. The shaded region contains addition-
al data (not explicitly shown) for N, O, and F up to ~3
MeV/amu. Above 3 MeV/amu, the curve is a smooth extrapo-
lation back down to wgx for H+.

function of both the charge states of the projectile and the
physical state of the target. The average fluorescence
yield for SiH, gas targets was observed to increase with
the projectile charge state, reflecting the fact that outer-
shell vacancies formed in a gaseous target are not filled
from the local environment prior to decay of the K vacan-
cy. The relatively higher electron density within a solid
target allows outer-shell vacancies to be filled prior to
inner-shell decay, and no dependence of wx on the projec-
tile charge state is observed.

Earlier, the assumption was made that the hypersatellite
fluorescence yield was equal to the average K-shell fluores-
cence yield wg. Recent calculations by Tunnell and Bhal-
12?7 for multiply ionized systems in the range 7<Z <14
indicate that when the L shell is more than half full (I > 4)
the ratios of the hypersatellite fluorescence yield to the
satellite fluorescence yield for a given initial configuration
are relatively constant to within 5% of 0.905 and show no
significant dependence on atomic number. For higher
multiple ionization states (/ <3) the ratios become con-
sistently smaller ( <0.750) with slight increases noted for
increasing atomic number. However, this deviation does
not significantly affect our original assumption since these
latter configurations are only weakly populated in the
range of heavy-ion—atom collisions considered here.?® It
should also be noted that there exist no direct experimen-
tal values for hypersatellite fluorescence yields in heavy
ions. More work is needed here.

A reasonable estimate for the error in wg is
~(10—15) % given absolute errors in the relative satellite
intensities of ~(5—10)% and errors in the wg(Im) of
~10%. The error introduced by equating the hypersatel-
lite fluorescence yield to the average K-shell fluorescence
yield is difficult to estimate but may be ~(20—25) %.

IV. THEORETICAL MODELS

One of the most extensively studied mechanisms for
producing inner-shell vacancies in ion-atom collisions is
direct Coulomb ionization. The simplest theoretical
model for ionization is the plane-wave Born approxima-
tion (PWBA).> In the PWBA, the initial and final states
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of the projectile are assumed to be plane waves with
momentum vectors f(,- and K + which differ by an amount
equal to the momentum transferred to a target electron.
The initial- and final-state wave functions of the active
electron are typically represented by discrete and continu-
um screened hydrogenic wave functions, respectively. The
use of more complex multielectron wave functions to
describe the target electronic configuration is avoided by
adopting the independent-electron approximation. In the
independent-electron approximation, all of the electrons,
except the one undergoing a transition, are assumed to be
passive spectators in the collision. Their function is to
screen the Coulomb interaction between the active electron
and the target and projectile nuclei. In the PWBA, the
Coulomb interaction between the projectile and the active
electron is assumed to be weak enough to allow the use of
a first-order perturbation approximation. The PWBA
predicts a Z7 scaling of the ionization cross section at a
fixed projectile velocity.

In their standard form, PWBA calculations for K-shell
ionization are equivalent to using a straight-line projectile
trajectory in the semiclassical approximation and rely on
the assumption that the projectile-electron interaction time
is short compared with the electron response time. De-
pending upon the scaled velocity of the projectile, these
conditions may not be realized in a particular collision
system. In the low-velocity regime (v, <<v; k), where ion-
ization is expected to occur primarily on deep penetration
by the projectile to internuclear distances much less than
the target K-shell radius,> PWBA cross sections overesti-
mate experimental values by as much as two orders of
magnitude. To account for this discrepancy, Basbas
et al.% have utilized a perturbed stationary-state approach
to incorporate the effects of Coulomb deflection (C) and
increased target K-shell binding energy (B) into the
PWBA. These effects give rise to subtractive corrections
proportional to Z3 which decrease the cross sections and
bring about improved agreement between experimental
data and theory for ionization by H* ions at low projectile
velocities. However, these calculations underestimate
cross sections for ionization by heavier ions. In the inter-
mediate velocity regime (v; ~v, k), where the dominant
contribution to ionization is made by projectiles penetrat-
ing to internuclear distances on the order of the target K-
shell radius;? polarization effects may become important.
In recent work, Basbas et al.” have extended their previous
calculations to include the effects of target K-shell polari-
zation (P) by the projectile. Polarization results in a dis-
tortion of the electron orbit which decreases the effective
target K-shell binding energy by increasing the average K-
shell radius. This is manifested in the calculated cross
sections as an additive Z3 effect which extends agreement
with experiment up throu%h collision partners with
Z,/Z,<0.3 and v;/v; ¢ <2.” In addition, these calcula-
tions introduce a radial cutoff parameter into the compu-
tation of the binding energy correction and the polariza-
tion correction. In the high-velocity regime (v; >>v, k),
the C, B, and P corrections to the PWBA subside and the
cross sections become asymptotically proportional to Z2.

Inner-shell vacancies may also be produced by the
transfer of electrons from initial bound states of the target
to final bound or continuum states of the projectile. Tra-
ditional formulations used to describe the transfer process
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in the high-velocity regime have been based on first-order
perturbation theory. However, for near-symmetric col-
lisions (Z,~Z,) in the low- to intermediate-velocity re-
gime (v; <vy;), the transfer probability is not small and
the perturbation approach is no longer valid. In this re-
gion, where electron transfer is dominated by contribu-
tions from impact parameters comparable to or greater
than the average orbital radius of the electron in its initial
state, Lin et al.® have shown that a nonperturbative two-
center atomic-expansion model provides a convenient basis
for describing the transfer process. For the case of K-
shell—to—K-shell transfer in an independent electron ap-
proximation, the time evolution of the two-electron wave
function can be expanded in terms of three atomic eigen-
states: (1) the initial two-electron state centered about the
target, (2) the final two-electron transfer state centered
about the projectile, and (3) an intermediate state in which
only one electron has been transferred. This close-
coupling expansion results in a set of time-dependent cou-
pled equations which can be solved to obtain single and
double K-shell—to—K-shell electron-transfer probabilities.
If the intermediate state is properly symmetrized with
respect to the interchange of the two electrons, it can be
demonstrated that both of these transfer probabilities fol-
low binomial distributions, i.e., that the single electron-
transfer probability at each impact parameter is given by
P, =2(1—P)P and the double electron-transfer probability
is given by P,=P? where P is the electron transfer proba-
bility calculated in the one-electron two-center, two-state
atomic-expansion (TSAE) model® (see the Appendix for
details). Thus the TSAE calculation allows one to obtain
single as well as double K-shell-to—K-shell electron-
transfer cross sections so long as electron-electron correla-
tion effects are neglected.

For asymmetric collisions in which the projectile nu-
clear charge Z, is much smaller than the target charge Z,,
the electron-transfer probability is small. In this case,
Reading, Ford, and Becker’ have shown that the time-
dependent wave function for the active electron can be
well represented by a one-center, multistate expansion
about the target plus an appropriate projectile-centered fi-
nal state. This type of expansion allows one to derive
transition amplitudes to bound and continuum states of
the target along with small-amplitude electron transfer to
the projectile.

While there are other approaches to the calculation of
electron transfer (e.g., Lapicki and McDaniel?®), in this
work we restrict the comparison of theory and experiment
to ab initio calculations.

V. DISCUSSION

A. Single K-vacancy production

The projectile energy and Z; dependences of single K-
vacancy production are shown in Figs. 5 and 6, respective-
ly, for representative cases. Owing to space limitations, a
complete tabulation of our experimental data (approxi-
mately 750 cross sections) is provided elsewhere.”’ Experi-
mental points are derived from primary satellite x-ray-
production cross sections for projectiles incident with zero
(@) and two (A) initial K-shell vacancies. The range of
measured cross sections shown in Fig. 6 has been extended
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down to Z,/Z,~0.05 (Z,=1) by including data for H
ions from Khan et al.,!' He from McDaniel et al.'? and
Soares et al.'’, Li from McDaniel et al.,'* and B from
Monigold et al.!> Where necessary, data points have ei-
ther been interpolated from the literature or estimated
from the present work using Eq. (3). The theoretical
curves represent PWBA (— — —), PWBA(CB)
(—e—r—- ), and PWBA(CBP) ( ) cross sections for
direct ionization calculated from the program XCODE.*°
The one-center, multistate calculation of Reading et al’
(—# —# —) is included for the case of Si+ Ti. Also
shown are scaled OBK cross sections* (—:+—++—--—) for
electron transfer from the target K shell to outer shells of
the projectile and TSAE calculations® (— X — X —) for sin-
gle K-to-K electron transfer. The OBK calculations have
been scaled by a factor of — to facilitate comparison with
measured cross sections.

Compared with the present work, PWBA(CBP) calcula-
tions appear to adequately predict the observed energy and
Z, dependences of single K-vacancy production by mul-
tielectron ions (o9xv; ¢ <Z; —3) up through collision sys-
tems with Z,/Z,~0.40(Z,=9). Beyond this,
PWBA(CBP) calculations tend increasingly to underesti-
mate measured cross sections at low scaled velocities
(v /v, ¥ <0.50) and overestimate for higher velocities.
The systematic nature of the deviation at low velocities is
easily seen in Fig. 6. In contrast with uncorrected PWBA
calculations, which increase monotonically as Z % for all
projectile velocities, PWBA(CB) and PWBA(CBP) calcu-
lations exhibit a turnover in their Z, dependence at low
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scaled velocities reflecting the dominance of subtractive
Z3 effects associated primarily with binding energy
corrections. The upturn in the Z,; dependence of the ex-
perimental cross section at low velocities for Z, /Z, >0.40
is attributed to the onset of K—>LMN... electron
transfer. For v, /v, ¥ <0.50 and Z,/Z, >0.40, the quali-
tative trends in the observed Z; dependence can be repro-
duced by combining scaled OBK electron-transfer calcula-
tions with PWBA(CBP) calculations for direct ionization.
However, at higher velocities, where single K-vacancy pro-
duction by multielectron ions is dominated by direct ioni-
zation in all but near-symmetric collision systems
(Z,~Z,), PWBA(CBP) calculations continue to overesti-
mate measured cross sections by up to a factor of 2, and
the observed Z, dependence cannot be reproduced. The
multistate calculation of Reading et al.’ was performed
for incident ions with a filled K shell and already includes
a contribution due to K—>LMN ... electron transfer. It
predicts a flatter energy dependence than observed and
overestimates experimental cross sections by factors of
. 2—3 for the case of Si + Ti. PWBA(CB) calculations tend
to underestimate measured ogKv cross sections for the col-
lision systems considered in this work. '
Single K-vacancy production by bare ions (oéxy) shows
a marked enhancement over that observed for multielect-
ron ions (0%xy). The two cross sections show a similar en-
“ergy dependence but the data for bare ions have a steeper
Z, dependence. The difference between the two cross sec-
tions is attributed to the addition of the K-to-K electron
transfer channel. For v,/v, ¢ >0.40 and Z,/Z, >0.50,
the region in which TSAE calculations are expected to be
valid, the qualitative trends in the energy and Z, depen-
dences of measured aéKV cross sections can be reproduced
by combining the contributions from direct ionization and
electron transfer to all shells of the projectile. Although
the effects are most pronounced in near-symmetric col-
lision systems, K-to-K electron transfer appears to make a
significant contribution to single K-vacancy production by
bare ions in collision systems as low as

Z,/Z,~0.25(Z,=6) .

The systematics of K-to-K electron transfer are shown
in Figs. 7 and 8 for representative cases. Experimental
points are derived from primary satellite x-ray-production
cross sections according to Eq. (2). The theoretical curves
represent the TSAE calculations of Lin et al?
(—X—X—), and unscaled OBK (Ref. 4) (— — —) calcu-
lations for K-to-K electron transfer. The one-center, mul-
tistate calculation of Reading et al.’ (—# —# —) is in-
cluded for the case of Si + Ti.

The energy dependence of the measured K-to-K
electron-transfer cross sections shows a steep rise with in-
creasing velocity at low scaled velocities but tends to flat-
ten into a broad plateau for v, /v, ¢ >0.50. The plateau
extends to increasingly lower velocities as more nearly
symmetric collision systems are approached. For
v1/v3k>0.40 and Z,/Z, >0.50, TSAE calculations are
in reasonable agreement with both the observed energy
dependence and general magnitude of the measured cross
sections. For more asymmetric systems, TSAE calcula-
tions tend to underestimate experimental cross sections at
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all but the lowest velocities where the upturn in the calcu-
lation is an artifact of the breakdown of the approxima-
tion. The Z, dependence of the measured cross sections
rises rapidly for low scaled velocities but tapers off some-
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what at higher velocities. Again, TSAE calculations show
reasonable agreement with the observed Z,; dependence
and general magnitude of the experimental data for
V1 /v;k>0.40 and Z,/Z,>0.50. The calculations of
Reading et al.,’ shown only for the case of Si + Ti, overes-
timate experimental cross sections by ~50% but show
reasonable agreement with the observed energy depen-
dence.

Depending on the collision system, K-to-K electron
transfer may be comparable in magnitude to the sum of
the other K-shell-vacancy-production mechanisms. K-to-
K transfer cross sections tend to rise more rapidly with Z,
than oy cross sections (cf. Figs. 6 and 8) and are ob-
served to exceed oYy for Z,/Z, >0.40. Measured K-to-
K electron-transfer cross sections for incident bare ions,
oK, exceed o2y by factors of 5—10 for some near-
symmetric collision systems at low scaled velocities.

B. Double K-vacancy production

The projectile energy and Z; dependences of double K-
vacancy production are shown in Fig. 9 for a representa-
tive case. Experimental points are derived from Ka hy-
persatellite x-ray-production cross sections for projectiles
incident with zero (®) and two (A) initial K-shell vacan-
cies. The one-center, multistate calculation of Reading
et al.’ (—#—3#—) is shown for the case of Si + Ti.

Experimental double K-vacancy-production cross sec-
tions fall one to two orders of magnitude below those ob-
served for single K-vacancy production, although the two
processes show generally similar systematics. Measured
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FIG. 9. Representative energy and Z; dependence of double
K-vacancy production for bare and multielectron projectiles.
The measured cross sections are odxv @) and odgy (A).
Representative error bars are shown. The calculated cross sec-
tions represent Reading et al. (Ref. 9) (—# —# —).

odkv and odyy cross sections tend to increase more rapid-
ly with Z; than do the corresponding cross sections for
single K-vacancy production. For the case of odkyv, this
can be attributed to the addition of processes involving not
only double K—-LMN. .. electron transfer, but also direct
ionization simultaneous with single K—LMN. .. transfer.
The steeper Z, dependence of ohgy can be associated with
two additional processes: (1) direct ionization or
K—LMN. .. electron transfer, simultaneous with single
K-to-K transfer, and (2) double K-to-K electron transfer,
which increases even more rapidly with Z; than does sin-
gle K-to-K transfer.!!” The observed energy dependence
for oQxv and ohky is also somewhat steeper than for sin-
gle K-vacancy production. The calculations of Reading
et al.,’ which include contributions from all two-electron
processes leading to double K-vacancy production, overes-
timate measured obgy cross sections by ~50% for the
case of Si+ Ti but show reasonable agreement with the
observed energy dependence.

The systematics of double K-to-K electron transfer are
shown in Fig. 10 for a representative case. Experimental
points are derived from hypersatellite x-ray-production
cross sections according to Eq. (5). The theoretical curves
represent the TSAE calculations of Lin et al.® (—Xx—
X —) and the one-center, multistate calculation of Read-
ing et al.® (—#—H#—).

Experimental cross sections for double K-to-K electron
transfer again fall one to two orders of magnitude below
those observed for single K-to-K transfer. Measured
0¥ cross sections are observed to rise more rapidly
with Z, than corresponding o%&% cross sections. The
broad plateau observed in the energy dependence of the
single K-to-K transfer cross section is not seen for double
K-to-K transfer. For v,/v,x >0.40 and Z,/Z,>0.50,
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TSAE calculations are in reasonable agreement with the
observed energy and Z, dependences and the general mag-
nitude of the experimental data. The results of the multi-
state calculations of Reading et al.’ are also in reasonable
agreement with experimental data for the case of Si + Ti.
Double K-to-K transfer cross sections are observed to
exceed oDy for Z,/Z, >0.50. Measured double K-to-K
electron transfer cross sections for bare incident ions,
oK exceed odky by up to a factor of ~ 100 for some
near-symmetric collision systems at low scaled velocities.

VI. SUMMARY

The present work provides a broad range of self-
consistent data for direct Coulomb ionization and K-
shell—-to—K-shell electron transfer in the low- to
intermediate-velocity regime. Apart from the Auger data
of Woods et al.?! for N, O, and F incident on Ne, the
measurements presented here represent the only available
heavy-ion data for double K-to-K transfer.

Direct ionization was found to play a dominant role in
target K-shell-vacancy production by multielectron projec-
tiles (g<Z;—3) in systems with Z,/Z,<0.40 and
v1/v, ¢k <0.50. As Z,/Z, increases towards unity (sym-
metric systems), K—>LMN. .. electron transfer is found
to play an increasingly important role in K-vacancy pro-
duction. As v,/v; ¢ increases towards unity (matched
velocity), direct ionization appears to dominate in all but
near-symmetric systems (Z,/Z, >0.75). For the case of
bare incident ions (g=2Z,), K-to-K electron transfer was
found to make a significant contribution to target K-
vacancy production in systems as low as Z,/Z, ~0.25. It
was noted that the rates of both single and double K-to-K
electron transfer may increase to a level one to two orders
of magnitude larger than the respective sums of the other
K-shell-vacancy-production mechanisms for some near-
symmetric collision systems (Z;/Z, >0.75) at low to in-
termediate scaled velocities (v /v; g <0.50).

The agreement between theory and experiment for three
of the principal models for inner-shell vacancy production
is summarized in Figs. 11—13. The figures depict the ra-
tio of the experimental cross section to the calculated cross
section for the cases of direct ionization compared to the
PWBA(CBP), single K-to-K electron transfer compared to
the TSAE, and double K-to-K electron transfer compared
to the TSAE. Figure 11 shows that PWBA(CBP) calcula-
tions give reasonable agreement with experiment in asym-
metric collision systems (Z,/Z, <0.40). For more sym-
metric systems, PWBA(CBP) calculations . underestimate
measured cross sections at low scaled velocities
(v1/v2 £ <0.50) and overestimate the cross sections for
higher velocities. The deviation at the lower velocities is
associated with the onset of K—>LMN... electron
transfer. Figure 12 shows that TSAE calculations give
reasonable agreement with experiment in collision systems
with Z,/Z,>0.50 and v,/v; x>0.40. For more asym-
metric systems, TSAE calculations tend to underestimate
measured K-to-K electron-transfer cross sections at all but
the lowest velocities where the downturn in the ratio re-
flects the onset of molecular effects not described by a
two-state atomic-expansion model. Molecular effects and
their influence on the validity of the TSAE approximation
have been investigated recently in a modified multistate
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atomic-expansion model by Fritsch and Lin*? for true
one-electron ion-atom collision systems. Figure 13 shows
that TSAE calculations give reasonable agreement with
experimental double K-to-K electron-transfer cross sec-
tions in collision systems with Z,/Z,>0.50 and
v1/v; g >0.40. For more asymmetric systems, substantial
deviations from theory arise.

The present work has suggested a need for further in-
vestigation in two areas. (1) Although the present work
covers a broad range of scaled collision velocities, recent
advances in accelerator technology make it possible to ex-
tend the range of the present work to both higher and
lower collision velocities. Extending the range to lower
velocities would make it possible to study the transition
between “atomic” and “molecular” descriptions of inner-
shell vacancy production. Extending the range to higher
velocities would access the region of matched collision
velocity for the target K shell (v; ~v, x) where many of
the vacancy production mechanisms are expected to be
maximized. (2) The double K-vacancy-production cross
sections presented in this work are sensitive to the value of
the hypersatellite fluorescence yield—a quantity which has
yet to be experimentally measured. This points to a need
for experiments in which both the x-ray and Auger hyper-
satellites are investigated for a given system.
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APPENDIX: DERIVATION OF THE BINOMIAL
DISTRIBUTIONS OF SINGLE AND DOUBLE
ELECTRON-TRANSFER PROBABILITIES
IN A COUPLED ATOMIC-STATE EXPANSION

Consider a model system which consists of two indepen-
dent, indistinguishable electrons in the field of both the
target nucleus and a bare projectile. The model Hamil-
tonian for the system is assumed to be of the form

Hy=—3Vi—3V3+Vr(rip)+ Vr(ryr)

+Vp(rip)+Vp(rap), (A1)

where the index i=1,2 refers to the electrons, r; is the
separation between electron i and nucleus 4, and V, (Vp)
is the effective potential due to the target (projectile). The
electron-electron Coulomb repulsion is assumed to provide
some screening which is included in the model potential
Vr (Vp). Since the model Hamiltonian is separable with
respect to the two electrons,

Hy=hg(1)+hy(2), (A2)

an eigenstate of the two-electron Hamiltonian is the prod-

uct of eigenstates of the one-electron Hamiltonian,

ha=—3V>+Vrlrp)+Vp(rp) . (A3)

In considering the electron-transfer process for the
model system, the initial state of the two electrons (bound
to the target nucleus) may be described in terms of the
product wave function ¢;(T7)d;(T,) where ¢;(Tr) satis-
fies

[—%Vz—f—VT(rT)—e,-]qﬁ,-(?T):O. (A4)

For the case of double electron transfer, the final state of
the system is ¢ (T';p)ds(T>p) where ¢ (Tp) satisfies

[—3V2+Vp(re)—€r1gp(Tp)=0. (A5)

In these expressions, €; (€f) is the eigenenergy of the elec-
tron in its initial (final) state. For single transfer, the sym-
metrized product wave function is

&i(T17)d5(T2p)+ ¢ £(T1p):(Tor) .

Since the target and projectile centers are moving with ve-
locities —V /2 and V /2, respectively, with respect to the
midpoint of the internuclear axis, which was taken to be
the origin of the coordinate system, the time-dependent
wave function for the two electrons may be expanded in a
truncated basis as
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(T, Tp,t) =A();(F17)b;(Tyr)expl —i (5 V- F1+ 3V To+ 02t +2€;1)]

+B(t)(¢f(?1p)¢i(f’zr)exp{ —i[—%V’i"1+~;—V'r2+ %v2t+(€,-+€f)t]]
+¢,~(?1T)¢f(?2p)exp{ -—z[%V _*1—%V‘l'2+ %U2t+(6,' +€f)t]})
+C () s(T1p)ds(Toplexpl —i( — TV Ty — 3V Ta+ 502t +2€51)] . (A6)
T
It is straightforward to see that the time evolution of the A(t)=a*),
~ i 6) is th duct of th
two-electron wave function (A6) is the product o e B()=a(0b() , (A9)

time-dependent wave functions of the two independent
electrons. To see this, recall that the time evolution of
each electron is governed by

(A7)

N PN
[hel—lat ]‘P(r,t)—O,

where

O(T 1) =a(t)d;(Tip)expl —i (37 T+ sv2t +€1)]
+b(0)ps(Fypexp] —i(— 5V T+ v +e€st)],
(A8)
and similarly for ®(T,,t). The two-electron wave function
may then be written as
W(T,T5,t) =P(T,1)P(T),2)

with the following definitions:

C=b%1),

where a(t) and b(t) are obtained by solving the one-
electron Schrodinger equation (A7) in the two-center,
two-state atomic-expansion (TSAE) model.® From (A6)
and (A9), the single-transfer probability is found to be

P,=2|B(+)|?
=2]a(4+w)|2|b(+o)]|?

=2(1-P)P (A10)
while the double-transfer probability is
Py=|C(+w)|2=P?, (A11)

where we have defined P= | b(+ ) | 2.

This conclusion appears to be obvious, but the deriva-
tion illustrates the assumptions used in the model. This
derivation differs from the earlier work of Lin et al.® by
requiring that the wave function (A6) be properly sym-
metrized with respect to interchange of the two electrons.
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