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High-resolution study of ion-induced Ka1,2 x-ray spectra from high-Z elements

D. F. Anagnostopoulos,* G. Borchert, and D. Gotta
Institut für Kernphysik, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

K. Rashid
Department of Mathematics, Quaid-i-Azam University, Islamabad, Pakistan

D. H. Jakubassa-Amundsen
Physics Section, University of Munich, Am Coulombwall 1, D-85748 Garching, Germany

P. A. Amundsen
Institute for Mathematics and Natural Science, University Center in Rogaland, N-4004 Stavanger, Norway

~Received 17 February 1998!

The Ka1,2 x rays emitted from La, Tb, Ta, and U targets induced by proton nitrogen, and neon ion
bombardment at incident energies between 15 and 28 MeV/nucleon have been measured with a high-resolution
crystal spectrometer. The spectra reflect the decay of aK vacancy in the presence of multipleL, M, N, . . . shell
‘‘spectator’’ vacancies. TheL-shell ionization probabilities for impact parameters in the interior of the target’s
K shell are extracted from the measured spectra and compared with extensive theoretical calculations of
ionization probabilities, based on the semiclassical separate-atom perturbation theory@semiclassical approxi-
mation ~SCA!#. The projectile velocity varies from 60% to 125% of the targetL electron velocity, so we can
compare experimental data with theoretical predictions as a function of the relative velocity. We find that
wave-function effects play an important role for an accurate calculation of the ionization probability. The
experimental results agree well with the SCA predictions when Hartree-Fock-type wave functions are used
@variationally determined optimized potential~SCA-OPM!#. Relativistic hydrogenic wave functions~SCA-
HYD! provide a reliable description of experimental data only in the case of the uranium target. The influence
of electron capture and intrashell coupling is also calculated and discussed. An independent comparison of
theoretical constructed spectra with the experimental ones confirms the validity of the SCA-OPM. The hole-
hole angular momentum coupling between ‘‘active’’ and ‘‘spectator’’ holes has been observed as predicted.
@S1050-2947~98!05609-1#

PACS number~s!: 34.50.Fa, 32.30.Rj, 32.70.2n, 34.10.1x
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I. INTRODUCTION

The study of multiple ionization of inner- and outer-sh
electrons in heavy ion-atom collisions is a challenging fi
of continuing interest both experimentally and theoretica
The phenomena of inner-shell ionization form the basis
trace element analysis, ion implantation studies, stripping
heavy projectiles when passing through matter, and o
related applications@1,2#.

The presence of multiple vacancies in inner and ou
shells leads to a complex structure of theKa x-ray spectrum.
It consists of the diagram line, which originates from a tra
sition in a state with a singleK-shell vacancy, and the sate
lite structure, which originates fromK transitions in multiply
ionized states. Since inner-shell vacancies reduce the sc
ing of the nuclear charge, the satellite lines~usually! are
shifted towards the high-energy side of the diagram line. T
energy shift for theK transition in the presence ofL spectator
holes is large enough that these lines appear separated
the diagram line, and therefore it is possible to study th
with high-resolution x-ray spectroscopy~a survey of high-
resolution particle-induced x-ray emission instrumentation
given by @3#!.

*Electronic address: danagno@nrt.cs.uoi.gr
PRA 581050-2947/98/58~4!/2797~18!/$15.00
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The study of the complexK x-ray spectra provides an
efficient way to probe the atom at an early stage after
collision, and to gain information on inner-shell vacancy pr
duction as well as on the rearrangement of vacancies du
the various electronic relaxation processes taking place
ing the short lifetime of aK hole. This allows basic and
applied research studies. As an example, a significant
provement in elemental analytical application has been
tained, where the high resolution helps to detect minor e
ments otherwise remaining undetected@4,5#. Moreover, as
the structure of satellite lines is highly sensitive to diffe
ences in chemical bonding up to the third row in the Perio
cal Table, they are extensively used for chemical state c
acterization on solid materials@6,7#.

However, the presence of bonding effects may obsc
the comparison between experimentally extracted ioniza
probabilities and theoretical predictions, which are mos
based on atomic model calculations. This obstacle can
overcome using high-Z elements, as in this case theL-shell
electrons are deep inside the target atom and thus are
influenced by the valence electrons.

The high-resolution measurement ofK x-ray transitions
from intermediate to high-Z elements requires crystal spe
trometers in transmission geometry, installed at an accel
tor facility. During the past decade, these types of hig
2797 © 1998 The American Physical Society
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2798 PRA 58D. F. ANAGNOSTOPOULOSet al.
resolution systematic studies were initiated at Paul Sche
Institute in Villigen@8–12#, where middle-light collision sys-
tems were investigated, whereas the study of medium-he
to heavy elements was performed at the Institut fu¨r Kern-
physik, Forschungszentrum Ju¨lich @13–15#.

The present study has been performed with the hi
energy beam of the Ju¨lich cyclotron and the KVI cyclotron,
in Groningen@16#. The colliding systems have been chos
in such a way that the projectile velocities are of the orde
the L electron Bohr velocities of the target atoms. We foc
our attention on theL spectator hole satellite structure of th
Ka x-ray transitions. The meanL-shell ionization probabili-
ties are extracted directly from the experimental spectra,
scribing the multiple ionization cross sections by a binom
distribution of the single electron ionization probabilitie
based on the assumption of the independent electron ion
tion. The rearrangement of the created vacancies during
lifetime of theK hole through radiative, Auger, and Coste
Kronig transitions, and the energy shifts of theK x rays due
to the presence of vacancies, are taken into account.
reliability of theoretical predictions is checked, as a functi
of the ratio between target electron velocity and projec
velocity. The direct ionization cross sections have been
culated within various perturbative approaches in the fram
work of the semiclassical approximation~SCA!. The effects
of subshell coupling and electron transfer have also b
considered. From these models we have constructed the
ical spectra, which are then compared with the experime
results. In order to construct the theoretical spectra, kno
edge of the ionization cross sections, the multiple ionizat
cross sections, the rearrangement of the inner vacancies
the transition energies is required.

The paper is organized as follows. Section II describes
experimental setup and Sec. III outlines the calculations
the ionization probabilities. The structure of the experimen
spectra is described in Sec. IV and the results are prese
in Sec. V, followed by the summary~Sec. VI!. Atomic units
(\5m5e51) are used unless otherwise indicated.

II. EXPERIMENTAL SETUP

The energy difference between aKa1L1 satellite transi-
tion (Ka1 transition in the presence of oneL spectator hole!
and the diagramKa1 transition for middle to heavy elemen
is typically of the order of the natural linewidth~see Sec.
IV A !. Solid-state detectors cannot resolve these satel
but this is possible with a high-resolution crystal spectro
eter.

Thus a DuMond-type focusing crystal spectrometer w
used to analyze the photon energies~Fig. 1! @17#. A cylin-
drically bent quartz crystal with a radius of curvature ofR
5464 cm has been used with lattice planes~110! having a
lattice constant of'2.5 Å. The crystal dimensions wer
100310034 mm3 and the effective aperture was 5
350 mm2. The distance between the crystal and the targe
R cosu ~for a discussion on the geometry of curved crys
spectrometers in transmission geometry, see Ref.@18#!. The
Bragg angleu is measured by an interferometric angle me
suring system. The crystal is moved in steps across the ra
of reflection angle with a minimal step size of 0.2 arc sec a
a reproducibility of 0.01 arc sec, which is made possible b
er
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piezoceramic stabilization unit.
After reflection from the lattice planes, the photons pas

Soller slit collimator of 1 m length having a transmission o
about 60%. A high-purity Ge detector with an active size
60 mm diameter and an effective thickness of 12 mm
placed behind the collimator to detect the x rays. For ba
ground suppression, the detector is enclosed in a lead
tainer with 10 cm thick walls.

The collimator-detector system rotates with twice t
Bragg angle around the rotation axis of the crystal. T
movement is controlled and regulated by an optical dev
with an accuracy of about 5 arc sec. The spectrometer is
to measure at a positive and negative angle within a rang
65° @17#. Measuring at both angles reduces to a large ex
the systematic errors originating from a skew line sha
temperature drift, and source movements.

The isochronous cyclotrons at Forschungszentrum Ju¨lich
and KVI Groningen, in combination with electron cyclotro
resonance~ECR! sources, supply the projectiles~p to Ne! in
an energy range of 15–45 MeV/nucleon and with currents
the order of hundreds of nA. The spectrometer was insta
at external beamlines. The beam hits the target material
special chamber. The targets were thin metal foils of siz
32030.1 mm3 mounted in a graphite holder to minimiz
background production. The holder was connected to a c
ing system to conduct away the heat produced by the inte
beam in the target. The target could be rotated aroun
vertical axis as well as tilted by a remote motor contr
These movements enabled the minimization of the effec
target size as seen by the spectrometer. The angle betw
the photon detection direction and the target’s surface
less than 2° while the angle between the beam direction
the target surface was about 70°. This geometrical arran
ment in conjunction with the self-absorption of the emitt
x-ray photons determined the projectile’s effective pene
tion depth to be less than 10mm. The projectile’s energy loss
over this depth is less than 3% and consequently its energ
considered constant within the effective target thickness.
produced x-ray radiation penetrated a 2 mlong lead collima-
tor. A movement of the reaction chamber in this direction v
remote control allowed the fine adjustment of the foc
length for each Bragg angle. To monitor the beam intens
at the target, a second Ge detector was installed close to
crystal, which sees the target area under conditions simila
those of the crystal.

The signals from the main detector and the monitor
tector were treated in an identical way~Fig. 1!. After ampli-
fication and filtering by a timing single-channel analyz
~TSCA! they were fed into two branches. The signals in t
‘‘slow’’ branch were fed into CAMAC analog-to-digital con
verters~ADC!. The signals in the ‘‘fast’’ branch were ana
lyzed in a logical network. After suppression of saturat
pulses, the output signal gates the ADC and is registere
fast counters for a quick control of the experimental setti
For each measured point, the position, measuring time,
the pulse height spectra of the main detector and mon
detector were stored by a PDP 24/11 computer. The P
computer performed also the control of the measurem
procedure and parameters and allowed an automatic op
tion for the following: ~i! positioning of the spectrometer a
a preselected angle,~ii ! start of the measurement when th
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FIG. 1. Jülich focusing DuMond crystal spectrometer with the main components and the block diagram of the electronics circu
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whole system is in the correct position,~iii ! stop of the mea-
surement after a preselected time or when a fault is detec
and ~iv! storing of the data and to repeat steps~i!–~iv! until
interrupted manually.

The spectrometer was adjusted and calibrated with thg
and x rays. Sinceg rays have negligible natural widths, w
used them to adjust the target position and to measure
spectrometer response function. Thin radioactive foils wit
thickness less than 0.1 mm were placed at the target pos
and adjusted to minimize the geometrical linewidth. Adju
ment of focal length and energy calibration was carried
by measuring severalg lines in different orders of reflec
tions. Using169Yb and 170Yb g radioactive sources we fin
that the crystal response function is described well by
Gaussian with a full width at half maximum~FWHM! of
about 4.5 arc sec for 60–90 keV photon energies.

The on-line adjustment is made by measuring the x r
d,
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a
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from bombardment of the foil target with a proton beam. T
intensity distribution from the target using the proton beam
very similar to that of the heavy ion beam, but the x-r
spectra show no satellite structure~see Sec. IV!. Therefore,
the line shapes are used to model the fit profiles, to check
energy dispersion and resolution, and to estimate the g
metrical target width. By using Voigt profiles, originatin
from the convolution of a Gauss function with a Lorentzia
we obtained a reducedx2 around unity, which confirms tha
this straightforward approach describes the experimental
well. The extracted Lorentzian widths are in good agreem
with the natural widths of the correspondingKa1,2 x-ray
transitions as given by@19# and @20#.

The energy dispersion of the spectrometer was chec
comparing the energy differences between the measured
gram lines and the energy differences using the experime
data from @21# and the theoretical values using theMCDF
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TABLE I. Reduced velocityhL is defined as the ratio of the projectile impact velocity and the velocity
theL-shell target electrons. The impact parameter for which theK-shell ionization probability has dropped b
two orders of magnitude from the value corresponding to the impact parameterb50 is bmax, b̄K gives the
mean impact parameter forK-shell ionization, and̂ r K& and 1/̂ r K

21& are the Dirac-Hartree-Fock calculate
mean radius and the inverse of the mean inverse radius of the targetK-shell electrons.

System hL bmax ~fm! b̄K ~fm! ^r K& ~fm! 1/̂ r K
21& ~fm!

403-MeV N71→La 1.24 2700 650 1328 854
350-MeV N71→Ta 0.84 2000 400 988 617
500-MeV Ne101→Ta 0.84 2000 400 988 617
210-MeV N71→Tb 0.75 2000 460 1136 722
300-MeV Ne101→Tb 0.75 2000 460 1136 722
500-MeV Ne101→U 0.61 1200 250 723 430
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code @22#. The agreement is very good. As a typical e
ample, for the La Ka fine-structure energy differenc
(EKa1

2EKa2
), we measured (406.560.5) eV compared

with (407.760.3) eV given by@21# and 408.4 eV using the
MCDF code@23#.

III. IONIZATION PROBABILITIES

At the projectile energies around 15–28 MeV/nucleo
the collision time (10220 sec) is much shorter than the dec
time (10217– 10218 sec) of theK hole. Therefore, the cre
ation and subsequent decay of the vacancies can be treat
separate processes, and the dynamics of the excitation
cess is sufficiently well described in terms of ionization
one or more independent electronic states, induced by
time-dependent projectile field. So first of all, calculatio
for the production of single vacancies, caused by direct i
ization, are needed. We will now give an outline of the
calculations.

A. Direct ionization in first-order perturbation theory „SCA…

In the semiclassical approximation~SCA! @24#, the prob-
ability for exciting a target electron from the bound stateC i
~with energyEi) to a continuum target stateC f ~with energy
Ef and angular momentum quantum numbersj f ,l f ,mf) is
given by @25,26#

pi
SCA~b!5E

0

`

dEf (
j f l fmf

uaf i u2 ~3.1!

with

af i52 i E
2`

1`

dt ei ~Ef2Ei !t^c f uVp1VRuc i&, ~3.2!

whereb is the impact parameter, and the perturbing poten
is composed of the electron-projectile field

Vp52
Zp

uRY ~ t !2rYu
~3.3a!

and the recoil field

VR52
m

MT
~12dm!rY•RŸ . ~3.3b!
,

d as
ro-
f
he

-

l

RY (t) andrY are the internuclear and electronic coordinate,ZP

is the projectile nuclear charge,m is the reduced mass of th
projectile-target system,MT is the target mass, anddm is a
relativistic mass correction@27#.

The proper choice of wave functions is sensitive to t
reduced velocity,h, defined as the ratio of the projectil
impact velocity,v, to the target electron velocity,vel . For
impact velocities in the order of the electron Bohr velocity
the shell under consideration, the use of relativistic hyd
genic wave functions for the multielectron target no long
gives a satisfactory description of the subshell ionizat
probabilities. Hence the wave functions are calculated fro
variationally determined optimized potential@28#. This po-
tential yields results that are as accurate as those obta
from Dirac-Fock-Slater potentials@29#. For high collision
energies (h.1), the results for the ionization probabilit
P(b) obtained from this potential may easily exceed the
sults for hydrogenic wave functions, especially at small i
pact parameters@15,25#. For the systems investigated her
this is particularly true for theM shell ~and higher shells!,
and to a lesser extent also for theL shell. For theK shell, on
the other hand, the ratio between the collision velocity a
the Bohr velocity is only about one-half. In this case t
nonhydrogenic effects are small for theK shell.

The electron velocitiesvel have been calculated from the
kinetic energies,Ekin , as vel5A(11Ekin /mc2)221c. The
kinetic energies are taken from the tabulated values of@30#.
The velocity of the targets’L-shell electrons has been es
mated as a statistical average over the electrons’ velocitie
the individual L subshells~an L-shell velocity as average
over theL subshells weighted according to the ionizati
probabilities differs by less than 1% from the statistical a
erage!. The reduced velocitieshL obtained for the various
studied collision systems are given in Table I.

Examining as a typical case the 403-MeV N71→La sys-
tem, the direct ionization probabilities, for theK and L III
subshell, as a function of the impact parameterb, calculated
in the framework of SCA using several sets of wave fun
tions, are shown in Fig. 2. For theK-shell ionization the two
different wave-function sets give comparable results~projec-
tile velocity is about 55% of the lanthanumK-shell electrons’
velocity!, but the prediction of the Dirac-Fock-type potenti
and the screened hydrogenic potential differ almost by a
tor of 2 for theL-shell ionization~projectile velocity is about
the velocity of theL-shell electrons! and differs by a factor
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of 4 for the M shell ~projectile velocity is about four times
larger than the velocity of theM-shell electrons,hM54)
@15#.

On the other hand, the use of separate atom wave fu
tions may be questioned for theK shell. However, becaus
our systems have a strong asymmetry (ZP /ZT!1, with ZT
the target nuclear charge!, the molecular effects are sma
and the separate atom perturbation theory provides reli
results. Since the excitation energy for aK-shell electron is
much larger than for the higher shells, and consequently
the minimum momentum transferred to the electron,qmin
5(Ef2Ei)/v, the impact-parameter distribution of theK-shell
ionization probability is much steeper than for theL andM
shells ~Fig. 2!. If one definesbmax as the impact paramete
for which theK-shell ionization probability has dropped b
two orders of magnitude~Table I!, the ionization probabili-
ties for theL andM shells are nearly constant in the impa
parameter regionb,bmax @13–15#.

The mean impact parameterb̄K for the K-shell electron
ionization is given by

b̄K5
*0

`db bPk~b!

*0
`db Pk~b!

'
*0

bmaxdb bPk~b!

*0
bmaxdb Pk~b!

. ~3.4!

FIG. 2. Direct electron ionization probabilitiesPSCA(b) as a
function of the impact parameterb from theK andL III subshell of a
lanthanum atom during its bombardment with 403-MeV N71, ac-
cording to the semiclassical approximation~SCA!. TheL III ioniza-
tion probabilities have been calculated using the OPM wave fu
tions ~SCA-OPM!, relativistic screened hydrogenic~SCA-HYD!,
and the tabulated values of Hansteenet al. @31# based on screene
hydrogenic wave functions~SCA-HA!. The K probabilities have
been calculated by using the SCA-OPM.
c-

le

so

The K-shell electron ionization takes place predominately
the interior of the meanK-shell target-atom radius,r K , for
the collision systems considered here.

The K-, L-, andM-subshell probabilities per target ele
tron, atb50, calculated with a straight-line path for the in
ternuclear motion~such thatVR50) and with relativistic
wave functions from an optimized target potential, are lis
in Table II. TheL- andM-shell binding energies in the pres
ence of aK vacancy have been obtained with the multico
figuration Dirac-Fock code of Desclaux@22#. The subshell-
ionization probabilities are obtained by multiplying th
tabulated values by the subshell occupation number.

In Table III we show the ratioTn of the SCA L-shell
ionization probability with optimized potential wave func
tions ~SCA-OPM! to hydrogenic wave functions~SCA-
HYD!, for b50. The latter was obtained from the couple
subshell code~Sec. III B! by setting the coupling matrix
elementMnk equal to zero. The deviation ofTn from unity is
mainly attributed to the difference in the optimized and t
hydrogenic potentials, and to a much lesser extent to
different number of partial waves included in the expans
of the transition matrix elements (l<6 for the SCA-OPM
and l<2 for the SCA-HYD!. From Table III it follows that
Tn increases with reduced velocity up to nearly a factor o
for the fastest and lightest collision system investigated.

B. L-shell ionization in the coupled subshell
approximation „CSA…

For small energy spacing between adjacent subshells
rearrangement of vacancies among the subshells during
course of the collision becomes important@32#. This cou-
pling effect is the more pronounced the lower the collisi
velocities and the stronger the interactionVP with the pro-
jectile. Disregarding any couplings to other shells, the so
tion to the exact two-center Hamiltonian for the active ele
tron is expanded as

c~ t !5(
n

an~ t !ucn&1X
f

af~ t !uc f&, ~3.5a!

where the first sum runs over all subshell statescn of the
shell under consideration, andc f are the continuum targe
eigenstates. For very asymmetric collisions where the t
L-shell ionization probability is well reproduced by firs
order perturbation theory, it is sufficient to treat the coupli
to the continuum in perturbation theory. With this approx

c-
act
TABLE II. ~Sub!shell direct ionization probabilityPSCA-OPM, in percent, per target electron, according to the SCA theory, for imp
parameterb50. The target wave functions are calculated using optimized potentials~OPM!.

System

Direct ionization probability,PSCA-OPM (b50) ~%!

K L I L II L III M I M II M III M IV MV

403-MeV N71→La 2.10 2.49 4.28 4.06 2.66 4.17 4.11 4.39 4.34
350-MeV N71→Ta 1.05 1.66 3.65 3.47 2.60 3.88 4.07 4.91 4.83
500-MeV Ne101→Ta 2.15 3.38 7.46 7.07 5.31 8.05 8.30 10.00 9.86
210-MeV N71→Tb 1.00 2.07 4.88 4.79 4.17 5.93 6.28 8.32 8.26
300-MeV Ne101→Tb 1.97 4.24 9.98 9.81 8.77 12.30 12.90 17.50 17.40
500-MeV Ne101→U 1.18 2.55 4.71 4.31 4.80 5.35 5.77 8.55 8.43
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mation the expansion coefficientsan and af satisfy the fol-
lowing system of coupled differential equations@33#:

ȧn52 ianEn2 i(
k

akMnk2 iM n fe
2 iE f t ~3.5b!

with boundary conditions of an initial vacancy in the co
tinuum statef (af51) andan (t→2`)50. The sum index
k runs over all~bound! subshell states andEn are their ener-
gies. The probability for ionizing the subshelln ~i.e., for
finding a vacancy in the staten! is obtained from

Pn
CSA~b!5 1

2 E
0

`

dEf(
j f l f

(
mf.0

@ uan
~1 !~ t→`!u2

1uan
~2 !~ t→`!u2#, ~3.6!

wherean
(6) is obtained from a linear combination of the su

shell states with positive and negative magnetic quan
numbers@33#. From this expression the perturbation res
given by Eq.~3.1! is easily recovered by setting the couplin
matrix elementMnk equal to zero and by making a pha
transformationaf n[aneiEnt.

This approach has been applied to the calculation ofL-
subshell ionization probabilities for our collision system
For the sake of simplicity, relativistic hydrogenic wave fun
tions have been used, with an effective target chargeZeff

5n^r21&/An221^r 21&2/c2. Here,^r 21& is the mean value o
the inverse shell radius of the staten with the maximum
angular momentumj. The shell radii and the subshell ene
gies have been calculated with the Desclaux code@22#. In
Table IV the ratio of the subshell ionization probability wi
and without the inclusion of the intrashell coupling is list
for an internuclear Coulomb trajectory.

The use of more accurate wave functions in the CSA c
culations would lead to a much more complicated numer
code. Assuming, however, that the ratioRn of the subshell
coupling probabilities, as given in Table IV, depends mu
less on the choice of wave functions than the ionizat
probabilities themselves, we define the CSA-corrected s
shell ionization probabilities in the following way:

TABLE III. Ratio Tn of L-subshell ionization probabilities cal
culated using optimized-potential wave functions~SCA-OPM! to
hydrogenic wave functions~SCA-HYD!, respectively, for impact
parameterb50.

System

Tn

L I L II L III

403-MeV N71→La 1.40 1.70 1.78
350-MeV N71→Ta 1.30 1.49 1.60
500-MeV Ne101→Ta 1.31 1.48 1.59
210-MeV N71→Tb 1.20 1.41 1.51
300-MeV Ne101→Tb 1.20 1.40 1.50
500-MeV Ne101→U 1.24 1.21 1.30
m
t

.

l-
l

h
n
b-

Pn
ion5Pn

SCARn , Rn5
Pn

CSA~Mnk!

Pn
CSA~Mnk50!

. ~3.7!

For the M subshells a similar CSA correction is expecte
because the smaller subshell energy spacings are counte
anced by a higher effective collision velocity~measured in
terms of impact velocity with respect to Bohr velocity!.
However, because of the small energy shifts of theM-hole
satellites,M-subshell effects are hard to see in the expe
mental spectra. Therefore,M-subshell coupling has not bee
considered in the present work.

From Table IV it is obvious that the subshell couplin
leads to a reduction of the subshell ionization probabilit
and hence of the totalL-shell ionization probability. This
effect, which is typical for coupled-channel approaches w
a truncated basis like Eq.~3.5a! @33,34#, is in contradiction to
experimental data of impact-parameter–dependent meas
ments on subshell ionization@35#. It has recently been sug
gested@36# that a renormalization of the diagonal couplin
matrix elementsMnn , such thatMnn (R50)5En

ua2En ~the
difference between the experimental subshell energy of
united and the separated atom! is guaranteed, will improve
on the absolute value of the subshell ionization probabiliti
This indicates that the molecular effects nevertheless pla
non-negligible role, and that for a proper description o
should enlarge the number of separated atom basis state
including continuum states of momentum comparable to
Bohr velocity of the bound states.

C. Vacancy creation due to electron capture by the projectile

When the collision velocity is of the order of or below th
Bohr velocity of a particular target shell, capture of the
electrons into a vacant projectile bound state gains imp
tance. For asymmetric systems withZP!ZT , capture into
the projectileK shell is the dominating process, while ca
ture into all higher bound states contributes only about 20
Therefore, we restrict ourselves to the capture into theK
shell. The capture probabilities are calculated in the stro
potential Born theory ~SPB! @37,38#, which treats the
electron-projectile interaction consistently to first order, a
hence, is adequate for the present asymmetric collision
tems. For electron capture from a subshelln, the probability
is given by@39#

TABLE IV. Ratio Rn of L-subshell ionization probabilities cal
culated with and without subshell coupling, respectively, for imp
parameterb50.

System

Rn

L I L II L III

403-MeV N71→La 1.01 0.95 0.96
350-MeV N71→Ta 0.93 0.86 0.88
500-MeV Ne101→Ta 0.88 0.79 0.82
210-MeV N71→Tb 0.87 0.76 0.79
300-MeV Ne101→Tb 0.82 0.64 0.68
500-MeV Ne101→U 0.80 0.66 0.72
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Pn
cap~b!5uaf nu2, ~3.8!

af n52 i E
2`

`

dtE dkY ei @Ef ~kY !2En#teikY bYw f*
P~kY2vY !

3^ckY ,Ef
uVPucn& ~3.9!

with Ef(kY )5Ef
P1kY•v2vY 2/2 and w f

P(kY2vY ) is the Fourier
transform of the projectileK-shell state. For the off-shel
wave functionCkY ,Ef

the near shell limit is used,

Ck,Ef
'F2Ef2k22 i«

4~2Ef2 i«! G ih0

G~12 ih0!e2~p/2!h0CkY ,

h05
ZT

k
~3.10!

with e→0 andCkY is a continuum target state. In the calc
lation, screened hydrogenic wave functions are used an
transverse peaking approximation is applied@39#. For our
collision systems, capture from theL subshell will be the
most important process since the collision velocity is close
the L-shell Bohr velocity. TheL-subshell capture probabili
ties for impact parameterb50 are listed in Table V.

Since the SPB calculation is nonrelativistic, theL II(2p1/2)
andL III (2p3/2) wave functions have to be related to the 2p,
m50 and 2p, umu51 states by means of the spin-orbit co
pling:

C2p1/2,1/2
5A2/3u2p1&x~21/2!2A1/3u2p0&x~11/2! ,

C2p3/2,1/2
5A1/3u2p1&x~21/2!1A2/3u2p0&x~11/2! ,

~3.11!

C2p3/2,3/2
5u2p1&x~11/2! .

Exploiting the fact that atb50, P2p,umu51
cap 50, one simply

obtains PL II

cap5 1
3 P2p,umu50

cap and PL III

cap5 2
3 P2p,umu50

cap for filled

subshells. Per target electron, this reduces toPL II

cap5PL III

cap

5 1
3 P2p,m50

cap . However, a nonrelativistic description of th
target wave functions suppresses the high momentum c
ponents in its Fourier transform. Since capture proceeds v
high-lying intermediate continuum state, the contributi

TABLE V. L-subshell capture probabilitiesPcap, in percent, per
target electron, in nonrelativistic transverse peaked SPB, for im
parameterb50.

System

L-electron capture probability,
Pcap (b50) ~%!

L I L II L III

403-MeV N71→La 0.215 0.237 0.237
350-MeV N71→Ta 0.030 0.236 0.236
500-MeV Ne101→Ta 0.195 1.110 1.110
210-MeV N71→Tb 0.027 0.525 0.525
300-MeV Ne101→Tb 0.179 2.410 2.410
500-MeV Ne101→U 0.037 0.540 0.540
a

o

m-
a

from these high bound-state momentum components is v
important. Therefore, the heavier the target, the more a n
relativistic theory will underestimate the capture cross s
tions. From comparison with experimentalL-shell capture
data for the impact of 24 MeV/nucleon3He on heavy targets
up to gold@40#, we estimate our SPB results to be a factor
2–3 too low.

D. Multiple electron ionization cross section

The multiple electron ionization cross sections are cal
lated in the framework of the independent electron mod
The assumption of the model is that the ionization of a p
ticular electron is not correlated with the excitation of oth
electrons within the same atom.

In this case the probabilitỳm(b) for ionizing m electrons
from an atomic~sub!shell i consisting ofni electrons as a
function of the impact parameterb is given by the binomial
distribution @41#

`m~b!5S ni

mD @Pi~b!#m@12Pi~b!#ni2m. ~3.12!

Pi(b) is the subshell ionization probability per electron
the impact parameterb.

The cross sections for the simultaneous ionization o
electrons from different~sub!shells can be calculated from
the product over all the~sub!shellsi, which is integrated over
the impact parameterb @41,42#:

s52pE
0

`

b db)
i

S ni

mi
D @Pi~b!#mi@12Pi~b!#ni2mi.

~3.13!

For a~sub!shell j that is not taken into account explicitly
it can easily be deduced that all its possible configurati
are included as

(
mj 50

nj S nj

mj
D @Pj~b!#mj@12Pj~b!#nj 2mj51. ~3.14!

If an averageL-shell ionization probability,PL(b), is in-
troduced, the cross section for creation of a (1K, n L) hole
atomic state, according to Eq.~3.13!, is given by

s1 K,n L52pE
0

`

b dbS 2
1D PK~b!@12PK~b!#

3S 8
nD @PL~b!#n@12PL~b!#82n, ~3.15!

wherePK(b) is the direct one-electron ionization probabili
from theK shell.

For the colliding systems under investigation, the calc
latedL-shell electron ionization probabilities,PL(b), change
less than 20% over the entire impact parameter region~0 to
bmax), so we consider them as independent of the imp
parameter and equal to the ionization probability atb̄K . In
this case the above equation can be written as

ct
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s1 K,n L5s~1 K !S 8
nD @PL~ b̄K!#n@12PL~ b̄K!#82n,

~3.16!

wheres~1 K)52p*0
`b db(1

2)PK(b)@12PK(b)# is the cross
section for ionization of aK-shell electron.

It follows from Eq.~3.16! that theL-shell ionization prob-
ability PL can be extracted from the relative cross-sect
ratio between atomic states with oneK hole and different
numbers ofL-shell holes. From a measurement of su
cross-section ratios theL-shell ionization probability can be
determined experimentally~see Sec. V!.

In order to account forL-subshell coupling and electro
capture, the total vacancy production probabilityPi

tot is given
by

Pi
tot5Pi

SCARi1Pi
cap, ~3.17!

wherePi
SCA is the SCA probability for direct ionization,Ri is

the correction for subshell coupling defined in Eq.~3.7!, and
Pi

cap is the capture probability from Eq.~3.8!. In our case the
index i in Eq. ~3.17! runs over the threeL subshells~while
Pi

tot is identified withPi
SCA for other subshell statesi!. Since

electron capture as well as subshell coupling contribute
than 30% to theL-shell vacancy production for all case
studied here, the assumptions of the independent par
model are still justified; the probability for multipleL-hole
production remains small~see Fig. 2!.

IV. STRUCTURE OF THE SPECTRA

During the bombardment of the target atoms with a
MeV proton beam, the inducedKa spectra contain the dia
gram line without visible satellite structure~Fig. 3!. But dur-
ing heavy ion-atom collision with projectiles having abo
the same energy per nucleon as for the protons, the in
shells of the target atom are multiple-ionized and theref
the inducedKa spectra reveal a satellite structure at t
high-energy side of the diagram line. While the intensity
the satellite structure is increasing as the projectile’s cha
increases, its energy spread depends sensitively on the
ticular K x-ray transition and the atomic number of the targ
element~Fig. 3!.

A. Transitions energies

The energy shifts of theKa1,2 satellite transitions in the
presence of oneL- or M-subshell spectator hole, relative
theKa1,2 diagram transitions, have been calculated using
Dirac-Fock code of@22#. The results obtained are listed
Table VI.

The natural widths of theKa x-ray diagram lines are
larger than the energy differences between the diagram
and satellite transitions in the presence of anM spectator
hole. In Fig. 4, the largest energy shift of aKa1M1 satellite
transition~originating from anM II spectator hole! from the
diagram Ka1 transition is displayed, as a function of th
target atom nuclear charge. As can be deduced, the sat
transitions in the presence of anM spectator hole are wel
embedded in the diagram lines.

For the rest of our discussion we define as theKa ‘‘dia-
gram’’ transition,KaL0, a Ka transition without the pres
n
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ence of theL spectator hole~indifferent for theM-, N-, or
higher-shell holes!, and as theKa ‘‘satellite’’ transition,
KaLn, a Ka transition in the presence ofn L additional
spectator hole~s!.

For the medium-heavy to heavy atoms investigated h
the Ka fine-structure energy splitting is larger than the e
ergy shifts of theKa ‘‘satellites’’ ~Fig. 4!. So theKa2L1

‘‘satellite’’ structure may have only a minor interferenc
with the Ka1 spectrum and therefore can be investiga
separately.

However, the study of the individualKaL1 x-ray ‘‘satel-
lites,’’ originating from the presence of anL spectator hole in
the variousL subshells, has an inherent limitation. The e
ergy difference between these transitions is on the orde
the natural widths and this makes their distinctive study d
ficult ~see Fig. 4 and Table VI!.

Angular-momentum coupling

When aKa transition takes place in the presence of oneL
spectator hole, the initial state is made up of one hole in
K shell and one hole in theL shell and the final state of two
holes in theL shell. The coupling of the angular momenta
the holes gives rise to a complex multiplet composed
many transitions. In the case of theKa1 transition, the three
L satellite lines split into nine components and in the case
the Ka2 transition into eight components@14,15,43#.

The multiconfiguration Dirac-Fock method@22# usesj - j
angular-momentum coupling, where each configuration-s
wave function corresponds to a singlej - j coupled state. An
atomic state, however, is seldom described by a singlej - j
state. Usually one needs all thej - j states coupled to give th

FIG. 3. ~a! Ka1,2 x rays of La emitted during the bombardme
with 29 MeV/nucleon N71 beam. The comparison with the lantha
num spectra induced during the bombardment with the 25-M
protons reveals the satellite structure due to nitrogen bombardm
~b! TantalumKa1 x rays emitted during the bombardment with 2
MeV/nucleon proton, N71 and Ne101 beams. The satellite structur
becomes more pronounced as the projectile’s nuclear charge i
creased.
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TABLE VI. Energy shifts of theKa1(2) satellite transitions, in the presence of anL or M subshell spectator hole, relative to the diagra
Ka1(2) transition, without including the hole-hole angular-momentum coupling.

Ka1(2) transition
Initial hole~s!→Final hole~s!

E(Ka1(2)
sat )2E(Ka1(2)

diag) ~eV!

Lanthanum Terbium Tantalum Uranium
Ka1 Ka2 Ka1 Ka2 Ka1 Ka2 Ka1 Ka2

K→L III ~II ! 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KL I→L III ~II !L I 77.1 71.8 95.8 85.2 119.7 105.8 194.0 157.2
KL II→L III ~II !L II 100.3 77.7 127.2 91.0 163.6 121.2 286.4 196.4
KL III→L III ~II !L III 73.3 71.6 89.3 81.3 102.5 94.0 139.2 114.4
KM I→L III ~II !M I 9.2 8.6 12.4 11.8 18.2 16.2 32.4 26.8
KM II→L III ~II !M II 12.6 16.5 14.0 12.5 25.7 30.0 49.2 52.2
KM III→L III ~II !M III 11.4 8.5 12.0 11.8 19.7 14.4 29.2 19.6
KM IV→L III ~II !M IV 21.3 1.8 0.4 0.2 1.4 4.7 2.9 5.3
KMV→L III ~II !MV 0.4 22.0 0.3 0.0 3.5 20.5 4.6 21.1
n
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total J as obtained from the nonrelativistic configuratio
Consider, for example, the 1s212p21 states belonging toJ
51. This state is a superposition of two states;au1s2p1/2&
1bu1s2p3/2&, with relative weightsa and b. The energeti-
cally lower J51 state would correspond to aK21L II

21 con-
figuration and the higherJ51 state would correspond to
K21L III

21 configuration. We have calculated the energies a
transition rates of these multiplets for La, Tb, Ta, and
using theMCDF code~Table VII!. As can be deduced from
the energy values given in Table VII, the ‘‘satellite’’ trans
tions in the presence ofL I , L II , or L III spectator vacancy ar
not distinct but consist of transitions that are displaced
mixed.

Finally, the significance of the angular-momentum co
pling between the ‘‘active’’K and L III holes with oneM
‘‘spectator’’ hole during aKa1 transition has been invest
gated. For the lanthanumKa1 transition in the presence o
an M-subshell spectator hole the five satellite transitio
with energy shifts of21.3 to 12.6 eV~Table VI!, split into
24 lines, the shifts of which extend from28.6 to 22.4 eV
@23#.

FIG. 4. Natural widthsG of the diagramKa1 transition~---! and
the energy fine-structure splitting betweenKa1 and Ka2 diagram
transitions~—!, as a function of the atomic numberZ @20,21#. Also
are shown the calculated energy shift ofKa1 satellite transitions,
originating from the presence of one spectator hole in theL I (h),
L II (m), L III (d), or M II (* ) subshell, from theKa1 diagram tran-
sition for La, Tb, Ta, and U.
.

d

d

-

,

B. Transitions intensities

The deexcitation of the target atoms excited by the col
ing ions takes place via radiative, Auger, and Coster-Kro
transitions. The observed intensityI j

Ka1(2) following the de-

excitation of an initial atomic stateu j &, which contains aK
hole, by aKa1(2) x-ray transition is proportional to the prod
uct

I j
Ka1~2!}s j

obsv j
totv j

Ka1~2!, ~4.1!

wheres j
obs is the cross section of theu j & atomic state con-

figuration, at the instant of theKa photon emission~and not
at the instant of collision!, andv j

tot andv j
Ka1(2) are the total

and partial fluorescence yields corresponding to theu j &
atomic state. In the following, we discuss the evaluat
method concerning cross sections, total, and partial fluo
cence yields.

The observed cross sections j
obs is obtained from the ini-

tial cross sections at the time of collision, when the vacanc
are created, by accounting for the rearrangement of the v
ous atomic configurationu i &, prior to theK x-ray emission:

s j
obs5Rj→ js j

ini1(
iÞ j

Ri→ js i
ini1O~R2!, ~4.2!

wheres j
ini ands i

ini are the initial cross sections of theu j & and
u i & atomic states, respectively,Rj→ j is the probability that
the initially createdu j & state remains unchanged, andRi→ j is
the probability for mutation from the initial stateu i & into the
u j &. The initial cross sections are calculated using Eq.~3.13!.
The last term in Eq.~4.2! describes the contribution to th
observed cross section from double or higher-order re
rangement of the initial cross section prior to the obser
tion. For the specific systems and transitions that we st
here, this term is negligible.

In the case of multiply ionized states, the determination
the cross sections j

obs is a complex problem due to the larg
number of deexcitation and rearrangement channels and
performs the determination of the redistribution probabilitie
R, a laborious duty. In order to reduce this complexity for t
study of theKa x-ray transitions of the investigated collisio
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TABLE VII. Energy shifts of the satelliteKa1 (KL→L IIIL) transition, including the angular-momentum coupling between the ‘‘activ
K andL III holes with oneL ‘‘spectator’’ hole, relative to the diagramKa1 (K→L III ) transition, and the correspondingE1 transition rates.

Ka1 transition
Initial hole~s!→Final hole~s!

E(Ka1
sat)2E(Ka1

diag) ~eV! Transition rates (1015 sec21)

La Tb Ta U La Tb Ta U

K (J51/2)→L III (J53/2) 0.0 0.0 0.0 0.0 10.23 17.30 31.3 83.2
KL I (J50)→L IIIL I (J51) 108.1 137.0 176.0 307.0 8.69 15.69 29.7 82.0
KL I (J51)→L IIIL I (J51) 21.0 26.0 36.0 64.0 2.30 3.54 6.0 14.8
KL I (J51)→L IIIL I (J52) 78.1 96.0 118.0 181.0 8.64 14.60 26.4 70.0
KL II (J50)→L IIIL II (J51) 116.2 152.0 200.0 375.0 11.04 17.58 31.8 84.5
KL II (J51)→L IIIL II (J51) 109.3 134.0 168.0 254.0 1.65 2.78 5.1 13.8
KL II (J51)→L IIIL II (J52) 92.4 116.0 149.0 237.0 9.56 15.29 27.2 71.2
KL III (J51)→L IIIL III (J50) 58.8 68.0 80.0 108.0 3.43 5.82 10.5 27.9
KL III (J51)→L IIIL III (J52) 101.0 119.0 140.0 192.0 8.19 15.03 25.8 69.4
KL III (J52)→L IIIL III (J52) 69.1 80.0 96.0 132.0 5.39 8.47 16.1 42.4
th
ha
th

-
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e-

s,

ns
systems, we only consider the holes’ movement in theK and
L subshells but ignore possible rearrangements in
M ,N,... shells. This is a reasonable approximation, as
been illustrated in the preceding section, due to the fact
the satellite transitions in the presence of anM ,N,... spec-
tator hole~s! are well embedded in their ‘‘diagram’’ line.

The consequences of this approach are as follows.
~i! An initial u1 K, 0 L& hole configuration remains un

changed until theK x-ray transition, detached from wha
happens in the higher shells. Consequently, in this case
redistribution probabilityR(1 K,0 L→1K,0 L) is equal to unity.

~ii ! In the case of an initialu1 K, 1 Lx& hole configura-
tion, theLx hole may decay to anM or higher shell through
a radiative process, with a probability given by the fluore
cence yieldvLx

, or through an Auger process, with a pro

ability given by the Auger yieldaLx
~Fig. 5!. If the L-hole
d
ha

e

n

e
s
at

he

-

decay takes place prior to theK x-ray transition~during the
lifetime of theK hole!, the newly created atomic state corr
sponds to au1 K, 0 L& configuration.

~iii ! In the case of an initialu1 K, 1 Lx& hole configura-
tion, the Lx may decay through a Coster-Kronig proces
with a probability given by the Coster-Kronig yieldf Lx

(vLx
1aLx

1 f Lx
51) ~Fig. 5!. If the Lx-hole decay takes

place prior to theK x-ray transition, theL hole will be found
in a differentL subshell than the initial, but the state remai
as u1 K, 1 L& configuration.

Based on the discussion above and according to Eq.~4.2!,
the cross sectionss j

obs for the atomic configurations
u1 K, 0 L&, u1 K, 1 L I&, u1 K, 1 L II&, and u1 K, 1 L III &,
assuming that there are no contributions fromu1 K, 2 L&
hole states, are given by
S s1 K,0L
obs

s1 K,1LI

obs

s1 K,1LII

obs

s1 K,1LIII

obs
D 51

1
GL I

GL I
1GK

~vL I
1aL I

!
GL II

GL II
1GK

~vL II
1aL II

!
GL III

GL III
1GK

0
GK

GL I
1GK

0 0

0
GL I

GL I
1GK

f L I→L II

GK

GL II
1GK

0

0
GL I

GL I
1GK

f L I→L III

GL II

GL II
1GK

f L II→L III

GK

GL III
1GK

2 S s1 K,0L
ini

s1 K,1LI

ini

s1 K,1LII

ini

s1 K,1LIII

ini
D , ~4.3!
avy
the
the

ne
whereG denotes the level widths ofK andL subshells, and
v, a, and f are the L-subshell fluorescence, Auger an
Coster-Kronig yields, respectively. The matrix elements t
represent the redistribution probabilities during the lifetim
of theK hole are calculated using the values for theK andL
level widths and theL deexcitation yields for singly ionized
atoms as given by@20#. The redistribution probabilities
R(1 K,1 Lx→1 K,0 L) for mutation from the atomic configuratio
t

u1 K, 1 Lx& to the u1 K, 0 L& are given in Table VIII. An
inspection of this table shows that the x-ray spectra of he
elements are less affected by relaxation processes than
light elements, and thus the observed spectra reflect more
initial states created during the collision. This underlines o
of the advantages of using heavyZ elements as targets.

Dealing with theL shell as a mean over the differentL
subshells, the observed cross sections1 K,0 L

obs for the atomic
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configurationu1 K, 0 L& is given, according to Eq.~4.2!, by

s1 K,0L
obs 513s1 K,0L

ini 1
GL

eff

GL
eff1GK

s1 K,1L
ini , ~4.4!

whereGK is theK level width andGL
eff is the effective width

of the L shell, which is defined as

GL
eff5CL I

GL I
~vL I

1aL I
!1CL II

GL II
~vL II

1aL II
!1CL III

GL III

~4.5!

with

CL I
1CL II

1CL III
51, ~4.6!

whereCLx
are weighting coefficients describing the cont

bution of the individualL subshell to the meanL state. For a
statistical contribution of theL subshells we haveCL I

50.25,CL II
50.25, andCL III

50.50. Using the prediction o
the SCA-OPM~Table II!, we get for all our systems value
close to CL I

50.14, CL II
50.29, andCL III

50.57. The esti-

mates for the effective width,GL
eff , for the different sets of

weighting coefficients are shown in Table IX. We emphas
that in general for the precise estimation of the effect
width the knowledge of the weighting coefficientsCLx

is
mandatory.

FIG. 5. Radiative, Auger, and Coster-Kronig deexcitation ch
nels from theL subshells of the target atoms. Their relative rates
given by the fluorescencevLx

, Auger aLx
, and Coster-Kronigf Lx

yields, respectively. The level widths of theL subshells are given
by GLx

, while the effective mean widthGL
eff of the L shell is given

by Eq. ~4.5!.
e
e

The relative uncertainty in the determination of the effe
tive width GL

eff for the two different distributions is at maxi
mum 4%, while the errors in the knowledge ofL-subshell
level widths is on the order of 15% and theK level widths it
is around 5%@20#. In the case of multiple ionized systems,
more severe problem is the lack of data on the level wid
in the presence of the spectator holes. It has been estim
that in the case of lanthanum theK level width can vary as
much as 15% in the presence of anL spectator hole@44#. An
overall error in the order of 20% is estimated for the det
mination of the redistribution factorsR.

The total K fluorescence yieldv (1 K,0 L)
tot for a singly K

ionized lanthanum, terbium, tantalum, and uranium atom
0.928, 0.969, 0.983, and 0.969, respectively@45#. To our
knowledge there are no data for totalK fluorescence yields
for high-Z elements in the presence of spectator holes.
performed a detailed theoretical calculation using theMCDF

code@22# and found thatv (1 K,1 Lx)
tot does not change by mor

than 3% in the presence of a specificLx subshell spectato
hole @44#. The mean fluorescence yieldv (1 K,1 L)

tot of a K tran-
sition in the presence of oneL spectator hole, distributed a
the various L subshells, either ‘‘statistically’’
(CL I

:CL II
:CL III

52:2:4) or according to the ‘‘SCA-OPM’’

predictions (CL I
:CL II

:CL III
51:2:4), is within less than 1%

equal to the totalK fluorescence yield,v (1 K,0 L)
tot , of the ‘‘dia-

gram’’ line.
Finally we have calculatedthe partial K fluorescence

yields in the presence of a spectator hole for the differenL
subshells using first theMCDF code@22# and second a semi
empirical formula that reproduces the partial yields with ve
good accuracy compared to theab initio calculations@44#.
As can be seen in Fig. 6, for the atom of lanthanum
partial yieldsv (1 K,1 Lx)

Ka1(2) change considerably in the presen

of a specificL spectator hole. Nevertheless, the mean flu
rescence yieldv (1 K,1 L)

Ka1(2) for a Ka1,2 transition, with oneL
spectator hole distributed either ‘‘statistically’’ or accordin
to ‘‘SCA-OPM’’ predictions over allL subshells, is almos
identical with theKa1,2 fluorescence yield of the diagram
line ~no L hole!.

V. RESULTS

A. Comparison of the experimentalL-shell ionization
probabilities with theory

The experimentalL-shell ionization probabilityPL
expt can

be extracted from the measured spectra in the following w

-
e

TABLE VIII. Redistribution probabilitiesR for mutation from the atomic configurationu1 K, 1 Lx& to
the u1 K, 0 L& during the lifetime of theK hole, according to the matrix elements in Eq.~4.3! for the various
target elements.

Target
element

Redistribution probabilitiesR

u1 K, 1 L I&→u1 K, 0 L& u1 K, 1 L II&→u1 K, 0 L& u1 K, 1 L III &→u1 K, 0 L&

Lanthanum 0.117 0.175 0.195
Terbium 0.091 0.134 0.148
Tantalum 0.070 0.107 0.115
Uranium 0.044 0.072 0.072
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Starting from Eqs.~4.1! and~3.16! and based on the previou
discussion, the ratio between the intensity,I 1 K,0 L

Ka1(2), of the

‘‘diagram’’ line, (Ka1(2)L
0), to the entire intensity,I 1 K

Ka1(2),
of theKa1(2) complex spectrum can be expressed as a fu
tion of the meanL-shell ionization probabilities according t

I 1 K,0L
Ka1~2!

I 1 K
Ka1~2!

5
s1 K,0L

obs v1 K,0L
tot v1 K,0L

Ka1~2!

s1 K
obsv1 K

tot v1 K
Ka1~2!

'~12PL
expt!8F11R1 K,1L→1 K,0L

8PL
expt

12PL
exptG ,

~5.1!

where the first term on the right side reflects the direc
created (1K,0 L) hole atomic state, while the second ter
corresponds to the (1K,0 L) hole atomic originating from
the initially created (1K,1 L) hole atomic state, in which the
L-shell vacancy is being filled prior to theK x-ray emission,
with a probability given by the redistribution facto
R1 K,1 L→1 K,0 L . As mentioned earlier, the contribution to th
(1 K,0 L) hole configurations developed in two or more st
processes is of minor importance for the studied systems
hence is neglected. The total and partial fluorescence yi
for the various hole atomic states are considered equal
cording to the discussion of Sec. IV B.

In order to calculate the relative intensity of the ‘‘dia
gram’’ line, I 1 K,0 L

Ka1(2), with respect to the total intensity

I 1 K
Ka1(2), the experimental spectra have been approximated

a superposition of Voigt profiles. To extract the results,
use the ‘‘averaging’’ fit model dealing with theL shell as a
mean of the differentL subshells.

We use a Voigt function to describe the ‘‘diagram’’ line
Ka1(2)L

0, with Lorentz and Gauss widths being free para
eters. According to the energy considerations of the prec
ing section, in the case of the ‘‘diagram’’ line, transitions
the presence of theM spectator hole fall within its natura
linewidth. So, despite its composite structure, a single Vo
function is sufficient to describe the shape of the ‘‘diagram
line, having a Lorentzian width of the order of the natu
width of a singly ionized atom and a Gaussian width th
mainly describes the experimental response function and
presence of theM ,N,... spectator holes@46,47#. In order to

TABLE IX. Calculated effective widthGL
eff of theL level for the

target elements according to Eq.~4.5!. We assume two differen
distributions forL subshell hole creation: the ‘‘statistical,’’ based o
the statistical probability for creation of a specificL-subshell hole
for which CL I

:CL II
:CL III

52:2:4, and the‘‘SCA,’’ based on the the-
oretical predictions of the SCA-OPM for whichCL I

:CL II
:CL III

51:2:4.

Target
element

L level width,GL
eff ~eV!

‘‘Statistical’’ ‘‘SCA’’

Lanthanum 3.01 3.13
Terbium 3.67 3.84
Tantalum 4.34 4.55
Uranium 6.81 7.06
c-

y

nd
ds
c-

by
e

-
d-

t
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t
he

describe theKa1(2)L
1 structure, a second Voigt functio

with equal Lorentzian width but free Gaussian width h
been used. Finally, a third Voigt function has been used
describe spectra withKa1(2)L

2 structure.
In the framework of the ‘‘averaging’’ fitting model, the

energy differences of the ‘‘satellite’’ transitions from th
‘‘diagram’’ line are fixed according to theMCDF code pre-
dictions. The energy differenceE(Ka1(2)L

12Ka1(2)L
0) has

been calculated from the individual E(Ka1(2)Lx
1

2Ka1(2)L
0) differences (x→I,II,III) ~Table VI! using the

weighting coefficientsCLx
@see discussion following Eq

~4.6!#. The resulting energy differences, using either ‘‘stat
tical’’ or ‘‘SCA’’ distributions for the L-subshell spectato
hole creation, are given in Table X. For both distributions t
energy differences are almost identical.

Fixed energy differences have to be used in the fit pro
dure in order to avoid systematic errors. Only for ‘‘satellite
structures well enhanced or well resolved from the ‘‘d
gram’’ line was a free fitted energy difference found to be
agreement with the calculated energy differences. As an
ample, for the 300-MeV Ne101→Tb the fit yields for the
energy differenceE(Ka1L12Ka1L0) 100.8 eV, in agree-
ment with the theoretical prediction of 101.1 eV. But this
not possible for uranium, where the satellite structure can
be resolved from the diagram line.

The high-resolutionKa1,2 x-ray spectra and their fit ac
cording to the ‘‘averaging’’ model are shown in Fig. 7. Th
extracted Lorentzian widths of the diagram lines are listed
Table X. Their comparison with the natural width of th
correspondingK x-ray transitions of single ionized atoms a
in general in good agreement. The measured Lorentz
widths are somewhat larger than the natural widths due
the presence ofM ,N,... satellite transitions, which are em
bedded in the ‘‘diagram’’ line.

The meanL ionization probabilities,PL
expt, as extracted

according to Eq.~5.1!, from the relative intensity of the
‘‘diagram line’’ Ka1(2)L

0 to the total intensity of theKa1(2)
spectrum, are given in Table XI. The uncertainty in the d
termination of the ionization probabilities is due to the a
proximations in the derivation of Eq.~5.1!, the uncertainties
in the determination of the intensity ratio, and the uncertai
in the redistribution factorR1 K,1 L→1 K,0 L .

The uncertainty in the intensity determination main
originates from the ‘‘averaging’’ model, as the statistical e
ror is at least one order of magnitude smaller. To estim
the systematic errors originating from the ‘‘averaging

FIG. 6. Calculated partialK fluorescence yields of lanthanum
with or without the presence of one spectator hole in the co
spondingL subshells.
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TABLE X. Extracted Lorentzian width of the ‘‘diagram,’’Ka1(2)L
0 lines compared with the natura

linewidth of theKa1,2 diagram transitions of the target atoms@20#. Also are given the calculated energ
differences between theKa1(2)L

1 and Ka1(2)L
0 structures assuming the ‘‘statistical’’ and the ‘‘SCA

distributions forL-subshell hole creation, respectively.

System

Ka1L0 width ~eV! E(Ka1L12Ka1L0) ~eV!

This work Krause@20# ‘‘Statistical’’ ‘‘SCA’’

403-MeV N71→La 20.0 17.6 81.0 81.6
350-MeV N71→Ta 50.0 42.6 122.1 122.4
500-MeV Ne101→Ta 49.9 42.6 122.1 122.4
210-MeV N71→Tb 28.0 27.9 100.4 101.1
300-MeV Ne101→Tb 27.5 27.9 100.4 101.1
500-MeV Ne101→U 101.3 103.5 189.7 189.1

System

Ka2L0 width ~eV! E(Ka2L12Ka2L0) ~eV!

This work Krause@20# ‘‘Statistical’’ ‘‘SCA’’

403-MeV N71→La 20.5 17.8 73.2 73.4
210-MeV N71→Tb 31.1 28.2 84.7 84.6
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model, we repeated the fit of the spectra adjusting variou
parameters. As mentioned in Sec. IV B, the total uncerta
in the intensity redistribution factor,R, is about 20%, which
leads to a relative uncertainty in the ionization probabilit
on the order of 5%. Therefore, we estimate a total unc
tainty of the ionization probabilities on the order of 10
20 %.

The theoretical meanL-shell ionization probabilities, for
impact parameterb5b̄K , as calculated with the SCA theor
using either relativistic wave functions~SCA-OPM! or rela-
tivistic screened hydrogenic wave functions~SCA-HYD!,
are listed in Table XI. In Fig. 8 we present the ratio of t
experimental data to the theoretical direct ionization pred
tions as a function of the reduced velocityh ~in the cases for
which bothKa1 and Ka2 spectra have been measured,
use the averaged values!.

We find good agreement between the experimental
the SCA-OPM values. The deviations are on the order
10%, except for the system 500-MeV Ne101→Ta and 500-
MeV N71→Tb, where they are on the order of 20%.
contrast, the results of the SCA-HYD calculations devi
from the experimental values by 50–90%. The only exc
tion is the system 500-MeV Ne101→U, where the two cal-
culations give comparable results. For all the other syste
we find that generally the SCA-OPM model yields a mu
better description of theL-shell ionization probability than
the SCA-HYD model. For the 403-MeV N71→La system
(hL51.24) this conclusion has been stated earlier@15# and
has been confirmed for light, less energetic, systems@10#.

We also calculated the contributions to the vacancy p
duction probabilities for electron capture~Table V! and sub-
shell coupling~Table IV!. The inclusion of electron captur
increases the vacancy production probabilities at most
20% with respect to the direct ionization probabilities. O
the other hand, the subshell coupling leads to a reductio
the ionization probabilities. However, as noted earlier, t
reduction is likely to be overestimated due to the truncat
of the basis states included in the coupled-channel code.
total ionization probabilityPtot, calculated according to Eq
~3.17!, is listed in Table XI.
fit
ty
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Figure 9 shows the comparison of theL-shell ionization
probabilities extracted from experiment with the theoreti
values. In general, we find that these two processes, du
mutual cancellations, change the ionization probabilities
about 5–10%~except for uranium!, which is in the order of
the experimental uncertainty. Hence, although capture
well as subshell coupling may be important in its own, t
combined effect gives little influence on theL-shell vacancy
production probabilities except possibly for the heaviest c
lision system.

B. Construction of the theoretical spectrum and comparison
with experiment

For a further comparison between experiment and th
retical predictions and as an independent analysis, we h
constructed the theoretical spectra from the calculated r
tive intensities and energy shifts and compared them dire
with the experimental spectra~for details, see@15#!. The way
of calculations are described in Secs. III and IV. We emp
size that this way of analysis treats theL subshells individu-
ally and not as an ‘‘average.’’

The calculated intensities are converted into the spec
parameters~linewidth and peak intensity!. The line shapes of
the satellite transitions, with their energy positions fixed re
tive to the diagram transition line, are superimposed and
resulting complex is compared to the experimental spect
by normalizing the peak position and the peak intensity
the diagram line.

We further investigated the significance of the hole-h
angular-momentum coupling between anL spectator hole
and the activeK and L III ~II ! holes during theKa1(2) transi-
tion. Here, the lanthanumKa2 spectrum is best suited t
confirm the role of thej j coupling between the inner holes
Ignoring the hole-hole angular-momentum coupling, t
three Ka2L1 ‘‘satellite’’ transitions have almost the sam
energy shift from the ‘‘diagram’’ line: 71.8, 77.7, and 71
eV for one spectator hole in theL I , L II , andL III subshell,
respectively~Table VI!, and they are larger than the natur
width and the energy resolution. Therefore, the correspo
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FIG. 7. Ka1,2 spectra of La, Tb, Ta, and U induced by heavy ion bombardment. Results of the fitting procedure based on the ‘
ing’’ model ~see text! are also shown.
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ing satellite lines should be separated from the diagram
and show up as a pronounced bump in this energy reg
But in reality the experimental spectrum exhibits a plate
like shoulder~Fig. 7!.

To confirm, we constructed the theoreticalKa2 spectrum
ignoring the hole-hole angular-momentum coupling. TheK
and L direct ionization probabilities are used as predic
from the SCA-OPM theory, including the subshell coupli
and the electron capture~only for this particular theoretica
spectrum did we include distinctly the transitions due to
presence of theM spectator hole; theM direct ionization
probabilities calculated using the SCA-OPM theory a
given in Table II and the energies from Table VI!. A total of
150 satellite lines have been superimposed to construc
theoretical spectrum. In Fig. 10~a! the experimentally ob-
servedKa2 complex is compared with the theoretical pr
dictions. The normalization between theory and experim
e
n.
-

d

e

he

nt

was extended over the energy region from the low-ene
side up to 25 eV on the high-energy side of the diagram li
This region allows a satisfactory determination of peak p
sition and height and we also avoid the interference with
Ka2L1 satellite structure. The discrepancy between the
perimental spectrum and the theoretical spectrum is obvio
noting the normalizedx2 of 13.8.

Now we redo the analysis including the hole-ho
angular-momentum coupling between theL spectator hole
and the initialK and final L II holes. This is an extensive
procedure in which we handled up to 250 transitions for
description of theKa2 complex. The comparison betwee
theory and experiment is drastically improved (x254.4)
@Fig. 10~b!#. The small deviation beyond 33.20 keV is to b
attributed to the low energy of theKa1 . Due to energy reso-
lution reasons, the effect of the hole-hole coupling is es
cially visible for middle-heavyZ elements~Fig. 4!.
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TABLE XI. Experimental meanL-shell ionization probabilitiesPL
expt, in percent, per target electron. Als

is given the theoretical meanL-shell direct ionization probabilitiesP̄L
SCA in percent, based on optimized

potential~OPM! wave functions and screened hydrogenic~HYD! wave functions, for impact parameterb̄K .
The last column gives the theoretical meanL-shell ionization probabilities,PL

tot , based on the SCA-OPM
theory, including the contributions of the subshell coupling and of the electron capture of theL target electron
from the projectile@the latter two processes taken atb50, see Eq.~3.17!#.

System

Experiment Theory

Observed
transition PL

expt ~%!

P̄L
SCA(b̄K) ~%!

P̄L
tot(b̄K) ~%!SCA-OPM SCA-HYD

403-MeV N71→La
Ka1 3.760.2

3.58 2.31 3.68
Ka2 4.060.2

350-MeV N71→Ta Ka1 3.160.2 2.96 1.95 2.79
500-MeV Ne101→Ta Ka1 7.760.4 6.10 4.03 5.86

210-MeV N71→Tb
Ka1 4.860.3

4.00 2.79 3.56
Ka2 5.160.4

300-MeV Ne101→Tb Ka1 9.060.5 8.29 5.82 7.49
500-MeV Ne101→U Ka1 3.560.4 3.79 3.00 3.11
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For a comparison of the theoretical predictions of SC
OPM and SCA-HYD, theKa1 x-ray spectra during the
403-MeV N71→La, 350-MeV N71→Ta, and 500-MeV
Ne101→U collisions are studied. We selected these th
systems because they cover the range of examined red
velocity h, and of the target atomic number~from Z557 to
92!. In addition, in these cases contributions from the pr
ence of twoL spectator holes are negligible~less than 3%!,
facilitating the construction of the theoretical spectra. S
shell coupling and electron capture have not been inclu
here.

The 403-MeV N71→La system has the largest projecti
velocity of all our systems, exceeding the orbiting veloc
vL of the L-shell electrons by about 25%. In Figs. 11~a! and
11~b!, the experimentally observedKa1 complex is com-
pared with the theoretical predictions. Comparison of exp
ment with the two model calculations clearly shows the
perior quality of the OPM model. It is obvious from thex2

51.9 in the case of the SCA-OPM compared tox2519.6 in
the hydrogenic case. The results for the 350-MeV N71→Ta
system are shown in Figs. 11~c! and 11~d!. As in the previ-
ous case, the OPM functions yield better agreement with
experiment (x252.10) than hydrogenic wave functions (x2

56.58). The results for 500-MeV Ne101→U are displayed

FIG. 8. Ratio of the experimentalL-shell ionization probabilities
for the target electrons to the SCA theoreticalL-shell electron direct
ionization probabilities, plotted as a function of the reduced veloc
hL .
-

e
ced

-

-
d
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e

in Figs. 11~e! and 11~f!. Here the projectile velocity is 60%
of theL target-electron velocity. Both theoretical models a
in reasonable agreement with the measured spectrum.
also confirmed by the results using the ‘‘averaging’’ mod

For all studied systems the results obtained from the
tailed analysis are consistent with our results from the ‘‘a
eraging’’ model~see Fig. 8 and Table XI!. This also con-
firms the accuracy of the experimentalL-shell vacancy
probabilities.

VI. CONCLUSION

We have measured theKa1,2 x-ray satellite spectra o
high-Z elements produced in energetic collisions by N a
Ne projectiles with a high-resolution crystal spectromet
The projectile velocity, which varied from 60% to 125% o
the targetL electron velocity, allowed a comparison of th
experimental data with the theoretical predictions as a fu
tion of the reduced velocity.

Two independent methods of analysis of the experime
spectra were applied in order to deduce the maximum
sible information, to elucidate the complex structure, and

y

FIG. 9. Deviation from unity of the ratio between the expe
mentalL-shell ionization probability of the target electrons to th
theoretical SCA-OPML-shell electron direct ionization probabili
ties, corrected for capture of theL-shell target electron by the in
coming projectile and for the influence of the subshell coupling,
the various colliding systems.
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FIG. 10. Comparison of the measured~points! Ka2 lanthanum spectrum induced by 403-MeV N71 with the theoretical one~full line!.
The theoretical spectrum has been constructed using the SCA-OPM direct ionization probabilities modified by the subshell cou
including the electron capture. The deviations between theory and experiment are shown in the upper part of the figures.~a! The hole-hole
angular-momentum coupling between the initial-stateK hole and the final-stateL II hole with oneL ‘‘spectator’’ hole is not included~Table
VI !. ~b! The angular-momentum coupling between the ‘‘active’’ and ‘‘spectator’’ holes is included~Table VII!.
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e

nge
an-
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exclude systematic errors. In the first, so-called ‘‘empirica
one, we deal with theL shell as a mean over the differentL
subshells and in the second, so-called ‘‘ab initio’’ one, the
contributions of the variousL subshells were taken into ac
count explicitly. Common principles in the two approach
’

s

are the inclusion of the relaxation processes, which cha
the electron configuration between the creation of the vac
cies and their decay as well as variations ofKa fluorescence
yields in the presence ofL spectator holes. Also the multi
ionized states were handled in the framework of the indep
e direct
ll
FIG. 11. Comparison of the measured~points! Ka1 x-ray spectra during the 403 N71→La, 350 N71→Ta, and 500 Ne101→U collisions
with the theoretical line shape~full line!. For the construction of the theoretical spectra the intensities have been calculated using th
ionization probabilities according to SCA-OPM@~a!, ~c!, and ~e!# and SCA-HYD @~b!, ~d!, and ~f!# predictions. The effects of subshe
coupling and electron capture have not been included.
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dent electron model~using the binomial distribution!.
In the empirical analysis theKa complex was fitted with

up to three Voigt lines. The meanL-shell ionization prob-
abilities for impact parameters within theK shell of the tar-
get atom were extracted. But this way of analysis can
describe the details of the line shape.

In the ab initio analysis the experimental spectra we
compared with detailed theoretical spectra, treating indivi
ally the variousL subshells. This method of analysis
complementary to the empirical one, as it does not allow
direct extraction of the ionization probabilities but warran
an accurate description of the complex line shapes. Its
sitivity on the line shape allowed us to demonstrate
middle-heavyZ elements the importance of the hole-ho
angular momentum coupling between the ‘‘active’’K andL
holes and oneL ‘‘spectator’’ hole during theKa1,2 transi-
tions.

The results from both methods of analysis are consist
They were compared with the theoretical predictions of
direct ionization probabilities for a single electron, calculat
in the first-order perturbation approximation~SCA! using ei-
ther Dirac-Fock-type wave functions~SCA-OPM! or relativ-
istic hydrogenlike ones~SCA-HYD!. The predictions based
on the SCA-OPM calculations are in good agreement w
the experimental results for the range of reduced veloci
considered, in contrast to the SCA-HYD calculations. T
relativistic hydrogenic wave functions only provide a reliab
description of experimental data if ionization of a deep-lyi
inner shell is considered and if the collision velocity is lo
enough such that the main contribution to the ionizat
XE
by
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,

,
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cross section comes from distances of the order of the r
of these shells. This criterion was fulfilled only for the ca
of L-shell ionization in 500 MeV Ne101→U.

The electron capture from the targetL shell into the pro-
jectile K shell and the contribution of intrashell coupling
the ionization probabilities have been taken into accou
Their partial cancellation resulted in a net effect that in m
cases is of the order of the experimental uncertainties.

In conclusion, despite the complexity of the heavy i
induced spectra, the proper choice of the colliding syste
and a suitable approach in the analysis allows us to be d
sive on the validity of theoretical approximations concerni
electron ionization. Our achieved results concerning theL
~sub!shell opens the possibility to extrapolate to the high
atomic shells.
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