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The Kay , x rays emitted from La, Th, 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 decayofacancy in the presence of multigleM, N, . . . shell
“spectator” vacancies. The-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|[geiglassical approxi-
mation (SCA)]. The projectile velocity varies from 60% to 125% of the targegtlectron 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 potenti€cCA-OPM]. Relativistic hydrogenic wave functionSCA-

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@8)05609-1

PACS numbgs): 34.50.Fa, 32.30.Rj, 32.76n, 34.10+x

I. INTRODUCTION The study of the compleX x-ray spectra provides an
efficient way to probe the atom at an early stage after the
The study of multiple ionization of inner- and outer-shell collision, and to gain information on inner-shell vacancy pro-
electrons in heavy ion-atom collisions is a challenging fieldduction as well as on the rearrangement of vacancies due to
of continuing interest both experimentally and theoretically.the various electronic relaxation processes taking place dur-
The phenomena of inner-shell ionization form the basis o g the short lifetime of aK hole. This allows basic and

trace element analysis, ion implantation studies, stripping o pplied research studies. As an example, a significant im-

P;Z;/eyd parg:jiigggn\glhg]n passing through matter, and Othepgrovement in elemental analytical application has been ob-

The presence of multiple vacancies in inner and outeFained' where.the high_rgsolution helps to detect minor ele-
shells leads to a complex structure of the x-ray spectrum. Ments otherwise remaining undetectet5]. Moreover, as
It consists of the diagram line, which originates from a tran-th€ Structure of satellite lines is highly sensitive to differ-
sition in a state with a singli-shell vacancy, and the satel- €Nces in chemical bondlng_ up to the third row in the Periodi-
lite structure, which originates froii transitions in multiply ~ cal Table, they are extensively used for chemical state char-
ionized states. Since inner-shell vacancies reduce the screefterization on solid material$, 7].
ing of the nuclear charge, the satellite linassually are However, the presence of bonding effects may obscure
shifted towards the high-energy side of the diagram line. Théhe comparison between experimentally extracted ionization
energy shift for theK transition in the presence bfspectator  probabilities and theoretical predictions, which are mostly
holes is large enough that these lines appear separated frdtased on atomic model calculations. This obstacle can be
the diagram line, and therefore it is possible to study thenovercome using higl- elements, as in this case theshell
with high-resolution x-ray spectroscofg survey of high- electrons are deep inside the target atom and thus are not
resolution particle-induced x-ray emission instrumentation isnfluenced by the valence electrons.
given by[3]). The high-resolution measurement Iéfx-ray transitions
from intermediate to higlZ- elements requires crystal spec-
trometers in transmission geometry, installed at an accelera-
*Electronic address: danagno@nrt.cs.uoi.gr tor facility. During the past decade, these types of high-
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resolution systematic studies were initiated at Paul Scherrgriezoceramic stabilization unit.

Institute in Villigen[8—12), where middle-light collision sys- After reflection from the lattice planes, the photons pass a

tems were investigated, whereas the study of medium-heavgoller slit collimator ¢ 1 m length having a transmission of

to heavy elements was performed at the Institut Kern-  about 60%. A high-purity Ge detector with an active size of

physik, Forschungszentrumlibin [13-15. 60 mm diameter and an effective thickness of 12 mm is
The present study has been performed with the highpjaced behind the collimator to detect the x rays. For back-

energy beam of the llah cyclotron and the KVI cyclotron,  ground suppression, the detector is enclosed in a lead con-

in Groningen[16]. The colliding systems have been chosenziner with 10 cm thick walls.

in such a way that the projectile velocities are of the order of 1o ollimator-detector system rotates with twice the
the L electron Bohr velocities of the target atoms. We fOCUSBragg angle around the rotation axis of the crystal. This

our attention on thé& spectator hole satellite structure of the ,,ovement is controlled and regulated by an optical device
Ka x-ray transitions. The mean-shell ionization probabili- \yith an accuracy of about 5 arc sec. The spectrometer is able
ties are extracted directly from the experimental spectra, d&y measure at a positive and negative angle within a range of
scribing the multiple ionization cross sections by a binomial ge [17]. Measuring at both angles reduces to a large extent
distribution of the single electron ionization probabilities, {hq systematic errors originating from a skew line shape,
based on the assumption of the independent electron io”iz?e'mperature drift, and source movements.

t_ion.. The rearrangement of the c_regted vacancies during the The isochronous cyclotrons at Forschungszentriiichlu
lifetime of theK hole through radiative, Auger, and Coster- 44 Kv/| Groningen, in combination with electron cyclotron
Kronig transitions, and the energy shifts of }Kex rays due resonancéECR) sources, supply the projectilés to Ne) in

to the presence of vacancies, are taken into account. The, energy range of 15-45 MeV/nucleon and with currents in
reliability of theoretical predictions is checked, as a functionyye order of hundreds of nA. The spectrometer was installed

of the ratio between target electron velocity and projectile;¢ gyteral beamlines. The beam hits the target material in a
velocity. The direct ionization cross sections have been Caépecial chamber. The targets were thin metal foils of size 3

culated within various perturbative approaches in the frames, 5% 0 1 mn# mounted in a graphite holder to minimize

work of the semiclassical approximatioeS8CA). The effects 501 qround production. The holder was connected to a cool-

of sqbshell coupling and electron transfer have also beeﬁl]g system to conduct away the heat produced by the intense
considered. From these models we have constructed theor%E

ical hich h 4 with th . eéam in the target. The target could be rotated around a
Ical spectra, which are then compared with the experimentgjaiica| axis as well as tilted by a remote motor control.

results. In order to construct the theoretical spectra, knowlase movements enabled the minimization of the effective
edge of the ionization cross sections, the multiple ionization, get size as seen by the spectrometer. The angle between
cross sections, the rearrangement of the inner vacancies, amL photon detection direction and the target's surface was
the transition energies is required. less than 2° while the angle between the beam direction and

Thg paper is organized as foIIows._Section Il descripes thehe target surface was about 70°. This geometrical arrange-
experimental setup and Sec. IIl outlines the calculations of,ant in conjunction with the self-absorption of the emitted

the ioniz'ation prc')babillities. The structure of the experimental,_ ay photons determined the projectile’s effective penetra-
spectra is described in Sec. IV and the results are presented depth to be less than Jm. The projectile’s energy loss
in Sec. V, followed by the summarBec. V). Atomic units e this depth is less than 3% and consequently its energy is
(h=m=e=1) are used unless otherwise indicated. considered constant within the effective target thickness. The
produced x-ray radiation penetrdta 2 mlong lead collima-
Il. EXPERIMENTAL SETUP tor. A movement of the reaction champer in this direction via
remote control allowed the fine adjustment of the focal
The energy difference betweenkax;L! satellite transi- length for each Bragg angle. To monitor the beam intensity
tion (Ka; transition in the presence of ohespectator hole  at the target, a second Ge detector was installed close to the
and the diagranK «; transition for middle to heavy elements crystal, which sees the target area under conditions similar to
is typically of the order of the natural linewidtfsee Sec. those of the crystal.
IV A). Solid-state detectors cannot resolve these satellites The signals from the main detector and the monitor de-
but this is possible with a high-resolution crystal spectrom-tector were treated in an identical wélyig. 1). After ampli-

eter. fication and filtering by a timing single-channel analyzer
Thus a DuMond-type focusing crystal spectrometer wasTSCA) they were fed into two branches. The signals in the
used to analyze the photon energi€#y. 1) [17]. A cylin- “slow” branch were fed into CAMAC analog-to-digital con-

drically bent quartz crystal with a radius of curvatureRf verters(ADC). The signals in the “fast” branch were ana-
=464 cm has been used with lattice plari@&0 having a lyzed in a logical network. After suppression of saturated
lattice constant of~2.5 A. The crystal dimensions were pulses, the output signal gates the ADC and is registered in
100X 100x4 mn? and the effective aperture was 50 fast counters for a quick control of the experimental setting.
X 50 mn?. The distance between the crystal and the target i§or each measured point, the position, measuring time, and
R cos#é (for a discussion on the geometry of curved crystalthe pulse height spectra of the main detector and monitor
spectrometers in transmission geometry, see R&f). The  detector were stored by a PDP 24/11 computer. The PDP
Bragg anglef is measured by an interferometric angle mea-computer performed also the control of the measurement
suring system. The crystal is moved in steps across the rangeocedure and parameters and allowed an automatic opera-
of reflection angle with a minimal step size of 0.2 arc sec andion for the following: (i) positioning of the spectrometer at

a reproducibility of 0.01 arc sec, which is made possible by @& preselected angléij) start of the measurement when the
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FIG. 1. Jiich focusing DuMond crystal spectrometer with the main components and the block diagram of the electronics circuitry.

whole system is in the correct positia(iij ) stop of the mea- from bombardment of the foil target with a proton beam. The
surement after a preselected time or when a fault is detectethtensity distribution from the target using the proton beam is
and (iv) storing of the data and to repeat stéps-(iv) untii  very similar to that of the heavy ion beam, but the x-ray
interrupted manually. spectra show no satellite structuigee Sec. IY. Therefore,

The spectrometer was adjusted and calibrated withythe the line shapes are used to model the fit profiles, to check the
and x rays. Sincey rays have negligible natural widths, we energy dispersion and resolution, and to estimate the geo-
used them to adjust the target position and to measure theetrical target width. By using Voigt profiles, originating
spectrometer response function. Thin radioactive foils with grom the convolution of a Gauss function with a Lorentzian,
thickness less than 0.1 mm were placed at the target positiome obtained a reducegf around unity, which confirms that
and adjusted to minimize the geometrical linewidth. Adjust-this straightforward approach describes the experimental data
ment of focal length and energy calibration was carried outvell. The extracted Lorentzian widths are in good agreement
by measuring severay lines in different orders of reflec- with the natural widths of the correspondinga; , x-ray
tions. Using®®%vb and "%b y radioactive sources we find transitions as given bj19] and[20].
that the crystal response function is described well by a The energy dispersion of the spectrometer was checked
Gaussian with a full width at half maximurfFWHM) of  comparing the energy differences between the measured dia-
about 4.5 arc sec for 60—90 keV photon energies. gram lines and the energy differences using the experimental

The on-line adjustment is made by measuring the x rayslata from[21] and the theoretical values using tiveDF
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TABLE |. Reduced velocityy, is defined as the ratio of the projectile impact velocity and the velocity of
theL-shell target electrons. The impact parameter for whictkitsiell ionization probability has dropped by

two orders of magnitude from the value correspond
mean impact parameter fét-shell ionization, andr )

ing to the impact parabveris b,,.,, b gives the
and 1(r ') are the Dirac-Hartree-Fock calculated

mean radius and the inverse of the mean inverse radius of the tugetll electrons.

System m Bmax (FM) by (fm) (rg) (fm) Uty (fm)
403-MeV N "—La 1.24 2700 650 1328 854
350-MeV Nt —=Ta 0.84 2000 400 988 617
500-MeV Né% —Ta 0.84 2000 400 988 617
210-MeV N'*—Tb 0.75 2000 460 1136 722
300-MeV Né% —Th 0.75 2000 460 1136 722
500-MeV Né% —U 0.61 1200 250 723 430

code [22]. The agreement is very good. As a typical ex-
ample, for the LaKa fine-structure energy difference
(EKal—EKaz), we measured (406250.5) eV compared
with (407.7+0.3) eV given by[21] and 408.4 eV using the
MCDF code[23].

Ill. IONIZATION PROBABILITIES

At the projectile energies around 15-28 MeV/nucleon,
the collision time (102° sec) is much shorter than the decay
time (10 110 8 sec) of theK hole. Therefore, the cre-

R(t) andr are the internuclear and electronic coordindig,
is the projectile nuclear chargg,is the reduced mass of the
projectile-target systeniyl 1 is the target mass, andin is a
relativistic mass correctiof27].

The proper choice of wave functions is sensitive to the
reduced velocity,s, defined as the ratio of the projectile
impact velocity,v, to the target electron velocity,. For
impact velocities in the order of the electron Bohr velocity in
the shell under consideration, the use of relativistic hydro-
genic wave functions for the multielectron target no longer

ation and subsequent decay of the vacancies can be treated®¥¢eS @ satisfactory description of the subshell ionization
separate processes, and the dynamics of the excitation prB[obabmtles. Hence the wave functions are calculated from a
cess is sufficiently well described in terms of ionization of Variationally determined optimized potentig8]. This po-

one or more independent electronic states, induced by thiential yields results that are as accurate as those obtained

time-dependent projectile field. So first of all, calculations
for the production of single vacancies, caused by direct ion

from Dirac-Fock-Slater potentialg29]. For high collision
energies ¢>1), the results for the ionization probability

ization, are needed. We will now give an outline of theseP(b) obtained from this potential may easily exceed the re-

calculations.

A. Direct ionization in first-order perturbation theory (SCA)

In the semiclassical approximatid8CA) [24], the prob-
ability for exciting a target electron from the bound stdte
(with energyE;) to a continuum target stat; (with energy
E¢ and angular momentum quantum numbgrd¢,m;) is
given by[25,26

piSCA(b)=JO dEf_Z lagi|?

Jlemg

(3.1
with

+ oo i
an=—i |t =By, (32

whereb is the impact parameter, and the perturbing potentia{

is composed of the electron-projectile field

Zp

- (3.3
RO—7] i

and the recoil field

r-R. (3.3b

Va=— MiT (1- 6m)

sults for hydrogenic wave functions, especially at small im-
pact parameterfl5,25. For the systems investigated here,
this is particularly true for the shell (and higher shells
and to a lesser extent also for theshell. For theK shell, on
the other hand, the ratio between the collision velocity and
the Bohr velocity is only about one-half. In this case the
nonhydrogenic effects are small for theshell.

The electron velocities, have been calculated from their
kinetic energiesE,i,, asve=V(1+Eg,/mc®)?—1c. The
kinetic energies are taken from the tabulated valug30f.
The velocity of the targetst-shell electrons has been esti-
mated as a statistical average over the electrons’ velocities of
the individual L subshells(an L-shell velocity as average
over theL subshells weighted according to the ionization
probabilities differs by less than 1% from the statistical av-
erage. The reduced velocities, obtained for the various
studied collision systems are given in Table I.

Examining as a typical case the 403-MeV'N-La sys-
em, the direct ionization probabilities, for the and L,
subshell, as a function of the impact paramdtecalculated
in the framework of SCA using several sets of wave func-
tions, are shown in Fig. 2. For th&-shell ionization the two
different wave-function sets give comparable res(pgtejec-
tile velocity is about 55% of the lanthanuashell electrons’
velocity), but the prediction of the Dirac-Fock-type potential
and the screened hydrogenic potential differ almost by a fac-
tor of 2 for theL-shell ionization(projectile velocity is about
the velocity of thel-shell electronsand differs by a factor
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10° ¢ The K-shell electron ionization takes place predominately in
E ’ the interior of the meaiK-shell target-atom radius, , for
the collision systems considered here.

10" F e e _ e __s___, The K-, L-, andM-subshell probabilities per target elec-
i oPM tron, atb=0, calculated with a straight-line path for the in-
""" L"'{‘:I‘;D"':" ternuclear motion(such thatVg=0) and with relativistic
w0y T wave functions from an optimized target potential, are listed

“'~~..M__ K OPM wevens

in Table Il. TheL- andM-shell binding energies in the pres-
el - ence of aK vacancy have been obtained with the multicon-
. : . . ; | figuration Dirac-Fock code of Desclal22]. The subshell-
0 400 800 1200 1600 2000 2400 ionization probabilities are obtained by multiplying the
Impact parameter, b, in fm tabulated values by the subshell occupation number.
In Table 1l we show the ratiol, of the SCA L-shell

FIG. 2. Direct electron ionization probabilitieB°“(b) as a jonization probability with optimized potential wave func-
function of the impact parameterfrom theK andL,, subshellofa  tjgns (SCA-OPM to hydrogenic wave function§SCA-
lanthanum atom during its bombardment with 403-MeV"Nac- HYD), for b=0. The latter was obtained from the coupled-
cording to the semiclassical approximati@CA). Thel,, ioniza- subshell code(Sec. 111 B) by setting the coupling matrix
t?on probabilities have pe_rer_l calculated using the _OPM wave funcélemenﬂ\/lnk equal to zero. The deviation at, from unity is
tions (SCA-OPM, relativistic screened hydrogeniSCA-HYD), mainly attributed to the difference in the optimized and the
and the tabulated values of Hanstestral. [31] based on screened hvd . tential dt h tent to th
hydrogenic wave function$SCA-HA). The K probabilities have y rogenic potentials, "?‘“ 0a muc es;er exten 0. €
been calculated by using the SCA-OPM. different nur_n_ber of pgrtlal waves included in the expansion
of the transition matrix elementd <6 for the SCA-OPM
andl=<2 for the SCA-HYD. From Table Il it follows that
T, increases with reduced velocity up to nearly a factor of 2
for the fastest and lightest collision system investigated.

Direct Ionization Probabilties

10°

of 4 for the M shell (projectile velocity is about four times
larger than the velocity of thél-shell electrons,py=4)

[15].

On the other hand, the use of separate atom wave func- S
tions may be questioned for the shell. However, because B. L-shell ionization in the coupled subshell
our systems have a strong asymmet®p (Z;<1, with Zt approximation (CSA)

the target nuclear Chargethe molecular effects are small For small energy Spacing between adjacent subshells, the
and the separate atom perturbation theory provides reliabl@arrangement of vacancies among the subshells during the
results. Since the excitation energy foKashell electron is course of the collision becomes importd@z]_ This cou-
much larger than for the higher shells, and consequently alsgiing effect is the more pronounced the lower the collision
the minimum momentum transferred to the electrapi,  velocities and the stronger the interactigp with the pro-
=(Es—E)/v, the impact-parameter distribution of theshell  jectile. Disregarding any couplings to other shells, the solu-

ionization probability is much steeper than for thendM  tion to the exact two-center Hamiltonian for the active elec-
shells(Fig. 2. If one definesb,,, as the impact parameter tron is expanded as

for which theK-shell ionization probability has dropped by

two orders of magnitudéTable ), the ionization probabili- _

ties for theL andM shells are nearly constant in the impact ‘/’(t)_; a“(t)|‘/’”>+}: as(t)]y), (3.53
parameter regio<b,, [13—15.

_ The mean impact parametég for the K-shell electron  \yhere the first sum runs over all subshell staggsof the
ionization is given by shell under consideration, ang are the continuum target
eigenstates. For very asymmetric collisions where the total
—  [5db bP(b) fgmaxdb bP.(b) L-shell ionizatipn probabi!ity is V\.Ie.|| reproduced by firs:t—
K= %db Pub) ~ Pma . (3.4  order pertu.rbatlon.theory, it |s_suff|C|ent to treat the couplmg
Jo kb)  fomdb Py(b) to the continuum in perturbation theory. With this approxi-

TABLE Il. (Subshell direct ionization probabilit?SCAO"M in percent, per target electron, according to the SCA theory, for impact
parameteb= 0. The target wave functions are calculated using optimized potef@&H).

Direct ionization probabilityPS¢AOPM (b=0) (%)

System K L Ly L M, My My My My
403-MeV N'*—La 2.10 2.49 4.28 4.06 2.66 4.17 4.11 4.39 4.34
350-MeV N'*—Ta 1.05 1.66 3.65 3.47 2.60 3.88 4.07 491 4.83
500-MeV Né% —Ta 2.15 3.38 7.46 7.07 5.31 8.05 8.30 10.00 9.86
210-MeV N"—Tb 1.00 2.07 4.88 4.79 4.17 5.93 6.28 8.32 8.26
300-MeV Né®"—Tb 1.97 4.24 9.98 9.81 8.77 12.30 12.90 17.50 17.40

500-MeV N&°*—U 1.18 2.55 4.71 431 4.80 5.35 577 8.55 8.43
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TABLE lll. Ratio T, of L-subshell ionization probabilities cal- TABLE IV. Ratio R, of L-subshell ionization probabilities cal-
culated using optimized-potential wave functiof®CA-OPM to culated with and without subshell coupling, respectively, for impact
hydrogenic wave function§SCA-HYD), respectively, for impact parameteb=0.
parameteb=0.

Ry
Th
System L, Ly L
System L, Ly Ly

403-MeV N*—La 1.01 0.95 0.96
403-MeV N'*—La 1.40 1.70 1.78 350-MeV N'*—Ta 0.93 0.86 0.88
350-MeV N'*—Ta 1.30 1.49 1.60 500-MeV Né% —Ta 0.88 0.79 0.82
500-MeV Né% —Ta 1.31 1.48 1.59 210-MeV N*—Tb 0.87 0.76 0.79
210-MeV N'*—Tb 1.20 1.41 1.51 300-MeV Né° —Tb 0.82 0.64 0.68
300-MeV Né® —Th 1.20 1.40 1.50 500-MeV Né® —U 0.80 0.66 0.72
500-MeV Né% —U 1.24 1.21 1.30
mation the ex i ffici d i he fol i PESA(Mnk)

pansion coefficiends, and a; satisfy the fol- pion_ PECAan 3.7

lowing system of coupled differential equatiof&3]: n= PSSA(Mnk: 0)

For the M subshells a similar CSA correction is expected,
because the smaller subshell energy spacings are counterbal-
anced by a higher effective collision veloci(gneasured in
terms of impact velocity with respect to Bohr velogity
with boundary conditions of an initial vacancy in the con- However, because of the small energy shifts of Miole
tinuum statef (a;=1) anda, (t— —«)=0. The sum index satellites,M-subshell effects are hard to see in the experi-

k runs over all(bound subshell states arfd, are their ener- mental spectra. Therefordl-subshell coupling has not been
gies. The probability for ionizing the subshedl (i.e., for ~ considered in the present work.

finding a vacancy in the stat® is obtained from From Table IV it is obvious that the subshell coupling
leads to a reduction of the subshell ionization probabilities

and hence of the totdl-shell ionization probability. This

a,=—ia,E,—iY, ayMp—iM e Bt (3.5p
k

0 effect, which is typical for coupled-channel approaches with
CSA/ Y _ 1 (+) 2 ok . L
P>(b)=2 fo dEszl m2>0 [lag" (t—20)] a truncated basis like EB.53 [33,34], is in contradiction to
re experimental data of impact-parameter—dependent measure-
+la | (t—=)|?], (3.6) ments on subshell ionizatidi35]. It has recently been sug-

gested[36] that a renormalization of the diagonal coupling
matrix elementM,,,, such thaM,,, (R=0)=E;?~E, (the

Whereaﬁ,i) is obtained from a linear combination of the sub- difference between the experimental subshell energy of the
shell states with positive and negative magnetic quantununited and the separated atpia guaranteed, will improve
numbers[33]. From this expression the perturbation resulton the absolute value of the subshell ionization probabilities.
given by Eq.(3.1) is easily recovered by setting the coupling This indicates that the molecular effects nevertheless play a
matrix elementM,, equal to zero and by making a phase non-negligible role, and that for a proper description one
transformatiora,=a,e'tn'. should enlarge the number of separated atom basis states by

This approach has been applied to the calculatioh-of including continuum states of momentum comparable to the
subshell ionization probabilities for our collision systems.Bohr velocity of the bound states.
For the sake of simplicity, relativistic hydrogenic wave func-
tions have been used, with an effective target chatge ) o
=n(r*1>/\/n_*m%z. Here,(r*} is the mean value of C. Vacancy creation due to electron capture by the projectile
the inverse shell radius of the statewith the maximum When the collision velocity is of the order of or below the
angular momentunp. The shell radii and the subshell ener- Bohr velocity of a particular target shell, capture of these
gies have been calculated with the Desclaux c@#g. In  electrons into a vacant projectile bound state gains impor-
Table IV the ratio of the subshell ionization probability with tance. For asymmetric systems wity<<Z;, capture into
and without the inclusion of the intrashell coupling is listed the projectileK shell is the dominating process, while cap-
for an internuclear Coulomb trajectory. ture into all higher bound states contributes only about 20%.

The use of more accurate wave functions in the CSA calTherefore, we restrict ourselves to the capture into khe
culations would lead to a much more complicated numericabhell. The capture probabilities are calculated in the strong
code. Assuming, however, that the rafy of the subshell potential Born theory(SPB [37,38, which treats the
coupling probabilities, as given in Table IV, depends muchelectron-projectile interaction consistently to first order, and
less on the choice of wave functions than the ionizatiorhence, is adequate for the present asymmetric collision sys-
probabilities themselves, we define the CSA-corrected sultems. For electron capture from a subshmelthe probability
shell ionization probabilities in the following way: is given by[39]
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TABLE V. L-subshell capture probabilitig2™", in percent, per  from these high bound-state momentum components is very
target electron, in nonrelativistic transverse peaked SPB, for impadmportant. Therefore, the heavier the target, the more a non-

parameteb=0. relativistic theory will underestimate the capture cross sec-
» tions. From comparison with experimentaishell capture
L-electron capture probability, data for the impact of 24 MeV/nuclediie on heavy targets
P?(b=0) (%) up to gold[40], we estimate our SPB results to be a factor of
System L, L, Ly 2-3 too low.
403-MeV N'"—La 0.215 0.237 0.237 D. Multiple electron ionization cross section
350-MeV N'*—Ta 0.030 0.236 0.236 ' P
500-MeV Né% Ta 0.195 1.110 1.110 The multiple electron ionization cross sections are calcu-
210-MeV N*—Tb 0.027 0.525 0.525 lated in the framework of the independent electron model.
300-MeV Né% Thb 0.179 2.410 2 410 The assumption of the model is that the ionization of a par-
500-MeV Né% U 0.037 0.540 0.540 ticular electron is not correlated with the excitation of other

electrons within the same atom.

In this case the probability ,(b) for ionizing m electrons
PSR b)=|a,|?, (3.9  from an atomic(subshelli consisting ofn; electrons as a
function of the impact parametéris given by the binomial
distribution[41]

afn:_if_ dtf dk ellEr(R—Enltgik b(p?P(lz—lj)

Som(b)z(rrli])[Pi(b)]m[l_Pi(b)]nim- (3.12
Xk, [Vl ) (3.9

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

The cross sectior for the simultaneous ionization of
electrons from differentsubshells can be calculated from
the product over all thésubshellsi, which is integrated over

with E¢(k)=EP+k-v—02/2 and ¢"(k—v) is the Fourier
transform of the projectileK-shell state. For the off-shell
wave function\Ifi;,Ef the near shell limit is used,

2E;—k2—ig|'m

~— i —(ml2) pongy - the impact parametdr [41,42:
‘I’k,Ef A(2E,—ie) F(1-inge Wy,
z 0'=2'n'f bde( )[P(b 1™[1—P;(b)]m ™,
0= (3.10

(3.13

with e—0 and Wy is a continuum target state. In the calcu- . . . -

lation, screened hydrogenic wave functions are used and . For a(sgb)shellj that is not taken Into account expl'c'tl}"

tranS\;erse peaking approximation is appli@@]. For our it can easily be deduced that all its possible configurations

collision systems, capture from tHe subshell will be the are included as

most important process since the collision velocity is close to o

the L-shell Bohr velocity. Thd_-subshell capture probabili- n; m h—m

ties for impact parametdsr=0 are listed in Table V. m.zzo m, [Pi(0)]M[1-Py(b)]""M=1. (3.14
Since the SPB calculation is nonrelativistic, thg(2p4) :

andL,(2p3) wave functions have to be related to the, 2

m=0 and 2, |m|=1 states by means of the spin-orbit cou-

pling:
\IIZPl/z,l/z: V213 2p)X(-12~ V173 2po)X(+12 s

If an averagd_-shell ionization probabilityP (b), is in-
troduced, the cross section for creation of &(,1n L) hole
atomic state, according to E(.13), is given by

°° 2
01 Kn LZZWJ b db( )PK(b)[l_PK(b)]
q,2p3/2,1/2: ‘1/3|2p1>X(_1/2)+ V2/3|2p0>X(+1/2)1 0 1
(3.1) 8 i
X(n)[PL(b)]n[l_PL(b)] ", (319
\I,2p3/2'3/2= |2F31>X(+1/2) .

Exploiting the fact that ab=0, ngp|m\ =0, one simply wherePy(b) is the direct one-electron ionization probability

from theK shell.
cap_ 1 pcap 2 pcap
obtains P "= 5P3pm-o and PLII 3P2p|m=o for filled For the colliding systems under investigation, the calcu-

subshells. Per target electron, this reducesPﬁBp— PE¥  latedL-shell electron ionization probabilitie®, (b), change

= 3PS5 =0 However, a nonrelativistic description of the 1ess than 20% over the entire impact parameter re(ioio
target wave functions suppresses the high momentum conffmay), SO We consider them as independent of the impact
ponents in its Fourier transform. Since capture proceeds viaparameter and equal to the ionization probabilitypbat In
high-lying intermediate continuum state, the contributionthis case the above equation can be written as
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ces 403 MeVN'* > La
0.8f — 25MeVp—la

8 — J—
o1 kn L=0(1 K)(n)[PL(bK)]n[l_PL(bK)]sna
(3.16

wherea(1K)=2m[{b db(i)PK(b)[l— Py(b)] is the cross
section for ionization of &-shell electron.

It follows from Eq.(3.16 that thelL-shell ionization prob-
ability P, can be extracted from the relative cross-section

., Ko, of La

(@)

1 Koy of La

Normalized Intensity
(=]
-

ratio between atomic states with oehole and different -0. = R W T T
numbers ofL-shell holes. From a measurement of such Photon Energy  (kev) '
cross-section ratios thie-shell ionization probability can be ., L2 —
determined experimentallsee Sec. Y. S R U
In order to account fot.-subshell coupling and electron R o et
capture, the total vacancy production probabiR{ is given B B
by T o
)
Plo'= P3CAR, + PFaP, (3.17) F
q
whereP“*is the SCA probability for direct ionizatiof; is 2 .
5 H H H 57.3 57.4 57.5 57.6 57.7 57.8 57.9 58
th(:ealpgorrectlon for subshelll poupllng defined in E8.7), and Photon Energy  (kev)
Pi?"is the capture probability from E@3.8). In our case the
indexi in Eq. (3.17 runs over the thre& subshells(while FIG. 3. (8 Kay, X rays of La emitted during the bombardment

P is identified withP>C* for other subshell statés Since  with 29 MeV/nucleon N* beam. The comparison with the lantha-

electron capture as well as subshell coupling contribute lesaum spectra induced during the bombardment with the 25-MeV

than 30% to thel-shell vacancy production for all cases Protons reveals the satellite structure due to nitrogen bombardment.

studied here, the assumptions of the independent particl@) TantalumK &4 X rays emitted during the bombardment with 25

model are still justified; the probability for multiple-hole ~ MeV/nucleon proton, K and Né®* beams. The satellite structure

production remains smalkee Fig. 2 becomes more pronounced as the projectile’s nuclear charge is in-
creased.

IV. STRUCTURE OF THE SPECTRA o
ence of theL spectator holdindifferent for theM-, N-, or

During the bombardment of the target atoms with a 25hjgher-shell holes and as theKa “satellite” transition,
MeV proton beam, the inducee spectra contain the dia- KqL" a Ka transition in the presence of L additional
gram line without visible satellite structut€ig. 3. But dur-  spectator hole).
ing heavy ion-atom collision with projectiles having about  For the medium-heavy to heavy atoms investigated here,
the same energy per nucleon as for the protons, the iNNghe K « fine-structure energy splitting is larger than the en-
shells of the target atom are multiple-ionized and thereforgyrgy shifts of theKa “satellites” (Fig. 4). So theKa,L*
the inducedKa spectra reveal a satellite structure at the:gatellite” structure may have only a minor interference
high-energy side of the diagram line. While the intensity ofwjth the K, spectrum and therefore can be investigated
the satellite structure is increasing as the projectile’s charggeparately.
increases, its energy spread depends sensitively on the par- However, the study of the individus# oL x-ray “satel-
ticular K x-ray transition and the atomic number of the targetjjtes » originating from the presence of dnspectator hole in
element(Fig. 3. the variousL subshells, has an inherent limitation. The en-

ergy difference between these transitions is on the order of
A. Transitions energies the natural widths and this makes their distinctive study dif-

The energy shifts of th&a; , satellite transitions in the ficult (see Fig. 4 and Table VI
presence of oné- or M-subshell spectator hole, relative to
theKa, , diagram transitions, have been calculated using the
Dirac-Fock code of22]. The results obtained are listed in ~ When aK « transition takes place in the presence of ane
Table VI. spectator hole, the initial state is made up of one hole in the

The natural widths of the&Ka x-ray diagram lines are K shell and one hole in the shell and the final state of two
larger than the energy differences between the diagram linkoles in thel shell. The coupling of the angular momenta of
and satellite transitions in the presence of Mnspectator the holes gives rise to a complex multiplet composed of
hole. In Fig. 4, the largest energy shift oKax;M? satellite ~ many transitions. In the case of tKax; transition, the three
transition (originating from anM,, spectator holefrom the L satellite lines split into nine components and in the case of
diagramKa; transition is displayed, as a function of the the Ke, transition into eight component44,15,43.
target atom nuclear charge. As can be deduced, the satellite The multiconfiguration Dirac-Fock methd@2] uses;j- ]
transitions in the presence of & spectator hole are well angular-momentum coupling, where each configuration-state
embedded in the diagram lines. wave function corresponds to a singlg coupled state. An

For the rest of our discussion we define as lhe “dia- atomic state, however, is seldom described by a sipgle
gram” transition,KaL® a Kea transition without the pres- state. Usually one needs all tig states coupled to give the

Angular-momentum coupling
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TABLE VI. Energy shifts of theK ay,) satellite transitions, in the presence oflaor M subshell spectator hole, relative to the diagram
Kay ) transition, without including the hole-hole angular-momentum coupling.

E(Ka3%) —E(Kal®) (eV)

Kay () transition Lanthanum Terbium Tantalum Uranium
Initial hole(s)—Final holés) Kay Ka, Kay Ka, Kay Ka, Kay Ka,
K—Lua 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KL= Lyl 771 71.8 95.8 85.2 119.7 105.8 194.0 157.2
KLy—LyanLa 100.3 77.7 127.2 91.0 163.6 121.2 286.4 196.4
KLy —LuanLa 73.3 71.6 89.3 81.3 102.5 94.0 139.2 114.4
KM —LyanM, 9.2 8.6 12.4 11.8 18.2 16.2 324 26.8
KM =Ly nMy, 12.6 16.5 14.0 12.5 25.7 30.0 49.2 52.2
KM =Ly My 11.4 8.5 12.0 11.8 19.7 14.4 29.2 19.6
KMy — LyanMy -1.3 1.8 0.4 0.2 1.4 4.7 2.9 5.3
KMy— Ly My 0.4 -2.0 0.3 0.0 3.5 -0.5 4.6 -1.1
total J as obtained from the nonrelativistic configuration. B. Transitions intensities

. l _l .
Consider, for example, thes1“2p™ " states belonging td The deexcitation of the target atoms excited by the collid-
=1. This state is a superposition of two statef}s2p.)  ing ions takes place via radiative, Auger, and Coster-Kronig
+b|152pg,), with relative weightsa andb. The energeti-  yansitions. The observed intensit}K/““Z) following the de-

= -1 —1 -
;:_ally ItqwerJ q 1hstz?]t.e t\}/ve‘(;u_li cotrrtespon(? dtola o C(;)T excitation of an initial atomic statg), which contains &
\guration and Ine highes= L stale would correspond 1o a hole, by aK @, () x-ray transition is proportional to the prod-

K‘lLl_”l configuration. We have calculated the energies and,

transition rates of these multiplets for La, Th, Ta, and U

using themcbr code(Table VII). As can be deduced from |'_<“1<2>ocg]9b5w}°tw?<“1(2>, (4.2)

the energy values given in Table VII, the “satellite” transi- . .

tions in the presence af;, L, or Ly, spectator vacancy are where 0% is the cross section of thg) atomic state con-

not distinct but consist of transitions that are displaced andiguration, at the instant of thi€« photon emissiortand not

mixed. o at the instant of collision and ™ and w;“)‘l(z) are the total
_Fmally, the S|gn|f|car_10e of the angular—momentum COU-and partial fluorescence yields corresponding to fhe

pling between the “active’K and L, holes with oneM  atomic state. In the following, we discuss the evaluation

“spectator” hole during aK«; transition has been investi- method concerning cross sections, total, and partial fluores-

gated. For the lanthanuika, transition in the presence of cence yields.

an M-subshell spectator hole the five satellite transitions, The observed cross sectim’fbs is obtained from the ini-

with energy shifts of-1.3 to 12.6 eV(Table Vi), split into  tjal cross sections at the time of collision, when the vacancies

24 lines, the shifts of which extend from8.6 to 22.4 eV  are created, by accounting for the rearrangement of the vari-

[23]. ous atomic configuratiofi), prior to theK x-ray emission:
b . .
1 BiRan - Bltoy whereo|" ando " are the initial cross sections of th and
3 . li) atomic states, respectivelR; ,; is the probability that
3 A I the initially createdj) state remains unchanged, &Rd.; is
& g2 . : v the probability for mutation from the initial staté) into the
) rKap . X |j). The initial cross sections are calculated using BdL3).
U T X BKaMy - B(Kow) The last term in Eq(4.2) describes the contribution to the
) Bt S ST observed cross section from double or higher-order rear-
50 55 60 6 70 75 8 8 90 95 rangement of the initial cross section prior to the observa-
Atomic Number 2 tion. For the specific systems and transitions that we study
FIG. 4. Natural widthd" of the diagranK «, transition(---) and here, this term is neg_llglb_le._ L
the energy fine-structure splitting betwektm, and K «, diagram In the case of multiply ionized states, the determination of

. b .
transitions(—), as a function of the atomic numb&(20,21. Also  the cross section{"*is a complex problem due to the large

are shown the calculated energy shiftof, satellite transitions, nhumber of deexcitation and rearrangement channels and this
originating from the presence of one spectator hole inLthgd), performs the determination of the redistribution probabilities,
L, (A), L, (@), orM, (*) subshell, from th& a, diagram tran- R, a laborious duty. In order to reduce this complexity for the
sition for La, Tb, Ta, and U. study of theK a x-ray transitions of the investigated collision
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TABLE VII. Energy shifts of the satellit& «; (KL—L,L) transition, including the angular-momentum coupling between the “active”
K andL,, holes with oneL “spectator” hole, relative to the diagratda; (K—L,,) transition, and the correspondi transition rates.

E(Ka3®)—E(Kaf™) (eV)

Ka; transition

Transition rates (19 sec?)

Initial hole(s)—Final holds) La Th Ta U La Tb Ta U

K (J=1/2)—L, (J=3/2) 0.0 0.0 0.0 0.0 10.23 17.30 31.3 83.2
KL, (J=0)—LyL, (J=1) 108.1 137.0 176.0 307.0 8.69 15.69 29.7 82.0
KL, J=1)—LyL, (J=1) 21.0 26.0 36.0 64.0 2.30 3.54 6.0 14.8
KL, (J=1)—=LyL, (J=2) 78.1 96.0 118.0 181.0 8.64 14.60 26.4 70.0
KL, (3J=0)—LyL, (3J=1) 116.2 152.0 200.0 375.0 11.04 17.58 31.8 84.5
KL, (J=1)—L,L, (J=1) 109.3 134.0 168.0 254.0 1.65 2.78 5.1 13.8
KL, (3J=1)—L,L, (3=2) 92.4 116.0 149.0 237.0 9.56 15.29 27.2 71.2
KLy (3=1)—LyLy (3=0) 58.8 68.0 80.0 108.0 3.43 5.82 10.5 27.9
KLy (3=1)—=LyLy (3=2) 101.0 119.0 140.0 192.0 8.19 15.03 25.8 69.4
KLy (3=2)=LyLy (3=2) 69.1 80.0 96.0 132.0 5.39 8.47 16.1 42.4

systems, we only consider the holes’ movement inkrand
L subshells but ignore possible rearrangements in th

decay takes place prior to thé x-ray transition(during the
éfetime of theK hole), the newly created atomic state corre-

M,N,... shells. This is a reasonable approximation, as hasponds to 41K, OL) configuration.
been illustrated in the preceding section, due to the fact that (jii) In the case of an initia]L K, 1L,) hole configura-

the satellite transitions in the presence ofMpN,... spec-
tator holds) are well embedded in their “diagram” line.
The consequences of this approach are as follows.
(i) An initial [1K, OL) hole configuration remains un-
changed until theK x-ray transition, detached from what

tion, the L, may decay through a Coster-Kronig process,
with a probability given by the Coster-Kronig yielu‘.ILx

("’LX+ aLX+fLX=1) (Fig. 5). If the Ly-hole decay takes
place prior to theK x-ray transition, the. hole will be found

happens in the higher shells. Consequently, in this case tHe a differentL subshell than the initial, but the state remains

redistribution probabilityR(; ko1 —.1k,01) IS €qual to unity.
(i) In the case of an initia)L K, 1L,) hole configura-
tion, theL, hole may decay to aM or higher shell through

as|1K, 1L) configuration.
Based on the discussion above and according td48),
the cross sectionss® for the atomic configurations

a radiative process, with a probability given by the fluores{1K, OL), [1K, 1L,), |1K, 1L,), and |1K, 1Ly),

cence yieldex, or through an Auger process, with a prob-
ability given by the Auger yielda, (Fig. 9). If the L-hole

assuming that there are no contributions frotkK, 2L)
hole states, are given by

1 l_‘LI (w a ) FLII ((1) a ) 1—‘LIII
T+ 70 T Tyt Pt T +Ty
UgbKS,OL 0 Tk 0 0 QT:<,0L
Uglff,lLl FL|+FK UTII(,lLl
= ini , 4.3
Ugst,lL" 0 Iy, ; 'k 0 (’I1n|I<,1L” “3
Ugl?(svl'ﬂu I‘|—|+FK b 1ﬂ'-u_l—rK Ulln;(rl'-m
l_‘L l_‘L FK
0 — fLoL . L,—L
I‘LI+[‘K 1—~Lm [‘L”+]" =L FL|||+FK

wherel” denotes the level widths @€ andL subshells, and

|1K, 1L,) to the|1K, OL) are given in Table VIII. An

w, 8, and f are the L-subshell fluorescence, Auger and inspection of this table shows that the x-ray spectra of heavy
Coster-Kronig yields, respectively. The matrix elements thaklements are less affected by relaxation processes than the
represent the redistribution probabilities during the lifetimelight elements, and thus the observed spectra reflect more the
of theK hole are calculated using the values for handL initial states created during the collision. This underlines one
level widths and theé. deexcitation yields for singly ionized of the advantages of using hea¥yelements as targets.

atoms as given by20]. The redistribution probabilities Dealing with theL shell as a mean over the differeint
Rik1t, 1k ov) for mutation from the atomic configuration subshells, the observed cross secﬁ:ﬂfOL for the atomic



PRA 58 HIGH-RESOLUTION STUDY OF ION-INDUCEDK a; 5. . . 2807

M, N, O, ... shells The relative uncertainty in the determination of the effec-
4 2 tive width T'¢" for the two different distributions is at maxi-
i mum 4%, while the errors in the knowledge bfsubshell
o, +a,, level widths is on the order of 15% and tKelevel widths it
o, +a, is around 5%420]. In the case of multiple ionized systems, a

more severe problem is the lack of data on the level widths

Ou in the presence of the spectator holes. It has been estimated
that in the case of lanthanum tielevel width can vary as

L P : L, much as 15% in the presence oflaspectator hol¢44]. An
ffon overall error in the order of 20% is estimated for the deter-

L -, mination of the redistribution factorR.

N The total K fluorescence yieldojy o, for a singly K

= ionized lanthanum, terbium, tantalum, and uranium atom is

L shell 0.928, 0.969, 0.983, and 0.969, respectivels]. To our

FIG. 5. Radiative, Auger, and Coster-Kronig deexcitation chan-knowIeclge there are no data for totalfluorescence yields

nels from thel subshells of the target atoms. Their relative rates arefor high-Z elemen_ts in the pr_esence of s_pectat.or holes. We
given by the fluorescence, , Augera, , and Coster-Kronicf, performed a detailed thetomretlcal calculation using NMtt®F
yields, respectively. The level widths of thesubshells are given code[22] and found thatv(; ;) does not change by more
by I'_, while the effective mean width " of the L shell is given ~ than 3% in the presence of a specifi¢c subshell spectator
by Eq. (4.5 hole[44]. The mean fluorescence yietl] ;) of aK tran-
sition in the presence of orle spectator hole, distributed at
configuration|1 K, OL) is given, according to Eq4.2, by  the various L subshells, either “statistically”
(CL,icL,,ZCL,,,=21214) or according to the “SCA-OPM”

. ref. o o DN
Ugst,OLzlx‘TTk,oﬁ s 4L—I‘ PL (4.4) predictions C :C_ :C =1:2:4), iswithin less than 1%
LTk equal to the totaK fluorescence yieldy(J ¢, of the “dia-

h gram” line.

Finally we have calculatedhe partial K fluorescence
yieldsin the presence of a spectator hole for the diffedent
subshells using first thecbrF code[22] and second a semi-
empirical formula that reproduces the partial yields with very
good accuracy compared to tlad initio calculations[44].

whereT'y is theK level width andl'$" is the effective widt
of the L shell, which is defined as

FEﬁ: C'-|r'-|(w'-|+ a'-|) + C'—ur'-n(w'-n + a'—u) + C'—nlr'-m

with As can be seen in Fig. 6, for the atom of lanthanum the
partial yie|dSw|(<1aKl(12}_ ) change considerably in the presence
CLI+CL”+CL“I:1, (46) X

of a specificL spectator hole. Nevertheless, the mean fluo-
i . . . rescence yieldo'“1@ . for a Ka , transition, with oneL
whereC, are weighting coefficients describing the contri- (1K.1L) L L2 ORI .

. X spectator hole distributed either “statistically” or according
butllon. of the |nd.|V|d.uaL subshell to the meah state. For a to “SCA-OPM" predictions over allL subshells, is almost
statistical contribution of thel subshells we haveC, —jgentical with theK a; , fluorescence yield of the diagram
=0.25,C,_”=0.25, andC,_m:O.SO. Using the prediction of |ine (noL hole).
the SCA-OPM(Table 1I), we get for all our systems values
close to C.,=0.14,C, =0.29, andCL”I:O.57. The esti-
mates for the effective width;¢", for the different sets of
weighting coefficients are shown in Table IX. We emphasize
that in general for the precise estimation of the effective
width the knowledge of the weighting coefficien®_ is The experimental-shell ionization probabilityP*™* can
mandatory. be extracted from the measured spectra in the following way:

V. RESULTS

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

TABLE VIIl. Redistribution probabilitiesR for mutation from the atomic configuratiqi K, 1L,) to
the|1 K, OL) during the lifetime of the&K hole, according to the matrix elements in 4.3 for the various
target elements.

Redistribution probabilitie®R

Target

element 1K, 1L)—|1K, OL) |1K, 1L,)—|1K, OL) |1K, 1L,)—|1K, OL)
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




2808 D. F. ANAGNOSTOPOULOSet al. PRA 58

TABLE IX. Calculated effective width™®" of the L level for the 19T | nthanum Partial Fluorescence Yields
target elements according to E@t.5. We assume two different
distributions forL subshell hole creation: the “statistical,” based on %7 M Ko 0 Ka, B Kp
the statistical probability for creation of a specifiesubshell hole 064
forwhichC, :C_ :C, =2:2:4, and th¢'SCA,” based on the the- 3
oretical predictions of the SCA-OPM for whickb, :C :C, > o4
=1:2:4. 02
: eff 0.0
Target L level width,I'{" (eV) NoL L L lm  everagel

element “Statistical” “SCA” Position of the L (sub)shell specator hole

Lanthanum 3.01 3.13 FIG. 6. Calculated partiaK fluorescence yields of lanthanum

Terbium 3.67 3.84 with or without the presence of one spectator hole in the corre-

Tantalum 4.34 455 spondingL subshells.

Uranium 6.81 7.06

describe theKal(z)Ll structure, a second Voigt function
with equal Lorentzian width but free Gaussian width has
Starting from Eqgs(4.1) and(3.16 and based on the previous been used. Finally, a third Voigt function has been used to
discussion, the ratio between the intensity12), of the — describe spectra with ay o)L structure.

’ In the framework of the “averaging” fitting model, the

[T H [T H 0 I I i Kal(z)
diagram” line, (Kayz)L7), to the entire intensityl, =, energy differences of the “satellite” transitions from the
of the Ka; () complex spectrum can be expressed as a f“nc“diagram” line are fixed according to theicoF code pre-

tion of the meari-shell ionization probabilities according to dictions. The energy differencE(Kal(z)Ll— Kal(z)LO) has

[Kayz)  jobs - ot Kay) been calculated from the individual E(Kal(z)Li
1KoL _ T1KOLTIKOLT1K0L —Kay L) differences k—LILIII) (Table Vi) using the
HEC o w21 weighting coefficientsC,_[see discussion following Eq.
(4.6)]. The resulting energy differences, using either “statis-
8|36‘XPt L o g .
~(1-PPPY8 1 1R L tical” or _SCA dIS.tl‘Ibu'FIOI’]S for the L—subsht_all spectator
L IKAL=1KOL 4 pexPt|’ hole creation, are given in Table X. For both distributions the
energy differences are almost identical.
(5.1 Fixed energy differences have to be used in the fit proce-

. . . . re in order to avoi tematic errors. Only for “satellite”
where the first term on the right side reflects the d|rectlydu € in order to avoid systematic errors. Only for “satellite

ted (K .0L) hole atomic stat hile th dt structures well enhanced or well resolved from the “dia-
created (K,0L) hole atomic state, whiie the second term gram” line was a free fitted energy difference found to be in
corresponds to the (K,0L) hole atomic originating from

e . . . agreement with the calculated energy differences. As an ex-
the initially created (K,1L) hole atomic state, in which the g 9y

L-shell vacancy is being filled prior to thH€ x-ray emission ample, for the 300-MeV N&"—Tb the fit yields for the
- - ) ; 1_ 0 ; _
with a probability given by the redistribution factor o 9 differenceE(Ka; L ~KaylL ") 100.8 eV, in agree

. . N ment with the theoretical prediction of 101.1 eV. But this is
Rik1L_-1koL- As mentioned earlier, the contribution to the P

. . . not possible for uranium, where the satellite structure cannot
(1K,0L) hole configurations developed in two or more steptzje resolved from the diagram line

processes is of minor importance for the studied systems and 1, high-resolutiorK a1 , x-ray spectra and their fit ac-

hence is n_eglected. The t_otal and partial qu_orescence yieldc,sording to the “averaging” model are shown in Fig. 7. The
for the various hOIE atomic states are considered equal, aGxtracted Lorentzian widths of the diagram lines are listed in
cording to the discussion of Sec..IV B . ... Table X. Their comparison with the natural width of the
In °“?'ef toKiaIcuIatg the relative intensity of.the (_j'a' correspondindl x-ray transitions of single ionized atoms are
gram” line, 1, '§7, with respect to the total intensity, i general in good agreement. The measured Lorentzian
Iizl(z), the experimental spectra have been approximated byidths are somewhat larger than the natural widths due to
a superposition of Voigt profiles. To extract the results, wethe presence of,N,... satellite transitions, which are em-
use the “averaging” fit model dealing with the shell as a bedded in the “diagram” line.
mean of the different subshells. The meanL ionization probabilitiesP{*™, as extracted
We use a Voigt function to describe the “diagram” line, according to Eq.(5.1), from the relative intensity of the
Kal(z)LO, with Lorentz and Gauss widths being free param-“diagram line” Kal(z)LO to the total intensity of th&a; ;)
eters. According to the energy considerations of the precedspectrum, are given in Table XI. The uncertainty in the de-
ing section, in the case of the “diagram” line, transitions in termination of the ionization probabilities is due to the ap-
the presence of th®l spectator hole fall within its natural proximations in the derivation of E@5.1), the uncertainties
linewidth. So, despite its composite structure, a single Voigin the determination of the intensity ratio, and the uncertainty
function is sufficient to describe the shape of the “diagram”in the redistribution factoR;k 1, .1k oL -
line, having a Lorentzian width of the order of the natural The uncertainty in the intensity determination mainly
width of a singly ionized atom and a Gaussian width thatoriginates from the “averaging” model, as the statistical er-
mainly describes the experimental response function and ther is at least one order of magnitude smaller. To estimate
presence of thé,N,... spectator hole§46,47. In order to  the systematic errors originating from the “averaging”
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TABLE X. Extracted Lorentzian width of the “diagram,’l’(al(z)LO lines compared with the natural
linewidth of theKa; , diagram transitions of the target atorf20]. Also are given the calculated energy
differences between thKal(z)Ll and Kal(z)LO structures assuming the ‘“statistical” and the “SCA”
distributions forL-subshell hole creation, respectively.

K a;L° width (eV) E(KaL'—KayL? (eV)
System This work Krausg20] “Statistical” “SCA”
403-MeV N'*—La 20.0 17.6 81.0 81.6
350-MeV N'*—Ta 50.0 42.6 122.1 122.4
500-MeV Né%"—Ta 49.9 42.6 122.1 122.4
210-MeV N*—Tb 28.0 27.9 100.4 101.1
300-MeV Né%" —Tb 27.5 27.9 100.4 101.1
500-MeV Neé% —U 101.3 103.5 189.7 189.1
K a,L° width (eV) E(KayL1—Ka,L?) (eV)
System This work Krausq 20] “Statistical” “SCA”
403-MeV N'*—La 20.5 17.8 73.2 73.4
210-MeV N'*—Thb 31.1 28.2 84.7 84.6

model, we repeated the fit of the spectra adjusting various fit Figure 9 shows the comparison of theshell ionization
parameters. As mentioned in Sec. IV B, the total uncertaintyprobabilities extracted from experiment with the theoretical
in the intensity redistribution factoR, is about 20%, which  values. In general, we find that these two processes, due to
leads to a relative uncertainty in the ionization probabilitiesmutual cancellations, change the ionization probabilities by
on the order of 5%. Therefore, we estimate a total uncergpout 5—10%(except for uraniur) which is in the order of
tainty of the ionization probabilities on the order of 10— the experimental uncertainty. Hence, although capture as
20%. _ S well as subshell coupling may be important in its own, the

The theoretical meah-shell ionization probabilities, for  combined effect gives little influence on theshell vacancy
impact paramete=by , as calculated with the SCA theory production probabilities except possibly for the heaviest col-
using either relativistic wave functiofSCA-OPM) or rela-  lision system.
tivistic screened hydrogenic wave functiofSCA-HYD),
are listed in Table XI. In Fig. 8 we present the ratio of the
experimental data to the theoretical direct ionization predic-
tions as a function of the reduced velociyin the cases for
which bothKea; andKa, spectra have been measured, we For a further comparison between experiment and theo-
use the averaged valyes retical predictions and as an independent analysis, we have

We find good agreement between the experimental andonstructed the theoretical spectra from the calculated rela-
the SCA-OPM values. The deviations are on the order ofive intensities and energy shifts and compared them directly
10%, except for the system 500-MeV Wé—Ta and 500- with the experimental spectffor details, se¢15]). The way
MeV N’*—Tb, where they are on the order of 20%. In of calculations are described in Secs. Il and IV. We empha-
contrast, the results of the SCA-HYD calculations deviatesize that this way of analysis treats thesubshells individu-
from the experimental values by 50-90%. The only excepally and not as an “average.”
tion is the system 500-MeV N& —U, where the two cal- The calculated intensities are converted into the spectral
culations give comparable results. For all the other systemparameterglinewidth and peak intensity The line shapes of
we find that generally the SCA-OPM model yields a muchthe satellite transitions, with their energy positions fixed rela-
better description of thé-shell ionization probability than tive to the diagram transition line, are superimposed and the
the SCA-HYD model. For the 403-MeV N—La system resulting complex is compared to the experimental spectrum
(7.=1.24) this conclusion has been stated eafli&] and by normalizing the peak position and the peak intensity of
has been confirmed for light, less energetic, systgtos the diagram line.

We also calculated the contributions to the vacancy pro- We further investigated the significance of the hole-hole
duction probabilities for electron captu¢€able V) and sub- angular-momentum coupling between &nspectator hole
shell coupling(Table 1V). The inclusion of electron capture and the activeK and L, holes during theKa ) transi-
increases the vacancy production probabilities at most byion. Here, the lanthanurK«, spectrum is best suited to
20% with respect to the direct ionization probabilities. Onconfirm the role of thgj coupling between the inner holes.
the other hand, the subshell coupling leads to a reduction dfjnoring the hole-hole angular-momentum coupling, the
the ionization probabilities. However, as noted earlier, thisthree Ka,L! “satellite” transitions have almost the same
reduction is likely to be overestimated due to the truncatiorenergy shift from the “diagram” line: 71.8, 77.7, and 71.6
of the basis states included in the coupled-channel code. TheV/ for one spectator hole in the, L, andL,, subshell,
total ionization probabilityP', calculated according to Eq. respectively(Table VI), and they are larger than the natural
(3.17), is listed in Table XI. width and the energy resolution. Therefore, the correspond-

B. Construction of the theoretical spectrum and comparison
with experiment
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FIG. 7. Kay ; spectra of La, Tb, Ta, and U induced by heavy ion bombardment. Results of the fitting procedure based on the “averag-
ing” model (see text are also shown.

ing satellite lines should be separated from the diagram lingvas extended over the energy region from the low-energy
and show up as a pronounced bump in this energy regiorside up to 25 eV on the high-energy side of the diagram line.
But in reality the experimental spectrum exhibits a plateauThis region allows a satisfactory determination of peak po-
like shoulder(Fig. 7). sition and height and we also avoid the interference with the
To confirm, we constructed the theoretit@d, spectrum  Ka,L?! satellite structure. The discrepancy between the ex-
ignoring the hole-hole angular-momentum coupling. "he perimental spectrum and the theoretical spectrum is obvious,
and L direct ionization probabilities are used as predictednoting the normalizeg? of 13.8.
from the SCA-OPM theory, including the subshell coupling Now we redo the analysis including the hole-hole
and the electron captur@nly for this particular theoretical angular-momentum coupling between thespectator hole
spectrum did we include distinctly the transitions due to theand the initialK and finalL, holes. This is an extensive
presence of theM spectator hole; théVl direct ionization  procedure in which we handled up to 250 transitions for the
probabilities calculated using the SCA-OPM theory aredescription of theKa, complex. The comparison between
given in Table Il and the energies from Table)VA total of  theory and experiment is drastically improveg?E 4.4)
150 satellite lines have been superimposed to construct tH&ig. 10b)]. The small deviation beyond 33.20 keV is to be
theoretical spectrum. In Fig. & the experimentally ob- attributed to the low energy of tH€a,. Due to energy reso-
servedKa, complex is compared with the theoretical pre- lution reasons, the effect of the hole-hole coupling is espe-
dictions. The normalization between theory and experimentially visible for middle-heavyZ elementgFig. 4).
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TABLE XI. Experimental mear.-shell ionization probabilitie?fx_pt, in percent, per target electron. Also
is given the theoretical mean-shell direct ionization probabilitieﬁ’fCA in percent, based on optimized-
potential(OPM) wave functions and screened hydroge(hiyD) wave functions, for impact paramete .
The last column gives the theoretical mdashell ionization probabilitiesP‘L‘", based on the SCA-OPM
theory, including the contributions of the subshell coupling and of the electron capturelofatget electron
from the projectilgthe latter two processes takenket 0, see Eq(3.17)].

Experiment Theory
ESCA E %
Observed L (b 6 _
System transiton PP (%)  SCA-OPM SCA-HYD  P®(by) (%)
Ka 3.7+0.2
_ i7+ 1
403-MeV N'*—La Kar, 10502 3.58 2.31 3.68
350-MeV N —Ta Kay 3.1+0.2 2.96 1.95 2.79
500-MeV Né° —Ta Kay 7.7+0.4 6.10 4.03 5.86
Ka 4.8+0.3
_ 7+ 1
210-MeV N*—Tb Kar, £ 104 4.00 2.79 3.56
300-MeV Né°" —Tb Ka, 9.0+0.5 8.29 5.82 7.49
500-MeV Né% —U Ka, 3.5+0.4 3.79 3.00 3.11

For a comparison of the theoretical predictions of SCA-in Figs. 11e) and 11f). Here the projectile velocity is 60%
OPM and SCA-HYD, theKa; x-ray spectra during the of thelL target-electron velocity. Both theoretical models are
403-MeV N*"—La, 350-MeV N*—Ta, and 500-MeV in reasonable agreement with the measured spectrum. It is
Net®" —U collisions are studied. We selected these threalso confirmed by the results using the “averaging” model.
systems because they cover the range of examined reducedFor all studied systems the results obtained from the de-
velocity %, and of the target atomic numbéfrom Z=57 to  tailed analysis are consistent with our results from the “av-
92). In addition, in these cases contributions from the preseraging” model(see Fig. 8 and Table XI This also con-
ence of twoL spectator holes are negligiblless than 3%  firms the accuracy of the experimentatshell vacancy
facilitating the construction of the theoretical spectra. Subprobabilities.
shell coupling and electron capture have not been included
here. VI. CONCLUSION

The 403-MeV N*—La system has the largest projectile ,
velocity of all our systems, exceeding the orbiting velocity . W& have measured théa, , x-ray satellite spectra of
v, of the L-shell electrons by about 25%. In Figs.(4land high-Z (_alenjents _producgd in ener_getlc collisions by N and
11(b), the experimentally observella, complex is com- Ne prolgctll_es with a hlgh—resolqtlon crystal spectrometer.
pared with the theoretical predictions. Comparison of experit € Projectile velocity, which varied from 60% to 125% of
ment with the two model calculations clearly shows the su{h€ targetL electron velocity, allowed a comparison of the
perior quality of the OPM model. It is obvious from thé e_xperlmental data with th_e theoretical predictions as a func-
=1.9 in the case of the SCA-OPM comparedyfo=19.6 in 10N of the reduced velocity. _ _
the hydrogenic case. The results for the 350-Me¥ NTa Two mdependem m_ethods of analysis of the expenmental
system are shown in Figs. @ and 11d). As in the previ- spectra were _applled in _order to deduce the maximum fea-
ous case, the OPM functions yield better agreement with thaible information, to elucidate the complex structure, and to
experiment {?=2.10) than hydrogenic wave functiong4

=6.58). The results for 500-MeV N& —U are displayed 061 W Direct fonization
O Direct Ionization + Canture
N 0sl @ Direct Ionization x Coupling + Capture

22 - ©SCA-OPM Bl

201 CISCA-HYD §
= %N&Ta E 021
3 181 N-Tb =~
E 16 G g
N NeTod QNTa g *]
— =
T4 N-La 2
£ 121 a N-To¢ +Ne-Ta 5 021
= ~ N-La N-Ta NeTa N-Tb Ne-Tb Ne-U

_ Ne-Tb A

:('5-1-0 NEU:t " L L 4NTa L S o
S o. 0.8 1.0 1.2 14 -

0.8 Reduced Velocity, 7/t FIG. 9. Deviation from unity of the ratio between the experi-

mental L-shell ionization probability of the target electrons to the
FIG. 8. Ratio of the experimentatshell ionization probabilities  theoretical SCA-OPM_-shell electron direct ionization probabili-
for the target electrons to the SCA theoreticadhell electron direct ties, corrected for capture of tHeshell target electron by the in-
ionization probabilities, plotted as a function of the reduced velocitycoming projectile and for the influence of the subshell coupling, for
I - the various colliding systems.
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exclude systematic errors. In the first, so-called “empirical” are the inclusion of the relaxation processes, which change
one, we deal with thé shell as a mean over the differdnt  the electron configuration between the creation of the vacan-
subshells and in the second, so-calleab*initio” one, the  cies and their decay as well as variation¥af fluorescence
contributions of the variouk subshells were taken into ac- yields in the presence df spectator holes. Also the multi-
count explicity. Common principles in the two approachesionized states were handled in the framework of the indepen-
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FIG. 11. Comparison of the measur@mintg K« x-ray spectra during the 403'N—La, 350 N*—Ta, and 500 N¥* —U collisions
with the theoretical line shapéull line). For the construction of the theoretical spectra the intensities have been calculated using the direct
ionization probabilities according to SCA-OPNw), (c), and (e)] and SCA-HYD[(b), (d), and (f)] predictions. The effects of subshell
coupling and electron capture have not been included.
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dent electron moddlusing the binomial distribution cross section comes from distances of the order of the radii
In the empirical analysis thiK @ complex was fitted with  of these shells. This criterion was fulfilled only for the case
up to three Voigt lines. The mednshell ionization prob- of L-shell ionization in 500 MeV NE€*—U.

abilities for impact parameters within thé shell of the tar- The electron capture from the tardeshell into the pro-
get atom were extracted. But this way of analysis cannojectile K shell and the contribution of intrashell coupling to
describe the details of the line shape. the ionization probabilities have been taken into account.

In the ab initio analysis the experimental spectra wereTheir partial cancellation resulted in a net effect that in most
compared with detailed theoretical spectra, treating individucases is of the order of the experimental uncertainties.
ally the variousL subshells. This method of analysis is In conclusion, despite the complexity of the heavy ion
complementary to the empirical one, as it does not allow anduced spectra, the proper choice of the colliding systems
direct extraction of the ionization probabilities but warrantsand a suitable approach in the analysis allows us to be deci-
an accurate description of the complex line shapes. Its sersive on the validity of theoretical approximations concerning
sitivity on the line shape allowed us to demonstrate forelectron ionization. Our achieved results concerning lthe
middle-heavyZ elements the importance of the hole-hole (subshell opens the possibility to extrapolate to the higher
angular momentum coupling between the “activii’andL ~ atomic shells.
holes and ond. “spectator” hole during theKa; , transi-
tions.

The results from both methods of analysis are consistent.
They were compared with the theoretical predictions of the The authors are particularly indebted to Professor O. W.
direct ionization probabilities for a single electron, calculatedSchult for valuable discussions, and for encouraging and
in the first-order perturbation approximati@®CA) using ei-  supporting this work. We would like to thank the staff of the
ther Dirac-Fock-type wave functiofSCA-OPM) or relativ-  Juich and KVI cyclotrons for their efficient cooperation dur-
istic hydrogenlike one$SCA-HYD). The predictions based ing the beam time experiments. We enjoyed the collabora-
on the SCA-OPM calculations are in good agreement witltion with Professor J.-Cl. Dousse and his group from the
the experimental results for the range of reduced velocitie®niversity of Fribourg, and with Professor Z. Sujkowski and
considered, in contrast to the SCA-HYD calculations. Thehis group from SIN, Swierk during the measurements at
relativistic hydrogenic wave functions only provide a reliable KVI. We appreciated many fruitful discussions with Profes-
description of experimental data if ionization of a deep-lyingsor D. Trautmann and Dr. Z. Halabuka, University of Basel,
inner shell is considered and if the collision velocity is low and Professor B. Fricke, University of Kassel, concerning the
enough such that the main contribution to the ionizationinterpretation of the data.
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