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Ka x-ray satellite lines of Si induced in collisions with +3-MeV protons
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The Ka x-ray emission spectra of Si bombarded by 1-3-MeV protons were measured with a crystal
spectrometer in Johansson geometry, enabling energy resolution below the natural linewidth of the measured
Ka line. TheKaL! andKaL? (KaL?) x-ray satellite lines appearing in these spectra as a result of the
radiative decay of atomic states with one hole in khehell and one or two in the subshells were precisely
measured. The energies and intensities of the main components that could be resolved within the satellite lines
are given. It has been demonstrated that the latter do not depend on proton energy and are essentially the same
as in photon-induced spectra. The ovekaltL® satellite intensity relative to thK« diagram line has been
used to deduce thle-shell ionization probabilities induced in near-central proton collisions. The experimental
values were compared to the theoretical values calculated with the semiclassical approximation, with the
three-body classical trajectory Monte Carlo model, and the classical binary-encounter-based geometrical
model.

DOI: 10.1103/PhysRevA.68.022713 PACS nuntber32.80.Hd, 32.30.Rj, 32.76n

[. INTRODUCTION hand, the photon-induced satellites, which are almost exclu-
sively the result of the shake process, are practically free
An excited atom with a singleslshell vacancy emits an from M-shell contributions.
Auger electron or a photon during the deexcitation process. The measured fine structure of terL satellite lines can
The photons emitted in these radiative transitions corresponide used to test the theoretical predictions of the atomic struc-
to characteristic diagram lines in the x-ray spectra of the ture. Extensive multiconfiguration calculations yielding ener-
particular element. When thesdacancy is accompanied by gies and intensities of the transitions incorporated in the sat-
an additional vacancy in one of the higher atomic shellsgllite lines can be used to learn more about the actual mixing
these photons are slightly shifted to higher energies and copf different configurations and therefore help us to better
respond to the so-called satellite lines in tex-ray spec- understand electron correlations in atoms. Usually photon-
trum. When the & vacancy is accompanied by one or moreinduced spectra are most suitable for these purposes since the
L-shell vacancies, the satellite lines are denotedk&$, measured satellite lines are not contaminated by the contri-
whereN is the number of -shell vacancies. For lo&-ele-  bution of theKM satellites. In this work, we will show that
ments, the energy shift of théaL® satellite relative to the also the proton-induced «L satellite spectra are practically
parentk « diagram line is 10—20 eV. Therefore, in order to equivalent with the photon-induced one regarding the struc-
be able to resolve the satellite lines, high-resolution x-rayture of the satellite lines when proton velocity is much higher
spectroscopy employing crystal spectrometers is required. than the velocity of the electrons within the shell of the
The creation of multiple inner-shell vacancies in an atomatom. Therefore, also proton-induc&drL satellite spectra
is actually the dominant feature in the collisions of heavyyield the opportunity to study fundamental atomic properties.
ions with lowZ atoms. Due to very strong Coulomb inter- It even has some advantages compared to the photon-
action between the projectile and the target electrons, theduced one since the overall intensity is higher.
ion-induced x-ray spectra exhibit rich satellite structure with  In this work, we have used excellent energy resolution of
very intense high-order satellites. Satellite lines can be obeur spectrometer to measure tKexL? satellites of Si in-
served also in collisions with protons or electrons but theduced in collisions with 1-3-MeV protons. At such proton
satellite intensities are much weaker and only the lowestenergies, thé-shell ionization causing the distortion of the
order satellites can be observed. Satellite lines can be, due satellite lines from the clean line shape observed in photoin-
the shake process, observed even in photon-induced x-rajuced spectra is almost negligible. Therefore, the structure of
spectra. the KaL'? satellites is practically the same as in photoin-
The satellites induced in collisions with protons andduced spectra whereas the overall intensity is much higher
heavier ions have been extensively studied in the pasind therefore also a second-order satellite can be clearly ob-
[1-13. In these works, the satellites were mainly used toserved. Since no dependence of the satellite structure on the
study the ionization induced in collisions by measuring theexcitation energy has been observed, we have extracted the
intensity distribution of théK «LN satellite lines. Th& aLN average energies and relative intensities of the main compo-
satellite lines of the ion-induced x-ray spectra are affected byents that could be resolved within tKerL 12 satellite lines.
the additional ionization of the outer shells, especiallylthe Besides that, the total intensities of the satellite lines relative
shell. Since theKM satellites cannot be resolved from the to the diagramKea line have been used to obtain single
parent diagram lineM-shell ionization causes energy shifts L-shell electron direct ionization probabilities induced in col-
and asymmetrical shape of the spectral lines. On the othdisions with 1-3-MeV protons. Obtained values have been
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FIG. 1. High-resolution SK« x-ray spectrum induced in colli-
sions with 2-MeV protons. PSlphotostimulated luminescencis
the intensity unit used with the IP reading device and it is propor-
tional to the number of detected photons.

compared with the theoretical values calculated within the
semiclassical approximatiofSCA), with the three-body
classical trajectory Monte Carlo simulatigqg€ TMC), and
with the geometrical moddiGM).

Yield [PSL]

Il. EXPERIMENT

The experiment was performed at the Microanalitical
Center(MIC) of the J. Stefan Institute, Ljubljana. Protons
were accelerated by a 2-MV tandem accelerator. A thick Si
target was bombarded with 1-, 2-, and 3-MeV protons; beam
currents of 1-2uA were used.

The x rays emitted from the target after bombardment
with protons were measured with a high-resolution crystal
spectrometer. The spectrometer consists of a target holde
the target shielding which prevents the emitted x rays from
reaching the detector directly, a diffraction crystal bent in
Johansson geometry, and a position-sensitive detector for de
tection of the diffracted x rays. The whole spectrometer is—
closed in a 1.6 1.3x0.4 n? stainless-steel chamber evacu-
ated by the turbomolecular pump down to f0mbar.

The proton incidence and x-ray emission angle relative to?
the target surface was 45°. Emitted photons were reflected it
the first order of reflection by th€100 reflecting planes of
the SiQ crystal. The crystal was bent in Johansson geom-
etry, the radius of the Rowland circle was 100 cm, and the
reflecting area was 763 cn?. Reflected photons were de-
tected by a 12.5 12.5-cn? Fuji imaging plate(IP) [14] with
spatial resolution 100100xm?. In order to reduce the
background, a ggm mylar foil was inserted in front of the IP
detector. The diffracted x rays contributed to a two-
dimensional intensity pattern on the IP detector. The horizon
tal axis corresponds to the energy axis of the spectrum, whil
the vertical dimension increases the collection area. The
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FIG. 2. High-resolution SK« diagram line(top), KaL? satel-

lite line (middle), andK aL? satellite line(bottom) decomposed by
g1e fitting model explained in the text.

measured two-dimensional image was projected on the horial. In order to get the optimal energy resolution, the detector

zontal axis to get the final spectrum.

was placed on the Rowland circle where the focusing condi-

The Si target was positioned well inside the Rowlandtion is fulfilled. For the SK « line, the corresponding Bragg
circle at a distance of 37 cm in front of the diffraction crys- angle was 56.9° and according to that the distance of the
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detector from the crystal was set to 83.7 cm. The final exinduced excitation the shape of tkexrL satellite lines can be
perimental resolution was 0.25 eV, limited mainly by the slightly affected by additiona¥-shell ionization, which may
spatial resolution of the detector and the projection of theaccompany ionization of thL'? states. By comparing the
slightly curved vertical profile of the intensity pattern on the measured spectra excited with 1-, 2-, and 3-MeV protons, we
detector. This energy resolution was sufficient for clearly re-have found this contribution to be negligible since the shape

solving the fine structure within th&aL*? satellite lines.  of the KoL 22 satellite lines was independent of the proton
The relatively large lateral dimensions of the detector a"energy.

Iowedlg 80-eV-wide interval to be measured at a fixed |"grder to determine the parameters of the three main
crystal-detector position set for the Kix line. The position components within th&aL® andKaL? satellite lines, we

spectra were cor_1verted to the energy according to the POSYave fitted them with three pseudo-Voigt lines which are lin-
tion of the Ka diagram line, which served as a reference

line. The energy of the reference line was set to 1740.0 e\?ar combmatmns of Lor.ent2|an and Gauss'aﬂ functions, rep-
[15]. resenting the natural line shape and the instrumental re-

sponse, respectively. All parameters of the three lines were
not constrained in the fitting procedure. The diagtamline
was fitted with two pseudo-\Voigt lines with equal widths. An
The measurek o spectra exhibit two additional lines on example of such a fit is presented in Fig. 2.
the high-energy tail of the parent diagram line corresponding Besides the energies and intensities of the components
to the Ka (1s—2p) transitions in an atom with one and within the KaL'? satellite lines, we were also interested in
with two additional spectator vacancies in theshell. In the  the total intensity of the satellite lines relative to the diagram
case of MeV proton excitation, the single-electrorshell  Ka line. Therefore, we needed to apply several experimental
ionization probability is approximately 1-2%, therefore be-corrections of the intensity ratio after the fitting procedure.
sides theKaL! satellite also theKaL? can be clearly ob- First the relative satellite yields were corrected for the x-ray
served, whereas excitation of the higher-order satellite is alabsorption in the mylar foil and for the crystal reflectivity.
most negligible. The measurdédxL 2 satellite spectra of Si  For the calculation of the absorption correction, the x-ray
bombarded with 2-MeV protons are presented in Fig. 1.  attenuation coefficients of Thinh and Leroj6] were used.
TheK aL'? satellite lines generally consist of many com- For the crystal reflectivity correction we have taken the re-
ponents since the different configurations of the spectatoflectivity of the ideal mosaic crystal with absorption in the
vacancies amongs2and 2p subshells and different coupling crystal[17]. Since both these corrections generally depend
possibilities of the total angular momentum of the open subon the energy difference between the satellite and the dia-
shells result in an energy splitting of both initial and final gram line, which was very smallAE=11.6 eV for the
states. Since the energy shifts between the components dferL! line and 22.7 eV for thekaL? line), these effects
usually smaller then their natural linewidths, this fine struc-gave a total correction of 3.1% for the total intensity of the
ture is almost completely smeared out. The measured spek-aL?® line relative to theKa diagram line. The effects of
trum is always convoluted with the spectrometer responsg-ray absorption and the crystal reflectivity on the relative
function, therefore in most of the experimeitaL satellite  intensities of the components within each satellite line were
lines can only be observed as single almost symmetric linesiegligible.
In our case, the contribution of the spectrometer response Because of the thick targets used, we had to account for
function was, due to excellent energy resolution, reduced athe proton stopping and x-ray absorption in the target. The
much as possible giving us the opportunity to clearly resolvaneasured thick target satellite yields were converted into
three main components within théxL! andK «L? satellite  their respective thin target values by the use of correction
lines of Si induced with MeV protons. Generally, in ion- factor, which can be written as

[ll. DATA ANALYSIS

oL t(Eo)l o o( Eo)

F p—t L
T [R o NE(x))exp — KU x)dxI [§ore o(E(x))exp — uft x)dx

D

whereoy o andoy, 1 are the ionization cross sections for the calculated with the semiclassical approximati®CA). The
KL% andKL! state, respectivelyg(x) is the proton energy E(x) function was calculated using the stopping powers of
as a function of penetration depthy is the proton impact Ziegler and Manoyaiil8] and the x-ray attenuation coeffi-
energy, R is the range of protons, angt is the x-ray- cients for Si were obtained from the tables of Thinh and
absorption coefficient in the Si target. We have used croskeroux[16]. The final thick target correction factors for the
sections calculated within the independent electron modekL? satellite yield relative to th& « diagram line are tabu-
incorporating singlek- and L-shell ionization probabilities lated together with the finad L vacancy yield in Table Il(a
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TABLE I. Energies and relative intensities of the three main components &5, and «,) within the
KalL? satellite and the total overall intensity of tiexL?! line relative to theK « diagram one.

E,=1MeV Ep,=2MeV E,=3 MeV Average
E(a') (eV) 1746.6-0.1 1746.5:0.1 1746.6:0.1 1746.570.03
E(as) (eV) 1751.2-0.1 1751.6:0.1 1751.1-0.1 1751.1@-0.06
E(ay) (eV) 1753.5-0.1 1753.30.1 1753.5:0.1 1753.43-0.07
Y. (a') (%) 2.7-0.3 3.6:0.3 2.8-0.3 3.0:0.3
Y. (a3) (%) 68.3+0.9 67.1-0.9 66.4-0.9 67.3-0.6
Y. (@s) (%) 29.0+0.8 29.3-0.8 30.8-0.8 29.7-0.6

Y (KLYKLY) (%) 18.6-1.0 13.2:0.7 8.5-0.8

3.1% correction due to absorption in mylar and crystal re-experimental values measured by photons, electrons, and
flectivity is already incorporated in the tabulated vajues  ions [19] has been confirmed also by our measurements.
Deutsch is claiming that the Hartree-Fo@kF) calculations
agree with experiments up t6=16. Our measured value

The energies and relative intensities of the three mainShOWS that already by =14 the HF value underestimates

components within th& oL andKaL? satellite lines and the experimental one.
the overall intensities of both satellites relative to ke

diagram line determined from the fitting procedure are given

in Tables | and II. Tabulated are the values for each of the Relative intensities of the components within e
three proton energies used for target excitation. From th@ndK aL? satellites are given in Tables | and Il. Our mea-
tabulated values we can see that the energies and relati@red value ofY,(a4)/Y,(as), which is 0.44-0.01, is in

intensities of the fine-structure components within each Satagreement with the value obtained by Maurenal. [22].
ellite line do not depend on the energy of proton excnauon.-rhey have measured the photo inducdedL® satellite line

and obtained 0.4520.006. For theKaL? satellite line, no
values for the relative intensities were found in the literature.
Our measuret «L* satellite energies can be compared to  Besides relative intensities of the main components within
the theoretical values presented in the paper of Delits@h  each satellite line, also overall intensities of the satellite lines
Deutsch has calculated the averagel! satellite energy relative to the parena diagram line are given in Tables |
shift from the center of th& « diagram line for atoms hav- and Il. Since these values directly reflect theshell ioniza-
ing 10=Z=<32. His calculations employing nonrelativistic tion probability in near-central collisions of protons with tar-
Hartree-Fock energies yielding 10.8 eV for the&iL! line.  get atoms, they depend on the energy of the protons used for
In his work, he has also presented values calculated with thexcitation. In this work, we have used the toiakL® satel-
hydrogenic analytical model of Buradt al. [20] using both  lite intensities to extract diredt-shell ionization probabili-
Hartree-Fock derived and Slater-rule screening constantsies for the measured collisions. Since the satellite lines can
These two types of screening yield values of 15.5 and 16.4e produced either by direct ionization due to Coulomb in-
eV, respectively. The Burch analytical model has been exteraction of electrons with protons or by the shake process,
tended by Bhattacharyet al. [21] using the self-consistent- our measured satellite lines incorporate both contributions.
field functions. Bhattacharya is giving 12.5 eV for Si, which In order to obtain direcL-shell ionization probabilities, the
is closest to our experimental value 11.9 eV. Therefore, gooeheasured intensity needs to be corrected for the shake con-

IV. RESULTS AND DISCUSSION

B. Intensities

A. Energies

agreement between the Bhattacharya theoretical values amdbution. In the recent work of Mauroet al.[22], they have

TABLE Il. Energies and relative intensities of the three main componigeisoted simply a#, B, and
C) within the KaL? satellite and the total overall intensity of tiexL? line relative to theKaL! satellite

one.

E,=1MeV Ep,=2MeV E,=3 MeV Average
E(KaL2) (eV) 1762.8-0.3 1762.7-0.3 1762.8-2.4 1762.750.04
E(KaL3) (eV) 1763.8-1.0 1763.6:0.6 1763.7-0.7 1763.670.05
E(KaL2) (eV) 1767.2-0.3 1767.6:0.3 1767.2-0.6 1767.11%+0.07
Y. (Kal3) (%) 18.3+2.7 15.8-2.4 18.1-2.7 17.3-0.8
Y (Kal3) (%) 50.2+7.5 49.8-7.5 49.6-7.5 49.9-0.2
Y. (KalL2) (%) 31.5+3.2 34.4-3.1 32.3-3.3 32.8-0.9

Y (KL?/KLY) (%) 5.3+0.8 4.3-0.6 3.9-0.6
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TABLE Ill. Thick target correction factor, x-ray yield ratios, initial vacancy yield ratios, and single
L-shell electron direct ionization probabilities for the measured near-central collisions.

Feorr X(KaL)/X(KalL®) [(KLY/I(KLO) p. (units of 10°2)
E,=1MeV 0.791 10.29%4 0.6% 10.6%+1.7% 1.310.21
E,=2MeV 0.834 6.2% 0.3% 6.4%" 1.0% 0.79-0.13
E,=3 MeV 0.907 2.5% 0.2% 2.6%* 0.5% 0.32-0.06

measured the intensity of the BiaL! shake satellite to be

In order to finally obtain the primary vacancy yield ac-

5.72% relative to th& o diagram line. This value has been cording to Eqs(2) and(3), we need also the partial fluores-

subtracted from ouK«L? satellite intensity in order to ob-

cence yield for theKa transition in doubly ionized atoms.

tain direct ionization contribution solely. Since no data abouiWe have used values calculated by Tunnel and BHakg
the KaL? shake satellite were found, we have omitted theThey are giving 0.053 for the singlyslionized Si atom and

K aL? satellite in the extraction of the direttshell ioniza-
tion probabilities induced in measured collisions.

0.065 and 0.057 for thesPs and 1s2p ionized Si atom. It is
important to notice that Tunnel and Bhalla are giving total

First of all we needed to deduce the primary vacancyK-shell fluorescence yields whereas we are dealing with par-
yield from the measured x-ray yields. The satellite line in-tial yield for the K« transition only. Since th& « radiative
tensities are related to the primary vacancy yields by theransition represents 98.3% of the toié[kad [27], we can

following equations:

X(KaL®=[1(KaL%+RI(KalL')]o?,, 2)

X(KaLh)=[1(KaL')(1—R)]wk,, 3
where X denotes the x-ray satellite line intensity,is the
initial vacancy yield, andw, is the partial fluorescence
yield for theK « transition. The factoR is the rearrangement
factor which gives the probability that theshell vacancy in

the atom has been promoted to a higher shell within theeasured ol !
lifetime of the KL ionized state. The rearrangement factor

for the L shell can be written as

Aug rad
-y oot Tos2p
R4, Ve T, i Ty
2s,2p 2s,2p K

(4)

wherel'x andl" s 5, represent the total widths for theshell
and ,2p subshells, respectivelyA'9"@ represent the Au-
ger and radiative widths and the,s,, weighting factors
reflecting the probability that the-shell vacancy has been
created either in aor 2p subshell. According to the SCA
calculated 2 and 2p single-electron ionization probabilities,

we can setv,s andw,, to 0.256 and 0.744, respectively. The

simply equal the partiadK« and totalK fluorescence yields
using the original values from Tunnel and Bhalla. In order to
obtainwg,, fluorescence yield for thL! ionized state used
in Eqg. (3), we need to know the relative-shell vacancy
population among the?and 2p subshells at the moment of
Ka x-ray emission. According to the procedure presented in
[25], we have obtained 0.07 and 0.93 for the relative vacancy
population of the 8 and 2o subshell yielding the finaduﬁa
value of 0.058. Using the calculat®] »%,, andwg , values
we have extracted the primaKi® vacancy yields from the
x-ray yields according to Eq$2) and (3).
Within the independent electron approximation, #ieN
primary vacancy yield can be written as

8
l(KL“)m(N)pF(l—pW—N. (5)

wherep, is the single-electron ionization probability for the
near-zero impact parameter averaged overlthgubshells.
Using Eq.(5), one can express, as a function of the initial
yield ratio

I(KLY)  8p, ~ HKLYH/I(KLY)
(KLY — (1—p) P8+ [I(KLL/I(KLY)]"

(6)

I"5s 2o level widths were taken to 0.9 and 0.05 according to

Campbell and Papf23]. The Auger widths for the  and
2p subshells were taken to 0.04 and 0[@4], whereas the

radiative widths for the &2p subshells can be neglected.

The finalKL? vacancy yields extracted from the measured
KalL! x-ray yields and the average sindleshell electron
ionization probabilities calculated according to E§) are

The I'k value in Eq.(3) needs to be corrected due to antgpulated in Table lII.

additional L-shell vacancy present in the atom during the  Among the theories that describe ionization by charged
deexcitation process. THe level width from Campbell and  projectiles and employ a quantum description of the atom,
Papp(0.425 eV has been corrected according to the proceonly the SCA allows calculation of the ionization probabili-
dure explained if25], yielding the value 0.320 eV. Using ties as a function of impact parameter. In the present study,
these values, Ed4) yields 0.109-0.033 for the rearrange- we calculated the direct ionization probabilities according to
ment factor. The error of the rearrangement factor has beethe first-order SCA model of Trautmann and<Rb(IONHYD
calculated taking into account 15%, 10%, and 30% uncercodg [28,29. The latter employs classical hyperbolic trajec-

tainties for thel'y , I',s, andI',, level widths according to
Campbell and Papf23]. The uncertainties for thE5: and

I'559 have been estimated to 30%.

tories and uses hydrogenlike Dirac electron wave functions.
The effective charge of the target atom was calculated ac-
cording to the method of Slater to account for screening ef-
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fects. Binding energies of the separated atom model were 10 — T T T 1
employed. Multipoles up to the ordér5 were considered 0 ]
in the calculations. Usually the ionization probabilities for 1 CT™MC 1
near-central collisions obtained from satellite measurement: ] ]
are compared to the theoretical values calculated at som 74 .
effective impact parameteib{s), which in the case oKL 6
ionization is chosen so that thg(b)bes is maximized. In
our calculationsbgi was set to 4000 fm. ] ]
Besides the SCA calculations, the direct ionization prob-~ 4 GM .
abilities for the measured collisions have been calculatec ]
also with the three-body classical trajectory Monte Carlo 1 1
model (CTMC). The three-body, three-dimensional CTMC 21._SCA ]

p, [%]
)
1
1

calculations were performed as described30] and [31]. 14 ¢ % —
The calculations incorporated the bare projectile, an active ] ]
atomic electron, and the remaining ion. For the description of o5 19 415 | oo 25 a0 a5
the interaction between them, a potential model based or E, MeV]

Hartree-Fock calculations as developed by Grgg] was

used. The initial parameters were the same as those devel- F|G. 3. SingleL-shell electron direct ionization probabilities for
oped by Reinhold and Falcd33]. They were chosen ran- the near-zero impact parameter as a function of the proton energy.
domly at relatively large internuclear separations, where th@he experimental data are compared with the calculations within
interaction between the projectile and the target atom is neghe SCA model[28,29, the CTMC model[30,31, and the GM
ligible. The initial conditions were set from the ensemble,model[34].

which is constrained to an initial binding energy of the

L-shell target electron. For the given initial parameters, o <o) tion crystal spectrometer in Johannsson geometry. Ex-

Nev_vtons equations of motion were integrated with respec erimental energy resolution below the natural linewidth of
to time as an independent variable by the standard Runge:- .. . . . .
he SiK« line enabled us precisely to determine the energies

Kutta method until large separations of the colliding particles

were attained. For each investigated collision, 20 000 ingiand relative intensities of the three main components that

vidual trajectories were calculated could be resolved within each satellite line. It has been dem-
Another possibility to calculate direct ionization prob- onstrated that the latter do not depend on the proton energy;

abilities at near-zero impact parameter is the geometricgirthermore, the equivalence with the photon-induced spec-

model(GM) of Sulik et al.[34], which is based on the binary fra has been suggested. The total overall intensities of the

encounter approximation. In the GM approach, we consideKaL* satellite line have been used to extract the single-

a projectile at a velocity higher than the orbital electron ve-electron direct ionization probabilities averaged over the

locity passing through the target atom along a straight line athreeL subshells induced in near-central collisions with pro-

zero impact parameter. The energy transferred to the targéens. The experimental values have been compared to the

electron is a unique function of the projectile-electron impacttheoretical values calculated within the semiclass{€4IA)

parameter defining a cylinder around the projectile trajectorynodel, the three-body classical trajectory Monte Carlo cal-

in which the target electron acquires the amount of energgulation (CTMC), and the geometrical model incorporating

needed for ionization. The probability of ionization is simply the classical binary encounter collision model.

given as the charge-density fraction of one electron cut out The measured energies of thé, a3, anday, lines within

by the cylinder. The_-shell direct ionization probabilites of the KaL?® satellite support the calculation of Bhattacharya

interest were also computed with the geometrical model inet al. [21], whereas our values show that already Zot 14

corporating the hydrogenic single-electron density distributhe HF calculation of the satellite energy underestimates the

tions. experimental one. Comparison of the ionization probabilities
A comparison of experimental values with the theoreticalwith the theoretical values favors the SCA calculation over

curves is presented in Fig. 3. As expected, the SCA modghe CTMC and GM model, even though the SCA also under-

employing a quantum description of tHeshell electrons estimates the measured values.

yields values closest to the experimental ones but still under-

estimates them, which is probably a consequence of using

the hydrogenic wave functions for thes,2p electrons as ACKNOWLEDGMENTS
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