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Ionization cross sections for the L subshells of Pb and Bi by a-particle bombardment (2.2-8.2 MeV)
have been determined from the experimental data and the currently available radiative transition proba-
bilities, fluorescence yields, and Coster-Kronig factors. The measured ionization cross sections and their
ratios are compared with the results of ECPSSR calculations [ECPSSR denotes perturbed-stationary-
state (PSS) theory with energy-loss (E), Coulomb deflection (C), and relativistic (R) corrections]. The
measured individual cross sections for L; and L, subshells deviated in opposite directions from the
theory, whereas their sum shows good agreement. The L; and total ionization cross sections obtained
from the data also show good agreement with the ECPSSR theory. The ionization cross-section ratios
oL, /o L, and o L, /o L, show large deviations from the ECPSSR theory. The experimental x-ray produc-

tion cross-section ratios are found to be in better agreement with the theoretical results obtained from
using ECPSSR ionization cross sections and the decay yield data of Xu and Xu [J. Phys. B 25, 695
(1992)] rather than those obtained from using the decay yield data of Krause [J. Phys. Chem. Ref. Data
8, 307 (1979)]. The x-ray production cross sections, however, are in better agreement with the theoreti-
cal results obtained from using the decay yield data of Krause. The measured centroid energy of the Ly
lines of Pb shows large deviations at high projectile energy, whereas for Bi large deviations are found at
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the low-energy region.

PACS number(s): 32.80.Cy, 32.80.Hd

I. INTRODUCTION

In an earlier paper [1] we presented our results on L-
shell ionization studies of Pb and Bi for proton bombard-
ment and in this work we present the results for a-
particle bombardment in the energy range of 0.5-2.0
MeV/amu. Although considerable efforts have been put
into understanding the L-subshell ionization process
[2-6] by heavily charged particles, the situation still
seems to be very fuzzy. The first study in Au for proton-
and a-particle bombardment was reported by Datz et al.
[2] which showed a significant deviation of the a-particle
data from the proton data at low energy. It also indicat-
ed deviations for L,-subshell ionization cross sections
and the cross-section ratios o Ll/a L, and o /9, from

both nonrelativistic and relativistic plane-wave Born ap-
proximation (PWBA) theories [7]. After this work
Chang et al. [3,4] reported their work on L-subshell ion-
ization for various heavy elements by a-particle bom-
bardment in which they showed for the first time that the
low-energy behavior of the cross-section ratio o L, /oL, is

dependent on the outer electronic configuration of the
target atom. However, their conclusion was refuted by
the work of Li, Clark, and Greenlees [5], which did not
show any target outer electronic configuration depen-
dence for the behavior of o Ls/ oL, ratio at low projectile

energy. In the theoretical work of Sarkadi and Mukoya-
ma [8,9] it was shown that for heavily charged particle
bombardment (Z >2) the experimental L,-subshell
ionization cross section deviates by almost one
order of magnitude from the relativistic plane-wave
Born approximation— with binding energy and Coulomb
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deflection correction (RPWBA-BC) theory. This anoma-
lous behavior was shown to be arising from collision-
induced transitions of a vacancy between the L subshells.
The large L,-subshell ionization anomally was later
theoretically accounted by Sarkadi and Mukoyama [10]
by taking the subshell coupling effects into account. Re-
cently, Xu and Xu have made the calculation on relative
and total L x-ray production cross sections of Bi for a-
particle bombardment using their own decay yield data
[11] and ECPSSR [ECPSSR denotes perturbed-
stationary-state (PSS) theory with energy-loss (E),
Coulomb deflection, (C), and relativistic (R) corrections]
ionization cross sections [12,13] and showed that their re-
sults are in good agreement with the experimental results
[3,6,14—16] for the total x-ray production cross section
for the a-particle energy range 1.0-4.0 MeV. Looking at
the reported results of L-subshell ionization of heavy ele-
ments one does not see a clear-cut picture on the position
of various ionization theories vis a vis the experimental
results. The present study was aimed at obtaining vari-
ous physical quantities such as x-ray production cross
sections, ionization cross sections, relative L x-ray inten-
sities, and L-subshell ionization cross-section ratios from
the data and compared with the existing theoretical cal-
culations, so that one can get a better understanding of
the L-subshell ionization process by the bombardment of
heavily charged particles.

II. EXPERIMENTAL TECHNIQUE

The L x-ray spectra of Pb and Bi have been measured
for a-particle bombardment at different energies. High
pure (~99.9% ) samples were used for the preparation of
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FIG. 1. A typical L x-ray spectrum of Pb at an a-particle en-
ergy of 6 MeV.

the targets. Thin (40 ug/cm?) targets of Pb and Bi were
prepared by vacuum evaporation onto aluminized Mylar
films of thickness 1.75 mg/cm? The targets were bom-
barded by a particles with an energy of 2.28-8.18 MeV
obtained from the 3-MV tandem pelletron accelerator at
the Institute of Physics, India. To obtain the Li (i =1, a,
B, v, etc.) x-ray production cross sections from the mea-
sured x-ray yields, simultaneous x-ray and elastically
scattered charged particle detection techniques were em-
ployed. Details of the experimental arrangement are de-
scribed elsewhere [1]. The collimated a-particle beam of
1.5-mm diameter was directed onto the target which was
kept tilted at 45° to the beam direction. The emitted L
x-rays passed through a 3.5-mg/cm” Mylar chamber win-
dow, 5-cm air gap, and 0.012-mm-thick beryllium win-
dow before reaching the Si(Li) detector with an energy
resolution of 170 eV full width at half maximum at 5.9
keV. The detector was placed 90° to the beam direction.
The solid angles of both the silicon surface barrier and
Si(Li) detectors have been well defined by placing suitable
apertures in front of the detectors. Another advantage of
the aperture was that it allowed the radiation to fall on
the center of the active area of the detector. A typical x-
ray spectrum of Pb at 6-MeV a-particle energy is shown
in Fig. 1.

III. DATA ANALYSIS AND RESULTS

A. Data analysis

From the measured x-ray yields the Li x-ray produc-
tion cross sections were estimated using the following re-
lation:

oF = 47TY;0’R(9)AQP
Li €,6, YR AQ,

tX

> (1)
IR

where o7]; is the x-ray production cross section (the index
i refers to a particular component of L x-ray such as /, a,
B, v, etc.) of the Li component of the L x-ray spectrum,
Y! is the measured x-ray yield for the Li component,
o g(0) is the differential Rutherford scattering cross sec-
tion, Yy is the measured Rutherford yield, €, is the Si(Li)
detector intrinsic efficiency, €, is the absorption correc-
tion for the Mylar chamber window and air path, AQ, is
the solid angle subtended by the charged particle silicon
surface barrier detector, AQ, is the solid angle subtended
by the Si(Li) x-ray detector, ¢, is the dead time correction
for x-ray counting, and t is the dead time correction for
charged particle counting.

The intrinsic efficiency of the Si(Li) detector was
theoretically calculated using the following expression:

—(URXRe THA X Ay THgAXG) — X
€d(E):e Be” Be Au” Au Si Si (1_“6 Si Sl) (2)

where the u’s are the absorption coefficients due to the Be
window of the detector, the gold layer on the Si(Li) crys-
tal and Si(Li) crystal at the x-ray energy E, and Axg; is
the thickness of the insensitive region of the Si(Li) crys-
tal. The x’s are as per the specifications of the detector
manufacturer and the absorption coefficients are taken
from the table of Hubbell et al. [17]. Y! and Y} are ob-
tained from the measured x-ray and Rutherford spectra,
respectively. The x-ray yields for the various L x-ray
components were estimated by the least-squares peak
fitting program and the Rutherford yields were calculated
by summing the counts under the elastic peak. Correc-
tions due to absorption in the Mylar chamber window
and air path were applied in the usual manner. Correc-
tion due to self-absorption in the sample was found to be
negligible.

In order to interpret the measured x-ray production
cross sections we tried to evaluate (1) the experimental
subshell ionization cross sections and their ratios and
then compare them with theory, and (2) compare the
measured x-ray production cross-section ratios with the
theoretical results obtained from theoretical ionization
cross sections and the presently available different sets of
decay yield data. For getting the experimental ionization
cross sections from the measured production cross sec-
tions one runs through the following analytic formulas
relating x-ray production cross sections to the ionization
cross sections:

UEII(UL1f13+UL‘f12fZ3+UL2f23 top JosFy (3a)
0la=(0r f13 +0L1f12f23+0L2f23+0L3)w3F3a » (3b)
orp=0L o Figt(oy fia+t0op)oFap
+(0'L1f13+0L1f12f23+0'L2f23+0'Lj)w3F3[3 ,
(3¢)
O'EYZO'Lla)IF“,+(O’L1f12+0'L2)a)2F27 , (3d)
where 07;, 07, 07p and o, are the x-ray production

cross sections of the components of LI, La, L3, and Ly,
respectively. o L, 0L, and oy are ionization cross sec-
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tions of the subshells L,, L,, and L;, respectively, and
w,, w,, and w; are the corresponding subshell fluores-
cence yields. F,, (Fy, Fy,, etc.) are the fraction of the
radiative widths of the subshell L, (L,L,,L;) contained
in the yth spectral line, i.e.,

F,,=T,,/T, @)

(for example, Fy=T;/T';) where I', is the total
linewidth of L,. The parameters f,, f3, and f 3 are the
Coster-Kronig transition probabilities for L,—L,,
L,—L,, and L,—L,, respectively (the arrow indicates
the direction of the electron vacancy transition between
subshells).

The composite Ly peak has been computer analyzed
into four Gaussians whose y? value was found to be close
to one for all projectile energies. Four components of Ly
were obtained; Ly s and Ly which are related to the L,
subshell and Ly, 3 and Ly,, which are related to the L,
subshell. Examples, of this fitting for Pb and Bi at one
projectile energy are presented in Fig. 2. Equation (3d)
can be broken into

(5)

x p J—
UL72+3+0L74 ULla)lF17’z+3+4

512

and
0275-‘_0‘2}/1:(0141]'12+UL2)a)2F2y5+l . (6)

Equations (3d) and (6) can be solved iteratively for o L,
and o, by first ignoring f;, in Egs. (6) and (3d). o, was
obtained through Eq. (3b) by using the deduced o L, and
oL, and the measured x-ray production cross-section

07}, After this a consistency check was made for the LS
group through the comparison between the measured
oipg and that calculated from Eq. (3c). The average
difference between the calculated and measured o]z was
found to be 3.0% —4.0% for the entire energy range.

B. Atomic parameters

The measured x-ray production cross sections are con-
verted into ionization cross sections by using two sets of
fluorescence yield data, one by Krause [18] and the other
by Xu and Xu [11]. The fractional radiative widths used
here are taken from the radiative emission rates calculat-
ed by Scofield [19]. The atomic parameters used in the
present work are given in Table L.
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TABLE I. L-subshell fluorescence and Coster-Kronig yields of Pb and Bi.

Target Decay yield
atom data set N ®, 3 f1a fi3 fa
Pb Krause [18] 0.112 0.373 0.360 0.12 0.58 0.116
Xu and Xu [11] 0.135 0.405 0.326 0.040 0.661 0.091
Bi Krause [18] 0.117 0.387 0.373 0.11 0.58 0.113
Xu and Xu [11] 0.138 0.428 0.340 0.055 0.700 0.12
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FIG. 3. L-shell ionization cross-sections of Pb for a-particle bombardment: (a) L, subshell, (b) L, subshell, (c) L; subshell:
( ) corresponds to the ECPSSR theory; (O) corresponds to present experimental results obtained using the decay yield data of
Xu and Xu; (@) corresponds to present experimental results obtained using the decay yield data of Krause.
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C. Results and error analysis and 4 together with the two theoretical results which will

.. . be discussed below. Previous experimental results for Bi

The ionization cross sections 0, 0, and o for Pb 414 15) could not be plotted in Fig. 4 because of nona-
and Bi, obtained as described before, are shown in Figs. 3 vailability of their data in tabulated form.
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FIG. 4. L-shell ionization cross sections of Bi for a-particle bombardment: (a) L; subshell, (b) L, subshell, (c) L; subshell:
( ) corresponds to the ECPSSR theory; (O) corresponds to present experimental results obtained using the decay yield data of
Xu and Xu; (@) corresponds to present experimental results obtained from the data using the decay yield data of Krause.
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FIG. 5. Values of the ionization cross section ratio o L /o L,

of (a) Pb and (b) Bi: ( ) corresponds to the ECPSSR
theory. (@) are obtained using Krause’s decay yield data, and
(0) are obtained using Xu and Xu’s decay yield data.

The standard counting error for the La x rays was
0.5%, LB x rays 0.7% and Ly x rays which relate to L,
and L,-subshell ionization was on the average less than
5%. In addition to this the other sources of experimental
uncertainty come from the detector efficiency and absorp-
tion correction due to the Mylar chamber window and
airpath. They contribute together an overall error of
about 2.0%. The self-absorption in the target was negli-
gible. Uncertainty in the estimation of the solid angles
will be within 5.0%.

In the conversion process to ionization cross sections
from x-ray yields, uncertainties in the atomic parameters,
such as fluorescence yield, radiative transition rates, and
Coster-Kronig transition probabilities may increase the
uncertainty for the final absolute ionization cross sec-
tions. The error from this source could amount to about
10%. The error in the ratio of ionization cross sections
op, /0,0, /o, will mainly be from counting error.
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FIG. 6. Values of ionization cross-section ratio o L}/a L of

(a) Pb and (b) Bi: ( ) corresponds to the ECPSSR theory,
(@) are obtained using the decay yield data of Krause, and (O)
are obtained using the decay yield data of Xu and Xu.

IV. DISCUSSION

The ionization cross sections of Pb and Bi which are
plotted in Figs. 3 and 4 show deviations in opposite direc-
tions from the ECPSSR theory [12,13] for op and o .

However, the ionization cross sections for L; and total
(see Table II) are in good agreement (within 6.0% on

TABLE II. Total L-shell ionization cross section o Ly of Pb and Bi for a-particle bombardment.

oL, of Pb (barn)

0. of Bi (barn)
T

a-particle
energy Theory Expt. using decay yields Theory Expt. using decay yields

(MeV/amu) ECPSSR Krause Xu and Xu ECPSSR  Krause Xu and Xu
0.571 7.29 7.22 7.41 6.25 6.60 6.37
0.757 18.6 19.5 20.1 16.1 15.1 14.5
0.937 353 39.9 41.2 30.8 30.6 29.2
1.124 58.7 64.6 66.7 51.5 53.0 50.5
1.306 87.3 96.5 99.7 76.7 73.2 69.7
1.492 122 135 140 108 111 108
1.675 162 179 185 143 159 151
1.863 209 230 237 185 203 193
2.046 261 286 296 230 255 243
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average) with the theory [12,13]. In a previous work by
Chang, Morgan, and Blatt [4]. The ionization cross sec-
tion for L,-subshell ionization for a-particle bombard-
ment was shown to be in good agreement with the
PWBA theory [7] but our present study shows large devi-
ations from the ECPSSR result [13] in the entire
projectile-energy range. However, the discrepancies
found in our present results for o and o L, are con-

sistent with the heavy-ion data of Sarkadi and Mukoya-
ma [8]. In Figs. 3 and 4 we have shown two sets of mea-
sured ionization cross sections corresponding to two
different sets of decay yield data by Krause [18] and Xu
and Xu [11]. As can be seen from the figures the decay
yield data of Krause [18] gives a better agreement with
theory for L, and L, subshell ionization cross sections
whereas the decay yield data of Xu and Xu [11] gives
better agreement with theory for o . Further compar-

ison with theory is done by plotting the ionization cross
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FIG. 7. Various ratios of x-ray production cross sections of
Pb for a-particle bombardment: (a) 0}/0%, (b) 0y/03 and (c)
0;/0;: (@) corresponds to the present experimental results and
(A) corresponds to the experimental results of Braziewicz et al.
[6]. (- - - .) corresponds to results obtained by using the
ECPSSR ionization cross sections and decay yield data of Xu
and Xu. (— — —) corresponds to results obtained by using the
ECPSSR ionization cross sections and decay yield data of
Krause.

section ratios aLl/cr,_2 and 0L3/0L2 in Figs. 5 and 6.

The measured ratios show large deviations from the
ECPSSR theory, and especially at low projectile energy
the discrepancy is quite large. For both Pb and Bi the
measured ratio o L,/9L, is found to be lower as com-

pared to the theoretical value, and the position of the dip
of the experimental curve is shifted to the left of the
theoretical dip. Such a shift was also seen in previous
works [4,5]. The theoretical results for the o L,/0L, ra-

tios (Fig. 6) of both Pb and Bi again show large
discrepancies from the experimental results. Previous
measurements by Li, Clark, and Greenlees [5] showed a
drop in the o L, /o L, ratio at low projectile energy (below

1 MeV/amu) for all high Z elements, but in our present
study we do not see such a drop. At the same time we
also do not see any rising trend as predicted by theory
and as observed in the case of ionization by protons [2].
Our present results of the o L,/%L, ratio are closer to the

results of Chang, Morgan, and Blatt [3], who also did not
see any drop for the elements with closed 6s
configuration. Both Pb and Bi have closed 6s
configuration. The kind of drop seen by Li, Clark, and
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Greenlees [S] for all elements irrespective of the outer
electronic configuration of the target atom has not been
confirmed by our present results.

The measured x-ray production cross section ratios of
Pb and Bi are compared with the theoretical results in
Figs. 7 and 8. In Fig. 8 we have also plotted the bismuth
results of Braziewicz et al. [6]. the results of Refs.
[14,15] and the recent results of Semaniak et al. [16]
could not be plotted because of the lack of tabulated data.
Although the theoretical results calculated using the de-
cay yield data of Xu and Xu [11] agree better with the ex-
perimental results, one should not take this agreement
very seriously because it may so happen that the x-ray
production cross sections (Figs. 9 and 10) are not in good
agreement but the ratio of individual production cross
sections is good. Evidence in favor of this argument can
be seen in comparison to total x-ray production cross sec-
tions shown in Figs. 9 and 10. The results of Braziewicz
et al. [6] for the relative x-ray production cross sections
of Bi are somewhat higher as compared to our present re-
sults and agreed better with the results of Xu and Xu re-
sults [11], but their total production cross sections are
not in as good agreement with theory as ours [see Fig.
10].
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FIG. 10. Total x-ray production cross section of Bi for a-
particle bombardment in the energy range 0.57-2.2 MeV/amu.
(@) corresponds to present experimental data; (— — —) corre-
sponds to results obtained from the ECPSSR ionization cross
sections and decay yield data of Krause; (- - - .) corresponds to
results obtained from ECPSSR ionization cross sections and de-
cay yield data of Xu and Xu.
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FIG. 9. Total x-ray production cross sections of Pb for a-
particle bombardment in the energy range 0.57-2.2 MeV/amu.
(@) corresponds to present experimental data; (— — —) corre-
sponds to results obtained from the ECPSSR ionization cross
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results obtained from the ECPSSR ionization cross sections and
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FIG. 11. Centroid energies of various L x-ray lines of Pb.
(@) corresponds to present experimental points; (- - - -) corre-
sponds to results obtained from the ECPSSR theory and decay
yield data of Xu and Xu; (— — —) corresponds to results ob-
tained from the ECPSSR theory and decay yield data of Krause.
For La and Lp centroid energies, the theoretical results ob-
tained for Xu and Xu and Krause are same.
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The experimental centroid energies of the composite L
x-ray peaks are estimated as given in the reference of
Bissinger et al. [20] and compared with the theoretical
calculations in Figs. 11 and 12. Since the La transition
involves only the L; subshell, no shift of the centroid en-
ergy is expected for this line with projectile energy unless
there is any multivacancy formation and none is ob-
served. Relative variation in the L-subshell hole produc-
tion is expected to produce a beam-energy-dependent
shift in the centroid positions of the LB and Ly lines
which are composite lines with contributions from at
least two subshells. Variation of the LS centroid energy
with a-particle energy is well explained by the ECPSSR
theory [12,13] for both Pb and Bi. However, in the case
of Ly centroid energy, we find some discrepancy between
theory and experiment. Moreover, the discrepancy in the
case of Pb is at the low projectile energy and for Bi it is at
the high energy side. The reason for this difference is not
quite clear to us. It may be because of the fact that the
hole-subshell cross-section-ratio variation with bombard-
ing energy predicted by the theory is not correct for
different parts of the projectile energy range in Pb and Bi.

In summary, we would like to say that the present
study on L-subshell ionization in Pb and Bi by a particles
has revealed some new features of the ionization process.
The ECPSSR theory is found to be inadequate in explain-
ing the measured L,- and L,-subshell ionization cross
sections. Calculations taking into account the collision-
induced intrashell transition effects are needed in order to
remove the present discrepancy between theory and ex-
periment.

We also feel that the problem of the dependence of a-
particle-induced L-shell ionization on an outer electron
configuration of the target atom is not yet fully settled.
Although the work of Li, Clark, and Greenlees [5] has
ruled out this dependence, our present study keeps the
problem alive again and it is necessary to carry out a sys-
tematic study on many targets with filled and unfilled 6s
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FIG. 12. Centroid energies of various L x-ray lines of Bi. (®)
corresponds to present experimental points; (- - . -) corre-
sponds to results obtained from the ECPSSR theory and decay
yield data of Xu and Xu; (— — —) corresponds to the results
obtained from the ECPSSR theory and decay yield data of
Krause. For La and Lp centroid energies, the theoretical re-
sults obtained for Xu and Xu and Krause are same.

states in order to get a clearer picture of the problem. In
order to check this point our next plan will be to carry
out fresh measurements in some more elements with the
atomic number in the region 70 <Z <94.
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