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Line-resolved M-shell x-ray production cross sections of Pb and Bi induced by highly charged

C and F ions
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Measurement on the M-shell x-ray production cross sections are reported for Pb and Bi induced by the
highly charged F (only on Pb) and C ions (on both). The energy of the incident ions was varied between 20 and
102 MeV. We have derived the absolute cross sections for M« and My lines as well as the total M x-ray
cross sections. The measured cross sections are compared with available theoretical calculations, namely, the
ECPSSR based on the perturbed-stationary state approximation including the effects due to the increased
binding energy, Coulomb deflection (C), energy-loss (E), and relativistic (R) wave function. The energy shifts
and the intensity ratios of Ma and My lines are shown to depend on the projectile atomic number. The My
x-ray cross sections are unusually higher compared to the ECPSSR prediction that is primarily attributed to a
dramatic enhancement in the M3-subshell fluorescence yield owing to multiple vacancies in N subshells. This
enhancement has been quantified and it is shown that the enhancement depends on the projectile atomic
number. In addition we have derived the x-ray cross section arising due to M-K-shell electron transfer from a

study of a charge state dependence of M-shell x-ray yields.
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I. INTRODUCTION

The measurement of innershell ionization by charged par-
ticles has gained impetus because of the direct use of x-rays
in many applied fields such as trace-element analysis, ion
implantation, and fusion diagnostic studies. Inelastic colli-
sions of charged projectiles with atoms create innershell va-
cancies. Among the various innershells, the K- and L-shell
ionization process has been studied to a great extent. How-
ever, M-shell measurements are very few and most of these
studies are confined to total M-shell cross section measure-
ments. Only a few experiments [1-4] have been carried out
which use heavy ions as projectiles and thin foil targets.
Most of the earlier studies [5—7] and references in [4] were
based on the low Z ion as projectiles such as p and He**.
However, for heavy-ion experiments one has to necessarily
use thin (~1-4 ug/cm?) targets to avoid multiple collision
and electron capture contributions [8]. We have also mea-
sured the contribution in the M-shell x-ray yields due to
M-shell (target) to K-shell (projectile) electron transfer by
studying the charge state dependence of the x-ray yields.
Using H-like and bare ions of F we found that the x-ray
intensity enhances substantially over that for low charge state
(filled K-shell for which no M-K transfer is possible in thin
targets) ions (see below). The x-ray yields obtained by using
these low charge state ions are essentially due to the Cou-
lomb ionization of the M-shells.

The M-shell vacancy decays via one of the three basic
processes: X-ray emission, Auger-electron emission, or
Coster-Kronig transition. The rates for these processes
strongly influence the final comparison of the experimental
M-shell x-ray production cross sections with the theoretical
results. Additional complications arise due to the multiple
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ionization in the outer shells which causes a substantial and
differential change in the x-ray fluorescence yields (w;, for
ith subshell) [9,10,4]. It may be noted that such enhance-
ments, due to the interplay of the Coster-Kronig transition
strength and the radiative transition probabilities, are difficult
to predict by the model calculations. Therefore there is a
need to measure the enhancements in the fluorescence yields,
especially, in the presence of multiple outer shell vacancies.
Indeed in our previous study [4] we showed a dramatic en-
hancement in the w;-value for M-shell ionization of Au by F
ions, whereas for the other subshells such dramatic enhance-
ments in the w-values were not observed. Following this
study, in an independent measurement Banas et al. [11] also
showed a similar enhancement in ws-value of Au target. To
understand this phenomenon in more details, one needs to
study the systematic behavior, i.e., it is necessary to have
similar studies for other projectile-target combinations as is
done here for C and F ions on Pb and Bi.

We present the measurement of the total M-shell x-ray,
Maf3, and My cross sections for Pb in collisions with highly
charged F ions as projectiles with energy ranging from
20 to 102 MeV. The existing data on total M-shell x-ray
cross sections by Mehta ez al. [1] for F on Pb cover a small
energy range (less than 35 MeV). On the other hand, the
present investigation spans a wide range of energy
(20-102 MeV) and we have measured absolute cross sec-
tions for Maf as well as the My lines in addition to total
cross sections. To the best of our knowledge, there are only a
few experiments that exist for C as projectiles. All these
[2,3,12,13] measurements are confined to a low energy re-
gime and to the measurement of total x-ray cross sections.
Mitra et al. [13] have shown that for Au and Pb as targets,
the ECPSSR [where the ECPSSR approach takes into ac-
count the energy-loss effect (E), as well as the Coulomb
deflection (C), perturbed-stationary state (PSS), and relativ-
istic (R) effects] [14] predictions for total x-ray cross sec-
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FIG. 1. (Color online) M x-ray spectrum (background sub-

tracted) of Pb in collision with 40 MeV C**. The different compo-
nents are indicated in the figure.

tions fall below the experimental cross sections by a factor as
large as 4 in the studied energy range. They have attributed
this discrepancy to the enhancement of the fluorescence yield
as they have used an average value of the fluorescence yield.
Therefore, it becomes essential to have a systematic study in
a higher energy range to have a quantitative measurement on
differential enhancements of the fluorescence yield for C
ions as projectiles. Here we report the measurements of the
total M-shell x-ray, M a3, and My cross sections for Pb and
Bi as the targets and C ions as projectiles in the energy range
of 24-72 MeV.

The collision symmetry parameter S (=Z,/Z,) is varied
between 0.109 (for F) and 0.072 (for C) signifying an
asymmetric system. However, this symmetry parameter
is normally defined for (target) the K-shell ionization. In
the case of the M-shell (i.e, for n=3, n being the principal
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FIG. 2. (Color online) M x-ray transition lines [8,15].
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TABLE 1. M x-ray production cross sections (Mg, M,, and
M) due to M-subshell ionization of Pb induced by F ions.

Energy Oap oy Trotal
Target (MeV) (kb) (kb) (kb)
Pb 20 37.3 3.7 55.2
30 57.7 10.5 99.9
40 84.0 12.4 138.0
57 113.0 15.6 186.3
76 130.0 21.3 223.1
85 123.0 24.3 —
95 164.0 19.9 257.6
102 65.0 11.7 117.3

quantum number) ionization the proper parameter should be
Zpl(Z,/n), i.e., 3Zp/Z, which is, however, between 0.31 and
0.21, signifying asymmetric collision. The average values of
velocity ratios v,/v, are between 0.43 and 0.97 for F ions
and from 0.58 to 1.03 for C ions, v, and v, being the pro-
jectile and the M-shell electron average orbital velocity, re-
spectively.

II. EXPERIMENTAL DETAILS AND ANALYSIS

The details of the experimental and data analysis tech-
nique are given in [4] and only the relevant discussions are
included here. The experiment was performed with the
14 MV BARC-TIFR Pelletron accelerator at TIFR, Mumbai.
Heavy ions of F** (20 MeV), F>*7+8+ (30 MeV), Fo*+7+8+9+
(40 MeV), FO+8+9 (57 MeV), F’+8+%* (76 MeV), F’*
(85 MeV), F'+8+9+ (95 MeV) F¥+%* (102 MeV), C* (24,
36, 40, 48), C>* (60 MeV), C* (72 MeV) were used for the
measurement. The mass and energy analyzed ion beams were
made to fall on thin targets of Pb (1.41 ug/cm? for F ions
and 3.8 ug/cm? for C ions) and Bi (1.3 ug/cm?). These thin
targets were evaporated on carbon backing-foils of thickness
~10 pg/cm?.

The x-rays emitted from the target were detected by a
Si(Li) detector with a 25 um thick Be window and having
160 eV resolution at 5.9 keV. The detector was mounted in-
side the vacuum chamber at angles 55° to the beam direction.
The thickness of the targets was obtained in situ, by detect-
ing the elastically scattered particles in a surface barrier par-
ticle detector mounted at 135° and 45°.

TABLE II. M x-ray production cross sections (Mg, M,, and
M pa1) due to the M-subshell ionization of Pb induced by C ions.

Energy Tap gy O 1otal

Target (MeV) (kb) (kb) (kb)
Pb 24 16.6 2.3 20.8
48 56.6 5.8 68.0

60 83.9 9.1 101.2

72 79 700 7830 7830
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TABLE III. M x-ray production cross sections (Mg, M,, and
M ) due to the M-subshell ionization of Bi induced by C ions.

Energy TapB gy O otal

Target (MeV) (kb) (kb) (kb)
Bi 24 29 4.6 38.7
48 52.3 4.9 61.4

60 52.2 5.1 62.1

72 62.7 7.4 63.9

A typical M-shell x-ray spectrum of Pb for 40 MeV C*
ion bombardment is shown in Fig. 1. Four different groups of
lines are resolvable such as M{, MaB, My, and M;0,;
+M/N,. The M ap line arises due to a vacancy in the M4/ M5
subshells and My is due to the filling of the M5 vacancy
(M3N5 transition). The M-shell transitions are shown in
Fig. 2 [8,15]. The peak areas in the x-ray spectra were esti-
mated using a multi-Gaussian least squares fitting program.
From the measured x-ray yields the x-ray production cross
sections were estimated using usual procedure [4], i.e, by
dividing the target thickness, solid angles, and the intrinsic
efficiency of the detector. The absolute errors in the mea-
sured cross sections were about 15-20 % arising mainly
from the uncertainties in detector efficiency (~10%), solid
angles (~8%), and target thickness (~8%). The back-
ground subtraction and fitting procedure introduce an addi-
tional error of about 5% or less. Errors due to counting sta-
tistics were negligible.

The equations relating x-ray production cross sections for
different M-shell x-ray lines (o7,, where m is any given x-ray
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FIG. 3. Projectile charge state dependence of M x-ray cross
sections for 57 MeV F on Pb: (a) My line; (b) total x rays.
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FIG. 4. X-ray production cross sections: (a) total, (b) My line,
and (c) Map lines for C on Pb. The solid lines correspond to the
ECPSSR predictions. The insets show the ratio of the data to the
calculations.

line) to the ionization cross sections for different subshells o’
(i=1,2,3,4,5) of the M shell can be found in Ref. [4]. As an
example, here we write one such equation for M7y cross sec-
tion:

o= [1(S13+S12523) + 0553 + 0{3]0’3FM7/FM3, (1)

where S;; are super-Coster-Kronig factors calculated by
McGuire [16] and T, are radiation widths for iy, subshell
calculated by Bhalla [17].

These above equations have been used to calculate theo-
retical x-ray cross sections for different lines. The required
subshell resolved ionization cross sections were taken from
ECPSSR calculations to derive x-ray cross sections which
are then plotted against the experimental x-ray cross sec-
tions. The measured x-ray cross sections are tabulated in
Tables I-III.

III. RESULTS AND DISCUSSIONS

First we show the results (Fig. 3) obtained in the measure-
ments of the M-shell x-ray cross sections as a function of
projectile charge state (¢) dependence. Enhancement in the
cross sections has been observed for H-like F (g=8) or bare
F ions (¢=9) compared to cross sections obtained for ions
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FIG. 5. Same as above in Fig. 3 except for Bi as the target.

with their K-shell completely filled (i.e., ¢=<7). This is due
to the transfer of the M-shell target electron to the K shell of
the ion and known as the M-K electron transfer. A typical
example is shown in Fig. 3 for 57 MeV F ions on Pb. For the
F ions the contribution in the M+ yields due to the M-K
transfer is found to be about 25% of M ionization (see Fig.
3). The transfer cross section depends on the projectile
atomic number, and the binding energy of initial (M) and
final (K of projectile) states. Therefore it can be estimated
that M-K transfer would be much less for C ions. The rest of
the paper deals with the x-ray cross sections due to only
ionization (i.e., completely filled K-shell ions).

The M a3, M7, and total M-shell x-ray production cross
sections are plotted in Figs. 4-6 as a function of the beam
energy for C on Pb (Fig. 4) and Bi (Fig. 5) and F on Pb (Fig.
6). The ECPSSR calculations [14] are shown by solid con-
tinuous lines. The insets in the figures show the ratio (R) of
the experimental data to the ECPSSR predictions. For C
ions, the ECPSSR closely agrees with the total x-ray cross
sections for Pb [see Fig. 4(a)] and is in a very good agree-
ment with the total x-ray cross sections for Bi [see Fig. 5(a)].
The ratio R is approximately 1.0 throughout the energy
range. This is in sharp contrast to the results obtained by
Mitra et al. [13] for C on Pb for total x-ray cross sections in
a slightly lower energy range. They found that the measured
cross sections are higher than the ECPSSR predicted cross
sections by a factor of 4.0. The use of thick target could be a
possible reason for such apparent deviation in Ref. [13].
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FIG. 6. X-ray production cross sections of (a) total, (b) My, and
(c) Map induced by F as projectile. The solid lines correspond to
the ECPSSR predictions. The open circles in (a) are from Ref. [1].
The insets show the ratio of the data to the calculations.

However, our data show overall reasonable agreement with
the ECPSSR predictions. The total cross sections for F on Pb
are shown in Fig. 6(a) together with the only existing total
cross section data for low energy F ions [1] [see open circles
in Figs. 6(a)] are also plotted. It can be seen that the present
experimental cross sections are in fairly good agreement
with the earlier data sets. However, the calculated total cross
sections fall below the experimental data by about a factor of
2 except at the highest energy. The deviation of the experi-
mental cross sections from the calculated cross sections is
more for F ions. This can be seen from the dotted line drawn
through the ratio data plotted in the inset. For Maf, this
deviation is by an approximate factor of 3 for F on Pb [see
Fig. 6(c)], 2.5 for C on Pb [see Fig. 4(c)], and 2 for C on Bi
[see Fig. 5(c)]. However, multiple ionization in outer shells
causes the enhancement in the fluorescence yields for inner
shells, and can be, in principle, estimated based on Larkins’
statistical principle [18] which have been applied in numer-
ous studies for K- and L-shell ionizations. The information
on the vacancy configuration in the outer shells, i.e., N- and
O-shells simultaneous with the M-shell vacancy is necessary
to estimate the enhancement in the subshell fluorescence
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FIG. 7. The M-shell x-ray spectra, showing the M af3 line of Pb
for different projectiles: (a) 16 MeV proton, (b) 28 MeV Li**, and
(c) 20 MeV F** are shown. The vertical line marks the peak energy
of the M ap line.

yields. Although the energy shifts and the intensity ratios are
measured (see below), the exact determination of the va-
cancy configuration in outer shells is complicated since too
many subshells are involved. However, one expects some
enhancements in the w, values which could be typically
about 10-30 % based on the previous studies of K- [19,20]
and L-shell [21] measurements. This explains only a part of
the deviation from theory which is about a factor of 2 or 3
higher than the experimental data for M a3 [Figs. 4(c), 5(c),
and 6(c)]. Most of the deviation with the Maf data, there-
fore, indicate the limitation of the ECPSSR model to predict
M-subshell ionization cross sections.

My cross section. The most striking feature of these fig-
ures is a very large deviation of M7y cross sections from the
calculated cross sections [see Figs. 4(b), 5(b), and 6(b)]. In
each case the measured data fall well above the model pre-
diction. These deviation factors are approximately 8, 5, and 4
for F on Pb [see Fig. 6(b)], C on Pb [see Fig. 4(b)], and C on
Bi [see Fig. 5(b)] respectively. This will be discussed later in
detail.

In Figs. 7(a)-7(c) we display the M-shell x-ray spectra for
Pb obtained by different projectiles such as p, Li, and F ions.
The shift of the MaB and My lines are clearly visible com-

PHYSICAL REVIEW A 73, 032712 (2006)

70 T T T T T T * T

q Pb ]
60 -

50+ .

AE

104 .

P

FIG. 8. The energy shifts of the Mag line as a function of
Zp.

pared to that for protons, as indicated by vertical lines which
correspond to the M af3 peak for proton impact. These shifts
for M a3 lines are explicitly plotted in Fig. 8 as a function of
projectile Z,. These are found to increase very rapidly with
Z,. In the case of F, this shift is about 50+10 eV for MafS
lines (AE,p) and about the same for the My line. The shifts
for Li and C ions are found to be about 10 and 30 eV, re-
spectively, for M af lines. These energy shifts are due to the
existence of the multiple vacancies in the outer shells at the
time of x-ray emission.

To understand the abnormal behavior shown by My cross
sections, in Fig. 9, we show the intensity ratios I(y)/I(af)
for F on Pb, C on Pb, and C on Bi. For F ions this ratio varies
from 0.21 to 0.35 [see Fig. 9(a)]. For comparison the
ECPSSR calculations are also plotted as solid lines. It can be
observed that the data are always higher than the calcula-
tions. In fact the discrepancy between the data and calcula-
tions is much more for F ions than that for C ions for the
similar incident energies. The ratio of experimental data to
the calculation is about 7 for F ions, while it is only about 2
for C ions. Therefore it strongly depends on Zp. However,
the deviation is caused partly due to multiple vacancies in
outer shells and partly due to the inability of the theory to
reproduce the M3 and M, 5 vacancy probability.

The energy shifts together with higher I(y)/I(af) inten-
sity ratios indicates the multiple ionization in the outer shells
together with M-shell vacancies in the target. This, in turn,
results in the enhancement of the fluorescence yields. In par-
ticular, it is evident from the present data that the cross sec-
tion for My (i.e., M3—Ns), which arises from the M5 va-
cancy, is largely influenced by the multiple vacancy in outer
shells and therefore the fluorescence yield for the M5 sub-
shell is enhanced dramatically. What happens is that due to
the multiple ionization in the outer shells like N and M, some
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FIG. 9. (Color online) The intensity ratios [I(y)/I(aB)] of My
to Map lines for (a) F on Pb; (b) C on Pb; (c) C on Bi shown as a
function of different incident energies of ions. The ECPSSR predic-
tion is shown as a line.

of the Coster-Kronig (CK) transitions are less probable and
therefore the radiative process dominates giving rise to
higher x-ray cross sections compared to the model predicted
cross sections. In Table IV, we show some of the values of
CK transition probabilities [ 16] and the subshell fluorescence
yields for Pb and Bi. It is worth noting here that the CK
transition probability Sss (this arises due to a vacancy in M
subshell), is much higher (almost a factor of 150 large for
Pb and almost a factor of 140 large for Bi) compared to
3. Therefore any multiple ionization in the N subshells
(especially in Ny and N;) will reduce the S35 CK channel
drastically as a result of the blocking of the particular
M3—MsNg 7 channel, giving rise to a larger w5 value. How-
ever, in the case of the vacancy in the M,, the relevant pa-
rameter, i.e., w, and the corresponding CK rate S,s5, have
comparable values and therefore there is no drastic enhance-
ment in the w,. So no such dramatic deviations are observed
for the M a3 cross sections.

TABLE IV. Atomic parameters related to M3 and M, vacancy
filling used in the calculation, i.e., the CK rates and fluorescence
yields (Ref. [16]).

Element w3 SM3,4 SM},S Wy SM4,5 (O
Pb 0.005048 0.099 0.758 0.0314 0.0378 0.0308
Bi 0.00533  0.094 0.750 0.033 0.035 0.0325
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Therefore, for the My line, the average (over energy) en-
hancement factors (w.r.t. the ECPSSR predictions) (R,, see
Fig. 10) for C on Pb and Bi are 5.2 and 4.2, respectively. But
it is shown above that the ECPSSR itself underestimates the
M a3 cross section by a factor (R, see Fig. 10) of 2.5 (C on
Pb) or 2.0 (C on Bi) and one can assume that this could be
taken as a practical measure of the deviation of the theory
even for the My cross sections. Therefore, the rest of the
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FIG. 11. The derived average enhancement in the fluorescence
yield for the M5 subshell, ie., w3/ wg: obtained by dividing the
ratios in Fig. 9, i.e., R, by R, The average values for Au are taken
from our previous work [4].
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deviation R, /R 5 can be taken as a measure of (w3/w(3)), ie.,
the average enhancement in the fluorescence yield with re-
spect to the single hole value (wg). For example, it was found
to be 4.2/2.0 2.1 for C on Bi. The exactly same enhancement
was seen also for C+Pb. Similarly, for F on Pb the ECPSSR
prediction is about a factor of 8.0 (Ry) lower compared to the
My cross sections and a factor of 3.5 (R,8) lower compared
to Map data. Therefore the estimated enhancement, w;/ wg,
is about 2.6. From our earlier measurements [22] of the M a3
and My x-ray cross sections for F on Bi we estimated that
the average enhancement factors are: 11 for R,, 3.0 for R,
giving in w3/ wg is about 3.6 (see Fig. 11). Therefore it can be
seen that the dramatic enhancement in the fluorescence yield
of the My line depends on the projectile atomic number Zp.
The ws/ wg values for all three targets, i.e., Bi, Pb, and Au
(taken from [4]) studied are plotted as a function of Zp, in
Figs. 11(a)-11(c). Tt is found that w;/ wg increases with Zp
and all three targets, with quite similar slopes.
Independently, Banas et al. [11] have also found the net
enhancement in the fluorescence yield of M5 due to the clos-
ing of the CK transition of M3—MsN¢ ;. They argue that the
change of electron binding energies in the multiple ionized
atoms, that causes the observed x-ray shifts, can have a
strong effect on the CK transitions, in particular, for those
transitions for which the CK electrons have rather low ener-
gies, being of the order of energy shifts of the electron bind-
ing energies. An important effect, which can occur in multi-
ply ionized atoms, is simply a closing of the CK transition
when the energy of CK electrons becomes negative. Such
CK transitions are thus energetically forbidden and do not
contribute to the total CK yields. Consequently, the total de-
cay widths are modified, which influences in turn both x-ray
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fluorescence and CK yields. Our measurement is in qualita-
tive agreement with this study [11].

IV. CONCLUSIONS

M-shell x-ray production cross sections (due to ioniza-
tion) for Pb and Bi induced by the highly charged F ions
(only Pb) and C ions have been measured. F and C ions have
the energy range 20—102 MeV and from 24-72 MeV, re-
spectively. The cross section for M a8 and M7y lines together
with total M-shell x-ray cross sections are reported. The
measured energy shifts of the x-ray lines and the enhanced
intensity ratios, I(y)/I(aB), compared to the single hole
value indicate substantial multiple vacancies in the outer
subshells such as N subshells. X-ray production cross sec-
tions for the M+ line were observed to be substantially
higher than the cross sections predicted by the ECPSSR. By
comparing this dramatic enhacement in the cross sections
with the corresponding deviations for the M a8 data we have
derived the enhancement factor in the M5-subshell fluores-
cence yield owing to multiple vacancies in N subshells. The
dramatic enhancement in the ws-value has been quantified. It
has been found that for all the targets studied this enhance-
ment strongly depends on the projectile atomic number. A
complete summary has been presented for all three target
elements: Au, Pb, and Bi, using some of our previously pub-
lished data.
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