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Abstract

Experimental heavy ion induced X-ray production cross sections in matter continue to be of
importance for both fundamental ion-atom collision studies as well as practical applications such
as in nuclear analytical techniques. This work presents results of L-shell X-ray production cross
section measurements in %Y, '"8Gd and **Bi due to 4 MeV-12 MeV '2C9" projectile ions.
Experimental data are compared with theoretical calculations based on the ECPSSR, ECPSSR+EC
and ECPSSR-UA models. Data show fairly good, albeit energy dependent agreement with the
different models for yttrium and gadolinium cross sections. For bismuth, all three models
overestimate data by an almost constant factor of two. The effect of multiple ionization on the L-

line intensity ratios is also presented for gadolinium and bismuth targets.
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1. Introduction

Adequate knowledge of inner shell ionization is of primary importance basic ion-atom interaction
studies and in applied nuclear techniques like Particle Induced X-ray Emission (PIXE). PIXE is a
powerful, non-destructive qualitative and quantitative ion beam analysis (IBA) technique for the
analysis of thin target and thick samples (Cohen, 1990; Scafes et al., 2014) . It is a widely used
analytical technique in many IBA laboratories because of its sensitivity especially when analysing
thin film targets. Although, the sensitivity becomes low when thick targets are analysed, it is still
a fairly a good qualitative analysis method (Scafes et al., 2014). The PIXE technique makes it
possible to detect many elements in a sample target at the same time in a matter of minutes. The
application of PIXE in various fields such as biology, geology, environmental sciences, arts,
archaeology, environmental science, bio-medical, etc, has the technique firmly established as one
of the main Ion Beam Analytical (IBA) techniques (Govil, 2001). Recent research has been drawn
towards the implementation of simultaneous IBA techniques for the analysis of materials. One
such example involves the combination of PIXE with Secondary Ion Mass Spectroscopy (SIMS)
using heavy (Z>3) projectile ions at low MeV energies (Msimanga et al., 2019; Tadi¢ et al., 2014).

The application of PIXE using heavy ions, or HI-PIXE, for quantitative analysis requires an
accurate database of heavy ion induced X-ray production cross sections (Reis and Jesus, 1996).
Available literature shows that most PIXE measurements are performed using light ion beams such
as protons and helium over a wide energy range (Ryan, 2011; Scafes et al., 2014). This is partly
because of the availability of comprehensive databases of fundamental parameters such as X-ray
production and stopping cross-sections for light ion beams. The growing research interest in HI-
PIXE (Bransden et al., 1993) is because it promises to be more sensitive as heavy ions lead to
larger X-ray yields than light ions when they are used as projectiles (Lapicki, 2002). Therefore, a
good understanding of the ionization cross sections by heavy ions is imperative to ensure accurate
data interpretation in quantitative analysis. The insufficiency of experimental data of heavy ion
X-ray production cross sections is one of the major limiting factors in the wide scale
implementation of HI-PIXE. Other important factors include effects of multiple ionization (MI)
and the subsequent complexities of processing heavy ion spectra. In particular, there is pronounced
scarcity of experimental data for heavy-ion L shell ionization cross sections when compared to

proton and helium induced ionization cross section data (Msimanga et al., 2016; Orli¢ et al., 1998;
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Prieto et al., 2017; Schmelmer et al., 2001). Over the years, different theoretical models have been
developed to describe inner shell ionization processes by ions and these models have been
compared to experimental ionization and X-ray production cross sections. When heavy ions (Z>2)
are involved, the ionization process becomes rather complicated. Many theories founded on either
the first Plane-Wave Born Approximation (PWBA) or the Semi-Classical Approximation (SCA)
have been used to describe atomic collisions involving heavy ions. Of these, the most widely
accepted theory that is used in IBA is ECPSSR, which is a modification of the PWBA (Brandt and
Lapicki, 1981). ECPSSR theory corrects for the effects of Energy loss (E) and Coulomb deflection
(C) of the incident ion, Perturbation of the Stationary States (PSS) of the atomic inner shell
electrons of the target atom and the Relativistic (R) nature of the inner shell of target atom.
ECPSSR predictions generally show good agreement between experiment and theory for Li- and
L>-subshells but underestimate experiment for the L3-subshell (Lapicki, G. McDaniel, 1980). The
accuracy of the model depends on the atomic numbers of the projectile and target as well as the
energy of the projectile ion. Further work on the ECPSSR theory by Sarkadi and Mukoyama that
takes into account the overlaps of projectile and target atom electron orbitals resulted in the
ECPSSR-United Atom (UA) model (ECPSSR-UA), which corrects for the binding energy of the
target atom electrons due to the presence of the projectile (Brandt and Lapicki, 1979; Sarkadi and
Mukoyama, 1991). X-ray production for medium to relatively high energy is described fairly well
by the ECPSSR-UA model but there is still need for further modifications and improvement at low

energies (< 1 MeV/u), particularly for intermediate to very heavy ions.

This work reports on results of measurement of new L-shell X-ray production cross sections in
$Y, 15¥Gd and *"Bi due to '2C%" ions in the 4 MeV to 12 MeV energy range. Experimental data
are compared to ECPSSR and ECPSSR+UA theoretical predictions calculated by the ISICSoo
programme (Paul and Muhr, 1986) . lonization collisions can either be symmetric or asymmetric.

When the ratio of the projectile’s atomic number Z), to the target atomic number Z, is far less than

1, 1.e.Z—p & 1, the collision is asymmetric and, in such cases, direct ionization is dominant. When
t

C . Sy z
the collision is symmetric (or close to symmetric), i.e. when,Z—p < 1, the electron capture (EC)
t

process becomes important as well (Kumar et al., 2017). The contribution of electron capture to
total ionization by the projectile was also considered through ECPSSR + EC calculations using the
ECRSO08 code by Horvat (Horvat, 2009).
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As aresult of complex ion-target interactions associated with heavy ion collisions, the use of heavy
ions over protons or helium ions in X-ray cross section measurements comes with additional
unwanted effects (Miranda et al., 2007) that need to be corrected for to ensure proper comparison
with theory. Among others, one effect that was considered in this present work is, multiple
ionization (MI), which leads to shifts in characteristic X-ray energies. Multiple ionization, which
is defined as production of more than one vacancy in a single collision is an important process to
consider especially in heavy ion collisions. It leads to an increase in the binding energies of the
target electrons and a subsequent shift in the characteristic energies. The shifts in characteristic X-
ray energies in turn lead to changes in the (energy dependent) detection efficiency, so a detector
efficiency correction needs to be carried out. Due to the finite thickness of the films used in this
study, change in the incident beam energy due to energy loss through the film was taken into

account through an energy loss correction procedure.

2. EXPERIMENTAL

Thin film samples of yttrium, gadolinium and bismuth were produced by electron beam deposition
onto a mylar (polyethylene terephtalate) substrate. Rutherford Backscattering (RBS) analysis was
used to measure the thickness of the films at the University of Pretoria (UP) Van de Graaf
accelerator using 1.6 MeV helium ions. Heavy ion induced X-ray yield measurements were carried
out on the microprobe beam line of the 6 MV tandem accelerator at iThemba LABS. The beam
current in the microprobe chamber was kept at 0.5 nA for a total charge collection of 1.0 uC. The
beam spot was deliberately de-focussed to about 2.0 mm? to minimize sample heating. Pressure in
the target chamber during measurement was about 5 x10® mbar. The X-ray spectra and the
backscattered ion spectra were measured simultaneously. The X-rays were registered by a Si (Li)
detector with resolution of 137 eV FWHM at 5.9 keV at an angle of 135° from the incident beam
direction. To determine the backscattered ion yield, a Canberra PIPS detector mounted at 150°
from the incident beam direction was used. The X-ray intensities and the number of backscattered
incident ions were extracted from multi-peak fit analysis using Origin® software. Fig.1 shows an

example of an L- shell X-ray spectrum from a bismuth film irradiated by 12 MeV C** ions.
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2.1 Determination of X-ray production cross sections
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Fig. 1. Energy spectrum of Bi L-shell X-rays induced by 12 MeV carbon ions.

In this work, in order to evaluate heavy ion X-ray production cross sections, the X-ray yields from
a target film as a result of the impingement of the heavy ion were compared to the X-ray yields

from the same target due to 2 MeV protons under the same experimental conditions.

The formula used to calculate the heavy ion X-ray production cross section oy in the thin films in

this work is given by (Msimanga et al., 2019; Yu and Chen, 2004):

—gNx o8
oy = K% - 2 (1),

where K represents a constant obtained from a measurement of the X-ray yield due to 2 MeV

protons;

N
K = A0 _ Nep oxp .

p
BNa  Nx, OB,

In equations 1 and 2, Ny and Ny are the total counts under a given X-ray peak and backscattered
ion peak respectively, € is the energy dependent absolute detection efficiency of the X-ray detector,

and op is the backscattering cross sections for the incident heavy ion species. The molar mass of
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the target is represented by A, AQ represents the solid angle subtended by the backscatter RBS
detector, f is a factor that corrects for the absorption of X-rays emitted within the target film, and
N, is the Avogadro number. The nested subscript p refers to corresponding proton variables in

both equations.

By introducing a new term, f (E) in equation (1), the heavy ion X-ray production cross section can

be rewritten as:

Ny NBp op

0X=_'_'_'0Xp'%p'f(5) 3),

Np  Nx, o©B,

where all terms remain the same as defined by equation 1 and 2, and f (E) is a factor that corrects
for the energy loss of the incident ion through the target (see Eq. 6). In the case of 2 MeV protons,

fp(E) is considered to be one as the energy loss of protons through the thin films is negligible.
2.1.1 Detector efficiency correction

For various methods of measurements and applications of elemental analysis that involve X-ray
emission, it is recommended that the efficiency of the detector be precisely known over a range
of energies to adequately cover all the characteristic X-ray energies involved in quantitative
analysis. It has been established that the efficiency of a Si (Li) detector is strongly energy
dependent, especially at low photon energies (< 5 keV). It is therefore important to have an
accurate determination of the detector efficiency in order to make necessary corrections when
comparing heavy ion induced X-ray production cross section measurement data and theoretical

predictions. In order to determine the efficiency of the detector used in this work, measured K, K,
L,,L,and Ly X-ray intensities and ECPSSR calculated K- and L-shell X-ray production cross

sections in Y, 1%8Gd and 2*Bi induced by 2 MeV protons were used. From equation 2, the formula

used for the detector efficiency becomes:

)

Np, “Na~ ox,

_ Nxp (AAQ OBy

£ (4),

p

Fig. 2. Shows how the detector efficiency changes with photon energy. The solid line is a simple
polynomial fit to the measurement data. As a result of the 10% estimated average uncertainty of
ECPSSR calculated proton induced cross sections (Cohen et al., 2015), we assume that each data

point has an uncertainty bar of £10%. The uncertainty in the Ny and Ny integrals was below 2%
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in all cases. The efficiency correction was then effected by multiplying the efficiency ratios

3 . . . . .
( p/ g) with the measured L-X-ray intensities as show in equation 3.
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Fig. 2. Efficiency curve of the Si (Li) detector.
2.1.2 Energy loss correction

Considering the target thickness, as a projectile ion passes through, it loses energy and in the
process X-rays emitted along its path are due to slightly lower ion energy than the incident energy.
In order to ensure that the measured X-ray production cross sections correspond to the incident
beam energy, it is imperative to ascertain that the energy loss by the incident ions is

inconsequential when the incident energy is compared to the exit energy from the target.
Zucchiatti and co-workers (Zucchiatti et al., 2017), came up with a procedure for calculating the
energy loss correction factor F(E) in thin film targets and their formula can be given as:

— = = oE _ 1 (Eioe®
fE F(E) = og, Ax.og; fEf S(E) dE (%),

where Ax is the target thickness, E; is the incident beam energy and E is the exit energy, o is the

measured cross section, o, is the cross section at the fixed incident energy E;. The energy loss
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correction factor is a function of the energy dependent X—ray production cross section and the ion
stopping force in the target, implying that the target sample thickness and the nature of the ion play
an important role in determining this factor. The integral in equation 6 can be calculated using

Simpson’s rule and is given as:

E; Ef_ i Ei+E
[z 9(E)dE = L2 g(E) + g(E;) + 49 (F57)] (6).
where g(E) is a polynomial function.

Energy loss correction factors were calculated and the correction effected for total L-shell X-ray

production cross sections in the thin films using Equation (3).

3. RESULTS AND DISCUSSION
3.1 RBS data analysis

In order to extract film thickness from RBS data, simulation of the experimental RBS energy
spectra was carried out using SIMNRA software (Mayer, 2014). The three target films used in this
study were found to be (447 = 21) x 10'° at/cm?, (617 + 28) x 10" at/cm? and (522 + 24) x 10"
atoms/cm? for yttrium, gadolinium and bismuth, respectively. These thickness values were
converted to mass areal densities using the respective densities of gadolinium and bismuth. The
quoted thickness uncertainty terms (of 4.6%) were estimated from the RBS measurement
uncertainties arising mainly from the accuracy of SRIM stopping force data and the detector energy

resolution.

3.2Multiple lonization

L-shell multiple ionization due to heavy ion has been studied for decades (Berinde et al., 1987,
Braziewiczt et al., 1991) and it has been established that, characteristic L-line X-ray energies shift
to higher values and peaks are broadened due to MI of the target induced by heavy ion impact. The
energy shift of the X-ray lines and the broadening of the peaks are caused by a reduced screening
effect of the outer shell electrons of the target material and convoluted structure of many X-ray

satellites respectively. While it has been affirmed that MI affects fluorescence yields only by a
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small percentage (Berinde et al., 1987, Bogdanovi¢ et al., 1999), it is still important to study its
effect on target materials especially when heavy ions are involved. Figure 3 below shows energy

shifts in ¥Gd X-rays to higher energies due to 12 MeV C** ion bombardment relative to proton

induced photon energies.
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Fig. 3. Multiple ionization effect on gadolinium L-shell X-ray energies due to 1.0 MeV/u carbon

projectiles.

Apart from the energy shift of the L X-rays which is caused by spectator vacancies in the M and
higher shells, relative intensities of the L X-ray lines also give vital information about the degree
of multiple ionization (Bogdanovi¢ et al., 1999). Changes in L-line intensity ratios, Lg12/Lgz 15
in Gd and Lg1/Ly1 in Bi were evaluated to determine the relative degree of ionisation of the M shell
to the N shell (Ramakrishna, 2002). Table 1 shows these L-line intensity ratios in Gd and Bi due
to C ions. The ratios were calculated taking into account the detection efficiency of each line
energy and are quoted to an uncertainty of £15 % in each case, obtained from uncertainties in the
X-ray peak yields and the detector efficiency described earlier. The intensity ratios are compared
to those of the presumably singly ionized target atom due to 2 MeV H' ions. In the case of Gd, the
proton induced ratio is lower than the C-induced one, and the latter ratio is seen to increase with
incident beam energy. The Lai2 and the Lp2,1s X-ray energies are due to electron transitions from
the Ma s to the L3 subshell and from the Na s to the L3 subshell, respectively. The observed increase

in the La1,2/Lg2,15 ratio suggests that there are fewer electrons available for the N4,5—L3 transition,
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which implies a higher degree of ionization in the N shell compared to the M shell. For the Bi case
Lp1/Ly:1 ratios for both proton and carbon projectiles are quite similar, which suggests the same
kind of ion-target interactions as in the proton-target atom collisions. This implies that the carbon
projectiles induce the same degree of multiple ionization in the Bi target atoms as the proton beam

does. For the yttrium target there was no measurable shift in the energy of the dominant La-line.

Table 1. L line intensity ratios in '’*Gd and ?*’Bi due to '°C projectiles. Each data point is given

with a +£15% uncertainty.

EMev) 04 Bi
Lou,2/ Lp2,1s Lp1/ Ly

6 2.2 4.0

8 2.3 3.9

10 2.5 5.3

12 2.6 4.5

2MeVH" 2.0 4.8

3.3 X-ray production cross sections

Results of the total L-X-ray production cross sections measurement in the three target elements
studied here are summarized in Tables 2-4. Also included in the tables are cross sections from the
ECPSSR and ECPSSR+UA model which were calculated using the ISICSoo code (Cipolla, 2007),
and the ECPSSR+EC model which were calculated using the ERCSO08 code (Horvat, 2009). For
%Y the united atom (UA) electron capture corrections to the ECPSSR model are practically
insignificant and so only the ECPSSR calculation is shown. The ISICSoo code uses fluorescence
yields from the Krause database (Krause, 1979) and so for consistency the same database was used
to convert theoretical ionization cross sections from the ERCS08 calculations to X-ray production
cross sections. A quick calculation for 12 MeV C ions to check the effect of the choice of the
fluorescence yields database (Krause 1979) vs (Campbell, 2009) on the theoretical cross sections

revealed a difference of less than 5%.

The uncertainty evaluation in the measured cross sections is based on the physical variables in

Equation 3. The main contributors to uncertainty are the uncertainties in the detection efficiency,
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estimated to be 10%, and in the proton induced X-ray ionisation cross sections for the L-lines.
Cohen and co-workers (Cohen et al., 2015) cite a 5% -15 % uncertainty range for proton induced
cross sections. Since there are no specific uncertainty values for individual elements, in this work
we have taken 10% as our estimate of the average uncertainty in these cross sections. The other
contributions to the overall uncertainty come from the statistical uncertainty in the X-ray and
backscattered particle yields. For Gd these ranged from 0.8% to 2% and 0.1% to 0.7%,
respectively. For Bi the X-ray yield uncertainties varied from 1.2% to 4.2 % and the backscattered
particle count uncertainty ranged from 0.1% to 0.5 %. In the yttrium measurements the statistical

uncertainties were generally below 0.1%. Combining the €, Nx, N and oy, uncertainty estimates

in quadrature yields an upper estimate of about 15% uncertainty in our measured cross sections.

Table 2: Experimental (Gexpt) L-shell X-ray production cross sections in *°Y due to 4 MeV-12
MeV C ions together with calculated values of the ECPSSR model.

E ECPSSR
Gexpt (kb)

(MeV) (kb)

4 0.55 + 0.08 0.65

6 1.8+03 23

8 34405 52

10 6.1+ 0.9 9.1

12 92+ 1.4 13.6

Table 3: Experimental (Gexpt) X-ray production cross sections in '*Gd due to 6 MeV-12 MeV C
ions together with calculated values of ECPSSR, ECPSSR + EC and ECPSSR + UA models.

E (MeV) Gexpt (D) ECPSSR (b) ECPSSR+EC (b) ECPSSR+UA (b)

6 99 £ 15 50 92 65

8 205 + 30 129 238 155
10 328 + 50 260 479 287
12 388 + 60 444 601 467
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Table 4: Experimental (Gexpt) X-ray production cross sections in **’Bi due to 4 MeV-12 MeV C
ions together with calculated values of ECPSSR, ECPSSR + EC and ECPSSR + UA models.

E (MeV) Gexpt (b) ECPSSR (b) ECPSSR+EC (b) ECPSSR+UA (b)

4 0.32+0.05 1.06 1.11 1.09
6 3.7+ 0.6 6.23 6.58 6.44
8 104+1.5 18.1 19.3 18.8
10 183+2.7 383 41.0 39.7
12 303+£45 673 72.6 69.7

Measured L-shell X-ray production cross sections in ¥Y, 1*8Gd and >*Bi induced by C ions are
shown in Fig. 4, in comparison to ECPSSR, ECPSSR+UA and ECPSSR+EC predictions. Also
included in Fig. 4 are data from Mehta et al (Mehta et al., 1995) for Y and '**Gd, and from Lugo-
Licona et al for '8Gd (Lugo-Licon, 2004). In all cases theoretical predictions show the same trend
as the experimental data. For yttrium deviation between our data and Mehta et al’s is about 20%.
The ECPSSR theory overestimates our measurements by up to 50%. For the gadolinium case, the
largest disagreement between our data and Mehta et al’s is about 30 %, at 8 MeV. Data from Lugo-
Lucona and co-workers is roughly mid-way ours and that from Mehta’s group. We note that while
The ECPSSR theory describes the literature data quite well, our data is better described by the
ECPSSR+EC modification, particularly in the lower energy region. Indeed the ECPSSR theory
underestimates Mehta and co-workers data by close to 30% at 6 MeV. However as energy
increases towards 1.0 MeV/u the direct ionisation ECPSSR model appears to describe the ion-
target interaction fairly accurately, without the additional modifications, and both data sets attest
to that. For the bismuth case, the theoretical predictions are all in agreement but they overestimate
our data by an almost constant factor of two. The agreement between the three theoretical
calculations implies that the additional modifications by the UA and EC models beyond direct

ionization are insignificant for this ion-target pair at these beam energies.
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Fig. 4. Experimental and theoretical X-ray production cross sections in ¥Y, ¥ Gd and 2*Bi

induced by carbon ions of 4 MeV-12 MeV.

No carbon-bismuth data could be found in the literature over this same energy range. To get a
more universal comparison of our data with literature data showing other ion-target combinations,
in addition to our C-Gd and and C-Bi data, we show in Fig. 5 X-ray production cross sections in:
gadolinium due to 0.5 MeV/u—0.75 MeV/u '?C ions (Lugo-Licona et al., 2004), 0.5 MeV/u—0.75
MeV/u N ions (Murillo et al., 2016) and 0.58 MeV/u - 0.75 MeV/u °Be ions (Miranda et al.,
2018); and in bismuth due to 0.4 MeV/u — 2.0 MeV/u *S ions (Fijat-Kirejczyk et al., 2008), 0.8
MeV/u — 1.6 MeV/u 'O ions(Gorlachev et al., 2016) and 0.7 MeV/u — 1.5 MeV/u 'H ions
(Goudarzi et al., 2006). The '*3Gd cross sections data due to the three °Be, '“C and N projectile
species is expectedly lumped together because of the closeness of the Z-values of the projectiles.
For 2%Bi the cross sections are much more spread out because of the larger Z-range of the projectile
species (1-16). In all instances though the cross sections, on average, increase in the same manner

with projectile velocity.
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Fig. 5. Comparison of the C-Gd and C-Bi cross sections measured in this work with literature data

over similar energy ranges (refer to text for the literature data references).

4. CONCLUSION

Total L shell X production cross sections for Y, 8Gd and 2*’Bi induced by carbon ions in the
energy range of 4 MeV to 12 MeV have been measured to add to the sparse database of heavy ion
induced cross sections. Comparisons of our yttrium and gadolinium data with literature data show
reasonable agreement, within experimental uncertainty limits. For bismuth, the energy variation
trend of our data is similar to that of other projectile species within the same energy range. When
compared with ECPSSR, ECPSSR+EC and ECPSSR+UA models predictions, our data show
fairly good, though energy dependent agreement with the different models for yttrium and
gadolinium cross sections. For bismuth, all three models overestimate data by an almost constant

factor of two.
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