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SUMMARY 

L shell ionisation and x-ray production cross sections have been 

measured for Dy, Yb, W, Au, Pb, Bi, Th, and U in the form of carbon 

backed thin targets. Incident protons, deuterons and alpha particles 

of energy 1 to 3 MeV were employed to ionise the L shell and the 

resulting L x-rays were detected with an energy-dispersive Si(Li) 

x-ray system. The individual 253, 2p and 2,3 state ionisation 

cross sections were deduced from the easuredex-ray production cross 

sections with the aid of a spectrum fitting programme specifically 

written for this purpose in Fortran 77. The efficiency of the Si(Li) 

ey detector and the target thicknesses were determined experiment- 

ally. 

The measured L shell ionisation and x-ray production cross 

sections, and their ratios, have been compared with the predictions of 

the plane-wave Born approximation and the ECPSSR theory proposed by 

Brandt and Lapicki (1981). Comparisons have also been made with the 

available data of other authors. These comparisons have revealed 

significant discrepencies between the ECPSSR theory and the measured 

data for all three subshells. These discrepencies have been found to 

be particularly large for the 2p; state ionised by incident alpha 

particles. Possible reasons for theses disagreements are discussed 

and suggestions are made for future work. 

To assess the extent of progress made in this field with regard 

to proton impact, a comprehensive tabulation of L shell ionisation 

and x-ray production cross sections, and the pertinent experimental 

details, has been compiled. 

Key words: L shell ionisation, particle induced x-rays, inner-shel1] 

x-ray production, cross sections.
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General interest in inner-shell ionisation by light charged 

particles was initially stimulated by the publication of Merzbacher 

and Lewis's (1958) review article which provided a comprehensive 

theoretical description of this phenomenon in terms of the plane-wave 

Born approximation (PWBA). Comparable theoretical explanations were 

offered by Bang and Hansteen (1959) and more recently by Garcia et al 

(1973) who employed the semi-classical (SCA) and the binary-encounter 

(BEA) approximations respectively. As a direct consequence of these 

works there was an upsurge of experimental activity in the area of 

K-shell ionisation by light ions in order to test the above theoretical 

predictions. The large amount of data that resulted has been tabulated 

by Gardner and Gray (1978). 

Because of the widespread availability of low MeV charged particle 

accelerators much of the measurements were restricted to particle 

energies < 4MeV. Comparison of the measured data with the proposed 

theories revealed large discrepencies, particularly at low impact 

energies where the theories tended to overpredict the data. Although 

some improvements have been suggested for the SCA and BEA theories, 

a much more methodical approach was adopted by Brandt and his colleagues 

to explain these disagreements by incorporating certain corrections 

to the first order PWBA model. Over a period of several years their 

work culminated into the ECPSSR theory (Brandt and Lapiciki 1979 and 

1981) to explain K and L shell ionisation by simple projectiles. The 

ECPSSR theory takes into account the energy loss (E), Coulomb deflection 

(C), perturbed-stationary-state (PSS) and relativistic (R) effects. 

As a result of the developments in the PWBA, SCA and BEA theories 

there has been considerable recent interest in K shell ionisation 

(Badica et al 1977, Khan et al 1977, Bauer et al 1978, Badica et al 1979, 

Benka and Geretschlager 1980, Lopes et al 1980 and Barfoot et al 1980).



Paul (1982) has conducted a detailed comparison of proton-induced 

K shell ionisation cross sections with the ECPSSR theory and has 

observed reasonable qualitative and quatitative agreement at inter- 

mediate and high impact velocities. At lower proton velocities, 

however, a modified Coulomb deflection factor has been proposed by 

Paul (1982) to account for the deviations between theory and experiment. 

The amount of L shell x-ray production and ionisation cross 

section data is not as comprehensive as for the K shell. To estimate 

the progress achieved in the field of L shell ionisation by proton 

bombardment of a major compilation containing all the available 

measured L shell x-ray production and ionisation cross sections, and 

the associated experimental details, from 1975 to November 1982 has 

been prepared (Sokhi and Crumpton 1984). This compilation, which is 

presented in apprendix E, clearly illustrates the need for further data, 

in particular with regard to ionisation cross sections. In the case 

of deuteron impact, measurements are very scarce and only a few 

published values are available for incident alpha particles. 

The major purpose of this study is to provide a comprehensive set 

of L shell data for protons, deuterons and alpha particles incident on 

medium to high atomic number elements and to perform a detailed 

comparison with the ECPSSR theory, with the intention of highlighting 

any significant discrepencies between the data and theory. Measurements 

have been made between projectile energies of 1 to 3 MeV at steps of 

200 keV to establish the energy dependence of the cross sections. To 

study the dependence of the ionisation cross sections on the target 

atomic number (Z2), several targets were selected between the range 

66 < Z. < 92. Recently Cohen (1983) has measured L shell ionisation 

cross sections for 1 to 3 MeV protons and alpha particles incident 

on some heavy elements. Cohen (1983) has compared his data with the 

ECPSSR model and has noticed serious disagreements. The present work



provides an independent check on the conclusions reached by Cohen (1983). 

An additional reason for carrying out this work is to make L shell 

x-ray production cross sections for experimentalists involved in 

particle induced x-ray emission analysis (PIXE). This technique has 

developed over the past decade into a highly versatile analytical 

tool for solving problems regarding trace elements (Khan and Crumpton 

1981). Wherever high Z2. trace elements are involved L x-rays are 

employed and thus a reliable data base of particle induced L shell x-ray 

production cross sections is vital. 

Each chapter of this thesis begins with an introduction which 

explain the underlying philosophy adopted in the chapter. The remaining 

part of this main introduction outlines the contents of each chapter 

and discusses the overall philosophy behind this investigation. 

The atomic processes which occur once an atom has been ionised by 

an external purterbation in one of its inner-shells are discussed in 

chapter 2. For completeness the chapter also discusses processes which 

are.allied to this study. Chapter 3 outlines the principles of nuclear 

backscattering spectrometery, which is employed in the present work to 

determine target thicknesses. 

The concepts of the ECPSSR theory, and its underlying assumptions, 

are considered in chapter 4. The SCA and the BEA models are discussed 

in appendix A for completness... Chapter 5 contains details regarding 

the apparatus and procedure employed for measuring the L shell ionisation 

and x-ray production cross sections. This chapter also deals with the 

method for calculating theoretical cross sections for comparison with 

the present data. 

Detailed comparisons of the measured data in this work with the 

PWBA and the ECPSSR theories, and with other measured values, are 

presented in chapter 6. Results of each element are discussed in



order of atomic number before highlighting common trends revealed by 

the individual comparisons. The final conclusions of the present work 

are outlined in chapter 7.
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2.1 INTRODUCTION 

Physical concepts necessary for understanding the major features of 

an x-ray spectrum are reviewed in this chapter. The chapter concentrates 

on the atomic processes which occur once an inner-shell vacancy has been 

created, by light positively charged particles in the present case, 

although processes which are peripheral to this study have been mentioned 

for completeness. These include phenomena more closely associated with 

impact by very energetic or heavy charged particles. 

The mechanisms by which the projectile produces bremsstrahlung, 

directly and indirectly, as it traverses matter are also examined. Finally, 

the main interactions of x-rays with matter, which leads to their attenu- 

ation, are mentioned. 

Throughout this chapter the underlying philosophy has been to high- 

light contemporary ideas regarding the relevant atomic processes. 

Consequently a determined attempt has been made to cite references that are 

fully representative of the current views held on these areas. Where 

appropriate, recent noteworthy advances in the fields discussed in this 

chapter have been indicated. 

2.2 NOMENCLATURE 

The electronic states of an atom are characterised by four basic 

quantum numbers. These are the principal quantum number, n, the orbital 

quantum number, 2%, the total angular quantum number, j, and the magnetic 

quantum number, m. n can have positive integer values 1, 2, 3... or in 

the x-ray notation K, L, M... and so on, &% can taken any integer value 

from 0 to n -1, m can assume any integral value from -2 to +2 including 

zero and j can adopt the values 2+} where +3 represents the two possible 

values of the electron spin, s. 

In the spectroscopic Notation different values of £2 can be denoted by 

the letters s,p.d.... corresponding numerically to 0, TES dewey tail 

Derivation of these numbers can be found in any standard text book on



quantum mechanics such as Schiff (1968) and Landau and Liftshitz (1977). 

The nee L subshells can be represented by Li, L2, L3 in the x-ray 

notation or equivalently by 233, 2p3 and 2py, in the spectroscopic 

notation. Both of these notations are employed in the present work. 

2.3 ATOMIC TRANSITIONS 

When an atom experiences a perturbation, such as an encounter with 

a charged particle, there is a finite probability that an inner-shell 

electron may be ejected into the continuum or into a higher shell leaving 

a vacancy in the inner-shell. The excited atom has then several channels 

open to it through which it may deexcite. These modes of relaxation 

manifest themselves as characteristic features in an x-ray spectrum. 

To understand the mechanisms by which the excited atom deexcites 

the atom should strictly be treated as a many-body problem. This, however, 

is extremely difficult even for the simplest atoms. To avoid the complex 

nature of the many-body problem and to facilitate the discussion the 

following simplifying assumptions can be made. 

(i) the perturbation experienced by the atom creates a single vacancy in 

an inner-shell and leaves the other orbitals unaffected or ‘frozen’ - 

the sudden or the frozen - orbital model (Koopmans 1933), 

(ii) the electrons are considered to be approximately free in relation to 

the atomic nucleus, and 

(iii)any individual electron is considered to be independent of the position 

of any other electron at any particular moment (Rooke 1974). 

These assumptions, although crude, enable the gross features of an 

X-ray spectrum to be explained. In light of these assumptions the major 

relaxation mechanisms relevant to this study are discussed below. A more 

thorough treatment, however, has been given by Azaroff (1974). 

easel X-Ray Emission 

Consider an electron transition from an initial higher atomic state 

q to a final lower state q' where q and q' represent sets of quantum numbers



n, & Ss, mand n’, 1, st, m+ respectively. The transition probability 

per unit time for this transition, resulting in the emission of a photon 

with energy tw and momentum Pp = tk, is proportional to the square of the 

transition matrix element, Mgqi> given by (Merzbacher 1970) 

[Mgqil? = | < al e-p exp (ik.r) | a? > |? oa 

where Tl is the Planck's constant, h, divided by 27, w is the angular 

frequency of the emitted radiation, k is the propagation vector, r is the 

electron position vector and « is the polarisation vector of the emitted 

photon. 

When calculating the transition probability for photon emission it is 

found that by approximating the exponential term in equation 2.1 by unity 

much of the emitted radiation can be explained (Rooke 1974). This approxi- 

mation is referred to as the electric dipole approximation’ and the trans- 

itions for which the probability can be calculated, by making use of this 

simplification, are known as ‘electric dipole transitions’. 

These transitions are governed by certain ‘selection rules' which 

decide whether the transition is allowed or forbidden. These rules orig- 

inate from the so-called ‘recurrence relations’ which arise in the quantum 

mechanical treatment of radiative transition probabilities (Tralli and 

Pomilla 1969 and Rooke 1974). The selection rules are basically restric- 

tions on the magnitude by which the quantum numbers representing the atomic 

states can change when a transition takes place from one state to another. 

These rules ensure that the electric dipole matrix element does not vanish 

(Schiff 1968). For this to be the case the changes in the quantum numbers , 

during a transition, must be limited to 

m-m > =aAm=0,+#1; j-j'=Aj= 0,+1 
22 

q i is
 " i uv ' te
 1 > a m7 ° g-ge=



The change in the principal quantum number, n, is not restricted. 

A large number of observed transitions obey these rules and are called 

‘allowed! transitions while the relatively few that do not are termed 

'forbidden' transitions. Some of these are explained by including the 

second term in the power series expansion of exp(ik.r) in equation aot 

(electric quadrupole approximation). Such transitions, however, only have 

a probability of the order of 10-® relative to the dipole transitions 

(Tralli and Pomilla 1969) which makes them insignificant in relation to the 

present study. 

When a radiative dipole transition takes place in an excited atom the 

emitted photon has a discrete energy value given by 

tw = E¢ - Ej 223 

where Ej is the energy of the initial level where the vacancy is created 

and E¢ the energy of the final level where the vacancy is transferred to 

as a result of the transition.Figure 2.1 shows schematically the allowed 

x-ray transitions to the L-shell. Although individual 'diagram' lines 

are shown in figure 2.1 the resolution of the present-day lithuim drifted 

silicon detectors, such as the one employed in this study, allow only groups 

of lines to be observed. Ly, Le and Ly transitions, occuring as a result 

of vacancies in the L-shell, are such groups. 

2.3.2 Non-radiative Processes 

In the event of inner-shell ionisation by charged particles electrons 

are emitted by two successive processes (Stolterfoht 1978). Firstly, 

electrons which exhibit a continuous energy distribution are ejected as a 

result of ionisation and secondly, electrons with discrete energies are 

emitted as a result of Auger transitions which fill the vaciencies (Auger 

1925). The latter process, which is another mode of deexcitation and 

competes with x-ray emission, is treated in terms of a direct interaction 

between the ‘active! atomic electrons (Wentzel 1927). This model is based 

on the assumption that the electrons taking part in the interaction are 
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non-relativistic. This is a valid assumption for light elements. 

The Auger transition is effected by a perturbation arising from the 

Coulomb interaction between the neighbouring electrons, that is, the 

ejected and the emitted Auger electron (Burhop 1952). The general theory 

of the Auger effect is most successfully explained by the Lorentz-covariant 

theory of quantum electrodynamics discussed by Chattarji (1976). According 

to this theory the non-radiative Auger transition is caused by the retarded 

electromagnetic interaction between two bound-state electrons described by 

Dirac wave functions. The electromagnetic interaction consists of a charge- 

charge (Coulomb) interaction and a current-current (magnetic) interaction. 

For non-relativistic cases the interaction reduces to one that is purely 

Coulombic. A thorough treatment of the Auger effect has also been provided 

by McGuire (1975). 

The energy of the Auger electron, Eg, is given by (McGuire 1975) 

E, = Ea - &b,b, 2.4 

where E is the energy of the subshell, a, with the primary vacancy and 

Eb be is the energy associated with subshells bi and bz in which holes are 

produced as a result of the Auger transition. Since Auger electrons have 

discrete energies their study provides a very informative method for invest- 

jgating inner-shell excitation by charged particles (Stolterfoht 1978). This 

avenue is being explored not only to understand the collision process (Kojima 

et al 1979, Schneider and Stolterfoht 1981) but also the mechanism by which 

Auger electrons are emitted as a consequence of the collision (Schmidt et 

al 1981, Baragiola et al 1982 and Bastasz and Felter 1982). A recent 

review article by Weightman (1982) discusses different aspects of x-ray- 

excited Auger spectroscopy. 

If the primary vacancy is created in a shell other than the K, then 

Coster-Kronig transitions (Coster and Kronig 1935) may compete with the 

x-ray and the Auger transitions. Essentially these transitions are Auger 

transitions which occur in the subshells of the shell which initially 
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suffers the creation of the primary vacancy.. Thus a vacancy in the 235 

subshell for example, may be filled by an electron from a higher subshel1 

of the same shell, L in this case. The mechanism is similar to that of 

Auger transitions and is based on a Coulomb interaction of the electrons 

involved. Via this mechanism a vacancy initially in the 2s, may be 

transferred to a higher subshel] (2p, or 20%) before taking part ina 

radiative transition. For obvious reasons if a vacancy is created in the 

highest subshell of any given shell Coster-Kronig transitions are absent. 

Once the electron redistribution is complete in the subshell an electron 

jn a higher shell may be ejected, again by Coulomb interaction. Coster- 

Kronig transitions explain why for many elements diagram lines such as 

Le, (L,>M,) and bg, (ti +M,) are absent or abnormally weak and transitions 

originating in 2p, and 2py, subshells appear with considerable intensity 

(Chattarji 1976). Coster-Kronig transitions are only energetically 

favourable for certain regions of atomic number (Z,) and thus exhibit sharp 

cut-offs at critical Z, values (McGuire 1975 and Doyle and Shafroth 1979). 

Transitions in which both the final vacancies occur in the same shell 

as the initial vacancy but in a different subshell also take place, but with 

a small probability. These transitions have been termed 'Super Coster- 

Kronig' transitions by McGuire (1972). There is a smal] but finite 

probability that Coster-Kronig transitions may be radiative. This has been 

confirmed by Karttunen et al (1971) for the L; to L3 transition. 

2.3.3 Atomic Parameters 

When calculating x-ray yields account must be taken of the other 

relaxation mechanisms discussed in subsection 2.3.2, because of their 

competitive nature. To do this, information on the atomic yields for 

each of these processes is required. Definitions of these yields are stated 

below. Although the definitions are similar for all the shells, the 

subscripts apply specifically to the L subshells. The fluorescence yield, 

wo, (i=l, 2, 3) is the number of characteristic L x-ray photons per L,



vacancy. The Auger yield, aj, is the number of Auger electrons per Lj 

vacancy and similarly the Coster-Kronig yield, Fi5 (i < j) is the number 

of transitions transferring vacancies from the Lj subshell to the higher 

Lj subshell per L; vacancy. As mentioned in subsection 2.3.2 Coster- 

Kronig transitions may be radiative and the total Coster-Kronig yield, 
T 

Fig can be expressed as 

T 
taj = ee + fy Les 

where fay and hj denote the radiative andnon-radiative parts. For high 

atomic number elements the radiative transition from L, to L, subshell 

becomes important and has to be taken into account. This is illustrated 

in figure 2.2 which shows the variation of the radiative Coster-Kronig 

yield Ge) for this transition, expressed as a percentage of its non- 

radiative counterpart (f,,), with atomic number. Since the total decay 

probability for an atom with a vacancy in a shell, L in this case, is unity 

we can write 

+a, + 2 fy =1 2.6 

The definition of w;, as stated earlier, is subject to the condition 

that the primary vacancy distribution of subshell i does not change before 

the vacancies are filled. However, the presence of the Coster-Kronig 

transitions between the subshells alter the primary vacancy distribution 

and to determine the average or the effective fluorescence yields of the 

subshells the effects of the Coster-Kronig transitions, therefore, have to 

be incorporated. The average fluorescence yield (Y;) for the ace L subshell 

can be defined as the number of characteristic L-shell x-rays (not necess- 

arily from transitions to the same subshell Lj) that are emitted per primary 

vacancy created in the Lj subshell (Rao 1975). Thus, vy is the number of L 

x-rays emitted including those emitted after rearrangement of vacancies 

by the Coster-Kronig transitions. The expressions for vj (i = ls) 2 eo) for 

14



“(6/6L) 
aSNesy 

WOU 
UDdyeZ 

san_eA 
‘Yaquinu 

dLWOze 
yZLM 

(FTF) 
FuedsaquNOD 

aALQeLpeA 

-uOU 
S2L 

02 
D
A
L
Q
E
L
 AU 

(£13) 
PLOLA 

B
i
u
o
s
y
-
4
9
}
S
0
)
 

aAlqeLped 
ayy 

Jo 
aouequoduy 

 
 

22 
aunbl4 

YSSWNN 
JIWOLY 

Oll 
oot 

06 
08 

OZ 
og 

os 
ov 

OE 
L 

1 
i 

1 
i 
m
a
 

4 

e
e
 

f
e
 

e
a
e
 

ye 
As 

eA 
| 

i 

  
  

 
 

) CONC Hh x i 

15



the L subshells interms of w; and fay are 

vy =u, + f,,w, + (fi2fes + fia + fis)ws 

Vz = W, + F235 eo 

Vv, = 0, 

Only limited work has been performed to determine the atomic parameters 

experimentally and theoretically despite their considerable importance in 

x-ray analytical techniques (McGuire 1971 and Bambynek et al 1972). An 

internally consistent set of values for the atomic yields has been produced 

by Krause (1979). Values have been supplied by Krause (1979) for K and 

L-shell yields and in the case of the L-shell atomic number from 12 up- 

wards have been covered. This tabulation has been used to show the 

variations of the atomic yields with atomic number. Figure 2.3 shows the 

variation of the Coster-Kronig yields for the L; subshell with atomic 

number. It illustrates clearly the regions of atomic number where the Li 

Coster-Kronig yields are energetically unfavourable. The three major Li 

subshell atomic yields, that is, the total non-radiative Coster-Kronig 

yield (f; = fi2 + fi3), the fluorescence yield (w,) and the Auger yield 

(a,) are shown in figure 2.4. It shows the dominance of the nonradiative 

processes throughout the relevant range of atomic numbers for the Ly sub- 

shell. Another interesting feature highlighted by figure 2.4 is the range 

of atomic numbers, 50 to 76, where the Coster-Kronig process looses its 

importance and being competive, the Auger process becomes equally probable. 

The atomic yields for the Lz subshell are illustrated in figure 2.5. In 

this case the Coster-Kronig transitions play a relatively minor role for 

high atomic number elements. The Auger process dominates the mode of decay 

for most of the elements and becomes less probable than x-ray emission only 

for the heaviest elements. The situation is very similar for the L, Auger 

and fluorescence yields as shown in figure 2.6. The Coster-Kronig process 

is obviously absent for the L, shell. Using the expressions 2.7 the average
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fluorescence yields were calculated for the L; and Lz subshells and are 

illustrated in figure 2.7. As shown in this figure v, and v, have 

comparable values for all the elements. 

For elements of interest in this study Krause (1979) has quoted un- 

certainties of upto 10% in their ws values and upto 50% in fig. The small 

number of measurements, or the lack of them, has been emphasised by Krause 

(1979) as being one of the major factors contributing to these large 

uncertainties. Recent measurements by Kodre et al (1981) of w; for Pb 

show similar large uncertainties. 25% in w, and w, have been quoted, 

although ws is much more reliable. The experimental and theoretical values 

given in the review article by Bambynek (1972) are no more reliable. Compar- 

ison of these values and those of Krause (1979) show significant discrep- 

ancies between the two, especially for fjj and this further casts doubt onthe 

reliability of the availalbe data regarding atomic parameters. In theoretical 

calculations the precision of these parameters is hampered by the lack or 

scarity of knowledge of the influence of multiple vacancies and many-body 

effects (Krause 1979). Experimental problems such as isolating vacancies 

in the subshells have been discussed by Rao (1975). 

A vacancy in a state has a finite life time (t) and is related to the 

natural width (I) of that state by the uncertainty principle, that is, 

Ts 2.8 

a
l
t
 

The total width of a state is given by the sum of the radiative (R), 

Auger (A) and Coster-Kronig (CK) partial widths. 

2.9 Pet, tf RE AN ck 

Tr (k = R, A, CK) is proportional to the transition rate (S,) of the 

particular mode of decay (Parratt 1959, McGuire 1970 and Kostrom et al 1971) 

which is defined as 

4 

k 2.10 5, = 4 
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and as a counterpart to equation 2.9 we have 

Sis Sp + Sa + Scx eat) 

Theoretical values for the radiative rates have been reported by 

McGuire (1971) for selected elements up to an atomic number of 90 and 

by Scofield (1974a) for atomic numbers upto 94. Scofield (1974b) has 

presented theoretical values for all elements. Keski-Rahkonen and Krause 

(1974) have provided a graphically representation of the radiative rates 

with atomic number up to 120. Theoretical electric dipole x-ray transition 

rates for all elements have been calculated by Manson and Kennedy (1974). 

The most probable values for K and L-shell radiative rates have been 

determined by Salem et al (1974) by fitting a curve to the available 

experimental data. These authors have presented their values numerically 

and graphically. A comperhensive list of the atomic parameters, determined 

experimentally or theoretically between 1972 and 1977 has been provided 

by Krause (1979). 

Typical uncertainties in radiative rates, determined experimentally, 

range from about 10-20% (Salem and Lee 1974). These values show systematic 

discrepencies of the order of 10% from theoretical results (Scofield 1974b) . 

Theoretical calculations may themselves be uncertain by several percent. 

Scofied (1975) does, however, point out in his theoretical discussion of 

radiative rates that uncertainties are greatest for low atomic number 

elements and outer-shell electrons. 

2.3.4 Multiple Ionisation Phenomena 

Double or multiple vacancies may be produced in an atom by (Nagel and 

Baun 1974) 

(i) ejection of an electron by non radiative transitions (already 

discussed in section 2.3.2), 

(ii) the 'shake-off' process (internal ionisation), 

(iii) direct ejection of more than one electron, for example by heavy 

charge particles. 

In the electron ‘shake-off! process an outer-shell electron is ejected 

23



as a result of an impulsive perturbation produced by the sudden loss of a 

core-level electron which partially screens the outer electrons from the 

nucleus. For charged particle ionisation at very high energies this is the 

dominant process for producing double vacancies (Nagel and Baun 1974). 

Ionisation by heavy charged particles can also lead to multiple vacancies 

(Madison and Merzbacher 1975) by Coulomb interaction with the target atom. 

Double vacancies can also be produced by light particles such as protons and 

alpha particles (Knudsen et al 1973, Madison and Merzbacher 1975 and Mokler 

and Folkmann 1978). Evidence for these effects is seen in x-ray and Auger 

spectra which reveal the presence of ‘satellite’ lines with energy higher 

than the diagram lines (McGuire 1975, Richard 1975, Dyall and Larkins 1982 

and Tawara ae Richard 1983). Satellite lines on both sides of the main 

lines due to heavy particle collision have also been studied (Burhop 1979). 

When multiple vacancies are confined to the inner shells 'hypersatellite' 

lines originate (Stoller et al 1977). 

The radiative counterpart of the radiationless Auger process was dis- 

covered by Aberg and Utriainen (1969) giving rise to a simultaneous emission 

of an electon anda photon with energy lower than that of the main emission 

line. This effect has been called the 'radiative' or the 'semi-Auger' effect. 

In this case the Auger electon emitted, when a vacancy is filled, is excited 

to a higher boundstate by the 'shake-up' processes instead of being ejected 

into the continuum as in the normal Auger effect (Cooper and La Villa 1970, 

Burhop and Asaad 1972 and Aberg 1975). Discrete structure as a result of 

this radiative electon rearrangement has been observerd by Jamison and 

Richard (1977) for heavy particle impact. Afrosimov et al (1976) observed 

a variation of this effect where a third electon is emitted instead of a 

photon for low energy Ar™ and ce particles. For highly energetic and 

highly stripped heavy ions a broad structure on the high energy side of the 

emission spectrum is observed due to radiation being emitted when target 

electrons, bound or free, are captured by the projectile (Schnopper et al 
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1972 and Kienle et al 1973). This ‘radiative electron capture’ is important 

at high projectile energies where the particle velocity is comparable to the 

velocity of the bound target electron (Burhop 1979). 

It is clear from above that the degree of inner-shell ionisation will 

have significant effect on the different modes of decay and consequently 

makes the mean fluorescence yield dependent on parameters such as the energy 

and the charge state of the projectile (Burhop 1979). However, with the 

advent of Synchrotron radiation sources x-rays of specific energies can be 

used to study x-ray spectra free from the complications of multiple ionisa- 

tion (Madden 1974 and Chevallier 1978). 

2.4 PRODUCTION OF BREMSSTRAHLUNG 

In the previous section the mechanism by which characteristic x-rays are 

produced after the creation of an inner-shell vacancy by an incident charged 

particle was elucidated in some detail. A major feature of an x-ray spectrum 

is the background continuum on which these characteristic x-rays are super- 

imposed. The exact nature of this ‘bremsstrahlung’ is influenced to a large 

extent by the energy of the projectile and the degree of asymmetry of the 

jon-atom collision system. Although the term ‘bremsstrahlung’ refers to the 

continuum as a whole, in reality several distinct processes, which give rise 

to this continuum, take place. This section is devoted to the discussion of 

these processes. 

2.4.1 Projectile Bremsstrahlung 

In an ion-atom collision as the charged particle approaches an atomic 

nucleus of a target atom, it will suffer a change of velocity, the extent 

of which is determined by the proximity of the encounter. This change of 

velocity is caused by the Coulomb field of the nucleus which also changes 

the particles direction. This results in the emission of electromagnetic 

radiation and hence in a decrease in the particles kinetic energy. This 

contributes to the general stopping of the ions in matter. The electro- 

dynamical theory for this process has been provided by Jackson (1975). The 

energy of the projectile bremsstrahlung extends from zero upto the projectile 
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energy (E). Electric dipole radiation is the major contributor to this 

bremsstrahlung, the cross section of which has been derived by Jakubassa 

(1975) and Reinhardt et al (1976) in the restraints of the Born approx- 

jmation. The cross section is approximately proportional to Z,*Z,*/M? 

(Alder 1956 and Read 1980), where Z, is the projectile atomic number, Z, 

is the target atomic number and M, is the mass of the projectile. This 

process is therefore, most important, for incident particles of small 

mass. Protons, for example, give rise to bremsstrahlung a factor of 

3X10 smaller in intensity than electrons of the same velocity, and thus 

offer obvious advantages for trace elemental analysis by proton impact 

(Folkmann et al 1974a and Johansson and Johansson 1976). The bremstrahlung 

cross section decreases slowly with increasing projectile energy as et 

(Folkmann et al 1974a and Mokler and Folkmann 1978), This is illustrated 

in figure 2.8 which shows the variation of the cross section, do/dE,, with 

the energy of the radiation E, in relation to the other major source of 

bremsstralung (subsection 2.4.2). It is clear from this figure that 

although projectile bremsstrahlung decreases slowly with E,, its contri- 

bution to the total background at the higher energy side of the x-ray 

spectrum gains importance. It is interesting to note that for a coll- 

ision system consisting of interacting .'partners' with the same charge- 

to-mass ratio the electric dipole radiation component vanishes (Folkmann 

et al 1974a). This is due to the fact that the intensity is proportion- 

al to the acceleration of the centre of mass of the collision system, 

which for a symmetrical system moves uniformly (Landau and Liftshitz 

1972). For most targets which have a charge-to-mass ratio close to a 

half bombarded by say, alpha particles (Z,/M, = 3) the projectile 

bremsstrahlung is negligible and consists of higher multipolarity 

contributions. This fact has been experimentally verified by Watson 

et al (1975). The anisotropy of projectile bremsstrahlung has been 

pointed out to be insignificant for practical situations (Folkmann et al 

1974a). 

26



2.4.2 Secondary Electron Bremsstrahlung 

The secondary electrons ejected in ion-atom collisions undergo 

strong accelerations in the nuclear electric fields of target atoms and 

radiate bremsstrahlung (Ogier et al 1966) the energy of which may range 

from zero to the full kinetic energy of the secondary electrons. Intensity 

of this secondary electron bremsstrahlung (SEB) decreases rapidly at x-rays 

energies (E,) above Tm = (4m/M,)E which is the maximum energy transferable 

to a free electron of mass, m, by a projectile with energy, E, and mass, 

M,, (Merzbacher and Lewis 1958). SEB is the dominant process by which 

bremsstrahlung is produced at low x-ray energies (Ex < Tm). Detailed 

calculations regarding this process have been performed by Folkmann et al 

(1974a) for proton impact. The cross section for this process as a function 

of the emitted radiation energy (E,) is shown in figure 2.8 in 

comparison with projectile bremsstrahlung. For E, upto about 20keV SEB 

falls approximately as ee (Folkmann et al 1974b). For Ey < Tm Tawara et 

al (1976) have pointed out that outer-shell electrons play the dominant 

role in the SEB process where as inner-shell electrons are the major 

contributors for Ex > Tm. In experimental situations we must note that 

for thin targets SEB is less prominant than for thick targets because the 

secondary electrons will have a greater probability of escaping from the 

target surface without producing any bremsstrahlung - a meritorious point 

in favour of thin target measurements (Johansson and Johansson 1976 and 

Yamadera et al 198la). 

The angular distribution of SEB is peaked at 90° to the incident 

particle direction and the intensity may change by as much as a factor of 

two with angle (Folkmann 1976, Ishii et al 1976, Tawara et al 1976 and Kaji 

et al 1977). Theoretical description of SEB is made difficult by the fact 

that the electrons may suffer severe deflections before radiating bremsstrah- 

jung. Tawara et al (1976) have, however, compared measured data for protons 

and helium-3 impact on Al target with theoretical predictions based on the 
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binary encounter approximation model of Bonsen and Vriens (1970) and have 

obtained reasonable qualitative agreement. 

Past and future interest in SEB stems from the fact that it is the 

major source of bremsstrahlung at low x-ray energies, precisely the region 

which is of fundamental concern to expermenters involved in trace elemental 

analysis by charged particle impact (Folkmann 1975, Johansson and Johansson 

1976, Renan 1980, Khan and Crumpton 1981). It may also be relevant to the 

understanding of ion-atom collision mechanisms (Tawara et ai 1976 and Mokler 

and Folkmann 1978). 

2.4.3 Compton Scattering of Gamma-Rays 

If a charged particle has sufficient energy to overcome the Coulomb 

potential barrier surrounding the target nucleus, it may undergo an 

inelastic interaction with the nucleaus. At low MeV energies the inter- 

action is most likely with the nucleus ‘as a whole leading to its excitation. 

The excited nucleus may then deexcite by releasing its excess energy in the 

form of gamma (y) - rays (Lapp and Andrews 1972 and Burcham 1973). These 

y-rays Compton scatter (see subsection 2.5.2) from the surroundings and in 

the detector producing a continuous background in the low keV x-ray region. 

This form of background is not ‘bremsstrahlung’ in the strictest sense 

since bremsstrahlung describes electromagnetic radiation emitted while 

charged particles are accelerated in an electric field. It is however, 

discussed in this section because of its direct relevance to the total 

continuum seen in an x-ray spectrum produced by charged particle impact. 

Background due to Compton scattering of y-rays is only acute for 

target elements which have high excitation cross sections or exhibit 

large resonances at low MeV energies. Elements such as ‘*F,*°Na, *7Al, 

12¢ and 180 are particularly prone to this problem causing the back- 

ground from this source to be comparable, if not more important than the 

projectile bremmstrahlung at the high energy region of the x-ray spectrum 

(Folkmann et al 1974a). The discrepency between theory and experiment 
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in figure 2.8 is explained by the contribution of Compton scattering to 

the total bremmsstrahlung (Renan 1980). 

For the same energy, alpha particles are less susceptible than 

protons and deuterons to nuclear reactions leading to the emission of 

y-rays. Deuterons can undergo 'stipping’ and 'pick-up' reactions making 

them a less attractive choice of bombarding particles for trace-elemental 

analysis. The significance of Compton scattering to the afore-mentioned 

analytical technique has been discussed by Folkmann et al (1974b), Folkmann 

(1975), Johansson and Johansson (1976), Ahlberg and Adams (1978) and Khan 

and Crumpton (1981). 

2.4.4 Quasi-Free Electron Bremsstrahlung 

Bremsstrahlung can result from the direct interaction of a charged 

particle with the orbital electrons of a target atom. This type of brem- 

sstrahlung has been called 'quasi-free electron bremsstrahlung’ (QFEB) by 

Yamadera et al (1981b). It was, however, initially observed by Schnopper 

et al (1974) who named it ‘primary bremsstrahlung'. Jakubassa and Kleber 

(1975) who developed a theory explaining this phenomenon referred to it as 

‘radiative ionisation’. In this process when the electric fields of the 

incident particle and the atomic electron interact, the electron is 

ejected and experiences an acceleration and thereby emits electromagnetic 

radiation (Anholt and Saylor 1976). Assuming the projectile velocity (Vv) 

is large compared to the orbital electron velocity the electron may be 

considered to be quasi-free. The resulting bremsstrahlung is characterised 

by the relative kinetic energy (T,) which is equal to 3mv*, where m is the 

electron mass (Yamadera et al 1981b). QFEB should not be confused with SEB 

where the radiation is emitted as a result of a two-step process since the 

electron is first ejected and then suffers a deviation as it interacts with 

the electric fields of other target atoms. However, like SEB, this process 

is important for light-ion impact (Chu et al 1981). For heavier targets 

(Z, increasing) QFEB depends increasingly on the velocity of the orbital 
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electrons and the intensity decreases less steeply in the vicinity of the 

high-energy limit T, (Yamadera et al 1981b). 

2.4.5 Discharge Electron Bremsstrahlung 

Surfaces of targets, which are good insulators, can charge-up to a high 

voltage (several tens of volts) .when bombarded continuously by positively 

charge particles. The target discharges by attracting free electrons in the 

vicinity of the target causing their acceleration. As a result an intense 

bremsstrahlung of energy upto several tens of keV is emitted by the 

electrons (Ahlberg et al 1975 and Renan 1980). This discharge electron 

bremsstrahlung (DEB) is particularly severe for thick insulating targets. 

Several solutions for eliminating this source of background have been 

proposed. Shabason et al (1973) suggests that the target should be 

neutralised by placing a hot filament a short distance away from the target. 

Evaporating a thin layer of carbon on the target to avoid charge build-up 

has been proposed by Papper et al (1978). Mingay and Barnard (1978) have 

employed a magnetic field to deflect the secondary electrons onto the 

target. The tertiary electrons generated as a result discharge the target. 

Huda (1979) has irradiated his targets in air to eliminate DEB. 

2.4.6 Transition Radiation 

This name is given to the radiation emitted when a charged particle 

suddenly crosses a boundary between two media with different dielectric 

constants. (Ginsburg and Frank 1946 and Garibyan 1958). When the particle 

passes through the interface its electric field, which is characteristic 

of its motion and the medium, adapts to the properties of the second med- 

jum. As the field reorganises itself transition radiation is emitted (Jack- 

son 1975). The wavelength of this radiation may range from the optical to 

the x-ray region of the electromagnetic spectrum depending on the energy of 

the incident particle. Gibb et al (1977) indicated that this radiation, 

when fe the x-ray region, may contribute to the bremsstrahlung normally ass- 

ociated with particle-induced x-ray experiments. Ramsay and Mckee (1978) 
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have confirmed, however, that the contribution would be negligible even 

for high energy protons and would not pose any significant problem. 

2.4.7 Heavy-lIon Effects 

Highly stripped heavy jons can capture electrons from target atoms 

into their vacant states and may directly radiate the excess energy gained 

through this transition (Mokler and Folkmann 1978 and see subsection 2.3.4). 

The outer target atomic electrons are normally the participants in this 

‘radiative electron capture’ (REC) and consequently give rise to a peak- 

like continuum centred above the binding energy of the projectile. The 

width of this continuum increases with atomic number of the target. Inner- 

shell electrons may also be captured by the incoming heavy ion but instead 

of a distinct peak a continuum ranging to high energies is observed. For 

ight charged particles (Z, << Z,) REC is not significantly important in 

relation to the total bremsstrahlung (Schnopper et al 1974). REC has also 

been studied by Kleber and Jakubassa (1975), Sohval et al (1976) and 

Spindler-et al (1977). 

Another process, which is only significant for heavy jons and gives 

rise to non-characteristic x-rays is that of quasimolecular x-ray emission 

(Saris et al 1972). In this case a broad honecharacteistic band is 

observed as well as the individual characteristic x-rays of the projectile 

and the target. The electron shells of the ion and the target atom inter- 

penetrate and form a transient quasimolecule. The non-characteristic band 

is due to radiative transitions between the quasimolecular orbital (Kraft 

et al 1974, Greenberg et al 1974 and Thoe et al 1975). In solid targets 

x-rays due to one- and two- collisions are emitted and the quasimolecular 

x-ray yield has been shown to be strongly dependent on the target density 

and the projectile velocity by Stoller et al (1981). 

2.5 ATTENUATION OF X-RAYS 

The attenuation of a narrow parallel beam of photons with intensity, 

I,, passing through a thin homogeneous absorber of thickness, x, is des- 

cribed by Bouguer-Lambert-Beer exponential absorption law: 
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I = Ip exp (-onx) le 

where I is the photon beam intensity after attenuation, o is the attenuation 

cross section and n is the number of absorber atoms per unit volume. The 

term on is called the linear attenuation coefficient (u) and is the 

attenuation of the photon beam per unit length. That is 

won =o So 2.13 
2 

where N, is the Avogardro's number, 9 is the absorber density and Az is the 

absorber atomic weight. Since the interaction cross-section (a) is dependent 

on the absorber density, it is more convenient to use the mass attenuation 

coefficient, u/p, which is independent of the mass density. Thus 

Ee a 2.14 

For a mixture or a chemical compound the mass attenuation coefficient, 

(u/2 mix? can be evaluated from the mass attenuation coefficients, (u/p);> 

of the constituent elements using the mixute rule 

i) on 5 2.15 
E mix i | 4 

where w; is the proportion by weight of the ith constituent element. 

The different interaction mechanisms by which the incoming photon can be 

completely absorbed or scattered depend on the photon energy and the atomic 

number of the absorbing material. The major mechanisms pertinent to this 

study are mentioned below. 

2.5.1 Photoelectric Absorption 

In this process an incoming photon interacts with an absorber atom as 

a whole and is completely absorbed. The perturbation on the atom causes a 

bound electron to be ejected from the atom, as a result of which, the atom 

recoils.. Photoelectric absorption occurs most readily when the energy of 

the photon (Ex) is just larger than the binding energy of the shell from 

which the electron is ejected. For photons with energy less than 100keV 

this type of interaction is the most probable. The photoelectric inter- 

action cross section increases rapidly with absorber atomic number (Zena) 
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and decreases with photon energy approximately as Bae (Kno11 1979). 

The photoelectric effect has been discussed theoretically be Hall 

(1936), Pratt et al (1964), Rakavy and Ron (1967), Pratt et al (1973) and 

Park (1974). Experimental measurements of the photoelectric mass absorption 

coefficient, (u/0) pe» have also continued in the past decade (Millar and 

Greening 1974 a,b, Lawrence 1979, Berry and Lawrence 1979 ) and more 

recently measurements have been reported by Sarma et al (1982). A detailed 

comparison of theoretical and experimental data in the photon energy range 

0.1 keV to 1.5 MeV has been given by Hubbell and Veigele (1976). Hubbell 

(1977a) has presented (u/2) pe for light elements and some mixtures deduced 

from experimental and theoretical data. Parametric expressions for calculat- 

ing (u/2) pe have been derived by Jackson and Hawkes (1981) starting from the 

fundamental theory of photon-electron interaction. Cross sections for the 

emission of an inner-shell electron derived using the Born approximation 

(Bethe and Salpeter 1957) were used and excellent agreement with other 

published work was acheived (Hawkes and Jackson 1980). 

2.5.2 Incoherent Scattering 

This process involves an incoherent interaction between a photon and 

an atomic electron assumed to be free. The electron may be excited to a 

higher shell or ejected into the continuum. This effect, named after 

Compton (1923) causes an increase in the wavelength of the incident photon. 

Compton scattering occurs impulsively and only when the energy transfer to 

the atomic electron is greater than its binding energy (Jauncey 1925). 

The Compton scattering cross section increases linearly with Z2 and 

decreases gradually MathtnereeeinG E, (Knoll 1979). However, for high Z,, 

the cross section looses importance in favour of the photoelectric effect. 

The fundamental theory for calculating scattering cross sections is that 

of Klein and Nishina (1929). The basic assumption of this theory is that the 

electron involved is free and stationary. This is areasonable approximation 

for high energy photons and outer-shell electrons or electrons of light 
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elements. However, for low energy photons or for inner-shell electrons of 

medium and heavy atoms relativistic and binding effects have to be allowed 

for. The binding effects are estimated by the incoherent scattering factor, 

which is the probability for excitation or ionisation of an atom when it 

undergoes an incoherent interaction (Raghava Rao et al 1982). The 

theoretical calculation of this functions has been discussed in detail by 

Hubbell et al (1975) who have made detailed comparisons with experimental 

data. Raghava Rao et al (1982) have reported experimental measurements of 

this factor exclusively for the K-shell which show marked discrepancies 

when compared with theoretical data of Hubbell et al (1975), highlighting 

the need for further work in this area. Hawkes and Jackson (1980) have 

modified the Klein-Nishna cross sections and have formulated parametric 

expressions for the Compton scattering cross sections. The contribution 

by Compton scattering to the mass attenuation coefficient of Mg and Ag have 

been estimated by Lawrence (1979). 

Compton scattering has been successfully employed in the study of elect- 

ron momentum distributions (Cooper 1971) and is thus proving invaluable for 

studying solid-state properties. Progress in this field, experimental and 

theoretical, has been surveyed by Williams (1977). Recent work includes 

that of Pattison and Weyrich (1979), Rindby et al (1982) and Pattison et 

al (1982). 

2.5.3 Coherent Scattering 

When bound electrons participate in the photon-atom interaction, there 

is a finite probability that the electrons will not be transferred to higher 

atomic states or ejected into the continuum. Scattering in this case is 

coherent (Rayleigh) and takes place with the atom as a whole, causing the 

electron to oscillate at the frequency of the incident radiation. The 

electrons then relax by radiating electromagnetic energy without any change 

in the frequency, which appears as scattered radiation concentrated in the 

2057267 
forward direction. The scattering cross section increases as Z> and 
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decreases with photon energy as foe (Dyson 1973). Consequently, this 

process is important at low photon energies and for heavy absorber elements. 

When the interaction takes place with a single electron, assumed to be 

free, we then have Thomson scattering (Jackson 1975 and Read 1980). Thomson 

scattering occurs only at low energies where the momentum of the incident 

photon can be ignored. At higher frequencies the Compton effect comes into 

operation. Thomson scattering is, therefore, the low frequency limit of the 

Compton effect. (Davisson 1965). Thomson scattering is independent of the pho- 

ton energy, in the energy region where it takes place, and is approximately 

proportional to Z, (Davisson 1965). A parametrized approach for calculating 

coherent scattering has been provided by Hawkes and Jackson (1980). The 

atomic form factors, the square of which gives the probability that the Z, 

electrons of an atom take up a certain recoil momentum without absorbing 

any energy (Hubbell 1969), required for calculating interaction cross 

sections for this process haye been tabulated by Hubbell (1975). 

2.5.4 Tabulations of Mass Attenuation Coefficients 

The total mass attenuation coefficient, y/o, is obtained by summing 

the individual contributions. Using equation 2.14 we get, 

re N 
oie (Spe + Styne * eq) i 2.16 

where Spy? INC and Jeon are the interaction cross sections for the photo- 

electric absorption, incoherent scattering and coherent scattering respectively. 

Considerable activity has been directed to the specific task of compiling 

an internally consistent and reliable set of data for these quantities. 

Hubbel] (1969) has published tabulated data for mass attenuation coefficients 

and interaction cross sections for 23 elements and 13 compounds and mixtures, 

covering a photon energy range of 10keV to 100GeV. For the low energy region 

uncertainties upto 10% in these quantities are quoted depending on Z2, low 

Z2 elements having larger uncertainties. The experimental and theoretical 

datahave been comprehensively reviewed by Hubbell (1969, 1971). The very 

36



popular tabulation of theoretical cross section values of Storm and 

Israel (1970) covers all elements up to Zz = 100 and an energy range of 

lkev to 100MeV. These authors have quoted uncertainties ranging from 3 

to 10% depending on the photon energy, higher uncertainties applying to 

energies less than 6keV. Storm and Israel (1970) include a comparison of 

experimental and theoretical values and relative shell contributions to the 

photo-electric cross section. To facilitate the use of this tabulation 

Montenegro et al (1978) have fitted logarithmic polynomials to the values 

of Storm and Israel (1970) and have tabulated mass attentuation coefficients 

for elements with 6 < Z. < 33 for characteristic K and L x-rays of elements 

with 17 < Z2 < 94. Semi-experical expressions have been utilised by Gerward 

(1980) to fit the data of Hubbell et al (1974). An energy range of 5 to 100 

keV and elements with 2 < Z. < 92 have been covered. However, the author 

has admitted in his article that logarithmic expressions, such as those 

employed by Montenagro et al (1978) would provide better fits. Hubbel] 

(1982) has published theoretical values of the total mass attentuation 

coefficients for photon energies.1 keV to 20MeV for 40 elements ranging 

from 1 < Z, < 92 and 45 mixtures and compounds. 

From above it is clear that the low x-ray energy region, which is 

important for most x-ray analytical techniques, photon attenuation 

coefficients are uncertain by about 10%. At energies around or below 1 keV 

the uncertainty can be as high as 20% or even greater (Hubbell 1977b). 

Recognising the necessity of reliable mass attenuation data it was decided 

at the International Union of Crystallography Congress, held in Warsaw 1978, 

to set up a committee to organise an evaluation of the experimental tech- 

niques adopted for measuring x-ray attenuation coefficients. Further details 

can be found in the Journal of Applied Crystallography Volume 13 (1980) 

ppl99-200. 
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3.1 INTRODUCTION 

The atomic processes which reveal themselves through characteristic 

features in an x-ray spectrum were examined in the preceeding chapter. In 

the present chapter, concepts which are closely related to a nuclear back- 

scattering spectrum have been addressed. Energy loss and straggling of 

charged particles passing through matter have been considered qualitatively 

and contemporary problems in both these areas are highlighted. 

Nuclear backscattering spectrometry has been dealt with from the view 

point of measuring thin film thicknesses and the analytical capabilities of 

this technique are mentioned only briefly. However, references which 

consider the analytical aspects in greater detail have been quoted. Fund- 

amental formulae required for determining thin film thicknesses have been 

stated and corrections to the Coulombic scattering cross section, including 

recent contributions, are discussed. Throughout this chapter cgs units have 

been employed in order to be consistent with the published literature on 

this subject. 

3.2 ENERGY LOSS AND STRAGGLING OF CHARGED PARTICLES 

The study of energy loss and straggling processes of charged particles 

is important not only for understanding the process mechanisms themselves, 

but also for the correct interpretation of quantitative information 

obtained from charged particle based analytical techniques. Two such major 

techniques are nuclear backscattering spectroscopy (Chu et al 1978) and 

particle induced x-ray emission analysis (Johansson 1981). The former 

technique is based on the actual physical laws governing the energy loss of 

a charged particle as it traverses matter and the latter requires energy 

loss data for the purpose of applying corrections to quantitative results 

obtained from thick and semi-thick targets. Although a particle traversing 

matter loses its energy through collision and radiative processes, only the 

former is discussed in this section. Radiative losses have been dealt with



in Chapter 2.(section 2.4) in the context of bremsstrahlung emission. 

3.2.1 Energy Loss by Collision 

As a charged particle travels through a medium it loses its energy to 

the atomic electrons (electronic stopping) and to the atomic nuclei (nuclear 

stopping) by electrostatic interaction (Bohr 1913). Nuclear stopping is 

due to elastic collisions with the target nucleus and predominates when 

V<<V,, Where v is the particle velocity and v, is the Bohr velocity. At 

particle energies above 200keV/amu it is typically around 1% of the elect- 

ronic stopping. (Ziegler 1980). At higher energies nuclear stopping becomes 

even more insignificant and the interaction of the projectile with the 

target nucleus changes from elastic to inelastic. The relative contribut- 

jons of electronic and nuclear stopping are shown in figure 3.1. At 

projectile velocities, v < Vat electronic stopping is proportional to- 

the particle velocity (Linhard and Scharff 1981) where Z is the projectile 

charge and A is the mean velocity of the bound projectile electrons. 

It reaches a maximum when v approaches Vg222 beyond which it falls as 

Inv2/v?, 

The proximity of the ion to the atomic electrons determines whether 

electronic stopping is through excitation or ionisation of the atom. 

Excitation is predominant for distant collisions and ionisation for close 

ones. Lonisation contributions to the energy loss of theion originate in 

two ways. Firstly, they arise through primary collisions with atomic elect- 

rons. The most probable collisions are where the energy transfers in each 

collision are small, thus resulting in the ejection of low energy second- 

ary electrons (Segre 1953). A small fraction of ionising collisions (close) 

may produce energetic secondary electrons (delta rays) with a maximum 

kinetic enegy of (4m/M,)E. This is the maximum energy that an jon of mass, 

Mi, and energy, E, can transfer to a free electron of mass, m, in a direct 

collision and corresponds to the electron having a velocity twice that of 

the incident ion. Secondly, the contribution may come from ionisation by 
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indirect interaction with the atomic electrons. This can occur either by 

the energetic delta rays causing further ionisation or a target atom recoil- 

ing as a result of the primary collision and causing ionisation of other 

atoms (Holmen et al 1979). The direct relationship between secondary electron 

emission and the electronic stopping of the ion was formulated by Sternglass 

(1957). The investigation of secondary electron emission as a result of 

ion impact has been pursued vigorously in recent years, not only for 

academic interest but also for its direct relevance in stopping power and 

thermonuclear fusion studies (Stolterfohr 1978, Veje 1982, Svenson and Holmen 

1982 and Bell et al 1982). 

The behaviour of the rate of energy ios with distances, x, travelled 

by a fully stripped ion with charge Z,e in a medium with atomic number Z,, 

and atomic density, n, is described by the fundamental Bethe formula based 

on a relativistic quantum mechanical treatment (Bethe and Ashkin 1953 and 

Fano 1963) 

_dE _ 4n(Z,e2)2 Z, 0 8 
x my2 

an 
and B = [in (2p - In (1 = 82) - 8? - G 

where m is the electron rest mass, v is the projectile velocity, e is the 

electronic charge, 8 is V/C ratio, c being the velocity of light, I is the 

mean excitation potential of the stopping medium, Cj/Z2 is the ith shell 

correction and B is the stopping number. This equation assumes that there 

are no radiative energy losses. We should note that the stopping power, 

dE/dx, shows a simple qe dependence assuming that the stopping number is a 

function of v and Z, only. A further important point to note is that this 

equation is valid only for high energies (>1MeV/amu), that is, beyond the 

stopping power maximum (figure 3.1). The mean excitation potential, I, is 

independent of the ion velocity and is defined theoretically, as (Bethe 

1930)



In (I) = Ef, In (En) 3.2 

where En are all possible energy transitions of the target atoms and f, are 

the corresponding dipole oscillator strengths. Except for the simplest atoms 

the complexity of this equation is overwhelming (Anderson and Ziegler 1977a) 

and for practical purposes values for I are usually extracted from experimen- 

tal data (Chu and Powers 1972). For recent progress in this area the reader 

is referred to Inokuti (1981). The energy dependent shell corrections, Cj/Z., 

allow for the lack of participation of the inner most electrons in the stopp- 

ing process (Walske 1956 and Sorensen and Anderson 1973). Without these 

corrections equation 3.1 is only valid when v is much greater. than the orbital 

velocity of the Z2 bound electrons. When this is not the case, as for inner- 

shell electrons of heavy elements, these corrections are necessary (Walske 

1956). Such corrections have been formulated by Walske (1952 and 1956) and 

Brandt (1975), and Andersen and Ziegler 1977a). 

Experimental energy loss data that has accumulated over the past years 

have revealed the need for high order charge-dependent corrections to Bethe's 

formula (Andersen et al 1969, Lindhard 1976, Andersen et al 1977 and Anthony 

and Lanford 1981). A Z,* term takes into account polarisation effects at low 

velocities. It explains observed differences between stopping powers of 

particles and their antiparticles, originally noticed by Barkas et al (1963) 

and thus called the Barkas effect by Lindhard (1976) (Ashley et al 1972, 

Jackson and McCarthy 1972 and Hill and Merzbacher 1974). Lindhard (1976) 

obtained a correction twice that of Ashley et al (1972) which was confirmed 

by Andersen et al (1977). At high energies deviations from the Rutherford 

formula introduces higher order Z, terms known as the Mott correction 

(Morgan and Eby 1973). An expression for this term to order Zz has been 

derived by Ahlen (1978). At the two velocity extremes a Bloch's correction 

of ie (n = 2, 3...) is required (Bloch 1933). Recent work on Z,* and Z;* 

corrections has been published by Porter and Bryan (1980). Measurements 

performed by Salaman et al (1981) have revealed a need for a further 
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correction for relativistic heavy ions. Such a correction has been 

confirmed and derived by Ahlen (1982). 

At low velocities (v ~ vo) the electronic stopping was found to depend 

in an oscillatory fashion on Z, by Bottiger and Bosson (1969). Theoretical 

explanations for this behaviour has been given by Briggs and Pathak (1974). 

Also at low velocities stopping power for a given ion (Z; fixed) shows 

similar oscillatory dependence on the stopping medium (Z.). This is true 

for light ions (Ziegler and Chu 1974 and Gertner et al 1980) and for heavy 

jons (Pietsch et al 1976 and Land et al 1980). Kreussler et al (1981) have 

shown experimentally that these pronounced target effects diminish with 

increasing velocity and beyond the stopping power maximum show a smooth Zz 

dependence (Mann and Brandt 1981). At low particle velocities stopping 

power is determined by the properties of the valance electrons in the medium 

and not the inner-shell electrons which remain relatively inactive implying 

that these fluctuations are most likely to be a consequence of the valance- 

electron configuration of the elements (Brandt 1981). 

The energy loss process for heavy ions is further complicated by the 

fact that the charge state of the ions changes with penetration. This has 

been recognised as one of the most fundamental problems in stopping theory 

(Andersen and Ziegler 1977b). As the ion penetrates matter its charge 

changes either by electron loss to the medium or by electron capture from 

the medium. This effect produces discrepencies in the Z,7 scaling law 

unless the effective charge state of the ion is known (Andersen and Ziegler 

1977b). At high velocities (v >>voZi, where voZ: is the velocity of the 

K-shell electron) the ion can be assumed to be completely stripped of its 

electrons but if v < vol? the ion is only partially stripped (Brandt 

1981). Using the Thomas-Fermi model of the atom, Ziegler (1977) has 

derived an empirical expression for the effective chargeof ions. An 

empirical expression has also been derived by Andersen and Ziegler (1977b)



based on the work of Northcliffe (1963) and Forster et al (1976) for scaling 

proton stopping powers to obtain values for heavy ions. This problem has 

been tackled theoretically by Brandt (1981) and Wietschorke and Soff (1981) 

and experimentally by Schulz and Brandt (1981) and Anthony and Lanford (1982). 

Other notable references in the field of energy loss of charged particles 

include Mayer and Ziegler (1973), Saris and Van der Weg (1976), Andersen et 

al (1980) and Bird and Clark (1981). Recent measurements have been made by 

Fukuda (1981) and Santry and Werner (1981) and Ahlen (1980) has recently 

published a review article on the subject. 

Despite the difficulties in explaining the energy loss process theore- 

tically, experimental work on this subject has been unceasing. A comprehen- 

sive bibliography has been presented by Andersen (1977) on the subject. 

Recent tabulations of stopping powers have been published by Andersen and 

Ziegler (1977a,b) for protons and alpha particles passing through all 

elements. A more recent tabulation by Ziegler (1980) gives the stopping 

powers of all ions in all elemental absorbers. The values in these tabula- 

tions were obtained by combining experimental and theoretical results. The 

latter were used to determine stopping powers of ions in elements for which 

experimental values were unavailable. The projectile energy range covered is 

1 - 10°keV and empirical formulae fitted to the experimental data are also 

presented by these authors. These fits are reported to be accurate to 1% 

and the interpolated values are reliable to 0.5% (Andersen and Ziegler 1977a). 

3.2.2 Energy Straggling 

The energy loss process mainly involves a large number of independent 

interactions between the ion and the atomic electrons of the absorber which 

are subject to statistical fluctuations (Bohr 1915). This stochastic nature 

of energy loss of ions causes the delta distributions of a mono-energetic 

ion beam, of identical particles, to broaden considerably after passing 

through an absorber. The fluctuations in the energy loss of the particles 
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is known as energy straggling. This is closely related to range straggling 

(Lewis 1952). The upsurge of interest in this phenomenon in recent years 

can be attributed to the successful application of ion beam analysis tech- 

niques which require a detailed knowledge of energy straggling (Mayer and 

Ziegler 1973, Saris and Van Der Weg 1976, Andersen et al (1980), and Bird 

and Clark 1981). In nuclear backscattering spectroscopy, for instance 

(section 3.3), energy straggling is one of the major factors which limit 

depth resolution studies (Friedland 1978).and, therefore, it is essential 

that its effect is quantified. 

The original theory formulated by Bohr (1915) predicts that the energy 

straggling is independent of the particle energy and that the root-mean- 

square (rms) value of the energy variation increases with the square root 

of the electron density per unit area (n Z2t) in the target, that is, 

Q7_ = 4n(Zye?)*nZ2t 3.3 

where ve (keV?) is the variance of the energy loss distributions, 2, is 

the projectile atomic number, Z, is the targets atomic number, t is the 

target thickness and n is the number of target atoms per unit volume. The 

above expression is based on the assumption that the individual energy 

transfers takes place between a free electron at rest and a fully ionised 

projectile. Therefore, it is only applicable beyond the stopping power 

maximum. Lindhard and Scharff (1953) have refined Bohr's theory to extend 

the range of applicability to below and in the vicinity of the stopping 

power maximum. Bonderup and Hvelplund (1971) added further improvement to 

take into account the oscillatory dependence of energy straggling on Zo 

a situation similar to that found for stopping power.. Chu (1976) by 

incorporating Hartree-Foch-Slater atomic wave functions into the theory of 

Bonderup and Hvelplund (1971), explained these material dependences 

Contrary to Bohr's theory (Bohr 1915), energy straggling measurements 

reported by Harris and Nicolet (1975) revealed a weak dependence on the



projectile energy which is in qualitative agreement with the other form- 

ulations by Lindhard and Scharff (1953), Bonderup and Hvelplund (1971) and 

Chu (1976). Bohr's theory further predicts a Gaussian energy loss distri- 

bution. This, however, has been found to be true only for low velocity 

projectiles (Wilken and Fritz 1976) and in general is only an approximation. 

A realistic distribution is asymmetrical and shows significant skewness as 

shown by Landau (1944), Tschalar (1968) and Bichsel and Saxon (1975). 

However, in the low MeV energy region for ligh ions the energy resolution 

of conventional solid-state detectors is not fine enough to show the non- 

Gaussian shape and the assumption of a Gaussian distribution is acceptable 

for practical purposes, If the particle has enough energy to completely 

penetrate through the detector's sensitive volume considerable dispersion 

is observed in the distribution (Wilken and Fritz 1976). 

Experimental investigation of energy straggling has inherent difficult- 

jes since the true straggling is hidden within instrumental (Wilken and 

Fritz 1976) and target inhomogeniety effects (Stoquert et al 198la). 

Despite these hindrances interest has continued (Friedland and Kotze 1981 and 

Molherbe and Alberts 1982). 

An important contribution to energy straggling concerns the fluctuations 

in energy loss caused by charge-exchange effects as the particle passes 

through matter (Vollmer 1974). This effect is particularly important at the 

vicinity of the stopping power maximum where the probability of charge 

exchange is high (Cuevas et al 1964). Sofield et al (1981) has explained 

discrepencies of upto a factor of two between experimental measurements and 

theoretical predictions in terms of charge exchange effects. The importance 

of these effects to the energy loss and straggling processes accompnaying 

the passage of ions through matter is self-evident from the above discussion 

and makes the continued pursuance of experimental and theoretical invest- 

igations in this area vital. 
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3.3, NUCLEAR BACKSCATTERING SPECTROMETRY 

Although the pioneering work of Rutherford (1911) and Geiger and 

Marsden (1913) gave birth to nuclear backscattering spectrometry it is only 

in the last two decades that is has established a firm foothold as one of 

the major surface analystical techniques (Chu et al 1978). This development 

was primarily a consequence of the advent of fast-response solid-state 

detectors which offered good resolution and good linearity over a wide range 

of energies and to the improvements acheived in the electronic systems 

required for data handling and processing (Chu et al 1978). 

The physical concepts of nuclear backscattering spectrometry have been 

considered only briefly here, simply because as a result of its generally 

wide acceptance and its high level of development a prodigious amount of 

literature is now available which covers its concepts and applications in 

great depth (Mayer and Ziegler 1973, Ziegler 1975, Foti et al 1977, Chu et al 

1978, Gyulai 1980, Bird and Clark 1981, Gyulai 1981 and Simons et al !982). 

3.3.1 Kinematic Factor ° 

When a‘light charged particle of mass, M,, impinges on a target there 

is a finite probability that it will experience a Coulombic interaction with 

a target nucleus of mass, Mz. As a result of this interaction the particle 

transfers momentum to the target nucleus causing it to recoil and is, itself, 

deflected at an angle, 6. A minority of the impinging particles may suffer 

close 'billiard ball' type encounters with the nucleus and be deflected by 

obtuse angles as shown in figure 3.2. Provided that the incident projectile 

energy is below the threshold of nuclear reactions and greater than the bind- 

ing energy of the target atom (Chu et al 1978) the collision may be considered 

as an elastic one and using the conservation laws the kinematic factor, K, 

defined as the ratio of the projectile energy after (E,) and before (E) the 

collision can be calculated. For the non-relativistic case in the laboratory 

frame and provided M,; < Mz we have 
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k= 3.4 

(M3_- M? Sin?6 any M,Cos@ i 
= $55 

2 1 

seit 2 
— |(1_= (Mi /M2)?Sin?6)* + (Mi/Ma)Cosé@ = Sear 3.6 

The kinematic factor, therefore, depends on the ratio of M; and M2 

and for fixed M; and E it facilitates mass discrimination by nuclear back- 

scattering spectrometry. 

In practice the mass difference, AM,, between two elements of interest 

jn a target must produce as large an energy change, AE,, as possible 

after collision. For fixed M, and E, AM, will induce the largest 

change in K at a scattering angle of 180°. Consequently, to achieve 

the maximum mass resolution @ is chosen to be as close as possible to 

180° as the experimental set-up will allow. Quatitatively AE, can be 

expressed as (Chu et al 1978) 

kee c(i, )aMa Bi 

dK/dM2 can be readily obtained from equation 3.5 and 

dK _ -4M, 
a acose 320 

If 6 is different from 7 by 6, where 6 is small, equation 3.8 can 

be written as 

Ge = (4 - 28°) me 3.9 

Substituting 3.9 into 3.7 we arrive at 

AE, = E (4 - 262) fam, 3.10 
2 

From equation 3.10 we can deduce that the mass resolution can be 

optimised by



(i) increasing E 

(ii) using heavy ions (increase M, provided M, <M2) 

(ii?) measuring at scattering angle as close as 

possible to 180° so that 6 + 0, and 

(iv) analysing light elements (small M2) 

The possibility of employing heavy ions for backscattering spectrom- 

etry has been explored rigorously by many workers (Peterson et al 1973, 

Miller and Ischenko 1976, Thomas et al 1976 and Sullins et al 1981). 

The main disadvantage of adopting heavy ions such as '*C and *°0 as 

projectiles instead of 'H and “Hg is the worsening of the detector 

resolution that results and which dampens considerably the advantages. 

However, despte this problem Petersson et al (1973) have attained 

improvements in the mass resolution of upto a factor of four. Thomas et 

al (1976) used Lithuim ions of energy upto 3MeV and obtained improvements 

while still maintaining the detector resolution. Sullins et al (1981) 

have compared high energy '*0, ?°Ne and “°Ar ions and have highlighted 

the potential capabilities of heavy-ion nuclear backscattering spectrometry 

for resolving neighbouring masses for elements with 50 < M,<100. A mass 

resolution of better than 1 amu has been achieved by Chevarier et al (1981) 

with '*N and *°Ar ions by using a time-of-flight spectrometer. 

The choice of E and the inherent advantage of analysing light elements 

cannot be discussed in isolation and are subject to compromises imposed by 

the scattering cross section considered below. 

3.3.2 Scattering Cross Section 

The concept of the differential scattering cross section, dop/ da, 

allows quantitative analysis by backscattering spectrometry. dop/d® is 

a measure of the probability of a scattering event occuring due to a 

Coulomb interaction. This can be derived classically (Rutherford 1911) 

or quantum mechanically (Tralli and Pomilla 1969) and in laboratory 

51



co-ordinates is given by 

dog (2,z28"f 4 [(1=_(Ma/Ma)? Sinte)? + Cose]? 
a qe sin’ [l= (Mi/Me)2 Sinza |e 

36 Ul 

This is the Rutherford forumla and gives the differential scattering 

cross-section with respect to the detector solid angle, 2, for a project- 

ile with incident energy, E, charge, Z,¢, and atomic mass, Mi, scattered 

by a target nucleus of atomic number, Z,, and mass, M,, at an angle, 9. 

Equation 3.11 assumes that the force between the two nuclei is Coulombic. 

This is a valid assumption provided that the distance of closest approach 

is much greater than the nuclear dimensions but smaller than the Bohr 

radius. For very small solid angles @ is well defined and the absolute 

scattering cross section (cp) can be approximated by dop/da (Chu et al 

1978). 

The following points are worth noting, that, dop/dQ is 

(i) proportional to Z,? giving an alpha particle backscattered 

yield four times that of protons or deutrons. 

(ii) proportional to Z2* making nuclear backscattering much more 

sensitive to heavy elements than to light ions, 

(iii) proportional to E~? and, therefore, the backscattering yield 

increases rapidly with diminishing projectile energy, 

(iv) a function of 9 and, therefore, is axially symmetrical with 

respect to the axis of the incident beam, and 

(v) approximately proportional to cosec*é and as a result the 

backscattering yield decreases rapidly with increasing 6. 

Although the mass resolution is improved by increasing E, the fact 

that the scattered yield diminishes as E~? for a given projectile has to 

be taken into account. Using light charged particles such as alpha 

particles, at about 2MeV is usually a good compromise. The inherent 

advantage of high mass resolution for light elements, mentioned in sub- 

section 3.3.1, has to be weighed with the disadvantage of the backscattering 
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yield being less sensitive to light elements. These points illustrate 

that the exact experimental conditions depend on the nature of the 

analytic problem. 

3.3.3 Corrections to the Scattering Cross Section 

As the incoming projectile approaches, a target nucleus it experiences 

and responds to the Coulomb potential of this nucleus which is itself 

screened by its atomic electrons. When scattering takes place in the 

vicinity of the atomic electron 'cloud' significant deviations from the 

Rutherford formula (equation 3.15) arise, as pointed out by Wenzel and 

Whaling (1952). This is because the Rutherford formula corresponds to 

the case where the target nucleus is unscreened. These deviations remain 

significant even when the scattering takes place close to the nucleus, 

that is within the K-shell radius, since in a screened atomic nucleus 

the particle is affected by the repulsive nuclear force only after it 

has penetrated the electron ‘cloud' unlike the Rutherford case where the 

repulsive force is present even at large distances (L'Ecuyer et al 1979). 

Deviation of up to 4% for IMeV He ion incident on a Bi target have been 

observed by L'Ecuyer et al (1979). 

While determining stopping powers of low energy protons and deuterons 

in D20 ice Wenzel and Whaling (1952) formulated a correction to the 

Rutherford cross section, Ops that is, 

og -A R= 3.12 
REM 

or aT oreo 3.13 
Ecu) ~R ; 

Where o is the corrected cross section, Epy is the projectile energy (keV) 

in the centre-of-mass frame, given by Ecm = EM2/(M: + M2), assuming M2 is 

initially at rest,and A is the absolute value of the electrostatic 

potential at the atomic nucleus. A has been derived by Foldy (1951) using 

a Hartree model of the atom and employed by Wenzel and Whaling (1952), 
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where 

haan 3.14 

and since the Rydberg (R,) has the value 13.6eV, 

A = 0.032622," keV 3.15 

By substituting equation 3.15 into 3.13, we arrive at the correction 

factor, F, used by Wenzel and Whaling (1952), 

pe 1 - 010326212" 
cM 

3.16 

L'Ecuyer et al (1979) utilised a classical approach by assuming that 

the distance of closest approach is greater than the de Broglie wavelength 

(Bohr 1948) and have derived F where 

_ 0.0492122"8 
ECM 

From equations 3.16 and 3.17 the increasing importance of the 

Fe 

correction at low incident energies and for heavy targets is clearly 

apparant. L'Ecuyer et al (1979) have achieved good agreement with 

experimental results. 

Hautala and Luomajarvi (1980) have given a more accurate treatment 

using Dirac-Fock electron distributions (Desclaux 1975). They, like 

L'Ecuyer et al (1979), have found the correction factor to be a function 

of Z:Z2 3 /EcM. However, the older correction given by Wenzel and 

Whaling (1952) have yielded closer agreement with their calculated results, 

except at high Z2 where good agreement was found by applying the correction 

derived by L'Ecuyer et al (1979). Hautala and Luomajarvi (1980) have also 

investigated the angular dependence of the correction factor and have 

noticed a weak dependence at backward angles in accordance with the above 

correction formulae. 

From the foregoing discussion it is clear that the calculated 

scattering cross section may be employed reliably in quatitative work 

provided that the appropriate correction is made. 
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3.3.4 Determination of Thin Film Thicknesses 

A target in the form of a film is considered to be 'thin' when the 

energy loss suffered by a projectile passing through it produces no 

significant variation in the interaction cross section. This criterion 

is discussed further in Chapter 5 while considering the choice of target 

thickness employed in the present study. It is shown that if a target 

js thin in relation to inner-shel1 ionisation cross section then it is 

also thin in relation to the Rutherford scattering cross section. 

Unlike thick targets, both the front and the back surface features 

of thin targets are identifiable in a backscattering spectrum. Ideally, 

this spectrum would be rectangular in shape with a constant width, 

AE, which is the sum of the energy loss suffered by the ingoing 

particle and the outgoing particle scattered from the back surface. 

In reality, however, this shape is superimposed by instrumental and 

energy straggling effects (Stoquert 1981b). Whereas the former effect 

contributes to both sides of the spectrum the latter appears only on the 

low energy side giving the spectrum a slightly skewed-Gaussian appearance, 

but as mentioned in subsection 3.2.2, for thin targets the skewness is 

minimal and is not noticed significantly by the present-day surface- 

barrier detectors. The experimental measurement of the full-width-at- 

half maximum (FWHM) or AE. , affords a means by which the target thickness. 

can be determined (Chu et al 1978). Although AE decreases as the target 

thickness decreases, for a given set of experimental conditions a natural 

delimitation is imposed on the FWHM of the Gaussian peak by the instrumental 

effects, namely the detector resolution and the noise of the electronics. 

This fact makes the use of AE for calculating very thin target thickness 

unreliable. For such targets the thickness may be determined from their 

backscattering yield, Yg, which is related to the thickness, t, of the 

target by the expression 

Yg = Noosnt 3.18 
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where Ny is the total number of particles to which the target has been 

exposed, o is the nuclear elastic scattering cross section at a particular 

scattering angle, 2 is the detector solid angle and n is the number of 

target atoms per unit volume. Expression 3.18 relies on the assumptions 

that the projectile energy loss in the target is negligible. Further- 

more, the thin film density is assumed to be equivalent to the bulk 

density. 

In the cases where the energy loss of the projectile in the target, 

although small, is not negligible a correction is required to account 

for the variation of the nuclear scattering cross section in the target. 

A simple correction can be derived by assuming that the energy loss varies 

linearly with projectile energy and can be incorporated in equation 3.18 

giving (Foti et al 1977 and Chu et al 1978) 

Yg = Npoant Cp 3.19 
= -1 

and Cr {1 Boeetet ] 3.20 

where Cr is the correction factor, B(Ean) is the stopping power of the 

projectile in the film and is defined as 

-1 dE 
e(Ejn) = ad I= 3.21 

in 

  

Ean is the mean energy in the target of the incident projectile of energy 

E and can be estimated by E - (AE /4) or simply by E (Chu 1975 and Chu 

et al 1978). e (Ein) may be obtained from the tables of Andersen and 

Ziegler (1977a,b). It is worthwhile remarking that e(Ejn) appears only 

as a correction in the yield equation (3.19) and the uncertainty in 

e(Ein)s therefore, does not play a major part in the thickness measure- 

ment. t can be isolated from equations 3.19 and 3.20 to give 

Y 
t= are 322 
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The above approach has been used to determine target thicknesses 

in the present study. The uncertainties in the experimentally measured 

quantities, Yg, Ny and 2 determine the precision of t and are discussed 

jn Chapter 5 along with the experimental procedure. The reliability 

of the calculated elastic nuclear scattering cross section o, via 

equations 3.11 and 3,17, has already been referred to in subsection 

3.3.3. The stopping power e(Ejn) was determined at Ej, = E since the 

energy lost by the charge particles in thin elemental targets of interest 

in this work is only a few keV at an incident energy of IMeV and less at 

higher energies. 
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4.1 INTRODUCTION 

The plane-wave Born approximation (PWBA) and its recent improvements 

by Brandt and Lapicki (1979, 1981), known as the ECPSSR theory, are 

discussed in this chapter. The other major theoretical models for 

describing inner-shell ionisation are the semi-classical approximation 

(SCA) and the binary-encounter approximation (BEA). The ECPSSR theory 

has been chosen for comparison with the measured L-shell ionisation and 

x-ray production cross sections in this study (Chapter 6) instead of the 

SCA and the BEA. This approach has been followed because the ECPSSR 

model has been developed to a sufficient degree to allow detailed quantit- 

ative as well as qualitative comparison with the experimental data. The 

formulation of this theory by Brandt and Lapicki (1981) permits the major 

corrections to be included in the PWBA. In the case of the SCA and the 

BEA an equivalent readily accessible formulation to improve the calculated 

cross sections does not exist. However, both of these theories are 

reviewed in appendix A, not only for completeness but also because they can 

be closely related to the PNBA (Madison and Merzbacher 1975). 

For the sake of brevity emphasis is placed on the discussion of the 

underlying assumptions on which the PWBA is based and the mathematical 

details have been omitted. References are, however, quoted which deal 

with the latter in great depth. 

To explain exactly the mechanism of inelastic collisions between 

charged particles and atoms is a formidable task even for the simplest 

case and consequently the above-mentioned theories were introduced, which 

rely on substantial simplifications. The following two assumptions are 

common to these theoretical descriptions. 

(i) The dynamics of the inner-shell ionisation process can be adequately 

treated in terms of an independent-electron model. The projectile 

and an independent inner-shell electron experience a Coulombic 
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interaction, the result of which is to cause a transition to the 

continuum. This inner-shell electron, therefore, plays the ‘active' 

role with the projectile, while the other electrons of the target 

atom are mere 'spectators' of the collision. This assumption is 

consistent with most of the x-ray phenomena discussed in Chapter 2. 

(ii) The collision which creates the single inner-shell vacancy is 

assumed to take place ina short time compared with the time taken 

for the occurrence of the subsequent atomic transition (= 107’s) 

(Madison and Merzbacher 1975). 

Protons, deuterons and alpha particles as projectiles with velocities 

less than the velocity of the inner-shell electron are considered in the 

present work.. In this collision regime, effects such as electron capture 

by the projectile and target-orbital contractions can be neglected (Brandt 

and Lapicki 1981 and McDaniel 1983). 

In order to maintain consistency with the published literature cgs and 

atomic units are used throughout this chapter. 

4.2 PLANE-WAVE BORN APPROXIMATION 

The first quantum mechanical treatment of inner-shell ionisation by 

charged particles was based on the Born approximation (Born 1926). The 

interaction between the projectile and an inner-shell electron, which 

causes the electron to be ejected into the continuum, is Coulombic in 

nature and is treated in terms of the first order time-independent pertur- 

bation theory. The validity of such an approach is only ensured when the 

perturbing potential is small and since the magnitude of this potential 

depends on the charge of the projectile (Z:), incident particles with low 

atomic numbers such as protons and alpha particles are the most suitable 

for testing the predictions of this theory (Sarkadi 1983). The theory, 

therefore, holds for Z; << Zz where Z. is the atomic number of the target 

atom. This is the region of direct Coulomb ionisation (Madison and 
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Merzbacher 1975). 

In the Born approximation the distortion of the wave function of the 

incoming particle by the inner-shell electron involved in the inelastic 

collision is assumed to be negligible and is, therefore, ignored. This is 

the primary assumption in the Born approximation (Madison and Merzbacher 

1975). For an asymmetric collision between an incident partice of charge 

Z,e and velocity v; and a target atom with a nuclear charge of Z2e the 

validity condition for the Born approximation is given by (Williams 1945 

and Bohr 1948). 

2 
ane << 1 4.1 

This condition can be interpreted as the de Broglie wavelength 

being larger than the dimensions of the scattering field (Williams 1945). 

The ionisation of the K-shell by light charged particle impact was 

treated non-relativistically by Henneberg (1933) who based his theoretical 

approach on the Born approximation. Henneberg (1933) replaced the initial 

and final wave functions of the incident particle by the product of two 

plane waves, that is 

exp (i (ki - ke). 8) 4.2 
and k = == 

where Rkj and Tkp are the initial and final momenta of the incident particle 

with a position vector R and a wavelength \. The momentum change suffered 

by the particle is then N(k; - kf) or Ng where g = kj - kp. Plane waves 

can be used provided that the radii of the inner-shell electron orbits are 

large compared to the classical distance of closest approach for the proj- 

ectile (Henneberg 1933). This approximation is known as the plane-wave 

Born approximation (PWBA) (Merzbacher and Lewis 1958 and Inokuti 1971). 

The assumption that the plane wave is not distorted by the inner-shell 

electron during the collision is justified if the inequality 4.1 is satis- 

fied (Merzbacher and Lewis 1958). 
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During an inelastic collision between a charged particle and an 

heavy target atom an inner-shell vacancy can be created even at very low 

incident energies. However, atomic transitions caused by the collision 

are not detectable unless the relative energy of the collision partners is 

much greater than the electronic binding energies of the inner-shells 

involved. (Madison and Merzbacher 1975). A lower limit to the velocity of 

the incident particle is set by the inequality 4.1. For direct collisions 

in the region of a few MeV the velocity of the projectile is less than or 

comparable to the velocity of the inner-shell orbital electron (Madison 

and Merzbacher 1975). The present work deals with collisions in this 

‘near-adiabatic' region. It is convenient to employ the maximum energy 

transferrable (Tm) to a free electron of mass, m, by a projectile of mass, 

M:, and energy, E, that is 

Tm = Fee 4.3 

to compare with the binding energy of the inner-shell electron (1) (Merz- 

bacher and Lewis 1958). As the collision becomes less adiabatic and Tp 

approaches I, inner-shell ionisation becomes increasingly probable and 

reaches a maximum when T,, is comparable to I. 

The problem of representing the inner-shell electron, involved in the 

collision, by a suitable wave function is considered below. Initially 

this electron is in its ground state, 2s or 2p in the present context. 

The electron may undergo a transition into one of the continuum states if 

the inner-shell is ionised. The final state, therefore, represents the 

vacancy in the inner-shell and the electron emitted into the continuum. 

Provided that Z; << Z, and that the charge on the incident particle 

is comparable to the value of the electronic charge (e) the inner-shell 

orbits are not polarised to any great extent, allowing the use of atomic 

wave functions of the unperturbed atom for the 'active' electron (Mott 

1931 and Merzbacher and Lewis 1958). 
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Most of the calculations of inner-shell jonisation by charged 

particles have employed non-relativistic hydrogenic wave functions (Mott 

and Massey 1965) for the electron in its initial and final states (Henne- 

berg 1933, Merzbacher and Lewis 1958, Khandelwal et al 1969, Choi et al 

1973, Rice et al 1977, Benka and Kropf 1978 and Johnson et al 1979). These 

wave functions approximate the more realistic atomic wave functions such 

as the Hartree-Fock type (Madison and Merzbacher 1975). This approximation 

may be applied successfully provided that the 'screening' effects of the 

target atomic electrons are accounted for (Taulbjerg 1976). In multi- 

electron atoms, the nuclear charge experienced by the active electron is 

reduced by the presence of other inner-shell electrons. A further effect 

of screening is the reduction of the binding energy of the inner-shell 

electrons caused by the presence of the less-tightly bound outer electrons. 

These two effects can be taken into account approximately by introducing 

simple modifications (Livingston and Bethe 1937). The ‘inner’ screening 

of the full nuclear charge (Zze) may be accounted for by reducing Z2 

by an appropriate amount calculated by Slater (1930). For the complete 

L-shell the Slater value is 4.15, giving the effective nuclear charge 

(ZeL) felt by an L-shell electron as 

Za, = Za - 4.15 4.4 

The 'outer' screening shifts the binding energy of the inner-shell without 

changing the wave function significantly in the vicinity of the inner-shell. 

This is taken into account by introducing a dimensionless quantity 8, 

(i = 1, 2, 3 and refers to the three L-subshells) known as the ‘screening 

number' or the'scaled binding energy’. It expresses the actual binding 

energy I,;, in terms of the hydrogenic binding energy, E,j, which is free 

from the effects of outer screening, that is, 

I . 

®15 sn 4, 1 
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Since Epp = 22, R/np 

ne tis Gi egs eel 
Li ZR. R, 4.6 

where n_ = 2 is the principal quantum number for the L-shell and R, is the 

K-shell ionisation energy of hydrogen (Rydberg) and has the value 13.6eV. 

814 therefore, is a measure of the nonhydrogenic aspect of I,;. Figure 4.) 

shows the variation of 6,; with Z2. 9,4 was calculated from equation 4.6 

and employing IL; from Storm and Israel (1971). For the elements of 

interest in this study 6,; lies between 0.4 - 0.8, 

The use of the PWBA, based on the above assumptions, for evaluating 

inner-shell ionisation cross sections for light positively charged particles 

has been discussed comprehensively by Merzbacher and Lewis (1958), Madison 

and Merzbacher (1975) and Briggs and Taulbjerg (1978). Here only the final 

results are quoted. 

The L-shell ionisation cross section is expressed in terms of the 

dimensionless quantities, W, k and Q defined by 

as - e 3 k = aoks Q = atq? 4.7 ZR. 2K; Q 24 

where « is the energytransferred to the target atom as a result of the 

inelastic collision, a2 = ao/Zoy is the K-shell radius of the target atom, 

a. being the Bohr radius of hydrogen, K is the wave number of the hydrogenic 

wave function and q is the momentum transferred to the atom in units of fh. 

The energy transferred to the atom is 

e=T+li; 4.8 

where T is the kinetic energy of the electron of mass, m, at infinity and 

equals h?K?/2m + V_;. The potential, V,;, represents the reduction in the 

binding energy of the L-shell electron due to the effects of outer screening 

and is given by 

Vey =F ea 
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“2 SiR. 4.9 meri 
ne Li 

Substituting equation 4.9 into 4.8 gives 

Peek or eee eee a 4.10 

Using equation 4.7 W can be expressed as 

1 W =k? + TR 4.11 

In terms of the quantities defined by equation 4.7 the PWBA Lj-subshel1l 

jonisation cross section, CLG: jn the centre-of-mass system, for an 

electronic transition from an initially filled Li-subshell to a final state 

with an energy transfer © can be expressed as (Merzbacher and Lewis 1958). 

ee ee eo 
4.12 

where v is the relative velocity of incidence and Fury (9) is known as the 

inelastic form factor for the collision. Expressions for Fy «(Q) can be 

found in Merzbacher and Lewis (1958), Choi et al (1973) and Benka and 

Kropf (1978). The velocity of the projectile (vi) can be expressed in terms 

of the velocity of the inner-shell electron (V2) through the reduced or 

the scaled energy parameters, nj » 

Vines | vi)? = = ool 4.13 
oi fv Ty fe 

since v,; = Z2,e7/nyn. Through The sometimes referred to as the 

  

adiabaticity parameter, the energy of the projectile (E) in the laboratory 

frame enters the cross section calculations, that is, 

mE = 4, nL Wz R 14 

using v? = 2E/M, and R, = e*m/2h*, where m is the mass of the electron. 

Employing n, the ionisation cross section can be stated as (Choi et al 1973), 
L 

_ 8rZ2a,? 
oj ara, Fy (mL 9,4) 4.15 

2



   

where 

W, Q fie (ape Or = foes j max 2 dQ 
E el dW F = 4.16 

' ; Ji Qin | Wi (Q) e 

The Lj-subshell cross section can be obtained by evaluating the 

interals in equation 4.16 over the variables W and Q. These calculations 

have been performed for the L-shell by Choi et al (1973) and Benka and 

Kropf (1978). Choi et al (1973) have tabulated fy (n> 814) for bare 

charged particles such as protons and alpha particles and have restricted 

their calculations to 0.0018 < n, < 7.0 and 0.24 < 6); < 0.78. Benka 

and Kropf (1978), on the other hand, have concentrated on proton impact 

only and have extended their calculations to cover a larger range of proton 

energies and target elements. Their format is, however, slightly different 

to that of Choi et al (1973) and they have tabulated the ‘reduced universal 

cross section', FL; (n_/@{7. 9,4). defined by 

_ 8nZt a3 2 ou a ay Fh (ni/8f 5 %4) 4.17 

where 

= (SLi Fiy = (aus) fLy (n> 94) 4.18 

Their calculations cover 10°° < n,/0?,; < 10? and 0.2 < 6; < 2.7. 

In terms of Z2 and E their tabulation covers all values with Zz > 10 and 

proton energies of the order of 107° to 10°*MeV. 

The more pronounced difference between the two tabulations concerns 

the integration limits of equation 4.16. These limits are obtained from 

the conservation of energy and momentum relations (Merbacher and Lewis 1958). 

Both the tabulations have used 

W, =o 
nig 4.19 

Ae 

which is arrived at by substituting the minimum energy transfer emi, = Lj, 

obtained by setting T = 0 in equation 4.8, into equation 4.7. Choi et al 
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(1973) have approximated Wmax, which corresponds to the maximum energy 

transferrable to the atom, by 

W, 4.20 max = 

Benka and Kropf (1978) have replaced this by the exact integration limit 

Wnax = nL 4.21 

Limit 4.21 is obtained by setting emax equal to the maximum energy available 

for transfer to the target atom, which simply is the projectile energy 

before collision, E. This makes Wmax dependent on the projectile mass, 

M,, unlike the approximation used by Choi et al (1973) which clearly is 

independent of M, (equation 4.20). The expression for Qmin can be derived 

from 

Ramin = ky - tke = (2ME]? - (2m (E - ©)]? 4.22 

Nq?min = 2m [E2 - (E - &)4]? 
= Me fl - {1 2 ¢ | 4.23 

Using the binomial theorem 4.23 can be written as 
M 2 

Nq?min = Be (1 + | 

and if the energy loss, e, of the projectile is smaller than the projectile 

energy, E, that is, « << E, 
M 2 2 

Wq?min = oe = Te g 4.24 

In terms of the dimensionless quantities Q, W, and nL the minimum momentum 

transfer may be expressed as 

pt We 
Qnin = 7 4.25 

This expression for Qnin has been employed by Choi et al (1973) for their 

calculations. Benka and Kropf (1978) have retained the exact expression 

4,23 in their calculations, which can be rearranged to 
rs M, }? mW 

Quin = fay = [and | 
For the maximum momentum transfer we have 
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Tamax = hky + Tke 

= [ame]? + [amie -e)] 3 Pe 

N2q?max = 2MiE [1 + (1 = e} 4? 
at 

Expanding the bracket term and since « << E equation 4.28 can be approxi- 

mated to 

Warmax = SME 4.29 

Merzbacher and Lewis (1958) have approximated qmax =, which they 

point out introduces no serious errors. Choi et al (1973) have also used 

this limit for Qmax, that is 

Qmax = 2 4.30: 

Benka and Kropf (1978), however, have used the exact expression 4.28 

for the maximum momentum transfer leading to 

Qmax = any [1 + [ - af a 

As a result of using the exact integration limits the cross section 

values for incident protons at low energies calculated by Benka and Kropf 

(1978) are considerably smaller than those of Choi et al (1973). For 

intermediate and high energies, n_ > 0.1, the cross sections agree to within 

1% for all targets (Benka and Kropf 1978). In the present study, however, 

nL is typically 10°° for protons and significant differences between the 

two tabulations exist at these energies. In the case of Au (Z. = 79), for 

example, bombarded by 1.6MeV protons (n_ = 0.011) the Li ionisation cross 

sections differ by about 7%. 

Benka and Kropf (1978) have used the exact integration limits and as a 

result their tabulation has been employed in the present study to generate 

the cross sections for proton impact in preference to that of Choi et al 

(1973). For deutrons and alpha particles on the other hand, the latter 

tabulation was adopted since the values of Benka and Kropf (1978) are 

valid only for proton impact. 
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In pertinance to the expression 4.17 for the PWBA L-shell ionisation 

cross section several notable points can be made. 

(i) 

(i) 

(iii) 

The form factor Fw,; (Q) is explicitly independent of the target 

charge Z2 (Madison and Merzbacher 1975) and consequently the cross 

section exhibits a universal behaviour for all targets and projectiles 

when expressed in the form 

ne(Zen egies 
a = = = Fiz ("/825» 814) 4.32 

The form factor, for a given atomic transition, has large values for 

Q = 1 and then decreases rapidly as Q increases(Inokuti 1971). 

According to equation 4.25 Qnin is large at low projectile velocities, 

and the dominant contribution to the cross section arises, therefore, 

from the lowest momentum transfers. The universal behaviour observed 

by plotting (8; 23, 9, ;)/(8nZia,*) versus "1/67, is thus limited to 

the low velocity region where the projectile velocity is smaller than 

the inner-shell electron velocity, vi < Vap+ Expression 4.32 also 

exhibits a scaling and thus permits cross sections to be determined 

for different projectiles (Z:) for given Z. and E provided that o,,; 

is known for a certain projectile. The validity of the universal 

property and that of Z,* scaling has attracted considerable experimen- 

tal scrutiny (Madison and Merzbacher 1975, Chaturvedi et al 1975, 

Khan 1975, Button et al 1979 and Bhattacharya et al 1980) and reason- 

able qualitative agreement has been established. 

The inner-shell ionisation cross section for charged particles rises 

to a broad maximum at around n/t Seleon vi Vay for the L-shell. 

Beyond this ‘velocity matching' peak the cross section falls off. 

Any divergence from the universal behaviour may be indicative of the 

inadequacies of the PWBA model. These might include the unsuitability 

of the unperturbed hydrogenic wave functions, the single-independent 
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(iv) 

(v) 

(vi) 

electron assumption or more seriously the approximate nature of the 

Born model itself (Madison and Merzbacher 1975, McGuire and Macdonald 

1975 and Chen et al 1982). Improvements of the PWBA theory are 

discussed in the next section. 

At low projectile velocities the contribution to the jonisation cross 

section is predominantly from collisions which transfer energies 

close to zero to the electron. The cross section is sensitive to the 

high-momentum tail of the momentum distribution of the initial-state 

wave functions. In other words, the ionisation of the inner-shell 

occurs most probably when the particle penetrates deep inside the 

shell (Madison and Merzbacher 1975 and Montenegro and de Pinho 1982a). 

At low projectile velocities, therefore, the ionisation cross section 

for the 2p states rises smoothly with increasing collision energy in 

qualitative agreement with the momentum wave functions associated 

with these states. The ionisation cross section for the 2s state on 

the other hand displays a pronounced 'knee' in the neighbourhood of 

ny /9214 = 0.01, a feature which is a consequence of the radial node 

in the wave function of this state, either in the coordinate or the 

momentum representation. 

Provided that the target atoms are not light or highly ionised before 

collision, the contribution of the excitation of inner-shell electrons 

to unoccupied discrete bound levels, as a result of a heavy charged 

particle impact, to the total vacancy production cross section.is 

negligible and may be ignored (Madison and Merzbacher 1975). 

The validity condition for the PWBA, expressed in the form of the 

inequality 4.1, has been recognised to be over-restrictive for many 

jon-atom collisions (Merzbacher and Lewis 1958 and Briggs and 

Taulbjerg 1978), particularly in the case of total ionisation cross 

section. The Born approximation applied to the inner electron- 
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projectile interaction may still be valid in certain regions where 

4.1 is violated. This arises in slow collisions but provided 

Z, << Z, the effect of the incident particle may be treated as a 

small perturbation, authenticating the use of the plane-wave Born 

approximation. The validity of the perturbation theory, therefore, 

critically depends on the magnitudes of the nuclear charges of the 

projectile and of the target atom (Briggs and Taulbjerg 1978). 

4.3 CORRECTIONS TO THE PLANE-WAVE BORN APPROXIMATION - THE ECPSSR THEORY 

The plane-wave Born approximation has been exceedingly successful in 

describing the qualitative behaviour of inner-shell ionisation cross sect- 

jons with respect to the incident particle energy. As far as predicting 

the numerical values of the cross sections or the projectile velocity 

dependence of the cross sections the PWBA model falls far short and consist- 

ently over estimates in the vi < va, region (Brandt and Lapicki 1974). 

This has been substantiated by the significant amount of experimental cross 

section measurements performed at various laboratores (Busch et al 1973, 

Datz et al 1974, Gray et al 1975, Chen 1977, Khan et al 1978, Button et al 

1979, Bhattacharya et al 1980, Sokhi and Crumpton 1981, Cohen 1981 and 

Bhattacharya 1982). However, it is not surprising that this is the case 

since the PWBA is only the first step of a perturbation expansion using 

plane waves and unperturbed initial-state hydrogenic wave functions to 

describe the projectile and the inner-shell electron respectively. The 

obvious improvement of expanding the Born series to the second order term 

js usually avoided because of the mathematical complexity (Madison and 

Merabacher 1975). Some work has been done using more sophisticated atomic 

wave functions such as the Dirac -Hartree-Slater wave functions and 

agreement with experimental data has been improved (Chen et al 1982). 

Brandt and his co-workers have followed a phenomenological approach to the 

collision problem and have developed the ECPSSR theory in an attempt to 
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explain the large descrepenceis between the PWBA predictions and 

experiment. ; 

The ECPSSR theory is a result of many noteworthy contributions made 

to the theory of inner-shell ionisation by charged particles by Brandt and 

his collaborators over the past decade (Brandt et al 1966, Basbas et al 

1973a, Basbas et al 1973b, Brandt and Lapicki 1974, Basbas et al 1978, 

Brandt and Lapicki 1979 and Brandt and Lapicki 1981). The theory accounts 

for the effects of the kinetic energy loss (E) of the incident particle in 

the ionisation process, the Coulomb deflection (C) of the projectile in the 

field of the target nucleus, the influence of the projectile on the inner- 

shell electron orbits (the binding energy and polarisation effects) in terms 

of the perturbed stationary states (PSS) and the relativistic effects (R) 

of the inner-shell electrons of high Zz elements on the probability of 

inner-shell ionisation by non-relativistic charged particles. Each of these 

effects and the expressions derived by Brandt and Lapicki (1979) for 

including these effects in the PWBA are now considered. 

4.3.1 Relativistic Effect 

A relativistic description of the inner-shell electrons of heavy 

elements is required instead of the simple hydrogenic picture because (Choi 

1971) 

(i) in the vicinity of the atomic nucleus the relativistic bound-state 

wave functions are larger in magnitude than the non-relativistics, 

and 

(ii) the spin-orbit slitting of the inner electronic states, such as the 

splitting of the 2p state into 2pr,and 2px > becomes significantly 

large for heavy elements, and the difference in the binding energies 

of these subshells has a non-trivial affect on the calculations of 

inner-shell ionisation cross sections. 

Qualitatively this effect may be understood by recognising that at 
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relativistic velocities the electron mass increases and as a result the 

maximum energy transfer to an electron increases making ionisation more 

probable (Paul 1980). 

Jamnik and Zupancic (1957) applied hydrogenic Dirac wave functions for 

K-shell ionisation in the Born approximation. Similar calculations were 

carried out by Choi (1971) for the L-shell and highlighted the necessity of 

relativistic corrections for medium-heavy and heavy target elements. 

Mukoyama and Sarkadi (1981, 1982a) have employed an analogous relativistic 

procedure to that adopted by Choi (1981) for L-shell ionisation by slow 

protons (Mukoyama and Sarkadi 1983a) and alpha particles (Mukoyama and 

Sarkadi 1983b) and in addition have applied Coulomb and binding energy 

correction as developed by Brandt and Lapicki (1974). After comparison with 

experimental data they emphasise the need of relativistic corrections for 

low-energy projectiles ionising heavy target elements. Such calculations 

are complicated however, and other methods have been proposed which are 

less involved numerically. Merzbacher and Lewis (1958), for instance, 

followed the method of Hon] (1933) and proposed that non-relativistic 

screened hydrogenic wave functions may still be used for calculating the 

cross section but taking into account the fact that the relativistic ideal 

ionisation potential without outer screening (E,; for the L-shell) is 

larger than the non-relativistic potential, thus reducing 6, ; (equation 45 

and 4.6). Hardt and Watson (1973) have suggested that the velocity of the 

inner-shell electron should be reduced and Berinde et al (1978) studying 

K-shell ionisation by protons have modified the K-shell radius to correct 

for the relativistic effects. Brandt and Lapicki (1979) have, however, 

pointed out that these approaches only explain experimental measurements 

when the incident projectile and the electron velocity are comparable. 

These approaches and that of Brandt and Lapicki (1979), which will be 

discussed below, entail using either relativistic wave functions or 
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modifying parameters used in the PWBA and as a consequence yield cross 

sections which do not exhibit the scaling behaviour predicted by the non- 

relativistic treatement (Madison and Merzbacher 1975 and Mukoyama and 

Sarkadi 1982b). For low energy charged particles (below IMeV for protons ) 

Mukoyama and Sarkadi (1982b) have derived an approximate relativistic 

correction for L-shell ionisation following a method developed by Amundsen 

et.al (1976) for K-shell ionisation. The relativistic cross section is 

simply obtained by multiplying this correction factor to the non-relativistic 

PWBA cross section and as a result the scaling behaviour is retained. 

Before discussing Brandt and Lapicki's (1979) approach the central 

parameters in their theory are first defined. Consider an inelastic 

collision in whch a target atom of mass, M2, is ionised in its L-shell 

by a projectile of mass, M:, and velocity, vi. The minimum momentum transfer 

hamin is given by equation 4.24, For collisions where the projectile energy 

E is much larger than the binding energy fw., then 

W, 

Smin = 7s a 

Impact parameters which contribute most to the ionisation have values 

= Gain (or v,/w2,) (Bang and Hansteen 1959). The condition for deep 

penetration of the inner-shell (L-shell in this case) is 

Ss 
4.34 

or ViS< W2) a2] 

or in.terms of 83 and using atomic units, 
- 

Vi << 3815 Voy 4.35 

A useful way of distinguishing slow and fast collisions is to compare 

the time it takes for the projectile to transverse the target L-shell 

(characteristic collision time) = a2)/v; with the characteristic time of 

the target L-shell electron ny /w2, The condition a2) /Vi >> ny /o2, or 

Gra << aa) /n defines slow collisions and leads to the central dimension- 
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less parameter of the theory, &;, known as the 'reduced velocity parameter 

(Brandt and Lapicki 1979) 

n 
a= cae 4,36 

Since, in atomic units a2, = ny ?/Zop and the velocity of the L-shell 

electron v2, = Z2)/n)5 

oie 
then Gain = ee 4.37 

and &Ly can be written as 

ae ae Vi 

elie 36, 42, a3 

This variable differentiates between slow collisions, where & ; < 1 

and fast collisions, where & ; > 1. The velocity of the projectile v, can 

be expressed as 

vi = (Zan)? 4.39 

In the low velocity region, fui << 1, the ionisation cross section is 

proportional to the fourth power of 

a Be: 2 
Ty = 2mv,* = m6) jue, Ef; 4.40 

(using equation 4.38 and substituting for v2, = Zo) /n,) (Huus et al 1956). 

Instead of setting m to unity, Brandt and Lapicki (1979) have introduced 

a relativistic electron mass, me (E) 4)» using the virial theorem (Rose 

and Welton 1952) for a relativistic electron in a central potential of the 

form Z2)/r at a distance r from the target nucleus and is given by 

R me (Eg) = (1+ Vevey)? + Lg 4.41 

where 

_ 0,40(Zs1/¢)? 
Ub aie 

LoLi 

and 4.42 
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In accordance with equation 4.40 5 has to be transformed to 

R 3 
[aR (es) Begs Ty, May be expressed in terms of Tie and bua 

_(PLaSLi\? 
ny, “Ape 4.43 

and substituting the relativistic i into 4,43 allows n/t; to be trans- 

formed to its relativistic counterpart, 
Reet. a Ea 

(n,/0z,)® = [im “ g Sui)" 4.44 

where n_ = 2 (for the L-shell). The relativistic PWBA L-subshell ionisation 

cross section, qi ee can now be calculated from 

PWBAR _ _ PWBAR((nL )® 
O14 25 a 5 84 4.45 

using equation 4.17 or from 

PWBAR _ _ PHBA /,R 
oy = cig sme? Pid 4.46 

where 

R 
ap = my (yy) 4.47 

and using equation 4.15. Cross sections calculated from these expressions 

agree closely with those obtained by using relativistic wave functions 

(Choi 1971). 

The effect of the relativistic correction may be illustrated by 

PWBAR , PHBA 
4 

done for proton. impact on gold and is shown in figure 4.2. The ionisation 

plotting cia ratio versus the projectile energy. This has been 

cross sections were calculated for expressions 4.17 and 4.45 and using the 

tables of Benka andKropf (1978). The relativistic correction affects the 

L, subshell more than the L2 and L3. This is because for heavy elements 

(Z2) the relativistic bound-state wave functions are larger near the 

atomic nucleus than the non-relativistic ones and consequently the 2s3 

state is influenced much more than the 2p; and the 2p Yo (Justiniano et al 

1980). In the low velocity region the presence of the radial node in the 

2s wave functions increases the L, ionisation cross section and thus 
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complicates the shape of the ratio (figure 4.2). 

4.3.2 Polarisation and Binding Energy Effects 

The inner-electron states experience perturbations caused by the 

presence of the chargedparticle. These perturbations affect the ionisation 

probability in a manner which depends on whether the impact parameter is 

less or greater than the inner-shel] radius (a2, for the L=shell). In the 

regime where vi << V2)» at impact parameters less than a2) > the ionisation 

cross section is reduced since the binding energy of the target electron 

is increased. At intermediate and high particle velocities impact parameters 

larger than the inner-shell radius contribute the most to the ionisation 

cross section. When the projectile is traversing 'outside' the shell, it 

polarises the shell, thus, reducing the binding energy of the electron 

(Brandt and Lapicki 1979). Both these effects have been accounted for in 

terms of the perturbed-stationary-state (PSS) theory (Basbas et al 1973b and 

Brandt and Lapicki 1979). The polarisation factor. for the L-shell, calcu- 

lated by Brandt and Lapicki (1979), is given by 

Pacem (ane7, 
ai! lars my (Eg Sa) 4.48 

with 

any Chany hve ieee 1 4.49 
Lela la foes Ei 

where C, = 3/2 and C,,,, = 5/4 and the polarisation function 1(C jn, /&) ;) 

is given by (Basbas et al 1978) 

3t (ind, = 1) for 0<x<0.035 I(x) 

72% (0.031 + 0.210x2 + 0.005x 
- 0.069x /2 + 0.324x7)™* 4.50 

and I(x) 

for 05035 )<" x75 3.) 

where x = Cm /epy- For x > 3.1 the polarisation function may be neglected. 

The binding energy factor, accounting for the increased binding energy of 

the inner-shell electron is given by 
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Bas 2Z, < eb =1+ [ist a4 Eras SL) 4.51 

The rather lengthy expressions for g, ; (E143 f 3) have been stated by 

Brandt and Lapicki (1979). The polarisation and the binding energy factors 

may be combined to give a perturbed-stationary-state factor oy for 814 

which takes into account the polarisation and the binding energy effects on 

the ionisation cross section, that is, 

= 2Z1 ‘ 4 rae 
Sia Tita| fa Bugs Sy) = a Las La) nee 

The PSS cross section for direct ionisation in terms of the PWBA can be 

obtained by transforming 8G to 5 48L4 and n,/8, 4 to (6,4/2m.t, 4)?» thus, 

PSS _ _ PWBA 2 
me Le CLAMS La)> SLGPLa) ae 

In the collision regimes under study in this work the polarisation effect 

does not play a significant role and the PSS factor is dominated by the 

contribution of the binding energy effect. 

The PSS effect is very similar for the L2 and L3; subshells and is 

demonstrated in figure 4.3 which shows the ratio, Sp Oe 
1 

function of proton energy for gold. The ct cross sections were evaluated 

» asa 

using equation 4.53 and the tabulation of Benka and Kropf (1978). The 

L, ionisation cross sections for protons increases in the low velocity 

region exhibiting a 'knee' as mentioned in section 4.2, and is less 

sensitive to the PSS effect. This behaviour is analogous to that shown in 

figure 4.2 which illustrated the relativistic effect. 

The relativistic correction can be incorporated by introducing Buy Suy 

into equation 4.41 and 4.42 to yield the relativistic reduced velocity, that 

is, 

ety = ms Eus/sua)|* 83 #258 
PSSR 
ia) To obtain the PSS cross section with relativistic correction (1; 

n,/8t; in equation 4.17 has to be replaced by Gyangiak thus, 
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PSSR _ _ PWBA R 2 
qe Goh ( (8, 4/2n, 5, ;) 2 OG 8,4) g.o8 

orn, in equation 4.15 has to be replaced by mits thus 

PSSR _ _ PWBA ,_R z 9 
1G = O14 (ny /o) 4°> 514814) 4.56 

4.3.3 Coulomb Deflection Effect 

The PWBA description neglects the effects of the Coulomb field of the 

target nucleus on the incoming bare nucleus. The projectile suffers a 

deviation from its incident path and retardation because of the internuclear 

repulsion. Both of these effects are collectively referred to as the 

Coulomb deflection effect (Brandt and Lapicki 1979) and reduce the ion- 

isation cross section. The PWBA predicts that the inner-shell ionisation 

cross section for incident isotopes, such as protons and deutrons, of the 

same velocity are numerically equal. Brandt et al (1966) and Shima et a 

(1971) have, however, demonstrated experimentally to the contrary that the 

cross sections infact disagree markedly, especially at low projectile 

velocities. This ‘isotope effect' arises because of the Coulomb deflection 

of the projectile and is explained by the fact that the degree of deflection 

is dependent on the projectile mass. (Bang and Hansteen 1959 and Brandt 

et al 1966). A simple multiplicative Coulomb factor has been derived by 

Brandt et al (1974, 1979), which, in terms of the half-distance of closest 

approach in a head-on collision, 

1 
d = Z;Z2/Mvwith the reduced mass M = (Mi’ + Ma"), Qmin and o,4 is given 

by 
exp(-Tdanin 

+ TdgminoLi/(9 + 2%) tanh Cy (daminS_4) > 

where My and M2 are the masses of the projectile and the target nucleus 

respectively, Gmin is evaluated using equations 4.37 and 4.39, the PSS 

factor oy is determined from equation 4.52 and & is the orbital quantum 

number and has the values, 2 = 0 for Li and & = 1 for L2 and Ls subshells. 
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This Coulomb factor has been extracted from the formulae of Bang and 

Hansteen (1959), who employed the semi-classical approximation (see Appendix 

A) with straight-line and hyperbolic trajectories, by Brandt and his co- 

workers following the analytical approach of Amundsen (1977a). A fully 

quantum-mechanical treatment using Coulomb wave functions in the frame- 

work of the Born approximation has been given by Lapicki and Losonsky (1979). 

The Coulomb factor is defined as the ratio of the Coulomb to plane-wave Born 

cross sections and is derived for any inelastic collision in which the 

particle moves with a low velocity and suffers relatively small loss of its 

incident energy. Lapicki and Losonsky (1979) have, however, indicated that 

for slow collisions which occur at impact parameters comparable to d equation 

4.57 is adequate for determining the correction factor. The L-subshell 

ionisation cross section corrected for Coulomb deflection, PSS, and relativ- 

CPSSR 
istic effects, 9 ; is given by 

CPSSR ~ 1. PSSR 
Oy = SLi (Amine LG OL; 4.58 

cel may be evaluated using equation 4.55 or 4.56. 

4.3.4 Energy Loss Effect 

A comparison of the CPSSR theory with the published K and L-shel1 

experimental data for protons and deuterons was performed by Brandt and 

Lapicki (1979) who found that on average the agreement was to within 30% 

which is comparable to the uncertainties associated with experiment measure- 

ments. Further analysis by the same authors showed a statistically signifi- 

cant disagreement between the theory and experiment at low projectile 

velocities (E < 1). The extent to which this discrepency may be explained 

by the finite energy loss suffered by the projectiles in the event of inner- 

shell ionisation has been investigated analytically by Brandt and Lapicki 

(1981). These authors have incorporated the minimum fractional energy loss 

of the projectile during inner-shell ionisation, L-shell in the present case 
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and denoted by ALG? in the minimum and the maximum momentum transfers 

(see expressions 4.23 and 4.28 where the energy loss is denoted by ¢). 

A multiplicative factor 5 (43) defined by 

EPWBA _ PWBA 
14 = #52 y)o4 4.59 

z esl EPWBA . 
has been derived by Brandt and Lapicki (1981) where oF is the PWBA 

cross section corrected for the projectile energy loss. The energy loss 

correction is given by 

eG =e Ue [tz - 1). +2,,)° 

+ (vz, +1) - ay) 4.60 

where the argument Z,; is 

Fie aetia)? 4.61 

and v = 9 for L; and v = 11 for Lz and L3 subshells. 

The energy loss correction varies smoothly with increasing projectile 

energy and ranges from about 5% at low energies to less than 2% at high 

energies for the collision systems under study. 

The argument of the Coulomb deflection factor (equation 4.57) in the 

presence of projectile energy loss must be modified to take into account the 

energy loss effect. The Coulomb deflection factor is now given by 

2 — Oxp(- 74) 
C14 (XL) Tea eo + Zh) 4.62 

. 2danan tla 4.63 
A Chie ese 

My ui Te + ta 

The Coulomb deflection factor, C(x 4)> is illustrated in figure 4.4 

for protons, deutrons and alpha particle impact on gold. C4 (X14) was 

calculated using equation 4.62. The figure shows the deflection factor for 

the L; and L; subshells. The behaviour of CC ) for the Lz subshell is “A 
very similar to that of L; and thus has been omitted from figure 4.4 for 

clarity. The importance of this correction at low impact energies and for 
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heavier charged particles is clearly evident from this figure. 

Incorporating the PSS factor c,; into the argument of the energy loss 

function, Z,; can now be defined as 

2 os r 
apg ea 

4 pul)’ =1- ahi 4.64 
BLL fe) 

where M is the reduced mass. The ionisation cross section predicted by the 

ECPSSR theory (E denoting the energy loss effect) is calculated from 

ECPSSR _ 2dqminSLi . . PSSR 
OL; =O; eH fia (Zu4) 3 4.65 

The L> and L; subshells are affected the most by incorporating the 

total ECPSSR effect into the PWBA cross sections. This is demonstrated in 

figure 4.5 which shows a plot of ee ratio for proton impact on 

gold. The ECPSSR ionisation cross sections were calculated using equation 

4.65 and tables of Benka and Kropf (1978). In the case of the L; state the 

relativistic effect compensates to a certain extent the PSS and the Coulomb 

deflection effects and as a result the total ECPSSR affect on Li is some- 

what reduced. 

A systematic comparison between the predictions of the ECPSSR theory 

and experimental K-shell ionisation cross sections for proton impact has 

been made by Brandt and Lapicki (1981). An agreement to within 10% has been 

achieved between the theory and experiment. A detailed comparison with 

L-shell data, however, has yet to be performed in any substantial way. 

Nevertheless, at these levels of correlation it would now be possible to 

detect inadequacies of the atomic wave functions employed in the theoretical 

treatment and whether significant improvements can be achieved by using more 

realistic atomic wave functions (Brandt and Lapicki 1981). One of the aims 

of this study is to make a detailed comparison of experimentally determined 

Li-subshell ionisation and x-ray production cross sections for protons, 

deutrons and alpha particles incident on medium and high Zz elements with 
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the ECPSSR predictions. 

4.4 INNER-SHELL ALIGNMENT BY CHARGED PARTICLE IMPACT 

Emission of collisionally induced inner-shell x-rays have been shown to 

be non-isotropic for transitions to subshells with total angular momentum 

j > 3 (Mehlhorn 1968). In the case of L-shell ionisations the anisotropy 

of x-rays resulting from transitions to the L; (2p +) subshell has been 

demonstrated by Jitschin et al (1979) for proton impact on heavy atoms. 

This is due to the alignment of inner-shell vacancies created when an 

unpolarised beam of charged particles impinges upon unpolarised target atoms. 

The vacancies retain information regarding the incident direction of the 

beam and consequently the x-rays are emitted at an angle which reflects the 

degree of alignment of the inner-subshell. The alignment effect is under- 

stood in terms of the magnetic substates associated with the inner-shells. 

Alignment of an inner-subshell such as the L3, reflects the different vacancy 

population of the magnetic substates (Jitschin et al 1979). Experimental 

measurement of inner-shell ionisation cross sections, however, involve an 

incoherent sum of magnetic substate populations (Rosel et al 1982). Study 

of alignment effects, therefore, provides complementary information to the 

cross section measurements for testing inner-shell theories (Sarkadi 1983). 

This fact has instigated the considerable work being done in this area 

(Jitschin et al 1979, Palinkas et al 1981, Barros Leite et al 1982, Jitschin 

et al 1982hand Rosel et al 1982). Cleff (1982) has provided a comprehensive 

review of the subject. 

The anisotropy of the emitted x-rays can be studied by measuring the 

x-ray yield at different angles from the incident beam axis. From these 

measurements the degree of polarisation (P) of the x-rays can be determined. 

P is defined by the expression (Berezhko and Kabachnik 1977) 

1(8) = 1(90°) (1 - Pcos*6) 4.66 

where I(@) is the intensity of the dipole characteristic radiation at angle 
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8 to the direction of the beam. Energy dependence of the polarisation of 

emitted x-rays, resulting from vacancies in the L3; subshell, has been 

established by Jitschin et al (1979) for proton impact and by Palinkas et al 

(1980) for helium impact. 

Of all the transitions to the L; subshell the L& x-rays exhibit the 

most anisotropy, P = +7% for IMeV protons impact on Dy(Z2 = 66)(Jitschin et 

al 1979). The other major x-ray transitions, the Lai,2 and L8.,;5 show 

relatively small anisotropy (Jitschin et al 1979 and 1982a), This alignment 

phenomenon explains why some experimentalists have obtained x-ray production 

cross section ratios of La and L2 transitions for charged particle impact 

which are energy-dependent (Busch et al 1973, Tawara et al 1974, Tawara et 

al 1975 and Kamiya et al 1979). This is in contradiction to the prediction 

of the PWBA dicussed in section 4.2 which does not take into account the 

alignment of the subshells and, therefore, predicts a constant value of the 

ratio. 
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5.1 INTRODUCTION 

The various aspects of the aparatus and the measuring techniques, 

employed for determining L shell x-ray production and ionisation cross 

sections, are explained in this chapter. Major features of the exper- 

imental arrangement for L x-ray yield measurements are described. Further 

details are, however, contained in Khan (1975) and Saied (1981). 

Procedure and results of the x-ray detector efficiency and target 

thickness measurements are presented. The chapter also discusses the 

experimental precision of the measured cross section values. The final 

section is addressed to the method employed for calculating theoretical 

ECPSSR cross sections required for comparison with the experimental 

data. 

5.2 EXPERIMENTAL APPARATUS 

The main components of the experimental arrangement employed in 

this study, are described in this section in such a way so as to trace 

the path of the particle beam from the accelerator right down into the 

scattering chamber where it encounters a fixed target. With this in 

mind the experimental apparatus may be broadly classified into the 

following: 

(i) The Dynamitron. 

(ii) Beam transport and experimental line. 

(iii) Scattering chamber. 

(iv) Target assembly. 

Important features of each of these, pertinent to the experimental 

work, are highlighted in the forthcoming sub-sections. 

5.2.1 The Dynamitron 

The charged particles under study were accelerated to energies in 

the range 1-3 MeV using the Dynamitron accelerator situated at the 

Radiation Centre, University of Birmingham. The accelerator is a 
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variable-energy potential-drop machine capable of terminal potentials 

from about 0.6 to 3MV. It is powered by a radiofrequency oscillator 

operating at 130 kHz. Sixty-four rectifier modules, arranged in a 

vertical chain from the base of the machine to the terminal, rectify 

the radiofrequency and produce the d.c. potential at the terminal. 

The Dynamitron can be operated in a negative mode to accelerate 

electrons or in a positive mode to accelerate singly charged positive 

light ions, as in the present case. In the positive mode beam currents 

from about InA to 2mA are available. 

The positive ions, employed in the collision experiments, are 

produced in a duoplasmatron ion source (Radiation Dynamics, Inc, 1967). 

Hydrogen, deuteruim and helium gases are used for producing protons, 

deuterons and helium (He*) particles respectively. Ions of mass-one, 

two and three (protons only) are available and particles of the 

required mass may be selected by adjusting the potential needed to 

extract the ion from the source. Mass one ions were employed in the 

present investigation. With regard to the Het particle the single 

remaining electron can be assumed to be stripped off the ion and lost 

to the target medium immediately after striking the target. This 

assumption is valid provided that the velocity of the projectile is 

greater than the mean velocity of its bound electrons (Brandt 1981 and 

see section 3.2). In the impact energy range of interest this 

assumption holds true and the incident He* jon may be treated as an 

alpha (He?*) particle in the context of inner-shell ionisation. As a 

result the helium ion is simply referred to as an alpha particle in 

this thesis. 

The output voltage at the terminal is measured on a digital 

voltmeter (DVM) by drawing d.c. current through a high voltage potential 

divider resistor board with a total resistance of 10'°2. The output 
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voltage is stabilised by an auto-regulator which compares the potential 

divider output with a variable reference voltage and compensates for 

any change in the terminal voltage (Radiation Dynamics, Inc 1967). 

The DVM readings can be translated into beam energy by calibrating 

the DVM with well-known nuclear reactions (Weaver 1976). A polynomial 

of the form 

v= 4f aE! 5.1 
io i 

where V is the DVM reading, a; are constants and £ is the particle 

energy, is fitted to the measured data. The precision of the measure- 

ments range from 0.7% at IMeV to 0.3% at 3MeV. Since the inner-shel] 

jonisation cross sections areapproximately proportional to E* 

(Merzbacher and Lewis 1958) the effect of these uncertainties is to 

make the measured ionisation cross sections uncertain by about 1.2% to 

2.8%. Duration of x-ray yield measurements at a particular beam energy 

lasted upto 30 minutes. Variation of the beam energy during this time 

was less than lkeV producing only a nominal change in the ionisation 

cross section. Machine calibrations are performed regularly to ensure 

the reliability of the beam energy (Weaver 1976). 

The accelerator has to be ‘conditioned’ before using beams of high 

energies inorder to ensure stability of the beam energy. Conditioning 

was performed each time prior to conducting the experiments. The 

‘conditioning point' tends to fall with time and to avoid any adverse 

affects on the beam energy, measurements were performed from 3MeV down 

to IMeV, reducing the energy in steps of 200keV to establish the 

energy dependence of the x-ray production and ionisation cross 

sections. 

5.2.2. Beam Transport and Experimental Line 

The extracted mass one ions were subjected to a magnetic field in 

the top terminal causing them to be deflected into the line of the



accelerator. After acceleration the particle beam can be directed into 

five experimental beam lines, each of which is based in an individual 

scattering room. For the present experimental work the ion beam was 

bent twice through 45° in succession by two magnets and transported 

into a horizonatal line, constructed of stainless steel components, 

leading to the scattering chamber. Beam focussing was achieved by 

means of a pair of quadrupole electromagnets. 

A schematic diagram of the essential components of the experimental 

beam line and the scattering chamber employed in the collision 

experiments is shown in figure 5.1. Before the beam enters the 

scattering chamber the size of the beam is defined by two tantalum 

collimators, C, and C2, 30cm apart and with diameters 2mm and 1.5mm 

respectively. C2 defines the final beam diameter as it enters the 

scattering chamber. The collimators were tapered to reduce scattering 

of the charged particles and insulated from the rest of the line and 

the chamber with polytetrafluorethylene (PTFE) rings, which allows the 

current to be monitored on C, and C2 as the beam travels down the line. 

This aided the machine operators considerably to direct the ion beam 

into the target chamber. 

Alignment of the experimental line was achieved by passing a fine 

horizontal laser beam through the line after removing the target 

assembly and the Faraday cup (figure 5.1). The individual components 

of the line were adjusted until the laser beam passed through the 

collimators without hindrance and produced an intense spot on a refer- 

ence mark, R;, on the wall beyond the scattering chamber (figure 5.1). 

By placing a plane mirror at 45° to the beam axis inside the chamber 

and in the path of the laser, it was ensured that the reflected laser 

beam also produced an intense spot on a second reference mark, R2, on 

the adjacent wall, as shown figure 5.1. The lithuim drifted silicon 
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(Si(Li)) detector, employed for the x-ray measurements, was positioned 

at 90° to the beam axis using the reflected laser beam. The position of 

the silicon surface barrier (SSB) detector, required for detecting 

backscattered particles, was similarly checked. Positions of both of 

these detectors were verified each time before beginning the measure- 

ments. With the aid of Ri and R2 the positions of the target holders 

were adjusted until the laser beam created a spot on the centre of the 

targets when placed at 45° to the beam line. 

A rotary pump was used to evacuate the experimental line and the 

scattering chamber to an initial pressure of 107! torr and then a 

diffusion pump to attain a working pressure of less than 107§ torr. 

A clean system was maintained throughout the duration of the experiments 

by means. of an ion pump and a liquid nitrogen trap illustrated in 

figure 5.1. 

5.2.3. Scattering Chamber 

After being collimated by aperatures C: and C2 the particle beam 

enters a rectangular scattering chamber constructed of 1 cm stainless 

steel plates (figure 5.1). The inside dimensions of the chamber are 

approximately 12 x 15 cm. The chamber was electrically insulated from 

the beam line by teflon and PTFE insulating couplings. One of the 

sides of the chamber, parallel to the beam line, incorporates a viewing 

port made of 1.25 cm thick glass plate. The opposite side houses a 

50 um melinex window of about 5 cm diameter. The x-rays produced by 

the particles impinging on the target pass through this window before 

being measured. by the Si(Li) detector. 

An aluminium aperature, C3, of 1.5 cm in diameter was placed in the 

entrance port of the chamber (figure 5.1). The purpose of C3 was to 

‘catch' the energetic secondary electrons emitted from the target when 

bombarded by charged particles and thus prevents the electrons from 
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reaching C2 and vitiating the beam current measurements. 

To measure the backscattered particles a silicon surfact barrier 

(SSB) detector was mounted from the 1.25 cm thick stainless steel 

coverplate. The backscattering angle was defined by two tantalum 

apertures (T in figure 5.1) attached to the frontof the SSB and placed 

5 mm apart. Both of the aperatures were reamed to avoid any scattering 

at the edges. The diameters of the aperatures were measured with a 

‘Universal Measuring Machine' (model MU214B) and were determined to be 

2.531 + 0.003mm. The aperatures also ensured that the collimated 

backscattered beam struck the centre of the active area of the SSB 

detector and avoided any 'edge' effects. 

A Faraday cup constructed of a 40cm long stainless steel tube was 

attached to the end of the chamber (figure 5.1) to collect the charged 

particles after interacting with the thin targets. The Faraday cup was 

insulated from the chamber by PTFE and teflon couplings. A tantalum 

aperature (C4) of 1.5 cm diameter, attached to the entrance of the 

Faraday cup, prevented secondary electrons escaping from the cup into 

the chamber and causing 'leakage' of current. The opening of the 

Faraday cup was about 15 cm from the target position. 

5.2.4 Target Assembly 

The target assembly consisted of four aluminium mounts fixed 

vertically to the outer edges of a horizontal disc, also made of 

aluminium. The whole assembly was suspended from the chamber cover- 

plate by a stainless steel shaft. The target mounts were simply two 

columns with groves which held the targets securely in place. 

Targets backed by nuclepore (1mg/cm?) and carbon (40ug/cm*) 

were employed in this work. Both nypestGe targets were commercially 

obtained from MicroMatter and Co. The carbon backed targets were 

obtained ready-mounted on pieces of aluminium 1.5 x 1.5 cm and 0.5 mm 

oF,



thick with a 1 cm circular aperture. Targets backed bynuclepore were 

fixed onto aluminium frames 1.5 x 2.0 cm and 2 mm thick with a 1.5 cm 

diameter hole by means of an aluminium ring pressed into the hole. 

These targets were simply slotted into the mountings and the carbon 

backed targets were secured into the mounts with the aid of aluminiun 

circlips. The target assembly as a whole could be moved vertically 

and the target mcuntings laterally, permitting precise alignment with 

the laser (section 5.2.2). 

The position of the targets was controlled remotely by means of a 

high resolution stepping motor attached to the shaft suspending the 

target assembly and connected to a remote control unit. This has been 

described in details by Saied (1981). Targets could be positioned at 

the required angle in increments of 0.99 without breaking the vacuum. 

A T.V. camera was used to monitor the target assembly throughout the 

experiments. 

5.3 CHOICE OF TARGETS 

To study the dependence of L shell x-ray production and ionisation 

cross sections on target atomic number (Zz), 10 solid targets spanning 

46 < Z, < 92 were employed for the L shell cross section measurements. 

Table 5.1 lists the targets, together with the form of the target, 

type of backing, the projectiles incident on the target and type of 

cross section measured. Targets of sufficiently high melting points 

were chosen to avoid any possibility of evaporation during bombardment 

by the charged particles. 

All the experimental cross section measurements in this study were 

performed with thin targets. The criterion usually adopted to decide 

whether a target is 'thin' is that the interaction cross section must 

not be affected significantly by the energy loss suffered by the 

projectile as it passes through the target. In the present context 
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| 

the affect on the elastic scattering and x-ray production cross sections 

must be minimal. The former varies with projectile energy as Ee 

(equation. 3.11) and the latter as E* (Merzbacher and Lewis 1958). 

X-ray production cross section is, therefore, more sensitive to the 

projectile energy loss and if this effect is small then it is also 

small for the nuclear elastic scattering cross section. Targets with 

typical thicknesses of about 50ug/cm were used for the experimental 

work and to estimate the effect on the x-ray production.cross section: 

of the projectile energy loss in such a target a multiplicative 

correction, Cs to the x-ray production cross section was derived and 

is given by 

-1 
Cy = f _ at ne 5] 5.2 

where t is the target thickness and n is the target atomic density. 

Equation 5.2 assumes that the stopping, <(E), varies linearly with 

projectile energy and that the x-ray production cross section varies 

as E*. a was determined by fitting a function of the form o = Cre 

to the ECPSSR cross sections in the vicinity of the incident particle 

energy, where 9 is a constant. e¢(E) was extracted from the tables of 

Andersen and Ziegler (1977b). Using equation 5.2 corrections were 

found to be negligible for proton and deuteron impact, even at low 

energies. In the case of alpha particles a correction of about 3% 

was necessary at low incident energies. 

Since the stopping power appears only in the correction it does 

not introduce any significant uncertaintiesin the measured cross sections. 

In comparison, for thick target measurements e(E) enters directly into 

the cross section calculations. As a consequence the precision of the 

cross sections obtained from thick target data is determined to a 

large extent by the precision of e(E). Furthermore the derivative 
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of the yield excitation function is required when using thick targets. 

This is usually obtained by fitting polynomials to the yield curves 

or simply by graphical means (Khan and Crumpton 1978). Apart from 

introducing futher uncertainties in the cross sections this procedure 

obviously entails complications. Corrections must also be made for 

the self-absorption suffered by the particle induced x-rays in the 

thick targets. This leads to an additional criterion for characteris- 

ing the thickness of a target. If self-absorption can be ignored then 

the target is considered 'thin'. In relation to metallic targets if 

the x-ray production cross section criterion is fulfilled then the 

target is sufficiently thin to make self-absorption insignificant. 

In the case of thin target measurements the calculation procedure 

is relatively straightforward. The problem of determining precisely 

the target thickness, however, does arise and is discussed in section 

5.6. This difficulty is clearly absent for thick target experiments. 

Thin and thick target techniques for obtaining x-ray production 

cross sections by light charged particle bombardment have been 

compared by McKnight et al (1975) and more recently by Khan and 

Crumpton (1978) and Barfoot et al (1980). There is a general concensus 

that although the uncertainties of the cross sections obtained from the 

two techniques are comparable, the thin target method is slightly more 

precise. For the aforementioned reasons present measurements were 

performed with thin targets only. 

As mentioned in subsection 5.4.2 targets on Img/cm? nuclepore and 

40ug/cm* backings were studied. Initial measurements of proton induced 

L shell x-ray production cross sections were conducted with nuclepore 

backed targets because they can be handled without difficulty and 

their thicknesses are known to within 5% (MicroMatter and Co.). A 

severe limitation of this type of target, however, is that it cannot 
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withstand high beam currentsbecause of the non-conducting backing 

material and beam currents of only a few nanoamperes can be used. 

As a direct consequence counting statistics, although adequate for 

x-ray production measurements, were poor for the purposes of deducing 

ionisation cross sections. To overcome this difficult targets bakced 

by 40ug/cm? carbon were adopted for ionisation cross section measure- 

ments. These targets can sustain beam.currents of several hundred 

nanoamperes for a few hours without undergoing any serious deterioration. 

Currents of upto 100nA were employed in the measurements reported in 

this thesis while keeping count-rates below 500s~* to avoid pulse pile- 

up. An inherent disadvantage with this type of backing is their 

fragile nature.and its primarily because of this fact that backings 

of 40ug/cm? were used in favour of the initially adopted backings of 

20ug/cm?. 

5.4 DATA AQUISITION 

L x-ray production cross sections were deduced from:the measured 

x-ray yields and the appropriate target charge. The procedures 

adopted for determining both of these fundamental experimental 

quantities are described in this section. Details are also given of 

the calibration of the x-ray detection system. 

5.4.1 Determination of Target Charge 

The total charge to which the target is exposed during irradiation 

by charged particles was determined by feeding the charge collected 

in the Faraday cup to a Keithly electrometer (model 600B), shown in 

figure 5.2. The electrometer integrates the beam current and outputs 

a voltage signal whose level is proportional to the meter deflection. 

By varying the input resistence the electrometer supplies a 1V signal 

for a fullscale-deflection.(FSD). The precision of the Keithley 

electrometer at FSD is around 1%. The output voltage signal is fed 
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into a voltage-to-frequency converter (VFC) which outputs a chain of 

pulses with frequency proportional to the input. For an input of W 

the frequency is 105Hz. The pulse chain is fed into a decade divider 

unit which scales the pulses for counting with a scalar/timer device. 

Counting for a fixed number of these pulses:is equivalent to counting for 

a fixed target charge. An automatic stop unit, linked to the scalar/ 

timer, ceases the accumulation of data once a preset count on the 

scalar has been achieved. X-ray spectra of sufficient statistical 

precision were obtained for a specific total charge. The number of 

charged particles to which the target is exposed is simply obtained by 

dividing the integrated charge by the electronic charge (e). 

Under this experimental arrangement reproducibility of K x-ray 

yields of low to medium Z2 nuclepore backed targets bombarded by 

2.5MeV protons was investigated in collaboration with Saied (1981). 

The yields were found to be irreproducible when measurements were 

performed at different times. This was attributed to 

(i) charge leakage caused by secondary electrons escaping from the 

Faraday cup into the chamber and 

(ii) since the Keithley electrometer is a high impedence instrument 

there is the possibility of direct leakage of current between 

the chamber and the Faraday cup. 

To eliminate these causes the chamber, which was initially earthed, 

was electrically connected to the Faraday tube thus combining the two 

into one Faraday cup. With this new arrangement reproducible x-ray 

yields were obtained within statistical deviations. The results of 

these investigations have been discussed extensively by Saied (1981). 

During the L shell x-ray measurements reprocibility of the system was 

checked everytime an experiment was performed by repeating a few 

measurements on a target which had been studied previously. 

104



  

As an alternative to utilising a current integrator the number of 

incident particles can also be determined by measuring the backscatt- 

ered yield, accumulated over the duration of the x-ray experiment, and 

employing equation 3.19. This would then avoid the difficulties 

associated with charge collections discussed above. An additional 

advantage is that the target thickness, common to backscattered and 

x-ray yields, may be eliminated in the cross section calculations. 

This method was initially adopted but since the nuclear scattering 

cross section varies as E*, at low impact energies the enormous 

backscattered yield caused pulse pile-up problems. By using low beam 

currents this difficulty can be reduced but then the x-ray yield 

Annes and accumulation times can become impracticable. An alter- 

native is to use variable aperatures for the SSB detector, however, 

the present experimental set-up made this unfeasible. As a consequence 

the backscattering system was employed solely for measuring target 

thickness. - 

5.4.2 X-Ray Detection System 

After passing through a 50um melinex window the charged particle 

induced x-rays travel through 2.5 cm of air before being measured by a 

Si(Li) detector placed at 90° to the beam axis. To ensure that the 

x-rays impinge only on the central area of the silicon crystal and thus 

avoid any complications of ‘edge' effects (section 5.5) a lead aper- 

ture, denoted in figure 5.1 by L, of 3.97 mm and 4.18 mm thick was 

attached to the front of the detector. The solid angle subtended by 

the Si(Li) detector was measured with an aid of vernier calipers and 

value of (1.67 + 0.03) x 10°* steradians was obtained. 

A Keyex-ray Si(Li) detector (model number 3201) with a crystal of 

area 30 mm? and thickness 3 mm, cooled with liquid nitrogen, was 

employed for the cross section measurements. A Si(Li) detector is 
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commonly used for such measurements because it offers good resolution, 

164 + 7eV at 5.898keV for the above detector, and high efficiency at 

the x-ray energies of interest. Another common photon detector is the 

lithuim drifted germanium , Ge(Li), detector. Although it has superior 

resolution to that of the Si(Li), it suffers from markedly lower 

detection efficiencies and would increase greatly data accumulation 

times. A further advantage over the Ge(Li) detector is that the Si(Li) 

requires less frequent replenishment of liquid nitrogen for a given 

dewer size, and can even be temperature cycled many times without 

damaging the crystal. Economically Si(Li) is also favoured to the 

Ge(Li) detector. Thallium activated sodium iodide, NalI(Tl), detectors 

are also employed for detecting photons but their poor resolution 

(50% at 5.898keV) makes their use in the present context inappropriate. 

The operation of the Si(Li) detector is covered extensively in 

the literature (Gedcke 1972 and Knoll 1979) and only brief details are 

presented below. 

The silicon crystal has an approximately 200K thick gold layer 

on both sides which acts as electrical contacts. The photons also 

have to pass through approximately 0.lum of silicon deadlayer before 

reaching the active region of the crystal. Electron-hole pairs are 

produced in this region by the photons interacting primarily through 

the photoelectric effect (section 2.5). The number of charge carriers 

produced are directly proportional to the x-ray energy since the 

average energy required to create an electron-hole pair in silicon, 

cooled to liquid nitrogen temperature, is a constant value of 3.8eV. 

The charges were collected by applying a voltage of IkV across the 

crystal and converted into voltage pulses by a charge-sensitive pulse 

optical feedback preamplifier (model 2002) while retaining the charge- 

energy proportionality. The electronics adopted for the x-ray 
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measurements are schematically shown in figure 5.2. The Si crystal 

and the field effect transistor, which forms the first stage of the 

preamplifier, are cooled by liquid nitrogen to prevent lithium 

diffusing through the crystal and to minimise electrical noise caused 

by thermally excited charge carriers in the crystal. The crystal is 

housed in a vacuum protected by 13um thick berylluim window, which also 

acts as an optical shield. 

The pulses from the preamplifier were processed and amplified by 

a Kevex spectroscopy amplifier (model 4500P) to make them compalible 

with the requirements of a 200MHz analogue-to-digital converter (ADC) 

forming a part of the multichannel analyser (MCA). The x-ray spectrum 

was displayed over 2048 channels and the pulses from the amplifier 

were monitored on a cathode ray oscilloscope (figure 5.2). 

Deterioration of the Si(Li) detector resolution by external 

environmental noise, known as microphonics, has been demonstrated by 

Khan et al (1979). In view of this care was exercised to avoid all 

unnecessary mechanical noise and vibration while conducting the x-ray 

measurements and effects of microphonics, as a result, were not 

noticable. 

A Hewlett-Packard 5406B computer system was available for fast 

storage and retrieval of data (Weaver 1976). The several ADC's offered 

by the sytem may be used in combination for multi-parameter or multi- 

plex experiments. The feasibility experiments regarding the determin- 

ation of the total target charge by measuring the backscattered yield, 

mentioned in subsection 5.4.1 were performed with two ADC's in multi- 

plex mode. In the subsequent work one ADC was used. The MCA is 

directly linked to the computer allowing storage of the accumulated 

X-ray spectra onto a magnetic hard disc for immediate and on magnetic 

tape for future analysis. Various software packages are available for 
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spectral analysis and may be initiated via a terminal. Typical L shel] 

x-ray spectra, obtained with the aforementioned x-ray system, are shown 

in figure 5.3 and 5.4 for ytterbuim (Z2 = 70) bombarded by 3MeV alpha 

particles and bismuth (Z2 = 83) bombarded by 3MeV protons respectively. 

During the x-ray measurements L2 transition yield was monitored and 

x-ray spectra were accumulated until the L2 yield was greater than 

500 counts to obtain reasonable counting statistics for the other 

peaks. Continuous monitoring of the L2 peak also allowed any signifi- 

cant variations in the beam current or damage to the target to be 

detected. Typical accumulation times ranged from about 5 to 30 

minutes. 

5.4.3. X-Ray Energy Calibration 

The direct proportionality between x-ray energy and the number 

of electron-hole pairs produced in the Si crystal, referred to in the 

previous subsection, may be checked by performing an energy calibration 

of the Si(Li) detector. This may be achieved by measuring the pulse 

heights or the x-ray peak centroids at different energies. Such a 

detector response is also necessary for identifying x-ray peaks of 

interest. 

A variable x-ray energy source, consisting of a 10mCi?**Am 

primary source and six fluorescent targets, in the range 2955 25 (505., 

together with the targets used for reproducibility studies, were 

employed to calibrate the x-ray detection system. A software package, 

available on the computer system for fitting a single Gaussian distri- 

bution to an x-ray peak, was used to determine the peak centroids and 

the standard deviations. The package assumes a linear background on 

which the x-ray peak is superimposed. A linear relationship between 

x-ray energy and peak centroid was obtained, validating the charge- 

energy proportionality. The following equation was obtained by fitting 
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a linear model to the data with the least square method 

E, (keV) = -0.5846 + 0.0408c 5.3 

where EY is the x-ray energy and c is the centroid of the x-ray peak. 

The correlation coefficient, R , which measures the proportion of tots] 

variation about the mean ¥ explained by the regression (Draper and 

Smith 1981), may be calculated to estimate the goodness of fit. Re is: 

defined as 

Tear ge ph e 
i247 1)? 

where Y; js the observed value, x-ray energy in the above context, 1 

is the least square predictions of Y; and n is the number of data 

values. A value of 0.9999 was obtained for equation 5.3. A perfect 

fit would yield a value of 1.0. The resolution response of the Si(Li) 

detector varies according to the relation 

eee 
2 noise 

+ eFE, 5.5 

2 
noise 

the contribution from the preamplifier noise, eFE, is the contribution 

where o* is resultant variance of the measured x-ray peak, o is 

from the Si(Li) diode due to the ionisation statistics, <« is the energy 

required to create a single electron-hole pair (e = 3.8eV for cooled 

Si) and F is the Fano factor. The variation of o* with E, has been 

studied by Saied (1981) for the detector employed in this work. A 

linear relationship between o? and EY, as predicted by equation 5.5, 

was demonstrated. A least square equation 

o? = 1.5339 + 0.4446E, B.6 

was fitted to the data and a value of 0.99 for R* was calculated. The 

gradient of equation 5.6 offers a convenient method for evaluating F 

for the detector. A value of F = 0.117 0.003 was obtained by Saied 

(1981). From the intercept o, was determined to be 50.5eV. 
noise 
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5.5  Si(Li) DETECTOR EFFICIENCY 

The reliability of the measured cross section values depends, 

among other factors (see subsection 5.7.4), on the precision of the 

x-ray detector efficiency. Much evidence has been broughtto light 

that suggests that the detector efficiency should be determined 

experimentally (Gallagher and Cipolla 1974). This section is address- 

ed to this problem. 

For a well collimated and parrallel x-ray beam striking normally 

on the silicon crystal the efficiency of the Si(Li) detector, e, may 

be calculated from 

e= Cee fi - exp(-4g4%4)] oe7, 

where CBe represents the absorption correction for the beryllium 

detector window, Hej is the linear absorption coefficient for Si and 

Xj is the thickness of the crystal. In practice, however, the situ- 

ation is not so straightforward. Complications arise due to the 

possibility of the detector specifications, quoted by the manufacturers, 

being erroneous (Gallagher and Cipolla 1974). The main factors which 

are required to calculate the efficiency reliably are 

(i) beryllium window thickness (12um), 

(ii) dimensions of the Si crystal (3mm x 30mm?), 

(iii) Si dead layer thickness (0.lum), 

(iv) gold contact layer thickness (0.02um), 

(v) depletion layer thickness, and 

(vi) charge collection efficiency. 

The values in parenthesis refer to the manufactuer specifications for 

the Si(Li) detector employed in this study. Although some of these 

factors are quantified by the manufactors they may be unreliable or 

may even alter with time deteriorating the efficiency. Cohen (1982) 

has highlighted the deteriorating effects of ice build-up on the front 
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face of the Si crystal at low x-ray energies. Consequently the neces- 

sity for determining the detector efficiency experimentally has been 

stressed by many workers.(Routti and Prussin 1969, Hansen et al 19736 

Gallagher and Cipolla 1974 and Johnson et al 1978). 

5.5.1 Measuring Techniques 

Two basic techniques are usually employed for measuring x-ray 

detector efficiencies. These are the ‘absolute’ and the ‘comparison’ 

techniques (Johnson et al 1978). The first method relies on calibrated 

radioactive sources with known activities, to which the x-ray detector 

is exposed. The efficiency is simply given by the ratio of the observ- 

ed and the calculated photon fluxes. This method has been adopted 

recently by Dias and Renner (1982). There are, however, several draw- 

backs to this technique. Apart from the economic costs of obtaining 

the several sources that would be required to measure the efficiency 

at different x-ray energies, serious difficulties are encountered in 

determining accurate activities and acquiring knowledge of decay 

schemes (Hansen et al 1973 and Cipolla and Hewitt 1976). Considerable 

self-absorption in the radioactive source causes further complications 

(Johnson et al 1978 and Palinkas and Schlank 1980). Also there are 

relatively few sources avaiable that have convenient half lives in the 

x-ray region of interest (Johnson et al 1978). 

These difficulties may be avoided by adopting the ‘comparison’ 

technqiue. This involves the comparison of the Si(Li) detector 

response with that of another detector whose efficiency is predeter- 

mined. The main advantage of this method is that the incident flux 

does not have to be known absolutely. The extent of the advantages 

depends on the way the incident fluxes are produced. Different methods 

for generating the test photon flux have been discussed by Johnson 

et al (1978). Basically the test photons may be emitted directly by 
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radionuclides or indirectly by fluorescing a series of appropriate 

targets. The first method suffers from the disadvantages listed for 

the 'absolute' method. Johnson et al (1978) have used the second 

method and utilise the x-rays emitted when targets are fluoresced by 

a mono-energetic source. Shima (1979) and more recently Tolson and 

Spyrou (1982) have generated the test flux by bombarding selected 

targets by energetic protons and have used a proportional counter to 

compare the response of their Si(Li) detector. Cohen (1982) has 

compared the ratio of the M to L shell x-rays, produced by He* impact 

of high Z. elements, with the ratios predicted by the plane-wave Born 

approximation. to calculate the Si(Li) detector efficiency. 

In the present work a variation of the method used by Johnson 

et al (1978) is adopted for measuring the detector efficiency, while 

retaining the advantages of the 'comparison' technique. 

5.5.2 Procedure and Results 

A standard variable x-ray energy souce, consisting of Cu, Rb, Mo, 

Ag, Ba and Tb targets fluoresced by 60 keV y-rays from a 10m ci?**Am 

source, was used to provide the test photons. A 0.1mCi°*Fe source 

encased in lead for safety, was also used to extend the energy range 

down to 5.959keV. In addition, Ag x-rays fromthe variable x-ray 

energy source were employed to fluoresce thick targets of Ni and Zn. 

The efficiency was thus determined over the energy range 5.959 - 

45.5keV. The sources employed here are inexpensive and readily 

available and thus makes the method particularly attractive. Table 

5.2 lists the sources and the energies of the characteristic x-rays. 

The energies quoted are the weighted K x-ray energies from Storm and 

Israel (1970) instead of the individual Ke and Kg energies. The 

reason for this is that all the fluorescent targets are thick and self 

absorption is obviously considerable. Furthermore, self-absorption 
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Table 5.2. List of sources and x-ray energies 

employed for Si(Li) detector 

efficiency measurements. 

Sources Weighted K x-ray 

energy* (keV) 

5556 5.959 

ni (2) 7.558 

cul) 8.136 

zn(@) 8.735 

pb) 13.596 

Mol) 17.781 

ag(?) 22.581 
b) Ba 32.89 

qp (>) 45.469 

* Storm and Israel (1970). 

(a) Fluoresced by Ag K x-rays. 

(b) Variable x-ray energy source. 
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of K, and Ke x-rays is different and as a result the K LK, ratio of 

the emergent x-rays is unknown. 

Athalliumactivated sodium iodide, NaI(Tl), detector (Harshaw 

6SHA 6M/2A) with a 6 mm thick and 4 cm diameter crystal was used for 

the comparison. NaI(Tl) was used as the reference detector because 

its efficiency is 100% for the energies of interest. To avoid correct- 

ing for absorption in the 25.4um thick aluminium window, of the NaI(T1) 

detector an identical window was obtained from the manufacturers and 

placed in front of the Si(Li) detector while performing the measure- 

ments. This was done to eliminate any doubt in the manufacturers 

specification of the aluminium window thickness. 

The geometrical arrangement and the electronics are shown in 

figure 5.5 for the variable x-ray energy and **Fe sources. Both of the 

detectors were exposed to the sources for a sufficient time to obtain 

satisfactory counting statistics. To eliminate pulse pile-up countrates 

were restricted to less than 500s’. The Si(Li) detector was apertured 

with the same lead collimator as used in the cross section measurements. 

The NaI(T1) detector was apertured.by 1 cm thick lead with a 0.5 cm 

diameter hole to ensure that the photons avoid the edges and strike the 

crystal normally. The scintillation pulses from the NaI(T1) detector, 

powered by a 1.1kV bias, were processed and amplified by a Harshaw MB11 

preamplifier and a 472A Ortec amplifier. These pulses and those from 

the Si(Li) detector were monitored ona cathode ray oscilliscope and fed 

into a Canberra (series 35) multichannel analyser (figure §.5). The 

data aquisition system allows storage of spectra on magnetic tape and 

offers plotting and printing facilities. 

Thick Ni and Zn targets were placed at 45° to the detector axis 

and fluoresced by Ag K x-rays from the variable x-ray energy source 

placed at 90° to the detector (figure 5.5111). Although Rb and Mo 
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K x-rays were also available and have energies closer to the K 

absorption edge of Ni and Zn and thus would ideally be chosen for 

fluorescing these elements, their intensities were low and consequent- 

ly were not used. Source to detector distances were typically 1.5 cm. 

Figures 5.6 and 5.7(1) show Mo K x-rays detected by Si(Li) and 

Nal(T2) detectors respectively. As the figures show the NaI(T1) 

spectrum is complicated compared to the Si(Li) spectrum. In the 

letter case the detected number of x-rays for a given collection time 

were simply obtained by summing the counts under the characteristic 

peaks and subtracting the appropriate background, assumed linear. 

The procedure is somewhat more complicated in the case of NaI (T1) 

spectrum. The K, and Kg components of the Mo K x-rays are not resolved 

by the NaI(Tl) detector, as shown in figure 5.7(i). The characteristic 

K x-ray peak rests on a prominent continuum which originates from 

different physical processes. The high energy distribution consists 

of a 60 keV gamma-ray peak from the ?*'Am variable x-ray energy source 

which also undergoes Compton scattering in the source and produces a 

peak of approximately 50 keV energy. The continuum is enhanced further 

by Compton scattering in the source and the detector. Both these 

peaks produce their associated iodine escape peaks at about 21 keV and 

11 kev respectively which lie under the Mo k x-ray peak. These escape 

peaks make it difficult to obtain the area under the Mo x-ray peak in 

the same manner as described for the Si(Li) spectrum. For this reason 

the escape peak contributions have to be extracted before the area 

can be found. The following method was adopted for achieving this. 

A background spectrum was generated for each of .the test photons from 

the variable x-ray energy source and for Ni and Zn which were fluores- 

ced by this source. The characteristic x-rays of elements Ni and Mo 

were absorbed with Al of thickness upto 6 mm and of Ag and Ba with Ti 
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of thickness upto 5 mm. The resulting background spectrum was 

accumulated until the area under the Compton + 60 keV distribution was 

equal to the area under the same distribution in the initial composite 

spectrum. Subtracting the background spectrum from the composite 

spectrum gives the characteristic peak and the area can be obtained 

readily by summing the counts. Figure 5.7(i), (ii) shows the total 

and the background spectrum for Mo x-rays and figure 5.8 shows the 

resultant x-ray peak obtained after subtraction. The Compton + 60 keV 

y-ray distribution becomes less important as the target element atomic 

number (Z,) increases. This is because the 60 keV y-rays increasingly 

undergo photoelectric interactions (section 2.5) producing character- 

istic x-rays as Z, increases. This is clearly demonstrated by 

figures 5.9 and 5.10 which show Cu(Z, = 29) and Ag(Z2 = 47) spectra. 

For Tb(Z2 = 65) this distribution was negligible and the iodine escape 

peaks produced by the Tb x-rays do not interfere with the character- 

istic peak (figure 5.11). As a result the peak area was determined 

directly from the spectrum. The x-rays from the 55Fe source lie on a 

flat distribution and do not poseany problems. 

Counting times of upto 30 minutes were adequate to ensure that the 

statistical uncertainties for x-rays emitted from the variable energy 

source were insignificant for both detectors. For the 55Fe source 

times upto 2.5 hours were necessary. In the case of Ni and Zn stat- 

istical uncertainties of less than 1.5% were achieved after accumulation 

times of upto 4 hours. It is difficult to quantify exactly the 

uncertainties caused by the stripping procedure adopted for Nal(T2) 

spectra. This is because the A% and Ti absorbers differentially 

attenuate the 50keV Compton and 60keVy- ray peaks. This alters the 

relative intensities of their associated iodine escape peaks. 

Consequently the contribution of these escape peaks, approximately
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upto 20% of the photopeak, cannot be removed completely from the 

observed spectra. However, it is expected that most of the contribu- 

tion is removed and the remaining should be negligible. This situation 

only applies in the case of Mo where the photopeak rests on top of the 

escape peaks (figure 5.7). In the case of the other elements the photo- 

peaks either only partially or completely separated from the iodine 

escape peaks. Changing the region of interest, over which the Compton 

+ 60keV distribution was normalised, caused a variation of less than 

2% in the photopeaks of Ni and Zn and less than1% in the case of other 

elements. The uncertainties in the detector solid angles were typically 

1.5%. 

The efficiency of the Si(Li) detector, €,., can be determined from 
si 

the expression 

     Nes 
5.8 

where Y.; and Yyayz are the photon fluxes detected by the Si(Li) and the 

NaI(T2) detectors respectively, the exponential terms represent the air 

correction for both the detectors, t is the air gap and Qg5 and QuaT 

are the solid angles subtended by the two detectors. To evaluate the 

air absorption correction, mass absorption coefficients were extracted 

from Storm and Israel (1970). Polynomials were fitted to this data 

(subsection 5.7.1) and employed to facilitate the calculations for the 

individual target elements. The uncertainties quoted by Storm and 

Israel (1970) in their mass absorption coefficient data are 10% for 

X-ray energies less than 6 keV and 3% for energies greater than 6 keV. 

For the elements of interest the larger uncertainty applies only to the 

55Fe measurements. The air gap, t, was measured precisely using 

vernier calipers to an uncertainty of less than 0.5%. The total uncert- 

ainty in the efficiency calculations were in the range 2 4053558. 
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Table 5.3 shows the numerical values of Eg; for the elements. A 

logarithmic polynomial to power 5 was fitted to the experimental data, 

that is 

Eg;= exp(-15.5404 + 32.077 InE, - 26.4129(1nE,)* +10.5938(1nE,)° 

- 2.0478 (InE,)* + 0.15(1nE,)* 5.9 

Correlation coefficient for the fit is R* = 0.9998. The fit is shown 

in figure 5.12 together with the experimental data and the calculated 

efficiency using expression 5.7 and the manufacturers specifications 

for the Be window. The discrepencies between experimental data and 

calculated efficiences is striking. It is only at the higher energies 

where the two curves tend to converge. The experimental values differ 

by up to 35% from the calculated values. In the x-ray energy range of 

interest the absorption in the 200A gold layer is at most 2% and in the 

0.1 um silicon dead layer it can be ignored. However, as pointed out 

by Gallagher and Cipolla (1974) the depth of the dead layer may increase 

with time and may explain some of the discrepencies. An accumulation 

of dust particles was noticed on the Be window. This will absorb the 

low energy x-rays reducing the detector efficiency. Cohen (1982) has 

shown that ice build-up on the front face of the Si crystal reduces 

considerably the detection efficiency of low energy x-rays. The 

detector in question is nearly 13 years old and all the above effects are 

likely to be important and collectively may explain the large differences 

between theory and experimental data. 

Preliminary measurements of L-shell x-ray production cross sections, 

employing nuclepore backed targets, were corrected only by the calculated 

detector efficiency (Appendix E). The cross section measurements using 

carbon backed targets, on which this thesis is mainly base, have been 

corrected by the experimentally determined efficiency and figure 5.12 

highlights the need for doing so. The time difference between the two 
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Table 5.3. Measured Si(Li) detector efficiency. 

X-ray energy * Efficiency 
(Kev) : 

5.959 0.767 + 0.027 

7550 0.771 + 0.023 

8.136 0.793 + 0.016 

8.735 0.769 + 0.027 

13.596 0.779 + 0.016 

17.781 0.707 + 0.014 

22.581 0.591 + 0.012 

32.89 0.322 + 0.006 

45.469 0.141 + 0.003 

' * Weighted x-ray energies from Storm and Israel 

(1970).
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sets of cross section measurements was nearly 2.5 years and some deter- 

joration of the detection efficiency would be expected. The efficiency 

measurements reported in this section were conducted immediately after 

the x-ray yield experiments for the carbon backed targets had been 

performed. This avoided the possibility of any further degeneration 

of the efficiency. 

The energy of the Dy L2 x-rays (5.744 keV) lie just outside the 

lower energy limit of the efficiency measurements (5.959 keV, see 

table 5.3). The limited time available for performing the efficiency 

experiments made it impracticable to extend the measurements to lower 

x-ray energies. Consequently the efficiency for detecting the Dy L2 

x-rays was obtained by eeeroeea equation 5.9. 

5.6 TARGET AREAL DENSITY MEASUREMENTS 

The uncertainties in the areal densities of the carbon backed 

targets, quoted by MicroMatter Co, are greater than 25%. Since the 

precision of the target areal densities will also influence the uncert- 

ainty of the cross sections the areal densities have to be determined 

as reliably as possible. To measure this quantity the nuclear back- 

scattering technique was adopted. The physical concepts on which this 

method is based were discussed in chapter 3 and this section deals with 

the procedure and the results of the experiments. 

A schematic representation of the electronics employed for measur- 

ing target and areal densities is illustrated in figure 5.13. The 

backscattered particles were measured with a silicon surface barrier 

(SSB) detector with an active area of 75 mm and thickness of 190 um 

and required a 12V power supply. The detector was placed at a backward 

angle as close as possible to 180° to the beam axis as the experimental 

arrangement allowed. The angle was measured geometrically with an aid 

of a variable height gauge and checked with a Nikon 1354 type shadow 

130



 
 

waqshs 
u
o
L
z
e
u
b
a
q
u
e
 

ass 
quasano 

OL 
s
a
L
o
t
q
u
e
d
 

pasayy 
a
e
 

e
e
e
 

~~ 
sea 

oiaaed 
pabueyg 

dno 
Aepeury 

oGSb 

q
o
b
u
e
y
 

“waqzsks 
Y
U
a
W
a
U
N
s
e
a
U
 

ssauyxoly} 
3a6uez 

ay 
JO 

UOLZeJUaseudad 
ILZeWIAYDS 

 
 

  
  

 
 

 
 

  
  

  

 
 

 
 

  
 
 

  
  

 
 

  
 
 

 
 

“EL'G 
aunbLy 

waysXs 
uolzes6aquL 

—
-
—
—
—
_
,
 

a 
a
n
o
)
 

q
u
a
u
u
n
d
 

of 
§
9
0
b
S
S
d
H
 

AZ 
4074 

UAH} 

s
e
g
 

a
s
[
n
d
 

von 

Malye 
diy 

d
a
t
s
 

ep duy 
-
d
 

uLeW 
A
b
t
d
s
 

10 

  
  

  
    

 
 

  

131



graph projector. A value of 144.929 + 0.02° was obtained. The effect 

of the uncertainty in the angle on the elastic scattering cross section 

in minimal and can be neglected. The SSB was aperatured by two 

tantalum collimators, 5 mm apart and 2.5 mm in diameter, to ensure that 

a collimated backscattered beam strikes the centre of the active region 

of the detector. Pulses from the SSB were processed by a preamplifier 

and a 472A Ortec main amplifier and then fed into an MCA of the HP5406B 

data aquisition system (subsection 5.4.2). The charge collection 

procedure is identical to that described in subsection 5.4.1. To 

eliminate pulse pile-up counting rates were kept below 500s"* while 

maintaining good statistics (< 3%). In many cases the statistical 

uncertainties were negligible. Performance of the electron system was 

monitored by feeding test pulses of the same characteristics as the 

pulses due to the scattered particles into the preamplifier. Employing 

equation 3.22 the areal densities of the thin targets can be determined 

from the measured backscattered yield. Expression 3.22 however, has 

to be modified since the target were positioned at 45° to the beam axis, 

that is, 

A2 Y 
oh ew TRE as HE 

ee Neve [ngs + Yp {2} 

where (pt) denotes the target areal density, 09 is the mass density of 

the target with atomic mass Az, Yg is the experimentally measured back- 

scattered yield, 2 is the SSB solid angle, Ny is the number of incident 

particles with energy E, o is the Rutherford scattering cross section, 

e(E) is the stopping power of the particles at energy E in the target 

and No is the Avogadro's number. 

X-ray fluorescence calibration targets, backed on nucelpore 

(Img/cm?), and used for the initial L x-ray production cross sections 
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(Appendix £), were utilised to verify the integrity of the thickness 

measuring system. Thicknesses of these thin targets were quoted by 

the manufactureres to within 5% and thus are ideally suited for testing 

the system. Thicknesses of Pd, Te, Dy, Au and Pb targets were measured 

with incident proton and alpha particles at selected impact energies. 

Backscatter spectra for 2.5 MeV protons and alpha particles impiring 

on Au are illustrated in figures 5.14 and 5.15. The figures show the 

carbon and oxygen 'edges', due to the polycarbonate backing, as well 

as the Au and pulser peaks. The position of the Te peak centroid, or 

more strickly the high energy edge of the peak, corresponds to a 

particle energy (Ei) of KE, where K is the kinematic factor for the 

collision system and E is the incident projectile energy (see section 

3.3). Energy calibration of the system was performed by noting the 

peak positions and a linear relationship, as expected, between the peak 

positions and incident particle.energy was established. Calibration was 

checked everytime prior to conducting each experiment. A typical 

least square fit to the calibration data for incident alpha particles 

is 

E, = 0.160 + 0.01212c 5. I 

where c is the channel number corresponding to the high energy edge of 

the peak. The corresponding correlation coefficient is R? = 0.9996. 

Although energy calibration of the system is not of primary importance 

in the context of target thickness measurement, it does, however, serve 

the purpose of testing the system response and give confidence in the 

measuring technique. 

Low beam currents of about 3nA were used to reduce the possibility 

of target damage and as a result count rates were low enough to exclude 

the problem of pulse pile-up. Accumulation times of the order of a 

few minutes sufficed to reduce counting statistics to less than 3% for 
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proton impact and make them unimportant for alpha particle impact. 

An interactive software routine, which formed a part of the Hewlett- 

Packard data manipulation package, was used to determine the peak 

areas. The routine employs a linear model for the background over a 

region of interest defined by the user. Relatively small changes in 

the region of interest have only a minimal affect on the peak areas. 

Corrections for the variation of the Rutherford scattering cross 

section in the target was insignificant for protons and less than 2% 

for alpha particles. 

In the case of carbon backed targets beam currents of up to 

100 nA were employed which allowed yields of considerable precision 

to be accumulated within a few minutes while exercising due care to 

avoid problems of pulse pile-up. Since the target and the backing 

are thin the backscattering spectrum consists of peaks, as is clearly 

illustrated in figures 5.16 and 5.17 for Au bombarded by 2.4 MeV 

protons and alpha particles respectively. Comparison of the figures 

demonstrate how the relative intensities of low and high Z2 elements 

change with projectile atomic number. For DyF3;, YbF3, ThF, and UF, 

targets proton impact was avoided and measurements were performed only 

with alpha particles in order to minimise the possibility of nuclear 

reactions which would complicate backscattering spectra. To determine 

the stopping power of the alpha particles in these targets and WO;, 

individual ¢(E), weighted according to their atomic masses, were 

summed. Effect of variation of o in the target for incident alpha 

particles on the areal densities was about 2% at low energies and 

decreases as £ increases. 

The main factors which determine the precision of the measured 

areal densities are
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(i) counting statistics <3% 

(ii) beam current measurement 1% 

(iii) SSB solid angle 1.5% 

(iv) Rutherford scattering cross section <1.4% 

The uncertainty in the Rutherford scattering cross section, which 

is proportional to fare is due to — being uncertain by up to 0.7% 

(subsection 5.2.1). Uncertainties of the experimentally determined 

stopping powers range typically 5 - 10% in the literature. However, 

since ¢(E) appers only in the correction (equation 5.10) the uncertain- 

ty ine(E) has a negligible affect on the final precision of (pt). 

The total uncertainty in (pt) is obtained by combining the individual 

percentage errors quadratically and ranges from 2 - 4%. 

The measured areal densities, and their values quoted by Micro- 

Matter and Co., are tabulated in tables 5.4 and 5.5. Values for all 

targets backed by nuclepore (table 5.4) agree within the precision 

quoted by the manufacturers (+ 5%). Agreement is very good not only 

between the values at different energies but also between the proton 

and alpha particle data. In the case of targets backed by carbon 

the internal consistency of the data is very good(table 5.5). Although 

the measured areal densities differ markedly from those quoted by the 

manufacturers for some elements they do however, agree within the 

uncertainty specified by MicroMatter and Co (25%). Weighted means of 

the areal densities, measured by proton and alpha particle impact, were 

used in the calculations of experimental cross sections and are listed 

jn table 5.5. The uncertainties in the means were less than 1.5% 

5.7 DETERMINATION OF EXPERIMENTAL CROSS SECTIONS 

The procedure adopted for evaluating L shell x-ray production and 

ionisation cross sections from the measured x-ray yield is outlined in 

this section. 
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5.7.1 L shell X-Ray Production Cross Sections 

For a thin elemental target (Zz) of thickness, t, and atomic 

density, n, the L x-ray yield, ue produced by Np charged particles 

(Z,) impinging normally on the target at a given energy (E), is related 

to the appropriate L; x-ray production cross section, 9, a. and is given 
J Pp Lj 

by 

¥,, = Non t o,% 5.12 
J 

where j represents an L x-ray group transition, a, 8 or y, or an indiv- 

tj 

idual transition such as 2. Expression 5.12 assumes that the x-rays 

are emitted isotropically and the target is thin enough to ensure that 

self-absorption of the x-rays and variation of OL; in the target is 

negligible. In the present experimental arrangement the target is 

at 45° to the beam axis (subsection 5.2.4) and the number of x-rays 

detected are limited by the detector solid angle, 2, and thus equation 

5.12 becomes 

"57% nto ay 5.13 

Since n = Noo/Ag 

x 
"i E No ae Q v2 ar 

where No is the Avogadro's number and Az is the target atomic mass. 

The term ot is usually referred to as the areal density of the target. 

Eugation 5.14 has to be corrected for the attenuation suffered by 

the x-rays in the 50 um melinex chamber exit window and 2.5 cm of air 

before reaching the Si(Li) detector and for the Si(Li) detector 

efficiency, thus 

Xx Y — Np No et o15 2 
ee eae ae Lj re 5%, 5.15 

where om and C. are the detector efficiency and the total absorption 

J J 
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correction for the Lj x-rays. By rearranging 5.15 ot; can be isolated, 

YLj Az4m ‘= yoo a 
“Lj ~ Np Nook Ww2e, C), Zale 

The importance of correcting for the variation of the x-ray 

production cross section in the target for low energy a-particles was 

indicated in section 5.3. Applying this correction given by equations 

5.2 to 5.16 we arrive at 

Yus Ae 4m : = 
Neos J fy - atne 5] 5 
a Np Ne(BEZEL, CL, L atne(e oy 

L shell x-ray production cross section were evaluated from the above 

equation. ‘hy were determined with the aid of a spectrum fitting pro- 

gramme, discussed in subsection 5.7.3. The determination of Np, ot 

and ak has already been addressed in sections 5.4, 5.6, and 5.5 

respectively and the measurement of 2 and the airpath in subsection 

5.4.2. The atomic parameters, Az and No and the mass densities, 0, 

were obtained from Tennet (1978). The total x-ray absorption correction, 

CL;, is given by 

CL; = exp (- hair (ot aiy - An (ety | 5.18 

where M represents the melinex window. The mass absorption coefficients, 

u/p, for melinex and air were calculated using the mixture rule 

(equation 2.15). u/op values for the individual constituents of air and 

melinex were extracted from Storm and Israel (1970). To facilitate 

calculation of a logarithmic polynomials of the form 

In | = ky a; [in(Ey)]' 5.19 

were fitted to the values of u/p for x-ray energies (Ex) between 

3 - 30keV employing the linear least square method. aj; represents the 

least square coefficients and are listed in table 5.6 for melinex and 

air along with the values of the regression correlation coefficient R? 
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Table 5.6. Least square coefficents, aj» 

for polynominal fits to mass absorption 

coefficients of melinex and air 

(equation 5.19). 

Coefficients Me linex Air 

ao 13.1642 5.2206 

ay -16.7939 3.7207 

ao 14.4835 -5 .3016 

a3 -7.2330 2.0064 

ay 1.7124 -0.3713 

A -0.1551 0.0268 

pa (+) 0.9999 0.9999 

+R2 = Coefficient of regression (equation 5.4). 
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(equation 5.4). The fact that the values of R? are very nearly unity 

indicates the excellent correlation between the regression model 

(equation 5.19) and the mass absorption coefficient data. Discussion 

of experimental x-ray production cross sections and their comparison 

with the ECPSSR theory is contained in chapter 6. The x-ray transit- 

jons, for which the cross sections were measured, for each target will 

also be indicated in that chapter. The uncertainties in a} are 

discussed in subsection 5.7.4. 

5.7.2 L shell Ionisation Cross Sections 

L-shell x-ray production cross sections can be related to the 

individual L subshell ionisation cross.sections, co = Weaea es) yin 

terms of the atomic parameters discussed in chapter 2. Relationships 

for the major L shell x-ray transitions are 

S3 
op Oe fev, (fiafes +1, + fia) + Gy fas 8 a.,| x 5.20 

x f Sao 
OL, = 4s [ous (Fiafas tig f ti,) POL, foe FOL, con 5e21 

Xe S; S2g 
OL, Fu, O, = 7 We fous + o.,] ss 

f on fete 5.22 403; (fyofzs + fis + f15) + 9, f23 * OL sy i 

x S: Szy 
OLY = 19L1 x + W. me + a] = 6.23 

where w; (i = 1, 2, 3) is the fluorescence yield for subshell Lj, 

Fig are the Coster-Kronig nonradiative transitions, f}, is the radiative 

Coster-Kronig transition, S; is the total emission rate for subshell 

Ly and Sig is the emission rate for x-ray transition or group of 

transitions, denoted by j, to subshel] Lj. The major L shell x-ray 

transitions pertinent to the ongoing discussion, previously shown 

schematically in figure 2.1, are illustrated again in figure Ses. dt 

would appear that by substituting the experimental Lj x-ray production 
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Figure 5.18 . Schematic diagram of L shell x-ray transitions 

(Gray 1974). 
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cross sections, oLy into the above relations 9, ; may be determined 

by solving them. These equations, however, are not linearly 

independent and thus are illconditioned. Depending on the degree of 

illconditioning relatively small changes in a5 can yield disproportion- 

ately different values of 9, ; and may even lead to unphysical solutions 

(Madison et al 1974, Cohen 1980 and Sokhi and Crumpton 1982). In order 

to evaluate Oy therefore, expressions have to be developed which are 

well conditioned and yield stable soltuions. Cohen (1980) has used 

expressions, involving L subshel1 x-ray production cross sections in 

terms of the effective fluorescence yield for the L shell and the 

total ionisation cross section, to determine O14: His approach entails 

the use of the L, and Ly x-ray yields which are relatively weak, the 

former being the weaker transition, and thus involve large statistical 

uncertainties. An alternative is to extract from the partially 

resolved Ly. group the Ly, and Las components with the aid of a 

spectrum fitting program. Since the byes transitions are to the Li 

subshel1 contributions from the other subshells, through Coster-Kronig 

transitions, obviously do not arise and thus o,y,, can be directly 

related to oL, through the simple relation 

= 1¥23 
Clivag seta SLs Sa 5.24 

Employing tabulated values for the fluorescent yields (Krause 1979) and 

emission rates (Scofied 1974b) ce can be determined from 5.24. The 

Ly, yield can now be used to evaluate o,,. Ly, is contaminated on the 

low energy side by the Ly transition, also to the L,, Subshell. The 

Ly,/Ly, ratio is typically around 3.5% (Scofield 1974b) and has to be 

accounted for. The expression for Ly,, in terms of aL, and o, is 

we S2 

CE meer cle eeate aga 5.25 
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These values for OL, and Ns can then be substituted into equation 

5.21 to extract oL,: 

Experimental L subshell ionisation cross sections reported in 

this thesis have been evaluated with this approach. This approach, 

however, requires some qualifying remarks. Firstly, Lyo3 and Lys 

transitions are relatively weak transitions and counting times have to 

be sufficiently long to ensure reasonable statistical precision. It 

is for this reason that carbon backed targets, which can sustain high 

beam currents for relatively long periods, were employed. These targets 

yielded precisions of better than 5% for Ly, group even at low 

particle energies. The statistics are slightly improved by including 

the yield of the but transitions, also to the L, subshell. Secondly, 

a complication arises in that the byo3 jis contaminated by contri- 

butions from the Ly, transition and, for Z, = 71, by the Ly. transition. 

The importance of these transitions is made clear by considering, for 

ECPSSR gECPSSR x 
example, Au bombarded by 3 MeV protons where om J le 50% 

6 23 

and vee fone = 3.7%. These contributions may be estimated by 

comparing it with the Ly,, group and employing theoretical radiative 

rates. The Ly23contribution is thus obtained from 

Says : 
Ly2s=LYasee ~ LYis oa 5-26 

Datz et al (1974) considered only the Ly, contribution to the Ly,, 

peak and obtained it magnitude from the Ly, transition. The obtained 

an experimental value of 0.125 + 0.01 for the ratio Sove6/Say1 for 

proton impact on Au by comparing the response of Ly¥o3,/Ly, and 

Ly,y /Ly, at different proton energies. This was not possible in the 

present study since the Ly,y statistics were poor. Instead the 

theoretical values for the ratio from Scofield 1974b were employed. 

In the case of Au Scofield's value of S2y,/S2yY, is 0.094 which compares 

favourable with the value obtained by Datz et al (1974). Taking into 
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account Ly, and Ly; transition the value of the ratio S2),,/S2y,. 

becomes 0.098. The expressions employed for determining the 

experimental values of o,; are summarised below: 

= S SLy2suu! 
OL, Sweane wy 5.27 

  

= S2 SLyas zy Cenc nae a ao 5.28 

Ss TL ; 
OL; = a Sa - (fis + fis + fiafes)o,, - fesoy, 5.29 

The method adopted for extracting the semi-resolved components 

of the Ly group is described in detail in subsection 5.7.3. The 

values of % |, obtained from the above relations, for the target - 

projectile combinations of interest are discussed in chapter 6 and 

the uncertainties are dealt with in subsection 5.7.4. 

5.7.3. Spectrum Fitting 

Contemporary Si(Li) x-ray detectors are unable to resolve all the 

individual x-ray transitions to the L-shell. The energy resolution 

is typically 170eV at 5.898 keV and consequently, groups of several 

x-ray lines are observed in spectra obtained with these detectors. 

Figures 5.3 and 5.4 illustrate the Ly, Lg and Ly groups for Yb and Bi 

obtained with 3 MeV alpha and proton impact respectively. In the Ly 

peak the individual components, Ly, and Ly,, cannot be resolved 

whereas the components of the Le and Ly group may be partially resolved 

depending on the atomic number of the target. The importance of the 

individual Ly components, required for determining L subshell ionisat- 

jon cross sections was highlighted in subsection 5.7.2. These 

components may be resolved sufficiently by adopting a wavelength 

dispersive detection system which employs a crystal spectrometer. A 

severe limitation with this approach is the very low detection 

efficiency relative to the Si(Li) detector. The comparatively high 
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cost further outweighs the advantages offered by such a system. 

The usual procedure for extracting the required components of 

a partially resolved x-ray group is to mathematically 'fit' suitable 

functions which approximate the Si(Li) detector response. Ideally, 

the response of a Si(Li) detector to a monoenergetic x-ray would be a 

delta function. In practice the effects of incomplete charge collection, 

bulk trapping and detector resolution produces an output which can be 

described approximately by a Gaussian distribution with a certain amount 

of skewness (Jenkins et al 1981). In the case of inner-shell x-rays 

the peak is further broadened by the fact that these x-rays may consist 

of bi or polyenergetic lines of similar energies, however, the 

essentially Gaussian profile still applies. The x-ray peak rests on 

a background which can be adequately described by a straight line 

function in the x-ray energy range of interest. 

Detail studies of fitting non-linear mathematical functions to the 

response of energy dispersive detectors have been conducted by Gunnink 

and Niday (1971), Gunnink (1975), McNelles and Campbell (1975), Phillips 

and Marlow (1976), Horch and Campbell (1977) and Campbell and Jorch 

(1979). Exponential tailing and stepping functions are usually adopted 

to simulate the low energy electronic distortions of the main Gaussion. 

Such a description can be extendedtoL x-ray spectra containing several 

fully or partially resolved peaks from which areas of individual peaks 

can be extracted. As an alternative to the Gaussian description 

Ingamells and Fox (1979) have utilised Poisson probability functions to 

determine individual components of composite peaks. With regard to the 

present study corrections for the distortion of the | x-ray peaks were 

not found to be necessary. The L x-ray spectra are, therefore, 

approximated solely by Gaussian distributions super-imposed essentially 

on a linear bremsstrahlung. The remaining part of this subsection 
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deals with the fitting procedure adopted in this work and based on 

the nonlinear least square method. Mathematical principles, on which 

this method relies, are well established and thus have been omitted 

The reader interested in the theory of nonlinear regression, however, 

is referred to Bevington (1969) and Draper and Smith (1981). 

An x-ray spectrum of m channels consisting of q Gaussian peaks, 

resting on a linear background, may be described by the nonlinear 

analystic function F(X; b), 

: AKL = basa)” F(xXj> b) = bi + boxy + Z b,,; exp ae 5ea0 
4+] isl 

(3 bse si ese wacsesell) 

where the independent variable, xj, represents the gt channel number 

and by (u = 1, 2, ..., p where p = 3q + 2) are the regression para- 

meters. Thus f(xj> b) is the fitted value of the actual number of 

x-ray counts in channel Xj denoted by Yj. In the exponential term 

in equation 5.30 b,,; represents the amplitude of the peak, b,,; 

denotes the peak centroid and b,,- equals 20% where o, is the standard 
i 

deviation of peak i. The regression problem entails computing estimates 

of the parameters by which will minimise the weighted sum of the 

squares of residuals, known as ‘chi square’, 

ye = BOs = fxm b)]? 5.31 
j= o5 

where the residuals are weighted by the variances, 037, associated 

with each data point. Since x-ray counting experiments follow a 

Poisson distribution 95 can be estimated simply by the counts in 

channel j, denoted by Yj. Normalising 5.31 by the number of degrees 

of freedom v, gives the reduced chi-square, Re 

aX M25 5.32 

v is obtained by subtracting the number of free parameters from the 
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number of data channels (m). Since the height, Hj, of a Gaussian 

distribution depends on its standard deviation, oj, through the 

relation 

AG Haren? 5.33 

where Aj is the jth peak area and is equivalent to ‘Ly in equation 

5.17, there are 2 free parameters per Gaussian peak (Bevington 1969). 

The total number of free parameters is, therefore, 2(background) + 2q 

(q = number of Gaussian peaks) and thus v = m - 2- 2q. If the 

regression function, F(xjs b), is a good approximation to the measured 

data then xj has a vlaue of unity or near unity. The larger the value 

of x2 the less appropriate is the fitting function. A xp value of less 

than one does not indicate an improvement of the fit, it is merely a 

consequence of the finite uncertainty in the determination of the 

variance of the fit (Bevington 1969). 

To find the least square estimate of b equation 5.30 needs to be 

differentiated and set to zero, giving the minimum value of 3 

Dee ae wie Oe) ee 5.34 
Cee aee a aby 

Equation 5.34 provides p nonlinear normal equations which have to be 

solved for b. This, however, is complicated and it is very difficult 

to obtain the solution directly. Instead, iterative techniques have 

to be employed, either to 'search' for the minimum value of x? or to 

solve the equations analytically. 

Chi-square is considered a continuous function of the nonlinear 

parameters by and describes a hypersurface in q-dimensional space 

(Bevington 1969). x? is minimum at the point defined by the least 

square estimates. For a linear model the contours of x? in parameter - 

space, b-space, consist of concentric ellipses, where as for a non 

linear model, such as described by equation 5.30, the contours may 

152



become distorted and often highly elongated (Draper and Smith 1981). 

There are severalmethods with varying degrees of sophistication which 

can be used for searching for the minimum value of x? in parameter 

space. Details of these methods can be found in Draper and Smith 

(1981), Bevington (1969) and Schamber (1981). The main disadvantage 

of these methods is that the solution converges very slowly when the 

search approaches the x? minimum particularly when x? contours are 

attenuated (Draper and Smith 1981). 

As an alternative to the 'search' method analytical techniques 

may be employed to compute the least square parameters. A major 

technique, known as the ‘linearisation’ or ‘Taylor series' method 

improves initial estimates of the parameters, denoted by by = (bios 

boos «++» bpo)', in successive iterations by using the results of 

linear least squares. This method has been found to be superior to 

those which involve searching for the minimum value of x? regarding 

speed of convergence and reliability of the final solutions (Draper 

and Smith 1981, Bevington 1969 and Schamber 1981). Consequently this 

method has been adopted for the fitting of L shell x-ray spectra in 

this study. 

In order to determine the least square values of the nonlinear 

Parameters b, initial estimtes, bo, for these parameters are required. 

Initial values for the peak centroids and variances were estimated 

from equation 5.3 and 5.6. Inputing these values into the regression 

function (equation 5.30) transforms it into a linear form. The 

remaining unknown parameters, namely those for the background and the 

peak heights, were determined with the normal linear least square 

method. 

Expanding (xj, b) in terms of a Taylor series to first order 

about the point bo, when b is close to bo, we have 
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Pp of(x;, 6 
F(x; b) = F(Xj> Bo) + J Pe] (bu - bus) 5.35 

b= b, 

Adopting the following notation 

fy = f(xj, bo) 

by = by - Duo 5.36 

Zug = af (xj. 2) 

aby b = bo 

the regression model may be written approximately as 

pa, 0 70 5 f; ue, Sy ae ee 5.37 

where ej is the ‘error’ and is the deviation of Y5 from the regression 

curve. It is noted that the model is of a linear form in by, the 

validity of which is true only for the selected first order 

approximation. Chi-square for the model is given by 

Pp 
go> fe = Ba 203 bq]? S238 

Applying linear least square theory x? is minimised with respect to 

Sbui and the p normal equations required for determining 6b° in matrix 

notation are 

C°sb°= B° 5.39) 

where 

He 0 01 | of? 
Cr = [i 3; Zug 2 ébu, and 

Bue re iy car) 5.40 
32) a5" Ug) Sd j ° 

where prime denote the transpose and u = 1, 2, ..., DP. ce is known 

as the ‘curvature’ matrix. The partial derivatives were evaluated 

using the ‘centred difference’ approximation (Himmelblau 1972), 

[at (xj> b) = f(Xj5 by + Aby) - f(xj. by - Su) 

lobes [be= be 2Aby eu



where Aby is a small increment. A value of 0.002by yields derivatives 

of sufficient precision and was adopted in the calculations. The 

improvements , éby , of the initial parameters are arrived at by 

solving the normal equations. The revised estimates after s iterations 

are given by 

sh b b,. + db, 5.42 
ust ~ °us 

where s = o for the initial parameters. From the revised estimates, 

bu: (s = 0 for the first iteration), i and ee are generated and 

substituted into equation 5.39 to determine sbi Jead to the next 

revised estimates by, and so on. Chi-square is calculated for each 

set of parameters at the end of every iteration. The improvements 

of the least square estimates after each iteration is indicated by 

the convergence of x? ; eventually to its minimum value. 

Provided that the initial estimates and the subsequent value after 

each iteration lie inside a region where the x? hypersurface is 

approximately parabolic the linearisation method coverges quite rapidly 

to the minimum x? value. On the other hand if the estimates lie far 

from the least square values the method may not converge at all, indeed, 

it may even diverge (Draper and Smith 1981, Bevington 1969) implying 

that the x2 surface is so poorly approximated that the linear 

approximation breaks down (Schamber 1981). However, it is not always 

possible to arrive at good initial estimates and to reduce the 

possibility of divergence two modification have to be introduced into 

the iterative procedure. 

(i) The improvements, Sbg, calculated after each iterations are 

‘damped' by an appropriate amount (Marquardt et al 1961), that is, 

bj, is multiplied by a factor «* < 1 from which the new estimates are 

determined 
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ag SshS 

Dips 2 Ore ny 5.43 

A numerical value for «S is chosen which ensures covergence, 

that is, 

2(s + 1) < x7(s) 5.44 

and as convergence is approached, «> is increased until «5 = 1, 

expediting the iterative procedure. An initial value of 0.4 has been 

suggested by Schamber (1981). In the present work, however, this 

value was found to be too large to initiated convergence and a much 

smaller value of 0.001 was adopted for the first iteration. The 

value is increased by this amount for successive iterations until 

convergence seems assured. 10 iterations seemed sufficient for the 

problems encounted in this study. Byond this iteration «S is increased 

by larger amounts determined from the simple empirical expression 

«St! = «5 + 0.01(s - 10) 5.45 

until «> = 1. 

(ii) In practice failure to converge is not completely eliminated by 

introducing ‘damping’ into the fitting technique (Marquardt 1963). 

To reduce futher the likelihood of divergence Marquardt (1963) proposed 

an algorithm which greatly enlarges the number of problems that can be 

successfully solved by nonlinear estimation (Draper and Smith 1981). 

Marquardt (1963) formulated the required algorithm by combining the 

properties of the gradient-search and the linearisation methods. In 

the first method all the parameters in the proposed model are simult- 

aneously incremented by an amount that is adjusted to ensure that the 

method travels along a ‘direction of steepest desent'. Although this 

method does not converge rapidly when in the immediate vicinity of the 

x? minimum it is, however, able to approach the minimum when the 

estimates are far from their least square values. The linearisation 
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method on the other hand, coverges quite rapidly but only when the 

parameters are not distant from their least square estimates. 

Marquardt (1963) was able to reach a compromise between the two methods 

in his algorithm. The algorithm causes the convergence of the iterative 

procedure by increasing the magnitude of the diagonal terms of the 

curvature matrix by an amount AS, 

(cS + AS1)sbS = Be 5.46 

here I is the identity matrix. Solving for éb° and using equation 

5.43 the improved estimates are determined. AS is selected so as to 

ensure the validity of the inequality 5.44. The magnitude of aS should 

be small enough to allow rapid convergence when in the neighbourhood 

of xy? minimum and large enough to initiate converge successfully even 

when distant from the least square values. The algorithm consists of 

several logical statements that compare the sum of residual, ®, 

defined by 

& “2, [vj - fly, by]? 5.47 

for iteration s and sti. In the present study the fitting procedure 

is weighted according to the variance of and as a result x? are 

incorporated into Marquardt's (1963) algorithm. A modification of the 

algorithm concerns the initial value of \° (s = 0). A value of Or 

has been suggested by Marquardt (1963). This value was found to be 

unnecessarily large and was reduced to Ws The algorithm as 

applied to this work is stated below: 

de tet mena 

2. Compute xi(s) for aS“! and x2(s) for ,$~*/10 with corresponding b 

and b' respectively. 

Sole xp (s) < x?(s-1) let x8 = 4571/10 with b' as the improved estimates 

where x2(s-1) is chi-square of the previous iteration 
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4. Tf x2(s) > x2(s-1) and x?(s) < x?(s-1) Tet Rae with bras 

the improved estimates. 

Be iit yi (s)ee (so1)eand x3(s) > x?(s-1) increase aS7? by succesive 

multiplication by 10% with w = 2 (Marquardt (1963) suggests w= 1) and 

« =«/10 until x3(s) < x?(s-1) where KG is chi-square for increased 

x87! and decreased « adopting improved estimates for the smallest w. 

6. Lette =) imc 10, 

Condition 5 was seldom encountered and only at the final stages of the 

iterative procedure. Iterations were terminated when 

x2(st1) - x72(s) < ¥ 5.48 

A value for » = 0.0001 was adequate to stabilise the least square 

estimates. 

A software package was written in Fortran 77 as a part of this 

study using the University's Harris 800 mainframe computer for fitting 

the accumulated L shell x-ray spectra. The package entitled 'SPECTRUM' 

is based on the damped linearisation technique described above and 

incorporates Marquardt's algorithm. Two routines, entitled 'GAUSS' and 

'REFINE' are included in the package and are utilised by SPECTRUM to 

solve the least square normal equations. GAUSS initially solves the 

equations using Gaussian elimination with pivotal condensation and 

REFINE corrects these solutions for rounding-off errors by iterative 

refinement (Buckingham 1962 and Gerald 1978). A hard copy of the 

package is presented in appendix D. SPECTRUM is capable of fitting 

simultaneously 20 Gaussian peaks, superimposed on a linear or a higher 

order background, contained in a region of 300 channels. The number 

of peaks and the spectra region were restricted by the allocated 

computer memory. Complete L x-ray spectra were fitted in one execution 

of the program. Figure 5.19 illustrates a typical fit to WL x-ray 

spectrum obtained by 2.9MeV alpha impact. Less than 30 jterations
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were required to obtain the least square values of the regression 

parameters. Chi square values of around and often less than 1.5 were 

achieved. Peak areas obtained by fitting composite spectra using 

equation 5.33 were checked by fitting individual L x-ray groups and 

agreement of less than 1%, even for the relatively weak Ly and Ly 

transitions, was attained. A fit to the Ly group of Pb bombarded 

by 3.0 MeV protons, presented in figure 5.20 shows the individual 

Ly components. As mentioned previously in subsection 5.7.2. 

statistics for Ly, and Ly,,, are poor making their yields, obtained 

by fitting the Ly group, unreliable. Consequently the Lys and Oe) 

were appropriate, were summed with the Ly and byas components 

respectively. 

The performance of SPECTRUM is demonstrated by figures 5.21 and 

5.22 which show the improvement of the peak parameters and the reduction 

of. x” With eebation. tor ay 8! ts peak obtained by tmeet ot eer 

deuterons. Figure 5.23 shows the fit obtained with the initial 

estimates of b, its improvement at an itermediate stage of the iterative 

procedure and the final fit obtained at G minimum for the Lg peak. 

Uncertainty in the actual area, Aj, of the ith peak is simply 

given by 5; which can be estimated by Aa, 34, however, reflects the 

uncertainty of the measured data as a sample of the parent distribution 

and does not include the additional uncertainty in Aj; introduced by the 

regression procedure. For x < 1, as was invariably the case, the 

uncertainty in Ay is essentially that of the parent distribution since 

the effect of the fit on o; is minimal (Bevington 1969). On the other 

hand, for cases where x > 1 the uncertainty due to the fitting proce- 

dure is not negligibel and has to be included in G3. The uncertainty 

introduced by the regression is of the order of iG and the total 

uncertain in Ai can be estimated, according to Bevington (1969), by 
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en xe in the present work was seldom greater than 1.5 and so at 

worst, the uncertainty in Ay is increased by a factor between 1.5 - 2.0. 

5.7.4. Uncertainties in the Measured Cross Sections 

The major sources of uncertainties in the cross section measure- 

ments employing carbon backed targets are quantified and summarised 

below: 

(i) Projectile energy (E) 1.2 - 2.8% 

(ii) Charge collection (Mp) 1% 

(iii) Target areal density (pt) <1.5% 

(iv) Si(Li) detector efficiency (ELj) 2 - 3.5% 

(v) X-ray absorption correction (CL 5) 1 - 5% 

(vi) Si(Li) detector solid angle (2) 1.8% 

(vii) Counting statistics including the effects of 

fitting (YL3) <10% 

The effect of the uncertainties in the stopping power, ¢(E), is 

negligible on the measured x-ray production cross sections, 14 > since 

it appears only in the correction factor (equation 5.17). The uncert- 

ainty in Cj depends on the x-ray energy. The values of the mass 

absorption coefficients in the tabulation of Storm and Israel (1970), 

which were used to evaluate CLy. are uncertain by 10% when the x-ray 

energy is less than 6keV and by 3% for higher energies. To determine 

the resultant uncertainty in aL} the individual uncertainties, listed 

above, were combined quadratically. This yields uncertainties in 

oj in the range of 4 - 12%. Uncertainty of each value of ot; are 

listed together with the absolute cross section values in appendix B. 

Uncertainties, (i) - (iii) and (iv), which appear systematically 

in the oy calculations, disappear when considering ratios of x-ray 

production cross sections. Since the ratios are free from the 

systematic uncertainties their comparison with theory is usually



more informative than the comparison with absolute cross sections. 

Uncertainties in the ratios range from about 7% to 16% depending on 

the x-ray transitions and particle energy. 

In the case of L subshell ionisation cross sections, Ses the 

situation is complicated by the presence of 4j;, Sij and fj, (subsection 

5.7.2). These parameters introduce systematic uncertainties in TG. 

For the targets under consideration, uncertainty in w;, fix and S;j 

may be up to 20%, 50% (Krause 1979) and 10% (Scofield 1974b) 

respectively. The philosophy adopted in this work is to recognise 

the existence of these uncertainties but to consider only those 

uncertainties which arise from the adopted experimental technique. 

Thus the uncertainties in oj reflect purely the experimental precision 

of the measurements. This philosophy is also usually adopted in the 

literature relevant to this work. The final uncertainties in 9; 

range up to 12% for Oly 10% for o, and 9% for O15: These result in 

uncertainties of up to 16% in Se /cn and L/L, and 13% in ae 

Uncertainties are quoted for each 9 ; value in appendix B. 

5.8 CALCULATION OF THEORETICAL CROSS SECTIONS 

Tabulations compiled by Choi et al (1973) and Benka and Kropf 

(1978) have been employed in the present work to calculate L shell 

ionisation cross sections. Benka and Kropf (1978) have provided an 

interpolation formula to evalute the cross section value for any 61 j 

and TL /8LG which lie inside the range of the tables. However, despite 

this, it is very tedious to calculate the cross sections since a 

large amount of interaction is required on the part of the user. The 

situation is worse in the case of the tables by Choi et al (1973) since 

an appropriate method for interpolation has not been suggested by the 

authors. 
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For these reasons polynomials were fitted to the data contained 

in both the tables. In the case of the tabulation of Benk and Kropf 

(1978) the data was transformed from the f(n,/9,;, 8, ;) format to the 

F(NL/8Li> 8.4) form. This was necessary to obtain fits of adquate 

accuracy. A multiple regression polynomial of the form 

i 
g r. 

in[f(n) > 6 3)] = ao + 52, aq [I1n(n,)] 
Eee i L 

im
s 

A 
* 2. jan [in 44] 5.49 

was fitted to f(n,, 84). Several fits had to be performed to the data 

in order to deduce the ionisation cross section for the collision regimes 

under study. Typically n =m = 3 and agreement to within 0.1% was 

attained with the values of Benka andKropf (1978). Values for R were 

practically unity for the fits. The agreement obviously compares well 

with the interpolation formula quoted by Benka and Kropf (1978) which 

reproduced their data to within 2%. Cross sections obtained by their 

interpolation formula and by fits of the form 5.49 were compared for 

proton impact of Dy and agreement to within 2.5% was observed. The 

situation was more complicated in the case of the tables by Choi et al 

(1973). Fits of the form 5.49 were inadequate and the strategy adopted 

was as follows. Polynomials of the form 

In [#(n,)] = gBy 24 fin(n)]! 5.50 

were fitted to the tabulated data for several a values. n depended 

on the number of data points and ranged between 2 - 5. Agreement with 

the tabulated values to less than 0.5% was achieved and typically 

R2 = 0.9999. These fits were incorporated into the computer programme 

written in basic for calculating the ECPSSR cross sections. The programme 

substitutes the appropriate n, value into the polynomials and calculates 

f(n,_) for the fixed 6, ; values. A least square regression routine was



appended to the main programme which fitted a polynomial of the same 

form as 5.50, except that n, is replaced by 6;, to the (8, ;) values, 

nL being fixed in this instance. The required F(ni> 814) was 

calculated from this resulting polynomial. 

Wherever possible the compilation of Choi et al (1973) was used to 

evaluate cross sections for deuteron and alpha impact. For elements 

heavier than Au, however, the main parameters, ny) and Sige fall outside 

the ranges addressed by those authors for alpha impact. At this stage 

the choice available is either to omit comparison with theory or to 

somehow estimate the ECPSSR cross sections. In order to gain some 

insight at least into the theoretical descriptions of ionisation by 

alpha particles for heavy elements an attempt was made to determine 

approximate ECPSSR cross section values. To do this the tables of 

Benka and Kropf (1978) were employed. Although these authors caution 

against the use of their tables for any other projectile except protons, 

as noted in chapter 4 (section 4.2), it is hoped that the cross section 

values will approximate the 'true' ECPSSR values to a degree comparable 

to that of the experimental uncertainties. Values derived by this 

procedure for alpha particle bombardment of elements for which this 

problem does not arise, were compared with the values calculated from 

the tables of Choi et al (1973). The values obtained from the tables 

of Benka and Kropf (1978) were found to be smaller than those of 

Choi et al (1973) by about 10% at 1MeV and by about 3% at energies 

approximately 3MeV. These difference are indeed comparable to 

experimental uncertainties and imply that these value may be used to 

estimate the ECPSSR cross sections. It should be noted that the 

values of Benk and Kropf (1978) for proton impact are generally less 

than those of Choi et al (1973) by two percent especially at lower 

impact energies. This fact was highlighted in chapter 4(Section 4.2) 
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and may explain some of the observed differences for alpha particle 

impact. 

This approach has also been adopted by Braziewicz et al (1984) 

who have encounted the same difficulties. Cohen (1981) has also 

extracted the ionisation cross sections for alpha particle bombardment 

of heavy elements from the tables of Benka and Kropf, (1978) but nas 

not justified this approach. 

The L x-ray production cross sections were obtained by substituting 

the ionisation cross sections for the appropriate collison regime into 

equations 5.20 - 5.23 stated previously in subsection 5.7.2 

Theoretical L shell x-ray production and ionisation cross sections for 

the targets and projectiles under investigation are tabulated in 

appendix C. 
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6.1 INTRODUCTION 

This chapter discusses the L shell x-ray production and ionisation 

cross sections measured in the present study. The measured cross 

sections are compared with the PWBA and the ECPSSR theories (Brandt and 

Lapicki 1981 and see chapter 4). Comparison is also made with recent 

measurements reported by other authors. It must be noted, however, 

that there appears to be a complete lack of published deuteron impact 

data peritent to this study. Consequently comparison of the present 

deuteron measurements is made only with the theories. With regard to 

incident alpha particles there are a few published measurements for the 

elements of interest and comparison has been made whenever the data was 

available in tabular form. Sokhi and Crumpton (1984)(appendix E) have 

published a tabulation of recent experimental L shell x-ray production 

and ionisation cross sections for proton impact with allows comparison 

to be made conveniently. However, even for protons there is a signif- 

icant lack of relevant data. 

The cross sections measured in the present work are presented 

graphically in this chapter while tabulated values are contained in 

appendix B. To facilitate the discussion ionisation cross section are 

considered before proceeding with the x-ray prodcution cross sections. 

This approach is adopted because the latter may be understood in terms 

of the Li subshell ionisation cross sections. Finally, common features 

highlighted by measurements for the individual elements are discussed. 

6.2 DYSPROSIUM (Zz = 66) 

For dysprosium (Dy) Le, ain? LB, sug> LBaziss Lyis and Lyzseuu' 

transitions were measured for proton and deuteron impact. The Li 

subshell ionisation cross sections were deduced from Ll... 5 Lyis and 

Ly2se44! X-ray transitions as outlined in section 5.7.2. It should be 

noted here that the Ly and Ly transitions could not be resolved with 
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the experimental set-up employed in this study and consequently the Ln 

contribution had to be accounted for in expression 5.29. 

6.2.1 Proton Impact Measurements 

Total arid individual Li subshell ionisation cross section, 1 and 

o,, respectively, are illustrated in figure 6.1 with the PWBA and 
Li 

ECPSSR predictions. For both the L2 and L; subshells the data and the 

ECPSSR theory shows reasonable agreement only at high energies. As the 

proton enegy (Ep) decreases discrepencies increase upto 35%, which is 

about five times the experimental uncertainties in the measured cross 

sections, and the data converges towards the PWBA predictions. Figure 

6.1 clearly demonstrates that the variation of OL, and o, with decreas- 

ing collision energy is less sharp than predicted by the ECPSSR model. 

Experimental values of 2s; state ionisation cross sections, although lying 

5-10% above the ECPSSR values, exhibit a measure of agreement both 

with the ECPSSR and the PWBA theories. The energy dependence of OL,» 

established experimentally, is reproduced quite accurately by the 

ECPSSR theory. The pronounced decrease of gy at ns 0.01 (Ep s MeV, 

Th = scaled energy), the origin of which was discussed in section 4.2, 

is verified by the experimental data. The disagreement between the 

ECPSSR values and experimental oe and 1, is reflected in the total 

L shell ionisation cross sections (a1 4)- Agreement with the ECPSSR 

theory is good for Ep > 2.2MeV. 

The theoretical predictions can be tested further by comparing 

them with the ratios of experimental Li subhsell ionisation cross 

sections. These ratios are particular sensitive to the shape of the 

excitation function and highlight regions of disagreement not obvious 

from comparison with absolute values. lIonisation cross section ratios 

for proton impact on Dy are illustrated in figures 6.2 and 6.3 with 

increasing impact energy together with the values obtained by Jitschin 
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et al (1982) in the energy range of interest. Theoretical predictions 

of a /%, agree with the present values for proton energies greater 

than 1.8MeV. At lower energies the experimental values lie below the 

theoretical curve. The o,/%, ratios (figure 6.3) at lower proton 

energies lie above the values predicted by the theories. Assuming 

that any existing systematic discrepencies cancel the theory still 

deviates from the OL,/,5 ratios by about 15% at lower Ep. These 

comparisons suggest that the ECPSSR significantly underestimate the L2 

subshell ionisation cross sections, particularly at lower proton energies 

Better agreement is observed for the %,/9L5 ratios implying that the 

theories reproduces oy and O,, more closely than oy, The data of 

Jitschin et al (1982) follow the general trend exhibited by the present 

values and also agree quantitatively within the experimental uncertainties 

of 20%. Since the wave functions of 2p, and 2p3 electrons are similar 

the ratio 7/1, shows only slight variation with proton energy. The 

more distinct energy dependence for the a, ,/o,, and 91,/9,, ratios is a 

direct consequency of the nodal structure in the 2s radial wave function. 

It is worthwhile noting that the PWBA and ECPSSR yield comparable values 

of the ratio since the corrections to the PWBA largely cancel out. 

The measured L», Lois Lgisue> LBa7ise Lyis and Ly,55,,1 X-ray 

production cross sections are shown in figures 6.4 - 6.7. Present 

values are compared with PWBA and ECPSSR theories and with the data 

of Khan and Crumpton (1978) and the more recent data of Sokhi and 

Crumpton (1982) which formed a part of the preliminary measurements 

performed prior to the experiments described in this thesis. The 

present Lj x-ray production cross section, Oty in general lie system- 

atically above the values of Khan and Crumpton (1978) by =~ 20%. 

Measurements by these authors were made on thick targets and this fact 

most probably explains much of these descrepencies since the precision 
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of ay derived from thick target x-ray yields depends directly on the 

accuracy of energy loss values for protons and on the mass absorption 

coefficients. Typically uncertainties in the former are around 10% 

(Andersen and Zeigler 1977) and 3-10% in the latter (Storm and Israel 

1970). The values of Sokhi and Crumpton (1982) are also systematically 

lower than the present values. The deviations are about 25% for Os 

and about 5-10% for the other cross sections. There was a time i 

difference of about 2 years between the present and the preliminary 

measurements reported by Sokhi and Crumpton (1982). These initial 

measurements assumed the validity of theoretically calculated Si(Li) 

detector efficiency whereas the present values were corrected by 

experimentally determined Si(Li) efficiency (section 5.5). However, 

as pointed out in section 5.5 calculated efficiencies may not be 

reliable and may overestimate the true efficiency. Therefore the most 

likely explanation of the discrepencies is the further deterioration 

of the Si(Li) efficiency over the 2 years. As reported in:section 5.5 

differences of about 20% were noted between the measured and calculated 

efficiencies. Futhermore the initial experiments were conducted with 

nuclepore targets and thus low beam currents (= 3nA) had to be employed. 

In order to avoid long counting times data was accumulated for less 

charge compared to the present measurements which were made with carbon 

backed targets. Consequently the initial measurements were subject to 

relatively larger statistical uncertainties. This may also be regarded 

as a contributory cause of the observed differences in the two sets 

of measurements. 

The OL} values follow the trend exhibited by the relevant Li sub- 

shell ionisation cross sections. Gigs Ce and Siase which represent 

cross sections for Lj transitions to the L, subshell, are underestimated 

by the ECPSSR theory (figures 6.4 and 6.5) as was the case with OL, 
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(figure 6.1). The contribution of the Ln x-rays to Sit is only 

about 1-2% and thus can be ignored for comparison purposes. OLB ane 

and Oly? figures 6.5 and 6.6 respectively, mimic the response of 

1, since these x-ray transition are to the L2 subshell. The major 

contribution to oh comes from L: ionisation and is directly 
23844 ' 

proportional to ois through expression 5.27, and thus exhibits 

analogous behaviour to OL: The significant deviations in the partial 

Lg, and Ly,, cross sections are reflected in the total Lg and Ly x-ray 

production cross sections,.as shown in figures 6.5 and 6.6 respectively. 

The underprediction of oO, and OL; by the ECPSSR theory is also 

evident in the total x-ray production cross sections (of); shown in 

figure 6.7. The experimental values of Khan and Crumpton (1978) and 

Sokhi and Crumpton (1982) lie below the present data for reasons 

discussed earlier. 

Figures 6.8 - 6.10 illustrate the variation of Lj x-ray production 

cross section ratios with proton energy. A major advantage of comparing 

these ratio with theoretical predictions is that the systematic 

uncertainties in the experimental procedure (subsection 5.7.4) are 

eliminated. Experimental values of Seen! OLY indicate an energy 

dependence in contrast to the constant value predicted by the ECPSSR 

theory. Such a marked energy dependence has also been noticed by 

Busch et al (1973), Tawara et al (1975) and Kamiya et al (1979) for 

light ion impact a high Z2 elements. This dependence on the projectile 

energy may be explained in terms of 2p3 alignment effect as addressed 

in section 4.4. Kamiya et al (1979) have incorporated this effect into 

the PWBA theory and have obtained good agreement with measured data. 

The preliminary measurements (Sokhi and Crumpton 1982) indicate a 

trend opposite to that predicted by the present values. However, the 

L& x-ray measurement were subject to high statistical deviations and 
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since the ratios are very sensitive to the shape of the excitation 

functions large scatter in the ratio is not unexpected and thus cannot 

be relied upon to yield precise information. on values reported in 

this work were measured with counting statistics of < 5% and usually 

< 3% and hence are likely to be more trustworthy. 

Lean OL ratios show reasonable qualitative agreement with the 

ECPSSR predictions (figure 6.9) and with measurements of Sokhi and 

Crumpton (1982). The values of Khan and Crumpton (1978), performed 

on thick targets, deviate considerably from the present measurements 

x 
Similar behaviour was noticed in the case of OF een lay and ote/Ohy 

ratios, illustrated in figure 6.10. 

6.2.2  Deuteron impact measurements 

Ly subshell ionisation cross sections for deuteron impact on Dy 

are shown in figure 6.11. The measured values are compared with the 

PWBA and ECPSSR theories. The structure in OL, at deuteron energies 

(Eq) = IMeV, due to the radial node in the 2.3 wavefunctions, is 

clearly indicated by the measurements. The ECPSSR theory predicts 

the data well at Eq < 2.2MeV. At higher Eq the experimental values 

rise more steeply than the ECPSSR curve and converges towards the 

PWBA predictions. Unlike proton measurements where some agreement 

was observed at higher proton energies with ECPSSR theory, the 

experimental values of 1, for deuter impact lie above the ECPSSR 

predictions by more than 30% throughout the energy range. The PWBA 

theory appears to reproduce the data well within experimental 

uncertainties. Disagreement is less for o , where the data deviates 

by about 12% from the ECPSSR curve. These descrepencies are transfered 

into the total L shell ionisation cross section, OL? also shown in 

figure 6.11. 

Ly subshell ionisation cross section ratios are illustrated in 
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figure 6.12. The structure in the cin causes a minimum in o,/OL, 

and 9 ,/oL, ratios. Experimental values of 9, /oL,are overestimated 

by the theories for Eq < 2.2MeV although the trend is reproduced 

quite well. Furthermore, the theories predicts a minimum at 

n = 0.01 (Eg = 2MeV) whereas the data indicate a minimum at n, = 0.008 

(Eq = 1.6MeV). Similar behaviour is exhibited by the Ifo, ratio. 

This shift in the minimum implies that the plateau predicted by the 

PWBA in co at n= 0.01 occurs inreality at a lower ne value. This 

was also noticed by Change et al (1975) and it suggests that the radial 

node in the 253 wave function occurs at a higher momentum value than 

predicted by hydrogenic nonrelativistic wave functions (Chang et al 

1975). The failure of the ECPSSR to predict OL, data is also high- 

lighted in the comparison of o,/o,, with theory (figure 6.12). The 

measured ratio follow the same pattern as oy ,sin that they lie above 

the predicted values. 

The measured absolute 24; are shown in figures 6.13 - 6.16. Since 

the Ly and Ly transitions are to the L; subshell OL) and Qh in 

(figure 6.13) follow the trend of OL, and numerically are underestimated 

by the ECPSSR theory. ox» however, shows a larger deviation from the 

ECPSSR curve (-~ 30%) than cia (~ 14%). Partial LB and total 15 

(figure 6.14) exhibit agreement with the uncorrected PWBA theory. 

Similar behaviour is also expressed by the Ly x-ray cross sections, 

shown in figure 6.15. Since Le aa! transitions occur to the 253 

state o data also reveals the structure of go, (figure 6.11) x 

Lys seuu! 

The total L x-ray production cross section, Cis illustrated in 

figure 6.16, depicts analogous behaviour to its individual components, 

O15? and differs from the ECPSSR values by as much as 18%. 

The evidence for energy dependence of Gie/o 9 provided by proton 

data (figure 6.8) is further reinforced by the measurements made with



  

incident deuterons, and is shown in figure 6.17. With regard to the 

other ratios, illustrated in figures 6.18 and 6.19, agreement is noticed 

x ‘ Ko _ x x 
only with 8/1) whereas Claeh /3 and qian Joys are overestimated 

by the theories. Since major components of Lg and Ly x-rays arise 

from electronic transitions to the L2 subshell this implies that much 

of the discrepencies noticed with o1, values cancel when considering 

Stal oly ratios. 

6.3  YTTERBUM (Z2 = 70) 

From the L x-ray spectra of ytterbium (Yb), obtained by proton, 

deuteron and alpha particle bombardment, Ly, Lan? bes aye? us and 

Lyoaey,! X-ray transitions were analysed. As with Dy, contribution 

of the Ly x-rays to the Ly peak was taken into account when deriving 

OL, cross sections from equation 5.29. 

6.3.1 Proton Impact Measurements 

The ECPSSR theory reproduces OL, quite well and is illustrated in 

figure 6.20. At proton energies, Ep» less than 2 MeV the ECPSSR 

predictions deviate by about 20% below the measured value of OL, 

(figure 6.20), describing similar behaviour to that noticed with proton 

bombardment of Dy (section 6.2.1). The experimental o, values lie 

below the ECPSSR prediction by 5-10%, just outside the experimental 

uncertainties of 4-6% in 1, Agreement of ECPSSR predictions with the 

total L shell ionisation cross section, see: is remarkably good through- 

out the energy range of interest. 

Experimental OL, /oL, ratios, figure 6.21, are predicted by the 

theories qualitatively and quatitatively within experimental uncertain- 

ties. Data values, however, lie below the theoretical curves for 

Ep < 2 MeV and above the curves for higher Ep implying that the oy 

contribution relative to cir increases more sharply than indicated 

theoretically. The minimum at Ep = 1.2 MeV predicted by theory is



  

substantiated by the experimental measurements. The trend described 

by the measured Gin! Cie is supported by a /9L, ratios, shown in 

figure 6.22 where the experimental values depend more sharply on 

increasing Ep than the theoretical values. For the 9, 4/0), ratio the 

agreement with theory is poor at lower impact energies and also the data 

indicate a nearly constant value for the ratio, incontrast to theory, 

which predicts a slow increase in the 9, , contribution with increasing 

Ep relative to oie 

oy for the appropriate Lj x-ray transition are illustrated in 

figures 6.23 - 6.26. and of, follow the trend of O13 and show ohn 

reasonable correlation with ECPSSR predictions (figure 6.23). a. 

describes similar behaviour since its main contributor is the Le, 

transition which occurs to the 23 state (figure 6.24). Since Lg. 

x-rays originate from electronic transitions to the L2 subshell, 

a describes a similar energy dependence to that of SL, The 

measured total Lg x-ray production cross sections, Og? (figure 6.24) 

illustrate reasonable agreement with the ECPSSR values but lie above 

the theory by a few percent. oLy3 are shown in figure 6.25. Agreement 

chee is good with ECPSSR values unlike ols which deviate from 

theory at low Ep by upto 23%. This discrepency is also visible in the 

total Ly cross section, Oly. illustrated in figure 6.25. The total 

L x-ray cross section, Cie shows very good agreement with the ECPSSR 

theory at all Ep values (figure 6.26). 

Evidence for the energy dependence of omar ratio is substantiated 

by the measurements, shown in figure 6.27. oLa/%Ly ratio, figure 6.28, 

shows reasonable correlation with theory but deviations become signif- 

icant at lower impact energies. The Ons n/La ratio show only 

qualitative agreement with theory, except at intermediate energies 

(figure 6.28). The situation is similar in the case of Onan Ly * 
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shown in figure 6.29, but the data values depict a significantly less 

pronounced energy dependence than described by the theories. This is 

because the measured 91,/9,, and o1,/91, ratio, presented in figure 

6.22, suggests that the 1, and Cin contribute more to the total L 

shell ionisation relative to o,, than is theoretically predicted. 

Consequently the ratio ae is smaller numerically than the 

predicted values. The less pronounced energy dependence at Tow Ep 

is explained by the experimental evidence, that OL, is more important 

relative to o,, at lower energies.than is accounted for theoretically 

(figure 6.22). 

6.3.2. Deuteron Impact Measurements 

The measured cr values for deuteron impact on Yb show a more 

marked dependence on deuteron energy (Ed) than implied by both the 

theories (figure 6.30). The experimental 1, values cross over the 

theoretical curves at Eq = 2.1MeV. Such a behaviour was also noticed 

when considering Dy op, for incident deuterons and was shown in 

figure 6.11. The oL, data repeat the trend demonstrated by the 

previously discussed measurements and exhibit closer agreement with the 

PWBA theory, as shown in figure 6.30. As with proton bombardment of 

Yb, OL, for deuteron impact show reasonable agreement with the EPSSR 

theory although the latter does tend to overpredict the measured values. 

The total L shell ionisation cross sections, o,4, illustrated in 

figure 6.30, are well reproduced by the ECPSSR theory. Figure 6.31 

shows the variation of %1,/9., with Ey and highlights the large 

discrepencies between experimental data and theory for Eq < 2MeV. In 

this region the theory predicts values nearly twice the measured values. 

The shape of the experimental a /o, values also differs from that of 

the theories. This is due to the measured oy rising more steeply 

with Ed than the corresponding theoretical values whereas the energy 
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depedence of the experimental and theoretical ole is very similar. This 

affect can again be observed for o% /o, ratios, demonstrated in figure 

6.32, where the data values show considerable deviations from the 

ECPSSR predictions at Ed > 2 MeV. The under-estimation of OL, by the 

ECPSSR theory is strikingly obvious from the comparison of 91/91, 

with theory, also shown in figure 6.32 

Grain and oie seen in figure 6.33 follow the behaviour of oi 

and exhibit close correlation with the predictions of the ECPSSR theory 

The case is similar for O13 shown in figure 6.34. On the other 
2715 

hand O13 > and hence Oa? lie systematically above the ECPSSR curve 
1346 

but show some quantitative similarities within experimental uncertain- 

ties (figure 6.34). , exhibit analogous characteristics to [o} 
Lye sau 

that of ore since they are directly realted and gis follows the 
ES: 

: x x : 

trend of o ,. Since at Ed > 2 MeV Ca eae well as ae is 

under predicted by theory oy shows larger disagreement in this energy 

region with both the PWBA and ECPSSR predictions. The total x-ray 

production cross section, figure 6.36, is reproduced extremely wel] 

by the ECPSSR model. 

The energy dependence of a, /O, 99 not predicted by the theories, 

is again clearly reaffirmed by the measurements shown in figure 6.37. 

Smaller values of o*, /o,* than those calculated with the ECPSSR 
Latn’ Lg 

model were obtained experimentally (figure 6.38). This also implies 

that the mechanism of 2p, state ionisation by incident low energy 

charged particles is not fully accounted for by the ECPSSR model. 

Since x-rays contain a large component of L x-rays, a consequence 
‘Y.s Y 

of transitions to Lz subshell, similar behaviour is demonstrated by 

x xX i‘ . 5 = e 

Laan! Ly ratio and is shown in figure 6.39. Some of the OL, 

discrepencies are eliminated in the o/9L, ratio and as a result the 

disagreement between theory and experiment is markedly reduced (figure 

6.39) 
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6.3.3 Alpha particle Impact 

In contrast to proton and deuteron impact measurements the 

experimental OL? (figure 6.40) for alpha particles incident on Yb are 

overestimated by the ECPSSR theory by upto 30%. 1, follows the trend 

encountered with the previously discussed measurements and lies system- 

atically above the predictions of the ECPSSR model (figure 6.40). 

However, the discrepencies are much more serious and the values may 

disagree by a factor of 2..The ECPSSR theory is only able to explain 

OL, and the total L shell ionisation cross section (214) as shown in 

figure 6.41. The gross discrepencies observed for 9 | and o,, are 

strikingly apparent when comparing o, ,/o,, ratio with the theories 

(figure 6.42). Disagreement by factors of 1.5 - 2.5 were noticed. 

Discrepencies are somewhat reduced for 9, ,/o , ratios (figure 6.43) but 

still is reproduced only by PWBA model. The highly inadequate explanation 

of the measured OL data by the ECPSSR theory is also sharply expressed 

by the o, ,/o,, ratios shown in 6.44. 

OL ban? illustrated in figure 6.45, is reasonably explained by the 

ECPSSR model. The theory, however, deviates significantly from the 

oi data, also shown in figure 6.45. These deivations are probably 

caused by the anisotropy of L2 x-rays, an effect not taken into account 

by the theories. The total Lg and the partial Lg, x-ray production cross 

sections are shown in figure 6.46. Close agreement with the predictions 

of the ECPSSR model is shown by the total and the partial cross sections. 

Figure 6.47 illustrates the x-ray production cross sections for the 

x 
Ly group. a; and of, exhibit similar behaviour to a, and 

Y U Lis 5 Le 
Yoseus! 

OL, respectively. Discrepencies between oy and the ECPSSR theory 

tend to increase with alpha particle energy to about 25%. The total 

L shell x-ray production cross section, shown in figure 6.48, on the 

other hand is explained by the ECPSSR model extremely well.



The anisotropy of L& x-rays, mentioned above, is also apparent in 

the Geely ratios (figure 6.49) which expresses an energy dependence 

not explained by theory. [9,5 ratios shown in figure 6.50, dis- a 
Loin 

agree significantly (7-15%) at the extremities of the energy range. 

Futhermore the energy dependence of the measured ratio at higher impact 

energies is less pronounced than indicated by theory. The ECPSSR model 

5 <3 x x es 9 
overestimates the experimental OL ent Oly data (figure 6.51) by 20-35% 

with deviations increasing with increasing alpha particle energy. 

S12 [oy data exhibits a similar qualitative behaviour to that of 

x aoe Aus ‘ 
OL gn! OLy with deviations of 5-20% from the theory, as demonstrated in 

figure 6.51. 

6.4 TUNGSTEN (Z2 = 74) 

Le boen? te ius? Cav eris? Lyis and yeeaua! x-ray lines were studied 

for: proton, deuteron and alpha particle impact on tungsten (W). The Li 

subshell ionisation cross sections were obtained from o Oo Lot Ly : tN] 1S 

and o & 
Yos6a44! 

6.4.1 Proton Impact Measurements 

The individual Li subshel1 (o,;) and total L shell (oL4) jonisation 

cross section for proton impact on W are illustrated in figures 6.52 and 

6.53 respectively. Comparison of the present data is made with the 

cross sections reported by Justiniano et al (1980) as well as with the 

PWBA and the ECPSSR theories. 9, , data generally lies a few percent 

above the ECPSSR curve but reporduces the predicted energy dependence. 

The values of Justinianoet al (1980), however, are markedly larger than 

the present values by nearly a factor of 2. The present OL, values 

show close agreement with the PWBA theory and the data of Justiniano 

et al (1980). The ECPSSR theory predicts Ge extremely well through- 

out the energy range of interest. Significant deviations of about 17%, 

however, occur from the values of Justiniano et a1(1980) at lower Ep.



Tee shown in figure 6.53, exhibits close correlation with the ECPSSR 

theory except at intermediate Ep values. The data of Justiniano et al 

(1980) systematically lies above the present o); values by about 10%. 

Experimental es ratios, illustrated in figure 6.54, show good 

agreement with the theories except at Ep < 1.4 MeV. The measured values 

of Justiniano et al (1980), however, show considerable deviations from 

the present values and the theories, caused by their markedly larger 

OL, values (figure 6.53). The same effect is observed with regard to 

the o,/9,, ratio shown in figure 6.55. The theoretical predictions 

exhibit a less sharp energy dependent than indicated by the present 

values. The underestimation of OL, by the ECPSSR theory is also 

apparent in the case of o, ,/o,, ratios, figure 6.55, where the data 

consistently lies above the predicted values. The values of Justiniano 

et al (1980) closely follow the trend shown by the present measurements. 

The Lj x-ray production cross section for incident protons on W 

are shown in figure 6.56 - 6.59. Cua and chiA follow the trend of 

oO, , and show reasonable agreement with the ECPSSR predictions. The 

Onin values of Justiniano et al (1980) are higher than the present 

values by about 20%. 15 and 133° shown in figure 6.57, are under- 

estimated by the ECPSSR theory and the deviations increase with 

decreasing Ep. Similar behaviour is observed in the cases of oy 

and oy, whereas closer agreement with the ECPSSR model is seen for 

x 
o1, , figure 6.58. The ECPSSR model is also quite successful in 

¥236844! 

explaining qualitatively and quatitatively the total L shell x-ray 

production cross section (figure 6509) 

* : + x 

In contrast to the ECPSSR predictions the present Laan! FLe 

values, shown in figure 6.60, clearly exhibit a dependence on energy, 

in line with observations noted for Dy and Yb,discussed earlier. In 

x x f : " 
the case of Sena ratios (figure 6.61) the theories and data agree 
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reasonably although the latter is systematically overestimated by the 

theories. The situation is very similar for Late! Ly and oa/SLy 

ratios.shown in figure 6.62 where the theories overpredict the 

experimental values significantly. 

6.4.2 Deuteron Impact Measurements 

For deuteron energies, Eye greater than 2 MeV the ECPSSR model 

explains the one data, illustrated in figure 6.63, within the experi- 

mental uncertainties. At low Eq values the present o , values deviate 

below the ECPSSR curve indicating a more pronounced plateau than 

predicted theoretically. The ECPSSR model reporduces the energy 

dependence of os figures 6.63, but falls short by about 20-80%. 

In contrast 9, , and OL, are explained by the ECPSSR model extremely 

well, figure 6.64. The. deviations observed for OL, are stikingly 

apparent in the case of 9/9, ratio, shown in figure 6.65, where 

discrepencies of upto 50% exist between experimental data and theory. 

The oL, deviations are.also observed for 9/9, ratio, figure 6.66, 

where the data lies above the theories throughout the energy range. 

oL,/OL, figure 6.66, however, is explained well for Eq > 2.0 MeV but 

agreement decreases for Eq < 2.0 MeV. 

Very good agreement between experimental a and O19 values and 
Oh 

the ECPSSR model is observed, figure 6.67. oL3 and ee (figure 6.68) 

are reproduced reasonably well by the ECPSSR model although the 

measured values lie above the ECPSSR predictions. The behaviour of 

Oy eae is analogous to that of OL, and deviates from the ECPSSR 

curve only for Eq < 2.0 MeV. The present CLs values lie about 20% 

above the ECPSSR model. Agreement between experimental OLY and 

ECPSSR values deteriorates as Eq increases and disagreements of upto 

16% are noticed, figure 6.69. Excellent agreement between ou and 

the ECPSSR theory is observed and is demonstrated in figure 6.70. 
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The energy dependence of Coen Le is indicated clearly by the 

experimental data, figure 6.71. Present SheanfOia ratios lie below 

the ECPSSR curve, figure 6.72, but show a measure of agreement within 

the experimental uncertainties. oy ratios, figure 6.73, exhibit 

similar behaviour whereas the discrepencies between the ECPSSR theory 

and a ae (Siy are considerable at Eg > 1.6 MeV, figure 6.736 

6.4.3. Alpha Particle Impact Measurements 

The ECPSSR model significantly overestimates the experimental 1, 

values whereas OL, is grossly underpredicted by upto 80%, figure 6.74 

Discrepencies for OL, and o,, are much less but stil] nontrivial as 

illustrated in figure 6.75. Experimental oj ,/o,, ratio at low alpha 

particle energies (£,) are overpredicted by the ECPSSR values by a 

factor of 2, although discrepenceis decrease as E, increases (figure 

6.76). 91,1, exhibits closer Bareenent with the PWBA theory and 

differs by more than 35% at low E, from the ECPSSR values. In the 

case of Oey, not only do the experimental and ECPSSR values differ 

numerically by as much as 50%, the energy dependence indicated by the 

data values is contradictory to that followed by the theory, in that 

the experimental oe ratios. decrease and ECPSSR values increase 

with increasing £, (figure 6.78). Similar.behaviour was encountered 

for alpha particle impact on Yb (figure 6.44). 

Very good agreement between the ECPSSR values and ae (figure 

6.79) is observed. The two values of Braziewicz et al (1984) lie 

significantly below the present data. For OL shown in figure 6.79, 

the experimental values are in general larger than the ECPSSR values 

by 10-20%. Discrepencies of nearly 50% are noticed between experimental 

x 
Sie 
LBise 

ment with the ECPSSR model for E. > 2 MeV. Below this energy the data 

shows close agree- and ECPSSR values (figure 6.80). A mes 
25 

and theory disagree by 50%. o A (figure 6.80) is predicted by the 
Ls 
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ECPSSR theory quite well but differences of upto 18% exist. The data 

of Braziewicz et al (1984) are lower ‘than the present O15 values by 

about 10-15%. , shown in figure 6.81, follows the same ae 
LYoseeeu! 

trend as. OL, (figure 6.74). OL, : data deviates from the ECPSSR 

predictions by as much as 50% where oy shows reasonable agreement 

with the ECPSSR model except at £, > 2.6 MeV where the theory yields 

lower values. (figure 6.81). The measured a values of Braziewicz 

et al (1984) lie significantly below the present data. a is 

reproduced well by the ECPSSR approximation where as the data of 

Braziewicz et al (1984) disagree considerably (figure 6.82). 

Choy data describes a less sharp variation with energy than 

observed for proton and deuteron impact data (figures 6.60 and 6.71 

respectively) and is demonstrated in figure 6.83. The ECPSSR theory 

predicts Onin! ta ratio quite well and agreement is also noticed with 

the values of Braziewicz et al (1984). The theory also explains 

Ly ratio although the data lies below the 

theoretical curves (figure 6.85). Better agreement is observed with 

Xx 
reasonably well the 1 4n/? 

oLg/9Ly ratio shown in figure 6.85. 

6.5 GOLD(Z, = 79) 

Lg, La, L8, Ly, Ly,:5 and Lyz3¢e44' X-ray production cross sections 

have been measured for protons, deuterons and alpha particles 

incident on gold (Au). Ly subshell ionisation cross section were 

determined from cA o and 
x ao 

lyis Ly2see44" 

6.5.1 Proton Impact Measurements 

Lj subshell ionisation cross sections, Ge for proton impact on j 

Au are compared with the thin target measured values of Cohen (1980) 

and de Pinho (1982) as well as with the theories and are illustrated 

in figure 6.86. The present on values show good agreement with the 

ECPSSR model for Ep > 2.0 MeV below which the data shows reasonable 
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correlation with the PWBA theory. oL, values of Cohen (1980) and de 

Pinho (1982) disagree markedly from the present data. Furthermore 

the measured values of Cohen (1980) do not indicate the presence of 

the plateau ino, at Ep = 1.1 MeV unlike the present work. For 9) |; 

figure 6.86, values reported in this work are predicted better by the 

PWBA model and also exhibit very good agreement with the data of de Pinho 

(1982). The values of Cohen (1980) lie below the present data by about 

10-20% but agree with in the experimental uncertainties of 20% quoted 

by Cohen (1980). In the case of 1, the values measured in this study 

in general show close agreement with the vlaues of Cohen (1980) and 

de Pinho (1982) and with the ECPSSR theory, as demonstrated in figure 

6.86. The discrepencies noticed for 1, show themselves in Lt: 

illustrated in figure 6.87,and the present data disagrees by upto 19% 

from the ECPSSR theory. The values of de Pihno (1982) are in closer 

agreement with the present data than the values of Cohen (1980) which 

lie below the measured data. 

The minimum in Oy ,/, 52 caused by the plateau in A is reproduced 

well by the measured values and is shown in figure 6.88. The data of 

Jitschin et al (1982) also predicts the minimum reasonably well whereas 

the values of de Pinho (1982), and in particular the values of Cohen 

(1980), show large deviations at intermediate Ep values. The situation 

is very similar for oom ratios shown in figure 6.89. In the case 

of %,/9L, better agreement is observed with other measured values, 

figure 6.89, although all values lie significantly above the predicted 

curves. 

Present values ofa). figure 6.90, are predicted well by the 

ECPSSR model. The data of Tawara et al (1975) deviates by upto 30% 

at low Ep and converges with the values of Bhattacharya et al (1980). 

The preliminary measurements of aL) on nuclepore targets (Sokhi and 
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Crumpton 1981) deviate significantly only at Ep > 2.6 MeV. oe and 

Oy 2 shown in figure 6.91, exhibit good correlation with the other 

measured values except for those reported by Khan and Crumpton (1978) 

which lie systematically below the present values. The reasons for these 

deviations were considered in section 6.2.1. The PWBA theory tends to 

predict the a5 values better than the ECPSSR model, as was the case 

with OL (figure 6.86). oy figure 6.92, follows a very similar trend 

to that observed with o,,. o,~ and , also illustrated in 
Lg Lyis 

a 
figure 6.92, show the same behaviour demonstrated by 1, and a, 

respectively. (figure 6.86). The present oe values and those reported 

by other authors, except by Khan and Crumpton (1978), agree reasonably 

well and are explained better by the PWBA model, figure 6.93. 

The energy dependence of 3, 2/019 ratio, figure 6.94, is observed 

to be much less than for targets discussed earlier. The present values 

show a measure of agreement with the values of Sokhi and Crumpton 

(1981), whereas the data of Tawara et al (1975) and Bhattacharya et al 

(1980) deviate considerably at low Ep. o45/9,2 ratios reported in this 

thesis and those of other workers, illustrated in figure 6.95, are 

overpredicted Sonicare by the theories and disagreement tends to 

increase to about 15% with decreasing Ep. o15/oLy ratios, figure 

6.96, also show similar behaviour. However, the present values in 

contrast to the other measurements converge towards the predicted 

values. In the case of oia/Ly* also shown in figure 6.96, a very 

close agreement is observed with the theoretical approximations. The 

data reported by other authors, however, lie significantly below the 

present values. 

6.5.2 Deuteron Impact Measurements 

The energy dependence of the measured OL, is reproduced well by 

the ECPSSR theory, as shown in figure 6.97, although quantitatively 
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the data lies above the predictions by approximately 11%. OL, figure 

6.97, is also reproduced qualitatively by the ECPSSR whereas numerically 

the PWBA model shows closer agreement. er and OL.» illustrated in 

figure 6.98, are explained quite well by the ECPSSR theory. 

The theoretical predictions reproduce closely the measured Creel 

ratios, figure 6.99. 9 ,/9,,, however, deviates increasingly from the 

theoretical values with decreasing Eq by upto 40% and 4/0, ratios lie 

considerably above the ECPSSR curve, shown in figure 6.100. 

Gi ce anda, 4 are illustrated in figure 6.101. At Eq > 2 MeV 

ay data agrees very well with the ECPSSR values and tends towards the 

PWBA curve at lower energies. The ECPSSR predictions of a3 show very 

good correlation with the measured values. og however, is system- 

atically underestimated by the ECPSSR model by 10-20%. These deviations 

are in line with those observed for O° figure 6.97. Similar dis- 

crepencies are noticed for oy and Cee shown in figure 6.102, although 

the energy dependence is explained well by the theories. a figure 

6.103, is reproduced very successfully by the ECPSSR approximation. 

Energy dependence of the measured 942/019 ratios, figure 6.104, 

is more apparent than observed for proton impact measurements (figure 6.94) 

and the data converges towards the predicted value as Eq increases. 

a 5/95 ratios are grossly overpredicted by the ECPSSR predictions, 

particularly at lower Eg values, shown in figure 6.105. Analogous 

behaviour is observed for ong/oh figure 6.106. opg/OLy ratios, 

also shown in figure 6.106, describe a much better agreement with the 

theories. 

6.5.3 Alpha Particle Impact Measurements 

Figure 6.107 illustrates the measured 1, and OL)? together with the 

values of Cohen (1981) and those predicted by the PWBA and ECPSSR 

approximations. Oy values increasingly deviate from the ECPSSR 
1 
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model by about 46% as E, decreases. The values reported by Cohen (1981) 

lie below the present data although agreement is observed within the 

experimental uncertainties of Cohen's (1981) values. exhibits 1, 

much closer correlation with the PWBA model and the values of Cohen 

(1981) differ from the ECPSSR predictions even more, especially at lower 

impact energies. Agreement with the values predicted by the ECPSSR 

theory is much better for Sis and Oe illustrated in figure 6.108. 

With regard to the values reported by Cohen (1981) ‘correlation with 

the presenti data is seen only at.intermediate energies. 

Reasonable agreement is observed for a /9L, with the theoretical 

predictions, figure 6.109. The data of Cohen (1981) deviates signif- 

icantly below the present values by as much as 80%. Better agreement 

is observed for 91 ,/%, ratio with the theories and the values of 

Cohen (1981) except at Ey < 1.8 MeV where the present data predict 

much higher values, figure 6.110. The measured 9/95 ratios, figure 

6.111, decrease with increasing E,, in contrast to the theoretical 

models, and converge towards the theories at E, > 2.6 MeV. This 

circumstance is supported by the values of Cohen (1981) although these 

values show a less sharpe variation with E, than indicated by the 

present data. 

The o ; data of Bhattacharya et al (1982), for 0.9 - 1.8 MeV alpha 

particle impact on Au, came to the authors attention after the analysis 

of the data had been performed and, thus, was not included in figures 

6.107 - 6.111. However, within the energy range of interest, the 

present values are larger than those of Bhattacharya et al (1982) by 

25-50% for Ce 4-12% for is and 80-180% for 5° In the case of 

1 the values differ by about a factor of 1.5. With regard to the 

ratios the data of Bhattacharya et al (1982) indicate similar trends 

to that of the present values, figure 6.109 - 6.111, but deviate 
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numerically by 25-60%, o%,/1, showing the worst disagreement. 

The ECPSSR theory predicts closely the OL) data, figure 6.112, 

except at Ex < 2.0 MeV. For o,* deviations arise at E, > 2.6 MeV, below 

which agreement with the ECPSSR theory is good, figure 6.112. Discrep- 

encies are more pronounced for O15 and increase with decreasing E, to 

x x 
and og, G, 

LYas6aua! Eye 

figure 6.113, exhibit similar behaviour to that of or and o,. 

about 35%, also demonstrated in figure 6.112. 

respectively shown in figure 6.107. The large disagreements observed 

for a are reflected in oy, illustrated in figure 6.113, and are 

increasingly under-estimated by the ECPSSR theory as E, decreases. 

Gres measured in this work, follow the general trend of the ECPSSR 

model but lie above the theory by 20%. 

The measured e/a ratios show much more striking dependence 

on impact energy, figure 6.115, than was indicated by proton and 

deuteron measurements (figures 6.94 and 6.104 respectively). The 

measured values crossover the ECPSSR prediction at E, = 2.4 MeV. 

Large disagreement is noticed at Ey < 2.6 MeV for o12/9, 82 as shown 

in figures 6.116. This behaviour is reprodcued by a /oyy figure 

6.117. Agreement with the theories is in general quite good for 

OL B/Oy ratio, since the large one discrepencies cancel to a certain 

extent. 

6.6 LEAD (Z2 = 82) 

Lg, Las Lg, Lys Ly,, and bya asauu! X-ray production cross sections 

were determined for protons, deuterons and alpha particles incident 

on lead (Pb). L; subshell ionisation cross sections were deduced from 

x x 
9, and 

bo? “Lyis 
6 for . 

Lyaseeus! 

6.6.1 Proton Impact Measurements 

Figures 6.118 and 6.119 illustrate L; subshell and total L shell 

ionisation cross sections for proton impact on Pb. At Ep > 1.4 MeV 
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ECPSSR predictions and measured Cie differ by upto 60% and much larger 

deviations are observed for the data Leite et al (1977) and Cohen (1980) 

from the theory. The thin target 1, values of Cohen (1980) are larger 

than the present ones by nearly a factor of 2 in the region of the 

plateay at Ep = 1.2 MeV. Agreement between the present 1, values and 

those of Leite et al (1977) and Cohen (1980) is very good and all 

measured values exhibit better correlation with the PWBA model than 

the ECPSSR. With regard to o, and 1 the present values in general 

show reasonable agreement with the ECPSSR model but differ significantly 

from the other measured data at Ep < 2.0 MeV. 

The minimum in o,/o,, ratio, shown in figure 6.120, is reproduced 

well by the present data and that of Leite et al (1977) while the values 

of Cohen (1980) indicate a much less pronounced minimum. The under- 

prediction of o | and 12 by the ECPSSR model is stikingly evident in 

o,/L, and a ,/9,, ratios, shown in figure 6.121, where the data 

consistently lies above the theoretical estimates. In the case of 

o,/9,, the present data indicate considerably larger discrepencies from 

the theories than implied by the other measured values. 

The ECPSSR theory overpredicts the measured ay values at Ep > 2.0 

MeV and this is supported by the data of Tawara et al (1974), figure 

6.122. The initial measurements of cee (Sokhi and Crumpton 1982) show 

some disagreement with the present values at the extremities of the 

energy range (~ 18%). However, these differences are comparable to the 

uncertainties in the intial values. Furthermore the preliminary 

measurements were performed with low beam currents, typically 3 - 10nA, 

and consequently the problem of leakage current, discussed in subsection 

5.4.1, can become significant. The present values of 37 and the other 

measured data of Tawara et al (1974), Leite et al (1977) and Sokhi and 

Crumpton (1982), describe very good agreement with the ECPSSR 
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predictions whereas the og values, although agreeing with each other, 

lie significantly above the theory, figure 6.123. Si ¢ and Cas aaa 

- shown in figure 6.124, display large disagreement with the theories and 

these are reflected in ony values, which are larger than the ECPSSR 

estimates by upto 35%. The other measured values of ayy. figure 6.124, 

in general provide very close agreement with the present data. In the 

case of Cie: figure 6.125, good agreement is found with the ECPSSR theory 

and with the values of other authors. 

aoe data of Tawara et al (1974) support the energy dependence 

indicated by ratios measured in this study, figure 6.126. There is 

also a measure of agreement with the values of Sokhi and Crumpton (1982) 

except at higher energies. Since the experimental O13 values are larger 

then predicted the 32/5) ratio yields values considerably smaller 

than those of the ECPSSR model, as demonstrated in figure 6.127. The 

other measured values exhibit similar trends. This effect is also 

apparent in the case of og/OLy ratio and to a lesser extend ino A/oLy 

shown in figure 6.128. 

6.6.2 Deuteron Impact Measurements 

Although the ECPSSR model describes the energy dependence of 1, 

quite well it underestimates the measured values by upto 40% as 

illustrated in figure 6.129. A similar disagreement is observed for 

OL» also shown in figure 6.129. Measured values of oi show adequate 

correlation with the ECPSSR predictions and the agreement with theory 

is even better for Olt? figure 6.130. The deviations encountered for 

a, and T° figure 6.129, partly cancel in % /, ratio and as a 

result the experimental data follows the ECPSSR curve quite well, 

figure 6.131. Underestimation of oy by the ECPSSR approximation is 

highlighted in a ,/o,4> shown in eure 6.132, where the data lies above 

the theory by about 25-50%. Disagreement with theory is even more 

striking in the case of ./%L3 ratio, figure 6.133. 
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In line with the trend of 1, figure 6.130, a1) and o,? describe 

good agreement with the ECPSSR estimates, demonstrated in figure 6.134. 

The PWBA theory provides a better description of the measured O13 

values, figure.6.134. Energy variation of oy and OLY is reproduced 

well by the ECPSSR model, figure 6.135, but the theory significantly 

underestimates the numerical values, unlike the case of Bigs figure 

6.136, where the theory provides an extremely good agreement. 

The energy dependence of a /o observed for proton measurements 

figure 6.126, is supported by deuteron impact values, shown in figure 

6.137. The theories grossly overpredict the o1y/Lg ratio, figure 6.138, 

although the energy variation is similar to that described by the data. 

The situation is analogous for Oe! Ly? figure 6.139. Overprediction 

of o19/O,y by the theories, figure 6.139, is less marked but gains 

importance as Eq increases. 

6.6.3 Alpha Particle Impact Measurements 

The ECPSSR thoery describes the 9 , data well at E, > 2.0 MeV, 

figure 6.140, below which the data deviates by upto 24%. Devaitions of 

upto a factor of 3.5 are observed for OL? figure 6.140, in comparison 

with the ECPSSR theory. The measured values of Cohen (1981) disagree 

with the present 1, values only at E, < 1.8 MeV and with 1, at 

E, > 2.2 MeV. The present g, ,and et values and those of Cohen (1981) 

show very good correlation with each other but deviate by upto 30% at 

low Ey from theory, figure 6.141. 

94/9, ratio describe very large disagreements with the theories 

at lower energies. The measured values show a maximim at Ey = 1.8 MeV 

in stark contrast to the models. This appears to be verified by the 

thin target measurements of Cohen (1981), figure 6.142. In contrast 

%,/%, ratios in general show good agreement with the ECPSSR theory. 

The data of Cohen (1981), however, disagrees with the presnt values



considerably at E, < 2.2 MeV, as illustrated in figure 6.143. The 

present o/9L, data and that a Cohen (1981) describe an energy 

dependence that is contradictory to the theoretically predicted 

variations and decreases with increases E,, figure 6.144. 

x 
La 

decreases, as shown in figure 6.145, Siig however, shows larger 

o,. and co increasingly deviate from the ECPSSR curve as E, 

discrepencies than Oe: Deviations of 15-65% are observed for O1g> 

figure 6.145, with larger deviations ocurring at low energies. Sige 

disagrees with the ECPSSR model significantly on at Ey < 2.0 MeV. The 

large discrepencies noticed for Oe figure 6.140, are reflected in 

x 
gq 
Lys 

and those observed for og cause ae to disagree with the ECPSSR 

; and hence in Oy shown in figure 6.146. These differences 

predictions by as much as 40% at low impact energies, figure 6.147. 

Measured values of o S/o for incident alpha particles provide 

further evidence for the ratio being energy dependent, demonstrated in 

figure 6.148. The gross o | discrepencies cause o12/918 ratio, figure 

6.149, to be overestimated considerably by the ECPSSR model. The 

same is true for O44/ 5 ratio shown in figure 6.150. 1, deviations 

particularly cancel in the oy ratios and consequently the experi- 

mental data provides a much better agreement with the ECPSSR theory, 

figure 6.151. 

6.7 BISMUTH (Z2 = 83) 

Cross sections for L2, La, L8, Ly, Lyis and Lyaseeus' (Ly 568 in 

the case of deuteron and alpha particle impact) have been measured for 

the three projectiles incident on Bi. 34'S were determined from Ly 5 

x 
Ly? 

6.7.1 Proton Impact Measurements 

and o 

o,; and Ot for incident protons are illustrated in figure 6.152. 
Li 

The structure in o as predicted by the theories at Ep = 1.8 MeV, is 
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not indicated by the present measured values. In this Ep region the 

data and the ECPSSR theory differ by upto 45%, below which the data 

converges towards the theory and may imply that the ce structure 

occurs at a lower ED value than predicted by the theory. The sparse 

values of Leite et al (1977) are much larger than the present data but 

show agreement at lower energies. The measured Ne values lie above 

the ECPSSR theory by about 20-50%. The values of Leite et al (1977) 

deviate from the present data only at high impact energies and show 

close correlation with the ECPSSR model. In general the present Te and 

O14 are in good agreement with the ECPSSR theory and with the data of 

Leite et al (1977). 

The ECPSSR model explains the present 14/92 data at intermediate 

energies but deviates significantly at the extremities of the energy 

range, figure 6.153. Values measured by Leite et al (1977) show marked 

disagreement from the theories and from the present values. In the case 

of %,/9,,° figure 6.154, the ECPSSR theory and the present values show 

good correlation only at low energies. As was the situation for O,/9,,> 

oO /, values of Leite et al (1977) increasingly deviate from the 

results of this work as Ep increases. The a /9, ratios are consistently 

underestimated by the theoretical models by upto 50% in the case of the 

present values and by upto 27% for the values of Leite et al (1977), 

figure 6.154. 

5 and Ga measured in this work and shown in figure 6.155, agree 

well with the ECPSSR model and with the measured data of Tawara et al 

(1975) and Leite et al (1977). The data of Bhattacharya et al (1980), 

however, lie significantly above the other values. With regard to the 

other experimental results the situation is similar for O15 the ECPSSR 

model however, considerably dndererediees the measured data, figure 

6.155. Large discrepencies between present oy and Be and the 

ECPSSR theory are also observed, figure 6.156. The other measured 
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values of OL describe larger deviations from the theory. got 8 

figure 6.156, is also considerably underestimated by the ECPSSR theory 

and displays better agreement with the PWBA theory at low Ep. Agreement, 

however, is good between the present Tt and the other measured data, 

except that of Bhattacharya et al (1980) which lie above the other 

values, figure 6.157. The ECPSSR model also offers a good description 

of the experimental values. ; 

The present oso ratios and those of Tawara et al (1975) show 

very good agreement with each other and with thoretical predictions 

figure 6.158. The present data, however, suggests a slow variation 

with Ep. Values of Bhattacharya et al (1980) lie significantly below 

the values of this study. All the measured o2/% 5 ratios agree with 

each other quite well.but lie considerably below the thories, as shown 

in figure 6.159. The situation is very similar for oso, ratio, 

illustrated in figure 6.160. Comparison between the present o9/ 4 

values, and of other authors, show a reasonable agreement with the 

theories, figure 6.160. 

6.7.2 Deuteron Impact Measurements 

Figure 6.161 shows 1, and 4 for deuteron impact on Bi. At 

Ep < 1.8 MeV the 1, data is explained well by the ECPSSR model and 

at higher energies the data converges towards the PWBA theory. The 

O12 data ies above the ECPSSR theory by as much as 60%. Agreement 

with the ECPSSR theory is very good for OL, and 1 except at low 

energies. 

The OL, discrepencies are clearly apparent in figure 6.162, which 

shows Oy /,° particularly at low impact energies. Agreement is 

much better for OL ,/9, 3 figure 6.163, throughout the energy range. 

The measured % 2/913 ratio lies systematically above the theory by 

about 40%, as shown in figure 6.164. 
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co and O12) shown in figure 6.165, follow the trend of on 

and deviate from the ECPSSR only at Ep < 1.8 MeV. Theo, deviations, 
Le 

figure 6.161, are reflected in O13 which lie considerably above the 

theories, figure 6.165. The ECPSSR model underestimates oy by upto 
2368 

40% and oY and CLs by upto 50%, figure 6.166. Gite shown in figure 

6.167, is in general explained better by the PWBA model than the 

ECPSSR. 

The energy variation described by the measured 3 0/919 ratio for 

deuteron impact, figure 6.168, is much more marked than was noticed 

for incident protons, figure 6.158. The 32/015 and 3, A/a ratios, 

measured in this study, are considerably overestimated by the theories, 

as demonstrated in figures 6.169 and 6.170 respectively. The oe 

deviations cancel to a certain extent in oLB/oLy ratio and consequently 

the ratio shows reasonable agreement with ECPSSR predictions. 

6.7.3 Alpha Particle Impact Measurements 

The present cin values for alpha particles incident on Bi, figure 

6.171, exhibit good agreement with the ECPSSR model at intermediate 

energies. Values of Bhattacharya et al (1982) show reasonable 

agreement with the present data within the experimental uncertainties 

quoted by the author (15%). The present o, data, and that of 

Bhattacharya et al (1982), show much closer correlation with the PWBA 

theory than with the ECPSSR model, figure 6.171. In the case of 9 , 

and Vee shown in figure 6.172,. they are explained well by the ECPSSR 

theory except at Ey < 2 MeV. Measurements of Bhattacharya et al (1982) 

show large deviations from the present data, particularly for oy, where 

the deviations of upto a factor of 2.5 are observed. 

,/, ratio, measured in this work, lies considerably below the 

theories and show increasing disagreement as E, decreases, figure 6.173. 

This is supported by the data of Bhattacharya et al (1982). Agreement 

with the theories is much better for the present a1 /OL, values 
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figure 6.174. Data of Bhattacharya et al (1982), however, depict very 

large discrepencies from the values of this study, particularly at lower 

impact energies. The situation is very similar for o% ,/O, > figure 

6.175, with regard to the measured vette of Bhattacharya etal (1982). 

The models underestimate the o, /o, , ratio considerably at all energies. 

X illustrated in figures 6.176 and 6.177, follow the x 1g and Che 

trend of Oe and show good correlation with the ECPSSR model for 

Be 2 MeV. figure 6.177, disagree increasingly from the ECPSSR ae 
Lg’ 

approximation as Ey decreases. o3 and O13 values of Braziewicz et al 

(1984) lie significantly below the present values and disagree by as much 

x 

2368 

model at high energies but tend towards the PWBA curve as E, decreases 

as 80% at high Ey. The present OL values agree with the ECPSSR 

figure 6.178. and Oye shown also in figure 6.178, are explained ah, 
well by the uncorrected PWBA theory. The oy values of Braziewicz et 

al (1984) lie below the present data. The same is true for cies 

illustrated in figure 6.179. The ECPSSR model, however, reproduces Sie 

quite well at E, > 2.4 MeV below which it underpredicts the data 

considerably. 

The o4/9L9 ratio is observed to depend on Ey, in contrast to the 

ECPSSR theory, figure 6.180. The present 945/91, values, and those of 

Braziewicz et al (1984), shown in figure 6.181, are underpredicted by 

the ECPSSR model by upto 30%. Similar discrepencies are noticed for 

oor ratio, illustrated in figure 6.182. In the case of ad Ly 

ratio reasonable agreement with the ECPSSR theory is established only 

at low energies, figure 6.183. The data of Braziewicz et al (1984) agrees 

well with the present values. 

6.8 THORIUM (Z, = 90) 

Le» Lo» bas LBias> Lgayers2 LY» L¥is amd Lyoae— X-VAY production 

cross sections have been determined for proton impact on Th. oy 
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were deduced from ae and O10: 

The measured oh. values, shown in figure 6.184 describe reasonable 

agreement with the ECPSSR theory except at Ep < 1.8 MeV. The data of 

Leite et al (1977) are considerably higher than the present data. Only 

qualitative agreement with the ECPSSR model is observed for 1, figure 

6.184, and the present data and that of Leite et al (1977) are under- 

estimates markedly by the theory. In contrast, OL; is explained well 

by the ECPSSR approximation and also shows good agreement with the 

values of Leite et al (1977) figure 6.185. o,, however, deviates 

significantly from the data of Leite et al (1977) and from the ECPSSR 

prediction at Ep > 2 MeV, also shown in figure 6.185. 

The oF discrepencies are strikingly apparent in the case of mf, 

ratio, illustrated in figure 6.186, where the data and the ECPSSR 

theory differ by upto a factor of 2. The data of Leite et al (1977) 

disagrees only at 3 MeV with the measurements of this study. Correlation 

between the present OL ,/,5 values and the ECPSSR theory is reasonable 

except at energies around 2.2.MeV, figure 6.187. Values of Leite et al 

exhibit large disagreements with the present data. The OL,/.5 ratio 

is nideraee inated by the theories by about 70% and differs from the 

values of Leite et al (1977) at high Ep, as demonstrated in figure 

6.188. 

The present oO} measurements show very good correlation with the 

ECPSSR model and the situation is similar for Oya? figure 6.189. 

Agreement for a with the values of Leite et al (1977) is reasonable 

but rather poor with regard to the data of Bearse et al (1973) which 

are considerably below the present measurements. The nontrivial 

deviations observed for oL,? figure 6.184, are reflected in re and 

hence in oa shown in figure 6.190. The values of a. figure 

6.190, follow the behaviour of aL; and describe satisfactory agreement 
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with the ECPSSR model. * and oy , although agreeing qualitatively oy 

with the ECPSSR theory, are significantly underestimated by the theory, 

figure 6.191. Deviations between ok and the ECPSSR predictions 

increase with increasing Ep to about 45%, figure 6.191. The description 

of the measured as data is quite good by the ECPSSR model except at 

Ep > 2 MeV, as shown in figure 6.192. Measurements of Leite et al (1977) 

disagree with the present data as Ep decreases 

oA/o 4 ratio, shown in figure 6.193, decreases at Ep < 2 Mev, 

unlike the theory which remains constant. Large differences between 

theory and present data are noticed for 313/918 and 05/9. ratios, 

illustrated in figure 6.194 and 6.195 respectively. Much smaller deviations 

although still significant, are observed for oy ratio, as shown 

in figure 6.196. 

6.9 URANIUM (Z2 = 92) 

Proton induced Lg, Ly, Lg, Lg.,5> Lgoyg,52 Ly» Lyis and Lyoace 

x-ray production cross sections have been measured for U. 9), were 

determined from OLY and a: 

Figure 6.197 shows in and L, measured in the present study. 

Disagreement for a, is observed from the ECPSSR values only at Ep 

around 2.2 MeV. The data of Leite et al (1977) shows good correlation 

with the present 1, values except at 3 MeV. The present OL, values, 

and those of Leite et al (1977), are underpredicted by the theories 

significantly. However, a and Te illustrated in figure 6.198, 

describe good agreement with the data of Leite et al (1977) and with 

the ECPSSR model. 

The theories deviate increasingly from the present OL, /9L, ratio 

at Ep < 2.2 MeV while the data of Leite et al (1977) show good 

correlation, figure 6.199. Inthe caseof o / o> shown in figure 6.200, 

the theories underestimate the ratio at Ep > 2 MeV. The values of 
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Leite et al (1977) disagree only at 3 MeV. The present o,/%, lie 

about 50% above the theories, the values of Leite et al (1977) describe 

even larger deviations, figure 6.201. 

As was the case for o> Sip and 3,2 are described well by the 

ECPSSR model, figure 6.202. The other measured values of Tawara et al 

(1975), Leite et al (1977), and Bhattacharya et al (1980) show close 

agreement with the present values. The ECPSSR model explains Cie 
24615 

quite well but significantly underestimates 9, x and co, *, as shown 
LBias LB 

in figure 6.203. The a1} values of Tawara et al (1975) describe better 

agreement with the ECPSSR model at higher energies than the present data 

but agree with the present values, as do the data of Bhattacharya et 

al (1980), at lower energies. values measured in this work, o, 
LY2360 

follow the ECPSSR curve closely at Ep < 2 MeV but deviate above the 

theory at higher energies, figure 6.204. In the case of oy and oye 
1s 

shown also in figure 6.204, describe only the energy dependence predicted 

by the ECPSSR model and lie above the theory. The other experimental 

6, 

Ly 

for the present oe values with the ECPSSR predictions and with the other 

values depict even larger descrepencies. Good agreement is observed 

experimental data, as illustrated in figure 6.205. 

Unlike the previous measurements, the Spat ci ratios for incident 

protons on U, figure 6.206, do not appear to depend on ED noticibly and 

describe good correlation with ane constant value predicted by the 

theory. The other measured data seems to support this observation. 

All the measured o3/05 values agree well with each other, figure 

6.207, but lie considerably below the predicted curves. oa/oLy ratio 

of Bhattacharya et al (1980) shows better agreement with the values of 

this work than the data of Tawara et al (1975), figure 6.208. However, 

all values are overpredicted significantly by the theories. The present 

o9/%Ly ratios agree quite well with the ECPSSR model, in contrast to 
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the values of other authors which lie considerably below the theories, 

particularly those of Tawara et al (1975). 

6.10 TARGET ATOMIC NUMBER DEPENDENCE 

To investigate the dependence of ore and Oe on target atomic 

number (Z2) the appropriate cross sections were plotted versus Z, for 

2 MeV incident ions. Figures 6.210-6.212 illustrate the Z2. dependence 

for incident protons, deuterons and alpha particles respectively. 

For incident protons the ECPSSR model predicts quite well the 

variation of a, with Z. except for Pb and Bi the values of which lie 

above the theoretical curve, figure 6.210. The PWBA theory yields the 

better agreement with the measured a data for Dy, Yb, W, Au, Pb, and 

Bi. In the case of Th and U the model considerably underestimates the 

present values. ie and Ct for all elements of interest are described 

well by the ECPSSR predictions, as shown in figure 6.210. 

The flattening of the ci curve for incident 2 MeV deuterons at 

Z. = 80, figure 6.211 , as predicted by the ECPSSR model, is reproduced 

quite reasonably by the present data. With regard to 1, all values, 

except those for Pb and Bi, follow closely the trend described by the 

PWBA model. As with incident proton measurements 1, and Nt shown 

in figure 6.211, show very good agreement with the ECPSSR model. 

1,9 5 and ot for 2 MeV incident alpha particles are explained 

reasonably by the ECPSSR theory whereas the PWBA theory exhibits better 

correlation with the OL, data, as illustrated in figure 6.212. 

6.11 GENERAL COMPARISON WITH THE ECPSSR THEORY 

The ratio Ry = a ( 
exp = experimental), for the 

elements under study, has been plotted versus the corrected reduced velocity 

parameter, ay defined by equation 4.54, for incident protons, deuterons 

and alpha particles. The resulting graphs indicate certain trends 

described by the measured data which are discussed below. 
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Figures 6.213-6.215 show Rj for Li, Lz and L3 subshells for 

incident protons. Ri clearly shows the large disagreement from the 

theory, upto 70%, for et < 0.7. Above this value of eft the ECPSSR 

model predicts the measured o, to within 15%. The considerable Die 

deviations noticed for the individual elements are dramatically 

displayed in the Ro versus oo plot, shown in figure 6.214. The 

magnitude of this deviation appears to increase for heavier elements to 

about 60% for U. The theory reproduces the 1, values for all elements 

of interest to within 20% although agreement improves as a, increases, 

as demonstrated in figure 6.215. 

In the case of deuteron impact the oO, data, represented by Ri 

in figure 6.216, does not appear to depend on a as clearly as did the 

proton data but deviations of nearly 50% are indicated by figure 6.216. 

With the exception of Dy on values of the high Zz elements tend to be 

larger than the ECPSSR predictions at all values of gna whereas the 

lower Z2 elements, Dy, Yb and W tend to yield values smaller than 

predicted. 1, deviations, shown in figure 6.217, range from 10-60% 

above the theory with deviations tending to increase as au decreases 

In contrast elements with intermediate Z, values appear to yield 

smaller OL, than predicted by the ECPSSR model, as shown in figure 6.218. 

This plot of R3 reveals the much better description of OL, by the 

ECPSSR model than for a, and o, 

With regard to incident alpha particles disagreement for OL, 

highlighted by the Ri versus og plot shown in figure 6.219, ranges 

upto nearly 50%. With the exception of Bi, OL, data for higher Z; 

elements tend to be larger than the ECPSSR values and those of Yb and 

W are smaller at all a values studied. Gross 1, deviations are high- 

lighted by figure 6.220, especially at cL < 0.4 where experiment and 

ECPSSR theory differ by as much as a factor of 3.5. These 
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particularly large discrepencies are displayed by Pb and Bi. Further- 

more agreement between theory and experiments at best is only 25%. In. 

general, o. is explained well by the ECPSSR model and deviation do not 

appear to exceed 30%, as demonstrated in figure 6.221, With the 

exception of Yb all other R3 values appear to crossover the R; = 1 line 

at o = 0.4, 

Much of the above observations are supported by the recent works 

of Cohen (1983) and Mukoyama and Sarkadi (1983a, b) for proton and 

helium impact, although the present a, data indicate larger discrepen- 

cies than reported by these authors. A comparison of deuteron impact 

measurements does not appear to be available. The considerable 

deviations revealed by the present, and other measurements of 9 ; 

discussed in this thesis, clearly highlight. the need for a more detail 

approach to the inner-shell ionisation phenomena. The possible reasons 

for these large disagreements, particularly for the La subshell, are 

considered below. Firstly these disagreements may point directly at 

the approximate nature of the PWBA theory. More realistic atomic 

wave functions, instead of the hydrogenic type, would be desriable. 

Recently Mukoyama and Sarkadi (1983a, b) have employed relativistic, 

but still hydrogenic, wave functions and have noticed improvements 

in the calculated values of o;. The relativistic Hartree-Fock type 

wave functions have been employed by Pauli et al (1978) in their 

impact-parameter-dependent treatment of inner-shell jionisations and 

they have observed significant improvements in 1G values. Secondly, 

the ECPSSR theory evaluates the Coulomb and binding energy correction 

by assuming the validity of the monopole approximation (Brandt and 

Lapicki 1979). As pointed out by Mukoyama and Sarkardi (1983b) 

dipole and quadrupole transitions may play an important role in the 

case of Lz and L; subhsell ionisation.. Sarkardi and Mukoyama (1981) 
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have proposed a futher reason for these disagreements. They emphasise 

the need for taking into account collision-induced intra-shell 

transitions which will also affect 9 ;. Finally, the significant 

uncertainties in the atomic parameters, discussed in chapter 2, which 

are required to deduce 1; from oj are also a source of concern 

and increase the difficulty in reaching precise conclusions regarding 

the actual reasons for the aforementioned discrepencies. Consequently, 

much more work is required in this field before the phenomena of inner- 

shell ionisation can be adequately understood and quantified. 
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A systematic study of L shell ionisation by incident protons (p) 

deuterons (d) and alpha particles (a) on selected medium to high 

atomic number elements has been performed. L shell x-ray production 

(of;) and ionisation (%;) cross sections have been measured for p 

and d impact on Dy, p, d anda impact on Yb, W, Au, Pb and Bi and 

p impact on Th and U. To avoid any systematic uncertainties being 

x 
introduced into 15 and o,; by the Si(Li) detector efficiency and the i 

target thickness these quantities were measured independently. In 

order to deduce o4 from a5 a spectrum fitting programme has been 

written in Fortran 77 to extract the partially resolved components 

of Ly. 

Comparisons of oj and 1G have been made with the available 

recent data and with the PWBA and the ECPSSR theories for incident 

protons and alpha particles. In the case of deuteron impact there 

does not appear to be any available published data for the elements 

of interest and consequently comparisonwas performed only with the 

theories. A comprehensive compilation of all the available tabulated 

experimental data of OL and OG for proton bombardment from 1975 to 

November 1982 has been prepared (Sokhi and Crumpton 1984 and see 

Appendix E). This greatly facilitated the comparison of proton 

impact measurements. 

Large discrepencies between the present aL} and oj data and 

the ECPSSR model have been revealed. These disagreements are 

dramatically apparent when comparing the ratio Ry = Siegen 

(exp = experimental) versus the corrected reduced velocity parameter 

(E,) of the ECPSSR theory. 

In the case of proton impact Ri highlighted discrepencies of upto 

70% at ES < 0.7, above which deviations of about 15% were observed. 
1 

The ECPSSR theory consistently underpredicts the OL, data. Z2 
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dependent discrepencies of upto 60% have been revealed by the Ra 

plot. The ECPSSR theory, however, is successful to within 20% in 

explaining 5° 

With regard to incident deuterons deviations. of upto 50% are 

indicated by R, and 60% by R2 whereas R; shows much better agreement 

witn the ECPSSR predictions. For alpha particle impact R, reveals 

disagreements of upto 50% and upto 30% for R3. In the case of R2 

the ECPSSR theory underestimates the experimental Sips data by as much 

as a factor of 3.5, particularly for high Z2 elements and at a < 0.4, 

Similar observations have been reported by Cohen (1983) and 

Mukoyama and Sarkardi (1983a, b) for proton and helium impact. The 

present data, however, tends to indicate larger bi discrepencies 

than those found by these workers. Possible reasons for the considerable 

discrepencies highlighted by the present measurements have been 

discussed in section 6.11. Essentially a more realistic treatment for 

explaining inner-shell ionisation is required instead of the present 

theory which relies on the inadequate assumptions of the plane-wave 

Born approximation. This would probably-entail a many-body approach 

to the inner-shell ionisation problem. although such a treatment 

admittedly is very difficult. Much experimental work also needs tobe 

conducted, not only in connection with absoluted Li subshell ionisation 

cross section measurements but also in allied research field such as 

impact-parameter-dependent cross section measurements. In addition 

investigation of the inner-shell alignment effect would provide 

further insight into the inner-shell ionisation mechanism. The 

oy /oL5 ratio measurements performed in this study indicate directly 

the need for incorporating this effect into the final theory. 

In conclusion, this study has highlighted significant inadequacies 

in the ECPSSR theory when applied to the phenomena of L shell ionisation 
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during highly asymmetric ion-atom collisions. Satisfactory explanation 

of L shell ionisation is obviously a prerequisite before ionisation 

mechanisms of higher and more complicated electronic shells can be 

understood and certainly before the advent of a unified theory of 

inner-shell ionisation can be envisaged. It is hoped that this study 

has provided useful information not only regarding the precise 

measurements of L shell x-ray production and ionisation cross sections 

but also regarding the future direction of research in this field. 
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A.1 INTRODUCTION 

This appendix reviews the principles, and developments of the semi- 

classical and the binary encounter approximations. Although these theories 

offer alternative interpretations of the inner-shell ionisation phenomena 

to that of the plane-wave Born approximation (PWBA), discussed in chapter 

4, the fact that they can be related to the PWBA has been noted in this 

appendix. 

Emphasis has been placed on discussing the main assumptions on which the 

two models are based and only the final expressions, required for calculating 

the ionisation cross sections, are quoted, although sources which offer 

greater detail have been referenced. As in Chapter 4 cgs units have been 

adopted. 

A.2 | SEMI-CLASSICAL APPROXIMATION 

An approach which relies on a classical description of the projectile 

motion and a quantum mechanical description of the atomic inner-shel1 

electron was introduced by Bang and Hansteen (1959) to study atomic Coulomb 

excitation. The applicability of this semi-classical approximation (SCA) 

rests on the Bohr's criterion (Bohr 1948) for a classical treatment of an 

incoming ionising charged particle being fulfilled, that is, the distance 

of closest approach (2d) in a head-on collision must be much greater than 

the de Broglie wavelength (x) for the projectile, or 

= 2d . 222207 ,, | A. 
x AY) 

where d = Z,Z2e7/(Mivi7), Z: is the atomic number of the projectile 

of mass M; and velocity vi and Zz is the atomic number of the 

target atom. Provided that Z: << Zz and that the projectile 

is light and swift, the Coulomb interaction between the projectile and the 

inner-shell electron causing the latter to be ejected from the tightly 

bound inner-shell to the continuum can be treated as a time-dependent 

perturbation of the target atom, V(t), (Madison and Merzbacher 1975). 

This perturbing potential has the form 
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Ze? 
MO) = E> REI Ae 

where R(t) represents the time-dependent position vector of the projectile 

and r the position vector of the atomic electron. In order to reduce 

computational difficulties associated with the SCA model the projectile is 

assumed to be moving with a uniform velocity in a straight line. This 

assumption is valid provided that (Madison and Merabacher 1975) 

(i) the contribution of the elastic nuclear scattering to the inelastic 

collision at small impact parameters is negligible, and 

(ii) the velocity of the incident particle does not change significantly as 

a consequence of the inelastic interaction. 

The first condition requires that the radius of the Coulomb barrier be small 

compared with the radius of the inner-shell orbit and this is satisfied if 

Z, is small and if the incident particle energy is much greater than the 

relevent atomic ionisation potential. The minimum momentum transfer to the 

atom Koren) is given by equation 4.2.4 provided that the energy lost (e) by 

the projectile is much less than its initial energy. Thus, condition (ii) 

is fulfilled if 

Qmin << kj A.3 

where k; is the initial momentum wave number of the motion (see equation 

4.22) and, therefore, the deflection of the projectile may be neglected 

making the straight-line trajectory description of the projectile appropriate. 

The minimum momentum transfer is usually approximated as 

& 
Nain = Ni A.4 

(provided « << E) and where 

es Ul; Sr Ee A.5 

I,; being the binding energy of the inner-shell electron, L-shell in the 

present context, and Ee the final energy of this electron after ejection. 

As with the PWBA the electronic states are described by non-relativistic 
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hydrogenic wave functions. The inner and outer screening effects are taken 

into account in the same fashion as for the PWBA. An important difference 

between the SCA and the PWBA is that the classical description of the incident 

particle introduces the impact parameter in the formulation of the SCA 

(Hansteen and Mosebekk 1973). Details of this formulation are given by 

Bang and Hansteen (1959), Hansteen (1975) and Madison and Merzbacher (1975) 

and only the final results are given here. 

A coordinate system centred at the target nucleus is employed, the z-axis 

of which is in the direction of the incident particle moving in the y-z plane. 

For an incident particle with impact parameter, b, the differential Coulomb 

ionisation probability per energy interval dE- of the ejected electron is 

given by (Hansteen and Mosebekk 1973) 

2. fate 

where i and f represent the initial and final states of the electron respect- 

  

7 = 

j elt < Fly(t)| i> dt A.6 

ively and the frequency w = e/N (e is given by equation 4.70). Disregarding 

the Coulomb deflection of the projectile and assuming a straight-line 

trajectory equation A.6 may be rewritten as (Bang and Hansteen 1959) 

dip _ 22:2" 
ae ae el? A? 

with 

Me J de vf vje!SmiN?Ks (amino) A.8 

where My is the matrix element, dt = dxdydz, ¥; and ; are the screened 

hydrogenic wave functions for the inital and final atomic electron states, 

Ko(Gmine) is the modified Bessel function of the third kind and zeroth order 

with 

Guan = w/v, Ao 

and pus xe tb y)= ae 

The Coulomb ionisation probability is now given by (Hansteen et al 1975) 
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_ (dt I, = | ee dE¢ A.1] 

and the total Coulomb tonisation cross section by 

ook = On i bdb Tp A.12 
Q 

The matrix element Mo has been evaluated numerically by Hansteen et al (1975) 

with a maximum uncertainty of about 5%. These authors have expressed the 

straight-line SCA equations A.11 and A.12 in terms of special variables which 

allow the expressions to be scaled approximately for different target atoms. 

For a given subshell, belonging to the L-shell in the present case, character- 

ised by hydrogenic quantum numbers n, and 2, the ionisation probability, 

Ip_q2 can be expressed in terms of the generalised ionisation probability 

functions Gy» (XLj» 8,;)> 

) pale tal zy toi = (LEST) Zs, Sous Mae BD A.13 
i 

where ny = 2, ae = 0, L = XL, Sally 

J, = ji, = 3 and J, = 3/2. The term in parenthesis is a statistical factor. 

The generalised ionisation probability functions in equation A.13 is a 

function of the quantities defined as 

= 221i XG aa A.14 

where E is the projectile energy in MeV/amu and 

eee 
L ny ao 

where b is the impact parameter and ao is the Bohr radius = 5.29 x 10° °cm. 

By substituting equation A.13 into A.12 and performing the integration the 

total cross section can be expressed as 

SCA | (24g 4 1) 2a? 
ul ae a a Tey Feet Oi) ee 

with 
  

F = 2nac? n2 |B, dB, G (Xi 4° By) A.17 mya La) t JPL SBS any 
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where Fry 914 is the generalised function for the total cross section and has 

the dimensions of length squared. The Z, - scaling relations A.13 and A.16 

are valid only for X,; > 5 (which holds for this work) but only to a few 

percent. for higher energies (X,; < 5) Hansteen et al (1975) have determined 

a correction factor, Mn dae which is dependent on yj and Xie For this 

energy range the corrected cross sections are obtained by multiplying 

expression A.16 by Bn diy (8,45 Xi) tabulated by Hansteen et al (1975). 

For different projectiles the simple Z? - scaling law can be employed (as for 

the PWBA), 

SCA az (Zis Vi) = Dito oe i (Z1 = 1, v1) A.18 

However, since the magnitude of the perturbation depends on Z, and that the 

SCA, like the PWBA, is based on the assumption that the perturbation is small, 

the above scaling law is applicable only for light charged particles, such as 

those considered in this work. 

The following points should be noted in connection with the SCA model 

(i) The straight line trajectory is only applicable in collisions where the 

ionisation process does not significantly effect the projectile path. 

This is justified when the energy of the projectile is much greater 

than the binding energy of the inner-shell in consideration (Madison 

and Merzbacher 1975). 

(ii) The SCA model allows the ionisation cross sections to be calculated as 

a function of the impact parameter, thus making it possible to test 

the inequality A.1 (Hansteen and Mosebekk 1973). 

(iii) The maximum contribution to inner-shell ionisation arises from impact 

parameters of a certain value denoted by bmax. For adiabatic coll- 

isions (vi << V2, ) bmax lies deep inside the respective electron shell 

(Hansteen and Mosebekk 1970). As the collision loses its adiabaticity, 

that is, as the projectile energy increases, bmax, also increases and 

lies in the vicinity of the Bohr radius of the electron shell 
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(iv) 

(v) 

In relation to the total L-shell ionisation cross section for gold 

Hansteen and Mosebekk (1973) have shown the relative contributions 

from the three L-subshells. In the extremities of the projectile 

energies the 2s state contributes the most to the total ionisation 

cross section where as in the intermediate energy region, which is 

studied here, the 2p states are the major contributors. This behaviour 

is a reflection of the relative, radial electron distributions for a 

hydrogen-like gold atom (Hansteen and Mosebekk 1973). 

Bearing in mind points (iii) and (iv) the plateau exhibited by the 

2sy jonisation cross section at low energies can be explained 

(Hansteen 1975). At low bombarding energies impact parameters comp- 

arable to or less than the adiabatic radius, Taq? defined as 

ys A.19 
Gmin . : Tad 

dominate in the ionisation process. Here the 2sy electrons give the 

largest contributions to the cross section. As the projectile energy 

increases so does bmax and the 2s; radial electron density distribution 

function exhibits a node while the 2p functions increase monotonically 

and become increasingly important. This node is reflected as a plateau 

in the 2s, jonisation cross section whereas the 2p cross sections show 

a monotonic behaviour. 

For total ionisation cross section the equivalence of the straight-line 

SCA and the PWBA has been established (Frame 1931, Bang and Hansteen 

1959, Bethe and Jackiw 1968, Madison and Merzbacher 1975 and Taulbjerg 

1977) provided that identical wave functions are chosen (Aashamar and 

Kochbach 1977 and Kocbach et al 1980). This, however, apparently 

leads to a paradox, in that the straight-line SCA which depends on 

« >> 1 yields equivalent results as the PWBA which is based on the 

opposite condition « << 1. However, the SCA condition requires that 

the deflection as well as the orbit of the projectile must be well- 
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defined (Williams 1945) and therefore, if the scattering angle is not 

involved then the condition is no longer important (Hansteen 1975). 

In addition, in the region where « << 1 the Coulomb ionisation cross 

sections originate predominantly from forward angle scattering and 

the contribution from other angles can be neglected. This imples that, 

provided that the projectile angle is not involved, the Coulomb ion- 

isation cross sections may be predicted from the SCA model for all 

values of « as long as Z: << Zz and « << E (Hansteen 1975) thus 

removing the contradictory nature of the validity conditions for total 

cross sections. 

(vii) Examining equation A.16 and A.17 shows that the straight line SCA 

predicts a universal scaling relationship, 

SCA 75 j ey +1) SLi 23) LG 

Bt pete Fy Hi OMLa) A.20 

Thus, plotting the left hand side factor versus X_j yields a universal 

curve. 

A.3 CORRECTIONS TO THE SEMI-CLASSICAL APPROXIMATION 

When e« is not negligible compared to E the straight-line SCA model is 

no longer satisfactory. This situation arises at low projectile velocities 

and for inner-shells of heavy target atoms because (Madison and Merzbacher 

1975) 

(i) the Rutherford scattering from the target nucleus becomes appreciable, 

since the nuclear elastic scattering cross section is proportional to 

Zi (section 3.2.3), and as a result, the projectile suffers a deviation 

from its straight line path, and 

(ii) for a given impact parameter the ionising collision itself may cause 

significant momentum transfers making the contributions to the jonis- 

ation cross section from all deflection angles appreciable. 

Under the above circumstances the influence of the ionisation process 
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on the incident particle cannot be neglected and the straight-line 

classical description of the projectile trajectory has to be reconsidered. 

Also the influence of the projectile on the atomic electron has to be taken 

into account through a quantummechanical treatment (Madison and Merzbacher 1975). 

The possible corrections to the straight-line SCA model are considered below. 

It should be noted, however, that the collision circumstances that necessi- 

tate these corrections are similar to those already discussed in section 4.3 

A.3el Distortion of the Projectile Motion 

In the adiabatic projectile energy region the assumption that the 

projectile travels in a straight-line with uniform velocity is not valid 

since the projectile suffers deviations from its initial path by the Coulomb 

field of the target nucleus. The decrease in the projectile velocity, 

resulting from these deviations, causes a reduction in the ionisation cross 

section (Kocbach et al 1980). This Coulomb deflection effect was first 

studied by Bang and Hansteen (1959) who proposed an approximate multi- 

plicative correction for the K-shell, 

C(dmind) = &XP(-"4nin d) A.21 

valid only for a limited projectile energy range. Bang and Hansteen (1959) 

arrived at this correction by employing hyperbolic trajectories for the 

projectile and a rather involved mathematical treatment. Anholtt (1978) has 

proposed another Coulomb correction factor by comparing directly the straight- 

line and hyperbolic SCA calculation, 

C(dngnd) = (0.22 + 0.78 exp(1.9rGmind)] A.22 

Several theoreticians involved in this field of ion-atom collisions have 

performed SCA calculations with hyperbolic trajectories to account for the 

deflection effect which have been reviewed by Kocbach et al (1980). 

Trautmann and Rosel (1980) have compared SCA cross section for hyperbolic 

trajectories and relativistic Hartree-Fock-Slater wave functions with 

experimental measurements of L-shell ionisation probability as a function 
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of impact parameter and have observed very good agreement. Atomic ionisation 

has been recently considered by Montenegro and de Pinho (1982b) in the 

framework of hyperbolic semi-classical approximation who have derived an 

analytic expression for the Coulomb deflection factor which is in reasonable 

agreement with numerical calculations of Kocbach (1976). 

A.3.2 Relativistic Improvements 

The increase of the inner-shell ionisation cross section caused by the 

relativistic behaviour of the inner-shell electron was studied in the SCA 

model by Amundsen and Kocbach (1975). Further work on the relativistic 

description of the atomic electron has been summarised by Kocbach et al 

(1980). Amundsen et al (1976) have attempted to derive a multiplicative 

correction factor for the relativistic effect applied to K-shell ionisation 

but the accuracy of this factor is questionable when the magnitdue of the 

correction is high, as in the case of heavy target atoms (Kocbach et al 1980). 

Amundsen (1977b) has studied the relativistic effect for L-shell ionisation 

by light ions. This author has employed relativistic Coulomb wave functions 

in the SCA model and has noticed significant improvements in the agreement 

of theoretical (SCA) and experimental results at low projectile energies. 

The relativistic effect is explained in terms of an increase of high-momentum 

components of the electronic wave functions, thus making. it easier to obtain 

sufficient momentum transfer for a given energy transfer in order for an 

electronic transition to occur. Amundsen (1977b) predicts that the 

relativistic effect for the 2s, and 2p states will be of the same order but 

greater than the effect on the 2P a, state. This is explained by the 

circumstance that the relativistic effect reflects the change in the high- 

Momentum part of the wave function and the magnitude of this change is of 

the same order for the cen and 2p, state. The relativistic effect has also 

been studied by Trautmann and Rosel (1980). They have accounted for Coulomb 

deflection effect by using hyperbolic trajectories, as mentioned in the 
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previous section. By using Dirac wave functions an improvement of the 

jonisation probability predicted by the SCA has been achieved when comparing 

with experimental results, but a much greater degree of agreement has been 

attained by employing the more realistic relativistic Hartree-Fock-Slater 

wave functions. 

A.3.3. Binding and Polarisation Effects 

A perturbed stationary state approach has been used by Brandt and his 

colleagues to account for the binding effect (see subsection 4.3.2)(Basbas 

et al 1973b, Brandt and Lapicki 1974, 1979). A semi-classical approximation 

based on the first order time-dependent perturbation theory was used by these 

authors. The interaction potential V(t) is replaced by its instantaneous 

counterpart, V(0), that is, at the point of closest approach (t = 0). 

Similarly, the projectile velocity, the energy transfer and the initial and 

final atomic state wave functions, calculated for the instantaneous target- 

projectile configuration, are used (Madison and Merzbacher 1975). With 

these modification the binding effect has been taken into account (8randt and 

Lapicki 1974). Trautmann and Rosel (1980) have employed a binding energy 

correction dependent on R to correct their relativistic SCA K-shell cross 

sections for alpha-particle impact on lead target and considerable 

improvement has been achieved. At higher velocities the polarisation effect 

gains significance and may be accounted for in terms of the second-order 

perturbation theory (Madison and Merzbacher 1975). Cross sections, which in 

the first order theory are propotional to Lag would now be expected to be 

increased by additive ay - proportional terms. If 'distant' collisions are 

considered (R >> r) then a multipole expansion of V(t) can be used in the 

second order perturbation calculations. Ashley et al (1972) and Hill and 

Merzbacher (1974) have used this method for a harmonic oscillator model of 

an atom. This approach was also adopted by Brandt and Lapicki (1979). 

These calculations have shown that the polarisation of the inner-shel1 
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electron is due to the quadruple component « R°* of the Coulomb interaction, 

that is, the electric dipole and quadrupole excitations collectively distort 

the atom during the collision and produce the Zs term (Madison and Merzbacher 

1975 and Brandt and Lapicki 1979). 

Trautmann and Rosel (1980) have highlighted three other effects which 

affect the ionisation probability and are now briefly mentioned 

A.3.4. Nuclear Distortion 

As long as the projectile energy is below the Coulomb barrier, the 

Coulomb distortion by the target nucleus can be assumed to lead to hyperbolic 

trajectories in the semi-classical model. At energies where the projectile 

experiences only weak nuclear forces hyperbolic paths can still be used 

provided that the elastic scattering cross section of the projectile in the 

mean optical nuclear field of the target is accounted for. For higher 

energies a full quantum mechanical treatment would be required. 

A.3.5 Influence of Screening Effect on Projectile Trajectory 

At large impact parameters the trajectory of the projectile is influ- 

enced by the screeing effects of the target electrons. In this case, a 

trajectory due to a screened Coulomb potential has to be used. Trautmann 

and Rosel point out however, that his effect will only be small, even for 

shells higher than the K-shell. 

A.3.6 Target Recoil Effect 

In the SCA model the target mass is assumed to be infinitely heavy 

compared to the mass of the projectile (M2>>Mi). When this is not the case, 

that is, for a finite target mass, the Coulombic interaction term has to 

be modified, 

Vrs R) = eat AV(r, R) A.23 

AV(r, R) leads to a dipole contribution (= R72) to the interaction and may 

make a correction to the ionisation probability necessary. The magnitude 

of such a correction, however, would be significant only for low-Z, target 
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atoms when considering ionisation by light projectiles and may probably 

be neglected for the collision regimes under investigation in this work. 

Trautmann et al (1983) have incorporated all these effects in their 

SCA model, based on a fully quantal approach, and, in general, have been 

successful in explaining the experimental data. 

A.4 BINARY ENCOUNTER APPROXIMATION 

The interest in a classical description of inner-shell ionisation by 

heavy charged particles was stimulated by the work of Gryzinski (1965) who 

developed a classical theory for calculating atomic collision cross sections. 

Following Gryzinski's procedure Garcia (1968 and 1970a,b) applied this 

classical theory to inner-shell ionisation phenomena. In this theory the 

dominant interaction, which causes an electronic transition to occur, is 

viewed as aidirect energy exchange between the projectile and the bound atomic 

electron (impulse approximation)(Garcia 1970a). The nucleus and the other 

electrons of the target atom are, therefore, assumed to play only a passive 

role and simply help to establish the momentum distribution for the ‘active' 

electron involved in the Coulombic collision and to ensure that the energy 

transferred to this electron exceeds the minimum energy required to ionise 

it in the field of the target atom. In other words, the energy transferred 

must be greater than the ionisation potential of the electron (Hansen 1973 

and Briggs and Taulbjerg 1978). The collision is thus treated as a two-body 

interaction between an incident charged particle and a free electron, and as 

a result, this assumption is referred to as the ‘Binary Encounter Approxi- 

mation' (BEA). The differential cross section, do/ddE, for an exchange of 

energy, AE, in the laboratory frame, between the incident particle and the 

bound electron is obtained by utilising the result that the classical and 

quantum mechanical differential cross sections in the centre-of-mass system 

are identical (Gerjouy 1966, Garcia 1970a). The cross section, o4(Vis Vo), 

for removal of an electron from subshell, i, with binding energy, u, 
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(retaining Garcia's (1970a) notation) is obtained by integrating over all 

allowed energy exchanges from AE = u to AE = E,, where E,; is the energy 

of the projectile with velocity v, and v, is the velocity of the electron. 

( Lge ag A.24 O;(Vis v2) = YF dae * 

The ionisation cross section, open v,), is arrived at by averaging over all 

speed distributions, fre(v,), of the atomic electrons and summing over all 

electrons in the subshell, 

BEA Sa (Va) aa Na fs (Vis V2) fag (v,)dv, A.25 
0 

where n and 2 denote the principal and the orbital quantum numbers respect- 

ively and Nj is the number of equivalent electrons with binding energy u. 

The expression for f, g (Ye) most commonly used is 

ay (v2) ee Yo (ae vi 7+] A.26 

with vy = (2u/m)? 

and can be obtained classically or quantum mechanically for hydrogenic states 

(Garcia 1970a and Hansen 1973). It is assumed in the BEA calculations 

that Fro(V2) remains unchanged as the projectile passes through the atom 

(static approximation) (McGuire and Richard 1973). The effects of nuclear 

repulsion on the projectile motion, namely the delfection and the reduction 

of its kinetic energy, have been incorporated into expression A.25 by 

assuming that the repulsion is due to a point charge Z' and evaluating the 

ionisation cross section at a reduced projectile energy of £; - (2Z'/Z2)u 

(for protons) (Thomas and Garcia 1969 and Garcia 1970a). For large Z2 the 

point charge Z' has been replaced by Z2 for K-shell ionisation (Garcia 1970a). 

The following points should be noted in relation to the BEA model. 

(i) Provided hydrogenic velocity distributions are used the cross sections 

for a given subshell obey the following scaling law (Garcia et al 

1973) 
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(4) | 

(iii) 

A.27   

Au 

where 4 =M:/m. Thus plotting the left-hand-side of A.27 versus 

E,/du yields a universal curve. Garcia et al (1973) have presented 

tabulated values of uence /Z,? versus E,/Au. 

Several authors have demonstrated that the BEA total cross section 

can also be obtained from the PWBA model (Vriens 1970, Bates and 

McDonough 1970, 1972 and Madison and Merzbacher 1975). Taulbjerg 

(1976) has compared the two models under indentical condtions for the 

K and L-shell and has concluded that the PWBA, and its equivalent the 

straight-line SCA, are essentially identical as far as total ionis- 

ation cross sections are concerned. This has been substantiated for 

the BEA and the PWBA theories by Langenberg and van Eck (1978) who 

employed realistic velocity distributions for the target electron 

instead of the hydrogenic type and achieved agreement between the two 

models to within 20%. 

Hansen (1973) has transformed the BEA model from its usual momentum 

space into configuration space. To do this a consistent relationship 

between the velocity of a bound electron and its distance from the 

nucleus has to be formulated (Gryzinski 1965). By reexpressing the 

BEA theory in the impact-parameter representation, Hansen (1973) has 

developed a model to describe the interaction between a bound electron 

and a particle of fixed trajectory, referred to as the Constrained 

Binary Encounter Approximation (CBEA). Cross sections calculated 

from this theory are usually smaller than those predicted by the BEA. 

Hansen (1973) points out that the prescription of assigning exactly 

one electron velocity for a given distance from the nucleus is 

idealised and would lead to an overestimation of the ionisation 

probability for close collisions and an underestimation for distant 

collisions. 
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(iv) The characteristic 'knee' in the asy ionisation cross section is less 

pronounced in the CBEA description of Hansen (1973) than in the PWBA. 

The cross sections calculated from the two models in the vicinity of 

this 'knee' differ by nearly a factor of two (Taulbjerg 1976). The 

quantum mechanical description of the PWBA exhibits closer agreement 

with experimental measurements (Madison 1976). By using realistic 

electron velocity distributions Langenberg and van Eck (1978) have 

shown that the BEA can also duplicate qualitatively the behaviour of 

the as, cross section. 

A.5 CORRECTIONS TO THE BINARY ENCOUNTER APPROXIMATION 

Several corrections have been proposed to improve agreement between 

the BEA predictions and experimentally measured ionisation cross sections. 

These are considered here briefly. 

A.5.1 Nuclear Repulsion Effects 

The loss of kinetic energy sufferred by the projectile during close 

collisions due to the Coulombic repulsion of the target nucleus can be 

accounted for by assuming that the projectile interacts at some average 

distance from the nucleus, namely at the adiabatic radius r,,. The loss 

of energy experienced by the projectile, before causing Pon entire is 

ZiZ2e7/raq. Magno et al (1979) have used an effective projectile energy 

by reducing the incident energy by the amount Z,(T + u) where T is the 

kinetic energy of the electron. 

A.5.2 Relativistic Effect 

In exact BEA calculations for medium and high Z2 elements relativistic 

electronic wave functions should be used to generate the appropriate 

momentum distributions (Hansen 1973). An approximate correction has been 

proposed by Hansen (1973) which assumes that the kinetic energy of the 

electron can be correctly expressed in terms of the non-relativistic 

equation T = 3m y,2, where y, is the velocity of the electron. The 
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relativistic velocity, Yrel? and mass Mel of the electron can then be 

calculated from 
re 3 

Vrei"| | : pete 
een 

and Mo] =(T- Bot A.29 

where R = (T/m c?)? + 2 (T/moc?) and 8 = v,;/c, ¢ being the 

velocity of light and my the rest mass of the electron. These values can 

now be used in the cross section calculations. Recently Avaldi et al (1982) 

have derived the electron momentum distributions using relativistic wave 

functions to study K-shell ionisation of Ho and Au by proton impact. 

Reasonable agreement with experimental results is only achieved when correct- 

jons are made for the energy loss of the proton. As with the PWBA and the 

SCA scaling laws do not hold when these corrections are made. 

AS.3 Binding Energy Effect 

This effect has been considered only qualitatively by Hansen, (1973) 

and an expression for this correction has not been given. Magno et al (1979) 

in their study of K-shell ionisation have corrected the BEA for the binding 

effect on the basis of the work of Basbas et al (1973a). 

A.5.4 Improvement of Electron Momentum Distribution 

In the BEA model Zeff/n is replaced by (u/R,,)2 in the electronic 

wave functions. Here Zeff is the effective atomic number of the target 

atom, n is the principal quantum number, u is the binding energy of the 

appropriate inner-shell and R,, is the Rydberg. A more plausible Zeff is 

determined from simple semi-empirical screening procedures, such as reduc- 

ing Z, by the Slater's constant for the particular shell (Hansen 1973). 

The importance of employing realistic electron momentum distributions has 

been demonstrated by the work of Langenberg and van Eck (1978) and Avaldi 

et al (1982). 
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EXPLANATIONS 

Tabulated experimental L shell x-ray production and ionisation 

cross sections measured in this study are presented in order of 

increasing atomic number 

(1) _L, BETA and GAMMA denote Ops a8 and oy respectively. 

(2) ALPHA denotes.o, 3, for Dy, and Yb and W and 3,2 for Au, Pb, Bi, 

Th and U. 

3) BETAI denotes o, * (3) lenotes Lares for Dy and Yb, aes. for W and cine for 

Th and U. 

x x x 
(4) | BETA2 denotes SLeomas for Dy and Yb, Taree for W and Gide 

for Th and U. 

(5) BETA = BETA] + BETA2 where appropriate. 

(6) | GAMMA1 denotes ony for all elements. 
1s 

(7)  GANMA2 denotes o,” 
Y23e44 

and Bi (protons only) and o, * for Bi (deuterons and alpha 
Ly236e8 

for Dy and Yb, oy for W, Au, Pb 
236844! 

particles), Th and U. 

(8) GAMMA 

(9) TOTAL 

(10) LA/LL, LA/LB, LA/LG and LB/LG denote a, X/a, 7, o,a/C1g oLg/oyy 

GAMMA1 + GAMMA2 where appropriate 

L + ALPHA + BETA + GAMMA 

and oB/Ly ratios respectively. 

(11) LI and L2 and L3 denotes FL and 1, respectively. 

(12) L1/L2, L1/L3 and L2/L3 denote OH /O, 4» o/o, and %,/, 

respectively. 

(13) TOTAL = L1+ L2 + L3 

(14) Percentage experimental uncertainties are shown in parenthesis. 

Wherever uncertainties are omitted the preceding value applies. 
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B.1 PROTON IMPACT 

DYSPROSIUM(Z2=66) 

EXPERIMENTAL L SHELL X-RA'Y PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

    
    

ENERGY = L. ALPHA BETA = GAMMA = GANMAL GAMMA = TOTAL 

Mey BARNS 

1.9 +6657) 14.53(4) 3.156) .9436) .¢ 1160) 24.256) 
1.2 13986 24.08 13.04 1.723 
ta 2.921 — S267 2.52 
1.6 1.828 35,399 
1.9 ai228) | 52.05 
2.8 2.632 61.26 
2.2 3.178 69.78 
2.4 3.642 84.59 
2.6 3.94716) 92.228) 
28 41382 185.44 
3.0 4.413 115.27 982.88 12.106 

BETAL BETA LACLL LAVLB LACLG = LBYLG 

BARNS 

5.5406) 2.6138)  21.83@ 1.7826) 
8.991 4.046 24.43 1.847 
13.617 5.704 21.28 1.675 
17.683 6.984 21 St 1.500 
21.534 3.413 23.72 1.765 
27.345 23.28 1.614 
33.367 21.99 1.524 
33.018 23.23 1.6 18.39 438 
45.328 (4) 23.360) 1.4982@) 18.086) 2.300 G) 
53.174 24.06 1.478 3.84 6.654 
61.984 20.500 26.12 1.391 9.52 6.847 

  

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

  

ENERGY = Li L2 L3 Li/L2 LI7L3-L2VL9 TOTAL 

Melt BARNS BARNS 

1.3 29.830) 95. 156) 
dee 54.52 ; 
fig 77.15 
1.8 93.07 
GE 
a) 

2.4 
5   
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

         

  

ENERGY = ALPHA BETA GAMMA CAMMAL — GAMMAZ = TOTAL 
Mel BARNS 

1.8 7.78) -627(7) 5398). 2889) 
1.2 12.19 1.017 33 113 
1.4 7.46 1.418 1 
116 8 24.76 318984 1 
1.8 1.524 38.15 2.7538 2 
2.0 1.842 28.50 3.643 2 ; 
252 25216 47.85 4.438 3136411126 85.1 
2.4 2.6426) 56.35) $.373G@) 3.3896) 1 ae 191. 486) 2.6 2.970 62.66 §.408 4.549 11851 117.15 2.8 3.271 71.37 7.746 $.378 21369 134.43 
3.9 3.6838 81.59 8.319 5.342 2.977 154.28 

ENERGY BETAL BETA2 LA-LL LACLB LAVLG = «_LBVLG 
Mev BARNS 

1.9 3. 161(7) -369(9} 19.429) 1.708) 12.336) 7.358 (3) i2 +880 316 13.46 1.648 11 
ors 7.381 188 13.47 1.878 1231 
1.5 19.484 272 19.52 11.38 
1.3 13.220 a6 13.79 iiss 19.34 
2.8 17.345 ae? 20.31 1.576 
2.2 22.121 $77 21.58 1.564 
2.4 26.7136) 2966) 2115607) 115536) 

33.453 656 21.19 1.389 
38.083 a47 21.92 1.374 

43.360 248 22.12 1.357      
EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY ut L2 L3 Lifl2 Li/L3 

Mey BARNS 

  

41.73) 
65.48 
33.53 

132.04 
158.34      
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TUNGSTEN‘ 22574) 

EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

   

    

    

          

ENERGY = ALPHA BETA GAMMA GAMMAL = GAMMA2 = TOTAL 

Mey BARNS 

1.8 .2820@) 5.726) 3.046) .404G) .398@) .asexo) 9.440 
(eu a.437 3.10 4.97 1662 +563 18985 15.17 
t.4 678 14.38 7.73 1.198 1326 23.83 
1.6 858 18.43 19.31 1.451 1.285 31.11 
1.8 1.105 23.83 13.66 2.028 1.645 40.63 
2.8 1.334 38.66 17.38 2.696 2.197 52.68 
gee 7 sas 34.39 22.13 ; 61.99 
2.4 1.829 41.47 26.64 74.07 
2.6 2.0576) 47.21 38.48 84.44 G) 
2:8 2.515 54.03 34.93 68 36.34 
3.8 2.687 62.99 40.21 6.743 4.624 9 2.119 111.73 

ENERGY BETA BETA2 LACLL LA’LB LAYLG LBL 

Mev BARNS 

1.8 1.821(7) 1.215(9) 20.29(9) 1.9844) 14.14) 
1.2 3.086 1.362 20.84 1.932 13.75 
1.4 4.349 2.385 21.44 1.859 13.97 
1.6 6.643 3.663 21.54 1.793 12.74 
1.8 8.394 4.766 21.57 1.745 11.75 
2.8 11.737 6.243 22.98 1.785 11.37 
2.2 14-206 7.922 22.67 1.581 19.53 

i , 8. 22.6 1.557 12.8 
2.8 20.4466) 3.957() 22.956) 1.5536 91396) 

2.3 23.557 11.372 23.34 1.547 3.71 
3.8 27.312 12.301 23.18 1.544 3.2 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY = Li L2 L3 Li¢L2 L17L3L2/L9 TOTAL 

Mev BARNS BARNS 

t.74(10) 7.67(8) 26.136) 
2.52. 12.66 41.53 
4.55 ; 65.33 
6.53 83.78 

19.39 197.88 
15.41     
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EXPERIMENTAL L SHELL X-RA'Y PRODUCTION CROSS SECTIONS 

FOR PROTOH IMPACT 

  

  

      

  

E ALPHA BETA GAMMA =—sGAMMAL GAMMA2 © TOTAL 

’ BARNS 

.192(7) 3.664) 1.36) .248@  .138) 
+383 5.83 3.13 424 1343 
475 3.39 33 +642 +538 
1619 12.21 6.7 353 78 

1352 
1.217 
1.529 
1.767 

336 G) 
415 
637 

LACLL LACLB LG LBV/LG 

1.365 ©) 14.73) 
1.878 13.87 
1.982 14.63 
1.208 14.22 
1.738 13.23 
1.754 13.29 
1.724 13.13 
1.747 13.41 
1.7397@) 13.31 (S) 
1.719 12.73 
{i282 12.82 

EXPERIMENTAL L SUBSHELL IONISATION CROSS 

cS 

      

SECTIONS 

FOR PROTON IMPACT 

    
     

3 Lives WIALas e7i3, 9 TOTAL 

BARNS 

377d) 13.16@) S . ' 3 
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

     
   

  

ie ALPHA BETA GAMMA = GAMMAL =GAMMA = TOTAL 

BARNS 

-117() 2.016) 1.9806) .173G) .1300) .a430@) 
+2808 3.79 2.86 1236 1234. 624 
+383 5.37 3.28 136d. B14 
42 7.81 4.33 See 4 
.S72 18.90 6.23 74900 
+7460 «14,92 3.52 1.826 236 
+9890 18.27 11.00 1.262 .398 

1.901 21.01, 12.76 1.614, .426 
1.2086) 24.914) 15.83@) 1.9385(/s) .517(8) 
1.417 29.10 17.93 2.091.702 
1.683 33.01 9-30.89 2.554 869 

LACLL LAVLEB LACLG LELG 

17.15@) 1.354@) 11.62(7) 
13.93 1.940 12.38 
17.73 1.745 
19.11 1.756 
13.82 1.734 
20.81 1.681 
20.55 1.861 
20.99 847 
29. 76(7) t.e57() 
28.53 523 
20.60 1.588 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

Lt L2 L3 bia? Cig 

BARNS 
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS 

FOR PROTON IMPACT 

  

    

a ALPHA BETA GAMMA = GAMMENL = GAMMAZ = TOTAL 

BARNS 

.204@ 3.7065) 1.346) 
312 5.53 3.07 
424 7.53 4.53 
“565 19.21 6.12 
1205. «1.7 7.63 
847 15.36 3.25 

1.021 18.99 11.43 
1.208,, 22.12 13.53 
1.3556) 25.70@ 15.73@) 
1.599 29.91 18.45 

LACLL LAaVLE LAVLG LBVLS 

18. 12(9) 
13-420) 
17.91 
18.85 
13.88 
18.15 
18.52 
18.43 
18.96 
teat” 18.35 

EXPERIMENTAL L 

  

   

    

SUBSHELL IONISATION Ceoss 

FOR PROTON IMPACT 

   

458



  

EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

e ALPHA BETA GAMMA GAMMAL GAMMA TOTAL 

BARNS 

-194(9) 1.62 G) .3136) .128(0 -9237G) 9294(10) 
188 2.54 1.45 138 8444     
    

1252 3.91 2:21 383 a6s2 
1332 5.42 3.16 1428 18856 
1336 6.74 3.35 ‘S77 tis 
‘517 3.95 3.42 1730 +150 
1648 11.28 7.8 1983 2 1282 
+318(7) 13.42( 3.06@) 1.167 © @  .238@) 
1981 15.36 9.63 11359 1281 

11193 13.65 11.27 11625 1283 1343 

ENERGY BETAL BETA2 LAVLL -LAVLBCLAVLG Ss LBVLG 
Met BARNS 

toe -499(7) ~—.424@) ~— 15. 5100) 13.14@) 
ti4 aga | mu673 15.06 12.77 
1.6 11215 1399 15.49 13.01 
1:3 1.739 1.421 16.30 12.66 
21a 11.70 
eS: 11.34 304 11.39,.° 
2.6 11.51@) 
2:3 11.67 
3.8 11.47 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY LI L2 L3 Lig As Leg 

BARNS 

20D    +3850 1.3: 
502k 

8 &) 
3     BS 65 Ob a e 
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

      
tC ALPHA BETA cAMMA GAMMAL — GAMMA = TOTAL 

BARNS 

99207) .a679(9) .a241 00 z 
+138 +184 18345 ace7 
+135 1148 184500) 5.15 
1265 1284 18686 6.38 
.389 +384 9856 2.47 
37 135 “12 @ = a9 
252 .488 15.13 
1767 @)  1600(7) “iss @) 17136@ 
313 .718 21.34 

1.855 +315 338 24.10 

ENERGY  BETAL BETA LavLL LACLB LAVLG LBL 

Mev BARNS 

1.2 .300@) 414) te. 55/11) 1.2616 16.2800) 2.640 (9) 
1.4 609 1614 16.38 1.956 16.41 3.842 
1.6 371 338 15.52 1.805 16.64 3.219 
1.3 1.227 1.136 15.73 1.792 15.46 3.927 
2.8 1.693 1.467 15.79 1.762 14.38 9 3.115 
22 2.111 2.068 15.79 11669 14, a3 8.409 
2.4 2.738 2.423 15.83 1.708 14.2 3.316 
2.6 3.282 2.799@ 16.856) ag) 13/666) 7.333 @) 
2.3 4.033 3.413 18.26 1.648 13.39 3.165 
3.8 4.593 3.316 15.75 1.635 13.85 7.973 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY = Lt ee L3 LiA2 Li7LS L2/L3 TOTAL 

Mev BARNS 

io 
1.4 
1.6 
1.3 
2.8    
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B.2 DEUTERON IMPACT 

DYSPROSIUMCE. 

  

EXPERIMENTAL L SHELL K-RAY PRODUCTION CR 

FOR DEUTERON IMPACT 

  

SS SECTIONS 

  

      

   

  

   
ENERGY = L. ALPHA BETA GAMMA =—OGAMMAL GAMMA = TOTAL 

Mev BARNS 

vee. +196@) 4..34@) :2916) .2400) .a52() 
1.4 .279 6.12 439 13760. B63 
1.6 434 9.13 +642 267 
1.8 .536 12.04 358 893 
2.8 .676 15.20 1.843 
2.2. «853° 9119.63 1253) 
2:46 1.811” 22.38 2 1.680 
2.6 1.24997) 28.53@) 156.57Q@) 2.137© 
2.8° 1.406 31.24 19.28 2.578 
90) al.S5r Gu S7.85 6 easi4 3,118 

ENERGY § BETAL BETA LALL LAVLE LAYLG = LEVLG 

Met! BARNS 

pai 1.5216) .723@) 28.586) QO) e.ei8 
1.4 2.299 Lolly 21.91 731 
1.6 3.339 1.653 21.95 P77 
1.3 4.439 2.222 22.46 763 
2.8 5.716 2.754 22.58 121 
22 7.247 3.423 21.84 38 
2.4 8.663 4.063 2 578 
2.6 11.386@ 5.137© 755 @) 
2.3 13.362 5.913 a2 
3.8 16.251 6.883 421 

  

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

  

ENERGY = LI L2 u3 LivL2 L2/L3. 0 TOTAL 

Met! 

26.836) 
33.73 
53.56 
73.40 
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YTTERBIUMCZ: 

“PERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

    

     

    

      

ENERGY =L. ALPHA BETA GAMMA GANMAL = GAMMAZ = TOTAL 

Mew BARNS 

1.2 .117) 2.186) 1.356) .1880) -150@) 338490) 3.84 @) 
1.4 179 3.38 1.37 1235 1223 8454 5.81 
1.6 .251 4.83 227 367 air 2580 3.26 

ar 6.52 3.73 439 444 3551 11.88 
2.2 .421 8 4.38 886 S17 -8692 14,52 
22 S39 : 6.26 1834 776 +118 
2.4 -6530) 13.194) 7.654) 1.094@ 1938) 1158 
26. 7 16.46 3.61 1.416 1.213 +203 
2.8 .926 13.13 11.16 1.863 1.428 +243 
3.8 1.857 22.48 13.83 1.958 1.554 1384 

ENERGY —-BETAL BETR2 LACLL LAVLE LAYLG = _LB-'LG 

Mew! BARNS 

1.2 237) -421 6) 13.746) 
id 1.32 845 13.30 
1.6 1.839 338 13.45 
1.8 2.525 1.218 19.56 
a 3 269 1.836 22. 19 
2. 4.253 2.989 20.2 
2.4 $.172@) 3.4826) 29.206) 
2.6 6.453 3.181 20.75 
2.38 7.812 3.545 20.65 
3.8 3.065 4.027 21.19 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY = Lt L3 LivL2 LI/L3 L2/L3 TOTAL 

BARNS 

1D : 23 (S) 
42 
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TUNGSTEN (22: 

EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

   
   

     

    

    

     
    

   
        

ENERGY = ALPHA BETA GAMMA GAMMAL = GAMMAZ = TOTAL 

Mew BARNS 

1.2 -8713) +113) - 98176) seeeeta) 2.41 @ 
ie AS 73 .123 5450 3.75 
1.68 178 3.32 13538 S152 
1.8 225 4.52 e575 7.59 
2.8 .296 3.39 8783 3.36 
2.2 .368@) 7.62 +8873 9) 
2.4 1455 3.57 
2.6 +529 11.4 
2.8 -623(7) 13.750) 
3.8 oS 16.42 1.298 1 

ENERGY = BETAL BETA LA/LL LAVLE LAVLG 

Met! 

.730@) 11.29 
1.332 Bae 
1.864 13.66 
1.865 13.69 
1.853 13.52 
1.877 1S.77 
1.828 : 
1.343 2 
1.812@) 12.85 
1.837 12.73 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR DELITERON IMPACT 

ENERGY = LI L2 L3 LivL2  LivLe Lavu3 

Met! BARNS 

1.G6(I0c) 1.740) 300 ©) 
1.41 

         

O
N
 
L
M
M
 b
h
 

463



  

ENERGY 
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AY PRODUCTION CROSS SECTIONS 

  

EXPERIMENTAL L SHELL 

FOR DEUTERON IMPACT 

  

    
E ALPHA BETA GAMMA = GAMMA «GAMMA = TOTAL 

BARNS 

8486 309.6) 488 6) -9642@) 9386) -925400) 1. 
18742103 +798. S73 8383 
“ig 3551 1.18 +142 
iS? 2.7 1.48 1199 
282 
+258 
320 G) 
338 
468 
+533 

LACLL LAVLB LACLG LB-LG 

1.739 12.54@ 7.328 @ 
1.787 ® 13. 3® 7.587 > 
1.923 a? 
1.874 

igs 
1.3936) 
1.313 
1.383 
1.342    

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR DEUTERON IMPACT 

Lt 2 Le Live “Suites {ie7ce e ToTAL 

BARNS EARNS 

+988(0) .582@) 2.64) 1 
1.02 1.08 43     
   24 tect 
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

  

    

   

  

   

   

  

   

     

ENERGY = L ALPHA BETA GAMMA = «GANMAL =GAMMA2 = TOTAL 

Mev BARNS 

1.2 .9345(3) “571 © 332 6) +9503) .92026) .acai(W 335 @ 
1.4 .0579 +97 10883 ° 18543 .az6a 1.66 
ile 1ee4a tld yer ite 10767 «10331 «2.38 
fe atti 2 52 as 1.18 1155 1114 7) 16413... 3.38 
2:0 ice 2.87 1.46 +285 1155 0.85010 4.58 
22 201 3.54 1.35 1278 1203 +0608 9.35 
24 9 i244 4.43 2.43 +342 127. 10703 7.42 
2.6 2920) 5.484) 3.080 .423© 380 -2845C0) 3.12() 
2. 8nr.css) | 6.61 3.86 1534 i 11.16 
5.0. i413 70 4.37 1678 ks 13.85 

ENERGY LACLL LAALB LACLG LB/LG 
Mel 

i2 16.51 (9) 1.688 @) 11.36 (8) 
tid 16.75 1.762 12.07 
1.6 16.75 1.302 
1:3 17.53 11824 
2.8 17.38 1.829 

ea uae Cea ES 2. 18.0 281 13.86 
2.6 18.49 1.382 6) 12.620) 
2.3 18.61 1.884 12.38 
3.38 18.64 1.382 11.49 

EXPERIMENTAL L SUBSHELL IONISATION CRI CTIONS 

FOR DEUTERON IMPACT 

ENERGY = Li L2 Lg Liet2Livt3 

Mev BARNS 

1.2 63a). 410 1) 1.55 s(i4) 
1.4 752 3 92 36 
1.6 1918 8 
1:3 1186 16: 
2.8 1.28 5 

2 1.35 
4 1.43 
6 1.83((o) 

1.38 
2.28 
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BISMUTH(Z2=33> 
—_—_—_——_   

EXPERIMENTAL L SHELL M-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

     
    

            

  

ENERGY =o ALPHA BETA GAMMA GAMMA «GAMMA = TOTAL 
Mew BARNS 
1.4 354209). 3506) -87a0@) .g47s@) . 1.6 .9862° 1.47 195 S 1.8 i 1¢9 1.35 ; 2.8 1146 2.52 133° 0.466 2.2 +183) 3.25 172 . 8558 2.4 “228 4.83 233° a652 256) 236 Sea a 9738 E 7 2.8 .334 2@) 199136) 19.53 3.8 861381 ® 3 1435 Stat ® ice 

ENERGY LACLL LAVLB - LAVLO LBVLG Mel 

1.4 17.5300) 1. 744 (8) 13.57 @) 1.8 17.04 1.924 13.99 1.8 17.91 1.357 14.15 2.3 17.22 14.00 2.2 17.74 13.94 2.4 17.66 13.53 19.13 13.41 a 13.74@) 12194 a 13.40 13.89     
EXPERIMENTAL L SUBSHELL IONISATION Cross SECTIONS 

FOR DEUTERON IMPACT 

     
    

ENERGY 

Mew 

Livl2 L1/L3 TOTAL 

BARNS, 
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B.3 ALPHA PARTICLE IMPACT 

YTTERBIUM(Z2=78)> 

EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

    
   

     

ENERGY = L ALPHA BETA GAMMA GAMMAL GAMMA = TOTAL 

Mey BARNS 

1.2 <O777@) 047108) 2306 (1) 
14 +129 +8858. 0431 
1.6 +138 +134 12635 
1.8 +382 +222 
2.0 +421 314 
22 +559 1431 27 
2.4 1677 a 1148 

2.6 1819) .657@) .153(9 
2.8 Sas ©) +312 tB 
3.8 1.152 1374 173 

ENERGY  BETAL BETA LACLL LACLB LAYLG = LBL 

Mev BARNS 

ie .1298) 13.316) 
1.4 1208 13.18 
1.6 1348 18412 
1.3 2434 19.21 
2.8 -77a@) «= 18.75 
a2 1.016 13.338 
2.4 1.323 13.44 
2.6 116456)  20.28@) 

2.8 1.883 20.44 
3.8 25263 20.43 

  

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR ALPHA IMPACT 

ENERGY ses Le L3 LivL2 LivL3 L2/L3 

BARNS     

  

     
2.57@ 1.13004) .sa6(3) 44700 

hope 788s +4e0 
‘46 
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TUNGSTEN Z2=7: 
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EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

FOR ALPHA IMPACT 

LivL2  Li/L3 

  

09
 

O)
 

Ti
 C
e
 

md
 

P
R
E
G
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b
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a
e
 

> 468 
    

   

L ALPHA BETA GAMMA GAMMAL GAMMA = TOTAL 

BARNS 

9173) 3396) .271@) .a464G) .223260) 22924) 696) 
+8336 +622 454 8736 18426. ..837 iis 
0566 1.99 724 +123 2 0514 1.39 
8373 1.67 1.18 192 «21 ‘a7ao 3.85 
isa 2.88 1.38 +258 «189 +8905, 4.44 

-17' We a +328 | wiit : 
2.68 @) 406 :274@ 113100) 3106 @) 

23 ‘3 348 1155 19.22 
sig 1638 1464 1174 12.72 
4.88 1783 +518 1191 14.58 

BETAt BETA LACLL LACLE LA’LG = -_LB’LG 

BARNS 

: 182 9) +9886) 18.58 (I 1.2398) 7.186) 
+147 13.53 $c 974 7.82 

es +232 19.28 isa! 3.81 
1758 +341 13.16 1.523 

1.948 “548 13.19 1.574 3-2 
1.341 a 18.34 1.688 18.54 
1.8076) -874@)  19.93@) 1.767@) 11. 880) 
2.206 1.109 28.37 1.842 12.14 
2.674 1.465 20.01 1.829 11.86 

3.104 1.693 20,37 1.786 12.88 6.763 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

L2/L3



  

  

  

   

    

  

EXPERIMENTAL L SHELL K-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

ENERGY =o ALPHA BETA GAMMA = GAMMA1 GAMMAZ © TOTAL 

Mel! BARNS 

-92110) .375@) 2907) .24780) - 23000 634@) 
+8351 +621 4138 183380. 14 
105900 1.06 857 .@415 1.87 
0797 1.52 +315 18540 02.64 
1118 2.18 1.25 12693 03.64 
i142 2.37 1.64 15862 4.38 
134@Q 3.206) 1.36© 837 20) 6.32 
235 5.85 2.50 813 

+2865 5.66 ins 8.95 

LAC LL LAVLB LACLG LB/LG 

17.3100) 1.503(8) 7.35 @ 
Vera 1.486 3.13 
17.96 1.614 

1.653 
cS $.242 

175: +82 
3630) §.221@) 

Bigs $a8    

  

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

ENERGY ik L2 

BARNS 

  

FOR ALFHA IMPACT 

L3 Li-L2 
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LiL L2/L3 TOTAL 

BARNS 

-344(12) 

  



  

ENERGY 

Mev 

1 
i 
1 
2 
2. 
2. 

2 
3 B

o
n
k
w
o
a
w
n
 - 

ENERGY 
Mev 

63
 9

 
P
O
O
 

BO
 D
rs
 e

e 

B
O
K
 

E
M
 
O
O
 
T 

   

ENERGY’ 

Mev 

1. 
1. 
1. 
3 

  

B
O
R
N
E
O
 +
 

ho
a 

hs 

EXPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

   

e ALPHA FETA GAMMA =—sGAMMAL GAMMA = TOTAL 

BARNS 

-815500) .2696) .177G) .9300G) .a1s6(o .911400 4924 
+0287 1452 ose. 1 18281204 1339 
10426 : 10414 18297 1.25 
g6ao 1.8 19566 8963, 1.79 

+9382(9) 1.4 8784 = 84730) 2.51 
+186 i 1189 «48586 ° 3.29 
vidi Z. ioe dret aia 
-174@) 3.4 77@ .a84a¢0) 5.28 
+208 3.7 1213-9984” 6.42 

LAVLL LBL 

17.43()) 3.289) 5.303 (Jo) 
16.89 3.34 6.023 
16.42 6.113 
16.81 6.813 
17. 92(0) 6.373 
17.50 6.253 
17.18 6.300 
17.53(9) $. 70s) 
13.96 6.825 

  

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR ALPHA IMPACT 

ui L2 L3 Li7lL2 LI/L3 L2/L3 TOTAL 

  

ip
 

Ul
 
R
e
 

P
e
r
e
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ENERGY 
Mev 

  

ENERGY 

  

ESPERIMENTAL L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

  

    

    

    

e ALPHA BETA GAMMA = GAMMAL =GAMMAZ = TOTAL 

BARNS 

.913609 .293 6) .156G) 232 2208) 212100) . agitate) 42 @ 
8237 1388 : 258 ae 
+8382 +633 1413 les76. « 1ag45 Bose ita 
8513 867 1331 levsé ia4ga.s'azgs =i 53 

+118 .8786 «6.2995 17 
ea +5317 485 2.75 

176Q) .117 (9) .8595Gy 3.50 
“145 oees 4.43 
1136 8804 S.64 

LACLL LAVLB LACLS LBeLG 

1.527 @) 19.39(9) 
1.544 19.76 
1.534 11.00 
1.532 11.03 
1.571 11.07 
11639 11.13 
1.873@) 11.41@ 

rae 1.731 11.92 
17. 1.759 12.24 

EXPERIMENTAL L SUBSHELL IONISATION CROSS SECTIONS 

FOR ALPHA IMPACT 

ut L3 Liven tints TOTAL     
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APPENDIX C 

THEORETICAL L SHELL X-RAY 

PRODUCTION AND IONISATION 

CROSS SECTIONS 

CONTENTS 

C.1 PROTON IMPACT 

C.2  DEUTERON IMPACT 

C.3 ALPHA PARTICLE IMPACT 

Theoretical L shell x-ray production and ionisation 

cross sections are presented for each element in order of 

increasing atomic number. See page 452 for explanations. 
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C.1 PROTON IMPACT 

DYSPROSIUM(22=66) 

PWBA L SHELL N-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

        

   

  

ENERGY’ L ALPHA BETA GAMMA GAMMAL GAMMA TOTAL, 

May BARNS: 

1.3 1.357 «331 
1.2 1.542 1.428 
1.4 2.392 297 
1.6 3.383 2.643 
1.3 4.373 3.374 
2.8 $.574 4.152 
2.2 §.375 4.371 
2.4 3.253 5.324 157.041 

3.724 6.699 130.321 
11.133 7.583 203.297 

125.725 12.731 3.483 4.248 326.826 

BETAL BETA2 LACLE LAL. LB-LG 

BARNS 

5.725 1.333 15.613 
3.390 1.973 14.362 
2.798 1.812 13.935 
17.317 1.751 13.092 

22.649 1,692 12.321 
23.557 1.648 11,678 
34.389 1.597 11.149 
41.613 1.558 19.699 
43.677 1.527 18.337 

35. 762 1.508 19.042 
63.124 1,475 3.777 6.627    

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY L ALPHA GAMMA GAMMAL GAMMAZ TOTAL, 
  

BARNS 

«811 

     
LA/LB LAYLG LBeLG 

n 
i@
a 

n 
O
N
S
    

  

   
  

S
G
N
 
s
o
e
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DYSPRUS IUM¢ 22: 2 

L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

L 1 SUBSHELL 

  

   

    

    

  

  

            

   
  

  

  

ENERGY = PWBA PUBAR PSS CPSSR ECPSS ECPSSR 

6.51 
11.54 
20.66 
34.43 
52.67 
7S. 
180.32 3 
129.12 2 
160.60 Sz 
131.82 211.65 27 
225.33 245.38 59 

L 2 SUBSHELL 

: ENERGY PBA PHBAR PSs cess CPSSR ECPSS _ECPSSR 

Mel 

1.88 37.69 Sr.ce 22. 25.53 
+29 56.21 42.43 3 48.67 

1.48 77.15 88.16 5. 58.49 
1.68 39,56 79.95 ri 73.46 
1,38 124.40 181.51 33. T? 
2.38 158.23 124.70 1 
2.29 176.72 © 149,26 14! 
2.48 263.65 174.41 16: 
2.88 231.32 208.13 is 
2.38 258.62 226.59 2 
3.88 274.53 286.57 252.52 242 

L 3 SUBSHELL 

ENERGY PEAR PSs PSSR crss cPSsR ECPSS _ECPSSR 

Mey BARNS 

1.38 $9.43 399.23 77.38 33.48 
134.67 ai 123.62 
196.22 138.62 
243.47 298.40 
284.38 388. 48 
369.93 365.59 
434.31 432.31 
$82.71 $00.51 
Sf1.19 S79.53 
648.59 839.33 
709.55 Fig.19 

  

TOTAL 

ENERGY 
Mev 

        

ECPSSR L SHELL IONISATION CROSS 

  

SECTIONS AND SUBSHELL RATIOS 

FOR PROTON IMPACT 

or
 

A
 

h
e
e
 
o
e
 

  

   

  

I 
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PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

        

  

  

ENERGY 5 ALPHA BETA GAMMA GAMMA1 GAMMAS TOTAL 

BARNS 

-482 5.474 arr .587 
1727 8.399 +318 

1.089 11.283 1.314 
1.321 , 16.216 77s 
1.665 21.182 Zé 
2.832 26.531 3. 
2.417 32.438 3.451 
2.812 33.985 +.836 
3.223 45.52% 4.763 
3.935, $2.645 5.462 5 
4.062 59.851 5.161 164.459 

ENERGY BETAL BETA2 LAALB LACLE LB/LG 

Mev BARNS: 

1.9 3.582 1.872 1.383 16.088 3.388 
1.2 5.572 2.829 1.352 15.682 3.037 
1.4 3.862 3.914 1.899 14,365, 7.879 
1.6 11,892 3.125 1.337 14.118 7.69 
1.3 14.544 6.458 1.779 13.317 7.434 
2.8 18.647 7.884 1.728 12.626 7.387 
2.2 33.118 3.378 1.673 12.882 . 7.151 
2.4 27.975 18.918 1.631 11.434 7.802 
2.6 33.116 12.585 1.594 19.388 8.394 
2.3 38.544 14.181 1.557 19.579 6.793 
3.8 44.892 15.759 1.531 18.273 6.713 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY t. ALPHA BETA GAMMA GAMMAL SAMMA2 TOTAL 

Mey BARNS 

1.8 +364 8.286 -Si¢ 
1.2 +573 13.158 +841 
1.4 -832 18.333 1.271 
1.6 1.128 25.478 1.814 
1.3 1.444 32.862 2.469 
2.9 1.794 49.823 3.238 
2.2 2.168 49.186 4.996 
2.4 2.544 57.934 5.849 
2.6 2.944 67.858 B.a7t 
2.3 3.347 76.243 7.152 
3.8 3.765 85.752 3.282 

ENERGY BETAL BETA2 LACLB 

BARNS 

2.734 
4.476 
6.723 
9.497 
12.782 
15.542 
29.735 
25.485 
38.331 
35.551 
48.313     

475



YTTERBIUM(Z2=79) 

L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

L 1 SUBSHELL 

  

  

   

  

     

  

   

  

   
  

  

     

  

  

ENERGY  PWEA PWBAR PSS CPSSR EcPss ECPSSR 

Met! 

1.08 3.68 4.19 3.33 3.88 
1.28 $.19 6.43 4.33 4.56 
1.48 3.43 11.86 S.7t r.rd 
1.68 14.81 13.24 18.34 13.88 
1.80 22.13 23.13 17.46 28.63 
2.38 32.37 48.61 26.27 38.33 
2.28 45.77 535.74 37.48 45.89 43.83 
2.40 51.91 72.33 38.58 68.37 $7.53 
2.60 73.02 31.05 $5.53 77.43 73.65 
2.38 36.48 118.73 32.37 35.42 31.25 
3.88 116.17 131.97 99.97 114.58 118.35 

L 2 SUBSHELL 

ENERGY  PWBA PWBAR PSS PSSR cPss CPSSR ECPsS ECPSSR 

Mey BARNS: 

1.08 16.58 13.47 15.30 
1.20 26.19 29.82 24.34 
1.48 37.30 41.77 35.52 
1.64 49.83 55.85 47.52 
1.88 63.53 69.33 68.61 
2.08 77.96 84.81 74.58 
2.28 93.48 198.33 33.32 
2.40 189.66 117.62 185.53 2 
2.68 126.18 134.72 121.38 7.2 
2.88 143.38 152.11 138.66 124.63 123.17 
3.68 160.31 169.70 155.45 141.25 135,65. 

L 3 SUBSHELL 

ENERGY  PWBA PMBAR Pss PSSR crss CPSSR EcPss ECPssR 

Mey BARNS 

1.68 60.14 68.29 48.38 $5.38 
1.20 98.58 199.99 735.46 84.54 
1.48 125.28 137.33 186.26 117.32 
1.68 162.85 177.22 148.46 153.30 
1.86 203.70 219.61 178.61 133.83 
2.08 246.76 263.99 218.40 234.97 
2.28 291.38 309.37 260.39 279.16 
2.48 336.29 356.26 384.06 322.61 
2.68 382.58 483.29 348.22 368.51 
2.80 428.85 450.84 393.42 414.19 
3.06 476.538 498.59 438.93 461.12 

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

FOR PROTON IMPACT 

    

TOTAL 
BARNS 
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TUNGSTEN (Z2=74) 

   

PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

    
      

  

  

    

ENERGY 5 ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

Mev BARNS 

1.9 +336 7.231 455 
1.2 +Sis 11.148 .698 
1.4 2731 15.726 1.918 
1.5 2370 28.983 1.488 
ize = legen 26.515 1.3872 
2.3 1.513 32.794 2.438 
2.2 1.921 33.238 3.378 
2.4 2.133 46.988 3.792 
2.6 471 53.258 4.581 
2.3 2.886 68.439 5.448 184.949 
3.8 3.155, $3.928 42.977 §.342 118.984 

ENERGY BETAL BETA2 LACLB. LACLG LELG 

Mev BARNS 

1.3 2.894 1.319 2.816 15.767 
1.2 3.385 2.934 2.606 15.853 
1.4 4.311 2.868 1.972 15.453 
1.6 .604 3.383 1.924 14.900 
1.3 8.677 4,334 1.878 14.952 
2.38 11.838 5.361 1.821 13.342 
2.2 13.648 7.149 1.759 12.669 
2.4 16.494 3.336 1.721 12.047 
2.6 13.564 9.781 1.878 11.522 
2.3 22.825 11.813 1.636 11.821 
3.8 26.223 12.388 1.682 18.638 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL GANMAZ TOTAL 

Mey BARNS 

1.9 .252 2.573 «343 
1.2 2410 4.395 .559 
1.4 81 6.572 846 
1.5 .821 3.213 1.218 
1.3 1.865 12.305 1.656 
2.8 1.332 15.383 2.187 
2.2 1.628 19.363 2.981 
2 1.335 24.2 3.495 
2 2.258 29.985 4.259 
2 2.386 34.826 5.986 
3 2.928 63.130 39.325 +364 

ENERGY BETAL BETA2 LALG LELG 

  

Mev BARNS: 
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TUNGSTEN SZ. 

L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

L 1 SUBSHELL 

ENERGY = PHBA PHEAR 

  

   

   
by
 

i 
© 

& o
o
 

A
G
U
S
 

A
S
 
E
e
e
 

  

    
     fob

 
~ 

B
O
G
 

£ 
iG

 o
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' a “a o 

BS in 

  

  

      

  

ENERGY  PWBA PEAR PSs cess CPSSR ECPSS _ECPSSR 

Mev 

1.38 3.20 6.45 §.13 
1.20 13.33 14.38 18.51 
1.40 13.55 16.53 16.15 
1.68 26.56 23.28 22.62 
1.38 34.54 38.59 29.91 
2.80 43.11 38.72 37.25, 
2.21 52. 27 47.50 46.64 
2.40 61.53 36.34 55.38 
2.58 72.12 65.74 85.73 
2.36 32.62 76.96 75.87 
3.88 93.43 37.58 $6.43 

L 3 SUBSHELL 

ENERGY PHBA PMBAR CPSSR ECPSS _ECPSSR 

Mev 

25.38 
$1.96 
68.99 
82.71 

196.43 
132.79 
160.11 
135.34 
213.38 
248.77 

316.33, 288.82 

      

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

ENE! PCY 

  

TOTAL 

FOR PROTON IMPACT 
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GOLD<Z2=79> 

ENERGY 

= 
e
a
s
e
 

ee < 
O
P
M
 

Or
 r
r
r
 

B
O
K
L
N
E
O
D
 
E
V
E
 

ENERGY 

Mev 

B
O
K
E
N
G
O
H
E
N
S
 

O
N
Y
 
B
E
E
R
 

PNBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

mB ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

BARNS 

+220 4.364 
6345 8.883 
«496 3.865 

      

  

      

1) 38.984 58.546 
1.817 36.113 53.453 
2.891 41.569 63.937 
2.378 47.269 78.744 

ENERGY LACLB LAPLG 
Mev 

1.8 2.153 17.988 
fe 2.138 17.304 
14 2.112 17.831 

1.6 2.078 16.566 
18 2.042 16.937 

2.9 és 15.435 
a2 11363 14.951 
24 1.337 14.438 
2.6 1.385 14.017 
2.8 1.873 13.828 
3.8 1.852 13.247 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

o ALPHA BETA GAMMA GAMMA GAMMA TOTAL 

BARNS 

+163 1147 
2 +253 
1469 2484 
1563 $583 
{751 1793 
+353 11832 

1.173 1.236 
11416 11586 
:671 1.301 

1.949 2.231 
2.222 2.588 

ENERGY LBVLG 
Mey 

1.2 s 
sz 4 
14 2 
1.6 2 
1:3 3 
2:8 6 

2.2 S 
24 3 
26 79 
Ze a 
3.8 37    
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L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

L 1 SUBSHELL 

ENERGY PNB PWBAR 

Mey 

1.8 
28 

     13.53 
23.68 

L 2 SUBSHELL 

ENERGY  PWBA PHBAR PSS PSSR CPSs CPSSR ECPSS _ECPSSR 
  

  

\ 3 SUESHELL 

ENERGY PNBA PLBAR PSS 

Mey 

1.88 
28 s

a
 

     

  

“A
y     

32.54 
22.15 109.909 
140.43 126.54 
153.3 144.31 

  

fo
m 

  

167.55 

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL SATIOS 

: FOR PROTON IMPACT 

ENERGY TOTAL Li-L2 Li/L3 L2/L3 
Mev BARNS 
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LEAD(Z2=82) 

PHBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

     

  

  

   

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMAS TOTAL 

BRRNS 

2164 2177 «129 
5.864 233 213 
7.379 +335 

18.931 F776 
13.927 S41 
16.345 «83% 
13.381 1.833 
23.799 1.285 
27.987 1.514 
32.322 1.774 
36.953 2.856 

ENERGY! LALB LACLG LBLG 
Mev 

1.3 17.907 3.138 
1.2 17.328 8.197 
1.4 17.636 3.131 
1.6 17.291 2.198 
1.8 16.736 7.998 
2.8 16.265 7.376 
212 15.798 7.738 
2.4 15.267 7.629 
2.6 14,328 7.516 
2.8 14.417 7.488 
3.8 14.929, 7.385 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

L ALPHA, BETA GAMMA GAMMAL GAMMAZ TOTAL 

BARNS 

1,075 +132 
1,858 +227 
2.346 +351 
4.958 . 505 
5.430 2834 
7.120 +316 
9.288 1.176 

11.811 1.464 
13.278 1.738 
15.675 2.145 

1.338 34.712 18.265 2.531 

ENERGY LACLB LACLG 
Mev 

R
E
V
V
E
D
 

    13.713    
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LEAD(Z2=82) 

L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

  

  

     
  

       

Ld IBSHELL 

ENERGY PBA PHERR PSs: cPss CPSSR ECPSS ECPSSR 

Mew 

33 «782 +395 
s2 +395, 1.83 
at 1.16 1.23 
it 1.33 1.53 
33 1.62 2.89 
7 2.87 2.33 
S6 2.38 4.15 
72 3.93 3.32 
45 3.69 5.42 7.36 
82 11.49 7.34 12.62 
46 14.73 2.77 13.72 

L 2 SUBSHELL 

ENERGY  PWBA PABAR PSs PSSR cess CPssR ECPSS _ECPSSR 

Mev 

ao 1.83 1.43 
11 2.81 2.74 
Si 3.33 4.42 
38 5.13 6.49 
46 7.34 3.93 
34 3.53 11.72 
72 12.42 14.33 
32 13.43 18.16 
12 18.73 21.79 
82 22.27 25.59 

3.88 33 25.97 29.53 

L 2 SUBSHELL 

ENERGY  PWBA PHBAR PSS cpss cPSSR ECPSS ECPSSR 

6.12 8.11 5.89 7.73 
11.83 13.33 10.68 13.39 
17.38 21.22 16.73 28.52 
24.87 | 23.75 24.16 23.38 
33.53 33.3; 32.74 33.37 
43.38 49.99. 42.32 43.36 
53.31 61.47 S2.71 68.21 
85.11 73.59 63.39 72.21 
77.26 36.75 75.33 38.25 

198.73 34.84 188.15 33.68 38.55 
128.38 143.25 114.24 101.71 112.54 

    
3.08 120.92 

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

FOR PROTON IMPACT 

ENERGY 
May 

ao 
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BISMUTH(22=983) 

PBR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

  

       

  

    

ENERGY tL ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

Mev 

8 2.334 1.281 +112 8443 
2 4.556 2.877 +132 8606 
4 §.856 3.865 +236 B77" 
6 2.898 4.246 +423 8991 
3 11.353 5.617 S73 127 
a 14.313 7.173 «743 .183 
2 18.212 8.393 +332 +209 
4 21.754 18.300 1.148 +269 
Ss 25.587 12.374 1.364 +341 
3 29.618 15.119 1.585 2426 
3 33.9882 17.504 1.859 +526 

ENERGY LAALB LBVLG 
Mey 

1.8 2.213 8.178 
1.2 2.194 289 
iid 2.172 3.128 
1.6 2.143 8.131 
1.3 2.118 8.825 
2.0 2.879 7915 
2.2 2.843 7.796 
2.4 2.814 7.862 
2.6 1.388 7.551 
2.8 1,968 7.448 
3.9 1.936 use 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY L ALPHA BETA GAMMA, GAMMAL GAMMAZ TOTAL 

Mev BARNS 

1.8 +8322 
1.2 .B467 
1.4 8841 
1.6 . 8865 
1.3 «116 

a 156 
2 

2.4 
2.6 

3.9      
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BISMUTH(Z2=83) 

L SUBSHELL IONISATION CROSS SECTIONS FOR PROTON IMPACT 

L 1 SUBSHELL 

  

  

            
  

ENERGY PBA PWBAR PSs PSSR cress EcPss ECPSSR 

Mev BARNS 

1.68 1.11 1.27 1.28 +313 
1.28 1.29 1.41 1.33 +391 
1.48 1.41 1.57 1.47 1.16 
1.63 1.56 1.83 1.78 1.48 
1.30 1.85 2.43 2.89 1.73 
2.88 2.33 3.32 2 2.31 2.95 
2.28 3.89 4.53 2.64 32 3.45, a 
2.48 4.23 8.33 3.56 5.32 4.73 3.14 
2.68 5.83 3.62 4.52 Rowe. 5.58 4.31 
2.38 7.38 11.34 5.48 3.55 3.7 5.38 
3.88 18.25 14.51 8.52 12.38 11.42 7.78 

L 2 SUBSHELL 

ENERGY PHBA PHBAR PSs PSsR cpss CPSSR ECPSS ECPSSR 

Mev BARNS 

1,88 1.68 2.38 1.38 +392 +341 1.23 
1,28 2.82 3.34 3.19 1.78 1.66 2.31 
1.48 4.48 S.77 4.87 2.35 2.33 3.75 
1.68 6.34 8.95 5.37 4.43 4.32 3.S4 
1.38 8.61 10.66 3.28 6.32 6.12 7.87 
2.88 11.18 13.56 11.84 3.47 3.24 19.13 
2.21 14.08 16.74 14.79 10.92 19.65 12.3; 
2.48 17.88 2a.i1 
2.68 20.35 23.72    2.88 23.84 27.48 24.53 13.65, 19.27 22.35 
3.88 27.49 31.41 23.93 22.95 22. 25.34 

L 3 SUBSHELL 

ENERGY  PWEA PHBAR Pss 

Mev 

cPss CPSSR ECPSS _ECPSSR 
  

  

1.88 8.97 11.79 F.21 S.27 
18.53 12.18 3.53 
26.57 18.17 15.45 
35.71 25.39 21.76 
45.76 33.57 29.58 
56.56 42.54 23.10 
68.85 52.33 47.56 
88.21 52.89 57.34 
92.96 73.3 63.56 
186.11 35.71 35.77 621 
113.83 37.88 199.78 32.280    

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND : 

FOR PROTON IMPACT 

ENERGY 
Mey 

1.89 
1.20 
1.48 
1.68 

  

43 

no
k 

  

38 
3.08     
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THORIUM(Z2=98> 

PHBA L SHELL X-RAY PRODUCTION CROSS SECTIONS Cc 

FOR PROTON IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL SANMAZ TOTAL 

Met? BARNS 

  

    
  

ENERGY LAALG LB/LG 

Mey 

1.9 
ne 
i.4 
1.8 

ae 
2.8 
2.2 
2.4 
2.6 
2.8 
3.9 16. 138 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMA TOTAL 

Met BARNS: 

«8492 .9313 «9172 1.493 
. 8532 8623 9279 2.706 
2143 2185 «9381 4.281 
1212 2158 10513 -6.220 
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# g 8 8 A 3 a i a 3 =z
 . oO wo
 

nm
 ii as z 3 Z . a . 2 oO
 & 2 

L 1 SUBSHELL 

ENERGY  FPuBA PMBAR 

IMPACT 

  

  

ite 

1.458 
1,28 
1.48 
1.58 
1.38 
2.98      3a 
3.48 

L 2 SUBSHELL 

    

ou
n 

S
U
G
 

e
e
s
    

O
o
o
 

  

  

    
   

  

   

  

EMERGY  PWBA PHBAR Pss PSSR cress CPSSR EcCPSS _ECPSSR 

Mey BARNS 

1.36 +438 +739 -812 -2il 373 
1.20 +883 1.28 1.88 +953 733 

1.32 1,39 1,63 315 ei] 
1.39 2.87 2.46 1.31 2 
2.81 3.91 3.37 74 
3.78 5.97 4.42 3.71 
4.56 $.28 5.61 4.32 
6.99 7.33 3.38 5.04 
7.42 3.37 3.34 7.41 
3.97 11.84 3.35 3.96 

18.42 12.77 11.48 18.44 

L 3 SUBSHELL 

ENERGY  PWEA PHBRR PSs PSSR cPss CPSSR 

Mev 

1.08 2.65 1.76 2.56 
1.28 4.65 3.48 4.32 
1.46 7.25 5.55 7.88 
1.68 18.42 3.58 11,16 
1.38 14.13 11.92 15.23 
2.88 13.35 15.33 13.7: 
2.20 23.88 28.28 34.78 
2.48 23.29 25.08 22.37 
2.68 33.47 34.33 36.92 
2.30 33.12 35.85 42.14 
3.88 45.15 $1.74 43.51    

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL SaTros 

FOR PROTON IMPACT 

Li/L2 
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URANIUM¢Z2=92) 

PWBA L SHELL X-RAY PRODUCTION. CROSS SECTIONS 

FOR PROTON IMPACT 

  

     

  

  

     

ENERGY L ALPHA BETA SAMMA GAMMAL GAMMAZ TOTAL 

BARNS: 

+8637 +8465 -9273 +8132 
+189 +8787 +8584 + 1283 
165, 2. 8824 8384 
+235 «124 «8493 
31S 17S 8611 

«485 +23 .O748 
«584 6385 8907 
S11 «333 199 
172i 475 +132 
+850 +565 2158 
«382 15.328 7.247 +668 «138 24.998 

ENERGY BETAL BETA2 LACLB LACLG LB/LG 

Mey BRRNS 

1.8 17S 2.334 22.116 2.474 
1.2 .314 2.348 22.389 3.532 
1.4 2494 2.335 22.204 3.519 
1.6 720 2.321 21,374 3.425, 
1.8 +989 2.387 21.549 9.341 
2.8 1.387 2.288 21.116 9.227 
2.2 1.675 2.263 29.535, 3.973 
2.4 2.082 2.248 20.005 3.931 
2.6 2.537 2.217 13.585 3.798 
2.3 3.831 2.191 13.952 3.649 
3.8 3.575 2.168 13.465, 8.512 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR PROTON IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL GANMAZ TOTAL 

Mey BARNS: 

1.8 «3482 «731 .333 8361 14a 1.199 
1.2 8885 1.432 «Sl «8659 
1.4 alot 2.289 386 
1.65 +206 3.348 1.448 
1.3 +233 4.573 1,393 
2.8 37 5.333 2.833 
2.2 467 7.578 3.383 
2.4 S73 3.237 4.179 
2.5 +988 11.161 5.878 
2.3 .812 13.183 §.862 
3.8 +342 15.283 7.119 

ENERGY BETAL BETAZ 

Mey BARNS 

1.8 
1.2 
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\ 2 SUBSHELL 

ENERGY  PWBA PEAR PSS crss CPSSR ECPSS _ECPSSR 

  

    

Mev 

  

+294 «532 «23! 2139 2241 
.568 31 492 
+236 5 +357 

1.43 1.34 
2.83 1.35 
2.75 2.67 
$.59 3.58 
4.52 4.45 
3.55 5.43 
8.67 6.62 
7.88 7.32     

L 3 SUBSHELL 

ENERGY PBA 

tet? 

1.08 2.51 1.21 1.31 
1.28 4.37 2.42 3.57 
1.43 s.77 4.12 5.73 

$.31 3.51 
8.98 11.73 

    

TAL ECPSSR L SHELL IONISATION CROSS SECTIONS 

FOR FROTON IMPACT 

TOTAL Lil] LivL> 
BARNS 

2.45 
3.47 
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C.2 DEUTERON IMPACT 

  

PWEA L SHELL K-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

  

   
  

ENERGY L ALPHA BETA GAMMA, SAMMAL GAMMAZ TOTAL 

Met! BRRNS 

1.3 2126 
ee +286 
1.4 2385 
1.8 1421 
1.3 S54 
228 +793 
2.2 . 864 
24 9 11838 

6 | 10923 
2.8 1.417 
3.3 1.621 

ENERGY BETAL BETA LAL LavL LSVLS 

Mev BARNS 

1.8 1.100 .528 13.748 
1.2 «716 832 14.795 
1.4 2.455 1.223 15.627 
1.6 3.357 1.6393 15.395 
ie 4.462 2.236 15,306 
2.8 5.755 2.834 15.528 
2.2 7.228 3.486 15.261 
2.4 3.986 4.187 14.347 
2.6 19.726 4.933 14.411 
2.8 12.753 5.718 13.365 
3.8 14.965 6.543 13.524 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY . ALPHA BETA GAMMA GAMMAL GAMMA TOTAL, 

Mev BARNS 

1.3 
aoe 
1.4 
1.6 
ae 
2.98 
ae 
2.4 
2.6 
2.3 
3.8 

  

LACS LA’LS LB/LG 
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56) DYSPROSIUM<Z2=61 

L SUBSHELL IONISATION CROSS SECTIONS FOR DEUTERON IMPACT 

L 1 SUBSHELL 

ENERGY  PWBA PNBAR Ecess ECPSSR 
  

  

  

    

  

          

     

L 2 SUBSHELL 

ENERGY PEA — PBAR PSS PSsR CPSS CPSSR__-ECPSS —ECPSSR 

Mew BARNS 

1.08 $5.99 3.74 4.73 
1.28 8.88 8.65 B14 
1.40 13.59 10.58 12.48 
1.68 13.40 15.27 17.80 
1.88 26.15 20.92 34.01 
2.28 33.76 27.40 © 31.04 
2.28 42.19 34.63 38.83 
2.40 51.20 42.56 7.23 
2360 68.87 51.12 56.38 
2.80 71.10 $0.26 9 66.81 
3.80 © 81.90 69.31 76.15 

L 3 SUBSHELL 

ENERGY PER PMBAR PSs cPSSR  ECPSS — EcPSsR 

Mey 

1.08 14.06 12.49 
1.28 24.02 23.65 
1.40 36.75 74 
1.60 52.10 55 
1.80 63.85 = 

2.88 83.77 
2.28 111.64 
2:40 135.25 

2.60 160.43 
2.88 186.91 133.08 
3.38 215.87 222.07 

TOTAL ECPSSR L SHELL ICNISATION CROSS SECTIONS AND 2! 

      

   
FOR DEUTERON IMPACT 
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YTTERBIUM(Z2=79) 

PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

  

     

  

  

ENERGY L ALPHA GAMMAL GAMMAZ TOTAL 

1.381 8385 
3.927 «1Sr 
4.581 +233 
6.436 «333 
3.587 +451 

11.929 .530 
13. 788 «748 
16.626 +223 
13,754 1.114 
23.975 1.S2t 
26.578 1.542 43.413 

ENERGY LACLB LACLG LB/LG 

Mev 

1.9 1.321 12,347 7.189 
1.2 1.894 14,999 7.443 
1.4 1.345 14,398 7.712 
1.5 1.385 15.736 7.353 
1.3 2.881 16.191 3.091 
2.3 1.993 15.172 3.116 
2.2 1.374 15.954 3.084 
2.4 1.951 13.657 3.027 
2.6 1,925 15.389 7.254 
2.3 1.838 14.937 7.8rt 
3.8 1.3878 14,551 7.782 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

Mey BARNS 

1.8 + 
1.2 3: 
1.4 3 
1.6 
1.3 
2.8 375   

hod
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ENERGY 

Mey 
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YTTERBIUM(Z2=79> 

L SUBSHELL IONISATION CROSS SECTIONS FOR DEUTERON IMPACT 

L 1 SUBSHELL 

ENERGY = PNEA PBAR 

May 

    

   
  

1.83 2.18 2.45 
1.20 2.61 2.37 
1.48 2.95 3.84 
1.68 2.99 3.83 
1.38 3.83 3.43 
2.38 3.51 4.17 
2.20 4.26 $.25 
2.48 3.33 8.75 
2.58 8.73 3.7 
2.38 3.67 11.2 
3.88 1.86 14.33 

L 2 SUBSHELL 

ENERGY  PWBA PWBAR PSs PSSR CPSs CPSSR: ECPSS ECPSSR 

Mev BARNS 

1,81 2.2: 2.34 1.64 2.22 1.67 1.19 
1,20 3.38 5.87 3.81 3. 3.15 2.35 
1.48 §.33 7.83 4.33 Set 5.17 4.81 
1.68 3.28 11.28 7.28 3.2 7.73 §.13 
1.38 2.73 15.14 18.13 2 18.87 3.82 
2.68 15.31 13.62 13.52 14.51 3 
2.20 21.34 24.58 17.45 13.53 Ss 
2.40 26.31 29.99 21.75 23.19 7 
2.60 31.73 35. 26.46 13. 1 
2.388 37.46 41.37 31.55 S4+ + 
3,88 43.56 43.47 36.99, 26 4        

    

L 3 SUBSHELL 

ENERGY  PHEA PHBAR PSs 

Mev 

1.38 

  

2.29 
2.49 
2.68 
2.38 
3.49 

  

ENERGY 
Nav 
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TUNGSTEN (Z2=74) 

      PWBA L     AY PRODUCTION OR¢ SECTIONS 

FO! RR DEUTERON IMPACT 

  

  

    

      
    
  

ENERGY i ALPHA BETA SRMMA GAMMAS TOTAL 

BARNS 

9501 . 9303 3496 t 2 
0866 143 .a8Ts 3.873 

$134 yes? 
«i292 3. 1 
268 3 is 
333 11.574 
1425 14.363 
«S52 17.879 
1624 21.506 
2735 25.424 
«852 23.614 

ENERGY —-BETAL BETAS LAALB LavLo LEVLG 
Mev BARNS: 

1.2 +329 
tee. 1354 
ig i34s 
1.8 1.201 
4.8 161s 
2.9 2.181 
2.2 2.672 
2.4 3.321 
2.6 4.044 
28 45340 1.369 . 
3.8 3.784 1.347 15.896 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY L, ALPHA BETA GAMMA GAMMAL GAMMRZ TOTAL 

Mey BRRNS 

8673     
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TUNGSTEN¢Z2=74> 

L SUBSHELL IONISATION CROSS SECTIONS FOR DEUTERON IMPACT 

L 1 SUBSHELL 

  

    

    

      
  

  

     

ENERGY  PWEA PHBAR PSs PSSR cPss: CPSSR EcPss ECPSSR 

Mey 

1.88 1.59 «736 
1,36 doit 
2.21 1.44 
2.25 1.74 
2.23 1.82 3 
2.52 1.33 a3 
2.93 2.87 35 
3.52 2.36 79 
4.31 2.75 36 
5.33 3.27 18 
5.68 3.93 62 

L 2 SUBSHELL 

ENERGY  PWBA PABAR PSS PSSR crss CPSSR EcCPsS ECPSSR 

Mey BARNS 

1.88 957 «718 1.85 «583 . 482 +712 
20 1.78 1.35 1.33 1.04 1.08 1.48 

1.48 2.92 2.25 3.83 1.33 1.73 2.32 
1.68 4.39 3.44 4.43 2.39 3 3.58 
1.38 6.19 iz 6.24 4.27 1? 5.29 
2.38 3.38 3 3.38 §.92 5.38 7.28 
2.28 18.72 3 19.65. 7.96 7.72 3.41 
2.48 13.42 11.85 13.27 18.88 3.91 11.38 
2.68 16.39 13.62 16.15 12.55 12.36 14.65 
2.38 13.91 18.44 13.27 15.28 13.06 17.85 
3.40 23.96 19.48 22.62 18.24 17.39 28.39    
L 3 SUBSHELL 

ENERGY  FPWBA PNBAR PSS 
  

Mev! 

1.90 6.3: 3.46 

n
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TOTAL ECPSSR L SHELL IONISATION 

  

SECTIONS AND SUBSHELL RATIOS 

FOR DEUTERON IMPACT 

ENERGY TOTAL Li/L2 LI/L3 L273 
Mey BRRNS 

1.00 
1.29 
1.48 
t. 
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GOLD{Z2=79) 

PUBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTEROM IMPACT 

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

BARNS a a = 

  

a 
2 
4 
é 
3 
a 

4 
s 
3 
a O

M
 

Pa
e 
e
e
e
 

  

15.952 
18.753 
16.343 
16.763 
17.919 
17.161 
17.202 
17.196 
17.094 
19.383 
16.743, 
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ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY 1S ALPHA BETA GAMMA, GAMMAL GAMMAZ TOTAL 

BARNS 

+8309 
8547 
8861 
+125 
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GOLD<Z2=79) 

L SUBSHELL IONISATION OROSS SECTIONS FOR DEUTERON IMPACT 

Lt SUBSHELL 

  

        

  

  

    

  

ENERGY PWBA _ PHBRR PSs 

Mel’ 

1.00 307 +529 
1.28 Lele 273 

1.33 1.31 
18s a 
1.68 1.38 
1.79 1.54 
1.39 1.63 
1.39 1.79 
2.13 1.36 
2.52 1.91 
2. 2.18 

L 2 SUBSHELL 

ENERGY PWER  PMBAR PSs PSSR CPSS _CPSSR_—s«ECPSS ~—-ECPSSR 

Mev BARNS 

1.88 S47 2249 «422 .i6t «273 .153 +259 
1.28 +993 «492 err .353 .553 .333 «335 
1.40 1.81 .352 1.27 .855 390 +832 6345 
1.68 2.48 1.34 1.92 1.88 1.55 1.85 1.58 
1.30 3.36 1.97 2.73 1.64 2.28 2.22 
2.88 4.51 2.74 3.62 2.35 3.18 3.89 
2.28 5.81 3.66 4.39 3.28 4.28 4.11 
2.43 7.29 4.7 6.87 4.19 5.48 5.23 

2.68 8.91 $.31 7.48 5.33 5.74 6.61 
2.38 13.63 7.24 3.92 §.60 8.22 3.93 
3.08 12.59 3.7) 14.78 3.81 3.34 3.69 

L 3 SUBSHELL 

ENERGY PMBA  PMERR ECPSS _ECPSSR 

Mev 

1.88 2.98 2.96 
1.28 3.65 S.11 
1.48 (5.89 7.92 
1.60 8.73 11.37 
1.88 12.17 15.44 

16.17 28.89 
20.71 25.28 
25.76 38.98 
B1.27 37.13 
37.22 43.70 
43.56 58.65 

      

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

ENERGY 
Mey 

    

FOR DEUTERON IMPACT 
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PWER L SHELL #-RAY PRODUCTION CROSS SECTI 

  

FOR DEUTERON IMPACT 

  

        

  

  

L ALPHA BETA GAMMA GAMMAL SAMMAZ TOTAL 

BARNS 

9215 483 
- 8387 1734 
8621 1.178 

+8316 1.738 
127 2.417 
«169 3.206 
216 4.099 
+268 5.833 
.327 6.133 
+339 7.495 3.428 
2453 8.704 4.868 29327 

ENERGY LACLB 
Mev 

1.9 2.136 
1.2 2.184 
1.4 2.182 
1.6 2.138 
1.3 3.135 
2.8 2.193 
2.2 2.138 
2.4 2.136 
2.6 2.174 
2.3 2.160 
3.8 2.144 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON [MPACT 

L ALPHA BETA GAMMA GAMMAL GAMMA2 TOTAL 

BARNS 

+2162 
+8312 
9513 
+3736 
elit 
158 
2194 
244 
299 
+368 
426 

ENERGY LACLB LACLG LBLG 
Mev 

1.8 
1.2 
1.4 

1.6 
1.3 
2.0 
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L SUBSHELL IONISATION CROSS SECTIONS FOR DEUTERON IMPACT 

L 1 SUBSHELL 

  

  

  

  

   

    
  

ENERGY PUBA PEAR PSs PSSR CPSs ECPSS  ECPSSR 

Mev 

1.80 +397 
1.20 S91 
1.48 «738 
1.50 dSet 
1.38 1.13 
2.88 1.25 
2.20 1.31 
2.48 1.33 
2.58 1.39 
2.38 1.49 
3.88 1.52 

L 2 SUBSHELL 

ENERGY PHBA PWBAR PSS PSSR cPss CPSSR EcPss __ECPSSR 

Mev BARNS 

1.88 2175 «132 +246 +93 8756 at4t 
1.20 +348 +267 2459 «182 o1f4 «299 
1.48 «886 2471 761 1345 2335 Sot 
1.68 +358 +735, 1.16 +530 375 +876 
1.38 1.41 1.13 1.86 2215 335 1.31 
2.88 1.97 1.53 2.27 1.33 1.38 1.35 
2.26 2.64 2.15 2.33 1.84 1.20 2.50 
2.48 3.41 2.38 3.79 2.35 2.39 3.24 
2.68 4.29 3.55 4.71 3.15 2.83 4.18 
2.38 5.27 4.33 re 3.35 3.37 $.85 
3.48 6.35 5.33 §.33 4.34 4.75 6.18 

L 3 SUBSHELL 

ENERGY  PWEA PHBAR PSS PSSR cess CPSSR EcPss _ECPSSR 

Mev BARNS: 

1.88 1.29 1.30 .336 1.45 
1.28 2.23 3.32 1.69 2.53 
1.48 3.67 5.28 2.33 4.19 
1.68 5.52 7.54 4.33 8.93 
1.38 7.38 19.33 6.28 3.36 
2.88 19.43 13.54 3.44 11.99 
2.28 13.56 17.16 11.04 14.19 
2.48 17.01 21.16 13.99 17.85 
2.68 28.92 25.51 17,23 21.44 
2.88 24.36 38.13 29.32 25.56 
3.88 29.48 35.15 24.88 29.97 

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

FOR DEUTEROM IMPACT 

ENERGY TOTAL LieL2 
MeV BARNS 
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BISMUTH(Z2=83) 

PWEA L SHELL X-RAY PRODUCTION ©: 

  

FOR DEUTERON IMPACT 

  

  

  

ENERGY & ALPHA BETA AMMA GAMMAL GAMMAZ TOTAL 

Mev 

1.9. 3176 .338 «153 
1.2 8324 +606 27! 
Lt . 9538 -990 458 
1.6 8731 1.473 «$62 
1.3 elll 2.982 2349 
2.8 «149 2.731 1.259 
2.2 2192 3.587 1.524 
2.4 240 4.477 2.832 
2.6 +233 3.473 2.507 
2.3 +358 6.546 3.815, 
3.8 odd 7.727 3.573 

ENERGY LALB. 
Mev 

1.0 2.158 
1.2 2.181 
1.4 2.201 
1.6 2.289 
1.5 2.215 
2.8 2.209 
2.2 288 
2.4 2.196 
2.6 2.135 
2.8 2.171 
3.8 2.452 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR DEUTERON IMPACT 

ENERGY! cL ALPHA BETA, GAMMA GAMMAL GAMMAS TOTAL, 

BARNS 

+8156 8. 72E-a3 
.O173 
-8315 

     

by cS     
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BISMUTH<Z2 

  

L SUBSHELL IONISATION CROSS SECTIONS FOR DEUTERON IMPACT 

L 1 SUBSHELL 

  

   
  

     

ENERGY  PNBA PUBAR ECPSSR 

Met! 

34 
23 
aS 
iS 
3 

4 
$3 
7 
iS 
7 

L 2 SUBSHELL 

ENERGY  PWEA PUBAR PSs PSSR crss CPSSR ECPSS  ECPSSR 

Mev BARNS, 

1.08 228969 +138 8575 2113 -O541 
1.28 .200 +352 134 +241 «128 
1.43 2352 302 +282 «4329 25! 
1.68 +584 «329 «451 «718 435 
1.38 881 1.34 .718 1.88 3 
2.88 1.26 1.34 1.84 1.53 
2.2 1.71 2.45 1.45 2.89 
2.48 2.26 3.13 1.36 2.72 
2.68 2.3% 3.31 2.54 3.46 
2.39 3.58 4.73 3.22 4.27 
3.88 4.33 3.74 3.36 $.12 

L 3 SUBSHELL 

ENERGY  PWBA cPss CPSs: ECPSS _ECPSSR 
  

   
«333 444 

1.78 .359 
2.98 1.7 
4.54 2.35 
5.59 4.27 
3.79 5.83 
11.46 3.18 
14.43 18.53 
7.77 13.23 

21.34 16.24 
25.29 13.58 

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND $ 

FOR DEUTERON IMPACT 

  

HELL RATIOS 

TOTAL Li/L2 LieL3 La"L3 
BARNS 
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c 

eTTERBIUM(Z2: 

  

3 ALPHA PARTICLE IMPACT 

PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

   

      

  

        

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMAZ TOTRL 

BARNS 

. 8334 +9856 +8431 
8634 «146 O75? 
186 «22 +187 
-lo4 «32 +139 
.236 2432 lft 
«323 +361 208 
2425 +786 weet 
S42 +865 +249 
.o7d 1.348 .263 
+221 1,238 +282 
979 22.252 1.434 «292 35.738 

ENERGY BETA1 BETR2 LACLB LACLE LB/LG 

Mev BARNS: 

1.8 +383 +129 1.469 3.797 5.987 
1.2 665 +246 1.571 9.821 8.251 
1.4 1.041 «413 1,652 19.728 $.495 
1.6 1.512 +835 1.728 11.553 6.719 
1.3 2.088 «914 1.776 12.301 6.927 
2.8 2.741 1.252 1.823 2.388 P2119 
2.2 3.437 1.649 1.363 13.589 7.234 
2.4 4.345, 2.193 1.897 14.135 7.453 
2.6 5.287 2.614 1,924 14.612 7.595 
2.3 6.312 3.188 1.947 15.933 7.723 
3.8 7.4dt 3.738 1.365 15.338 7.836 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

L ALPHA BETA GAMMA GAMMAL GAMMA2 TOTAL 

BARNS 

~8113 257 2128 8135 «438 
8254 576 +488 9388 1.064 

20475 1.982 «789 . 8559 1.345 
8795 1.886 1.127 «8929 3.175 
«122 2.772 1.658 2142 4.732 
wi? 992 2.387 285 6.782 
o24t 5.477 3.875 »282 3.131 
+313 7.237 3.364 «374 12.016 
«488 3.283 4.373 +431 
«599 11.563 $.ar3 +883 
621 14.126 7.236 +73 

ENERGY BETAL BETA2 LAYLS LA LG LB-LG 

Mey BARNS 

84: 
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YITERBIUM(22=79) 

L SUBSHELL IONISATION CROSS SECTIONS FOR ALPHA IMPACT 

Lt SUBSHELL 

  

ENERGY PHBA PUBAR 

Mev 

     LO
O 

YO
N 

Co
 B

o 

L 2 SUBSHELL 

ENERGY  PNBA PBAR PSs     
  

Met! 

1.38 «718 +339 2146 
28 1.46 «Pld 375 

1.43 2.61 1.31 6731 
1.68 4.22 2.13 1.45 
1.38 6.36 3.98 2.48 
2.89 3.06 4.36 3.63 
2.28- 12.34 6.33 5.36 
2.48 16.22 9.32 7.43 
2.50 20.71 12.14 3.34 
2.38 25.88 15.42 12.90 
3.48 31.43 19.16 16.31 

L 3 SUBSHELL 

ENERGY  PNEA PWBAR PSs PSSR cPss cPSSR ECPS3 _ECPSSR 

MeV BARNS 

2.84 1.38 

  

198.75 
128,33      

  TOTAL ECPSSR L SHELL IONISATION CR ECTIONS AND SUBSHELL SATIOS 33S   

FOR ALPHA IMPACT 

ENERGY 
Mey 
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TUNGSTEN(Z2=74) 

PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

       

  

  

  

ENERGY C ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

Mey BARNS: 

1.3 +8192 -237 8515 -8138 
1.2 . 8382 2520 8894 - 8362 
1.4 2636 1847 +148 .8612 
1.6 0998 1.271 284 3977 
1.3 «146 +238 aids 
2.8 «204 «363 +202 
2.2 +273 463 «273 
2.4 +353 +528 2356 
2.5 446 +782 «453 
2.3 S46 3 +363 
3.8 .859 686 

ENERGY BETAL BETR2 LA/LB LACLG LBL 

Mey BARNS: 

1.8 «152 O744 1.411 7.845 
1.2 27! 2145 1.518 3.321 
1.4 452 +258 1.683 3.638 
1.6 +8383 +322 1.671 18.437 
1.5 +382 75 1.732 11.187 
2.8 1.341 Sat 1.792 11.821 
2.2 1.765 1.871 1,325 12.438 
2.4 2.254 1.385 1,864 12.392 
2.6 2.812 1.743 1.836 13.581 
2.8 3.436 2.144 1.924 13.363 
3.8 4.126 2.587 1.948 14.3386 7.386 

. ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

ENERGY Bens ALPHA BETA GAMMA GAMMAL GAMMAS TOTAL 

Mev + BARNS: 

1.9 6.26E-03 2135 2184 195 
1.2 ~O147 «316 +228 - 8412 
1.4 8237 Ole +4129 8738 
1.6 8491 1.057 * ,682 ALS: 
1.3 0771 1.658 1.826 167 
2.9 113 2.432 1.451 +229 
2.2 «153 3.389 1.356 +388 
2.4 e2it 4.533 2.549 388 
2.6 +273 5.332 3.229 +478 
2.3 2345, 7.423 3.996 «559 
3.8 2426 9.168 4.347 57 

ENERGY BETAL BETA2 LAALB LAvLG LELG 

Mey BARNS 
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TUNGSTEN(Z2=74) 

L SUBSHELL IONISATION CROSS SECTIONS FOR ALPHR IMPACT 

L 1 SUBSHELL 

  

   

      

  

    

ENERGY PHBA PMBAR PSS. SSR cPss CPSSR ECPSS ECPSSR 

Mev 

1.80 +220 2219 
1.28 1481 «463 
1.48 +362 «334 
1.68 1.35 1.31 ba 

1.92 1.93 3 
2.55 2.58 4 
3.22 3.15 OF 
3.89 3.32 4.71 
4.54 4.47 5.33 
5.16 $.a9 $.39 
5.72 5.85 6.36 

L 2 SUBSHELL 

ENERGY PHBA PUBAR PSs cPss CPSSR. ECPSS ECPSSR 

Mey 

1,08 «136 +849 836 O91 
1.28 +290 +133 oe «234 
1.48 6543 «234 «S85 483 
1.68 «324 .35S +913 «386 
1.38 1.46 2355 1.58 1.46 
2.98 2.17 1.51 2.29 2.24 
2.20 3.87 2.25 3.38 3.23 
2.48 4.19 3.13 4.56 4.47 
2.68 3.54 4.35 8.87 5.97 
2.38 7.13 5.74 7.35 7.72 
3.85 3.96 7.37 9.98 9.76 

L 3 SUBSHELL 

ENERGY  PWEA PWEAR PSs crss CPSSR ECPSS ECPSSR 
  

Mev 

  

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

FOR ALPHA IMPACT 

      

ENERGY TOTAL 
Mey BARNS 

1.08 a1 
1.28 23 
1.48 33 
1.50 24 
1.38 12 

4 
3 
4 

  

Li-L2 

4.340 

   



GOLD<22=72> 

ENERGY 

  

ENERGY 

  

PWBA L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

     

  

L ALPHA BETA GAMMA GAMMAL GAMMAS TOTAL 

BARNS 

+3198 2214 8134 
+8212 422 8334 
- 8363 «734 A545 
. 2587 1.1653 8838 
9874 1.737 113 
+123 2.448 162 
olor 3.315, 215 
.218 4.332 7S 
277 5.498 iz 
+343 6.312 
Al? 8.295 

ENERGY LACLB LACLS L3VLG 
Mev 

1.9 1.339 8.337 
1.2 1.318 5.599 
1.4 1.975 5.813 
1.6 2.813 $.398 
1.3 2.845 7.143 
2.8 2.971 7.289 
2.2 2.883 7.399 
2.4 2.182 7.582 
2.6 2.116 7.586 
2.3 2.127 7.798 
3.8 2.135, F.7FS 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPSCT 

t ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 
  

BARNS 

6.S9E-93 2.66E-93 
+8152 8. 80E-83 
8237 134 
.8473 ~B237 
8730 +9385 
.1as 8579, 

+8825,      Sru
P 

ee
r 

st
es
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GOLD<Z2=79) 

L SUBSHELL IONISATION CROSS SECTIONS FOR ALPHA IMPACT 

L 1 SUBSHELL 

ENERGY PHBA PHBAR PSs 

Mew 

L
a
p
a
 

5.82       
L 2 SUBSHELL 

  

  

     
  

ENERGY  PWBA PWBAR PSs PSSR CPSs CPSSR PSS _ECPSS! 

BARNS 

«8853 «183 8442 ABS +8123 «9291 -BUiS . 8273 
.182 +378 +8955, -209 «8360 BFS6 +0342 8747 
2341 648 2132 379 +3835 oi?t 2805 +164 
. 388 1.84 316 «604 187 «320 «is2 +382 
916 1.56 «583 .323 é +542 «233 «Sat 

1.36 2.23 +769 1.34 +849 42 82 
1.33 3.86 1.11 1.36 +25 «732 1.22 
2.64 4.05 1.54 2.49 1.77 1.87 1,73 
3.42 5.22 2.07 3.25 2.39 1.50 2.35 
4.43 6.55 2.71 t.14 3.15 3.83 
5.65 3.07 3.46 5.15 4.43 3.36 

L 3 SUBSHELL 

ENERGY PBR PHEAR PSS PSSR cess cPSSR ECPSS ECPS=i 

Mev: BARNS 

1.06 297 »621 
1.20 .628 1.21 
1.48 1.16 
1.68 1.33 
1.3 3.85 
2.88 4.49 
2.20 6.31 
2.48 3.54 
2.68 11.20 
2.99 14.32 
3.08 7.89     

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND SUBSHELL RATIOS 

FOR ALPHA IMPACT 

ENERGY TOTAL LivL2 Lives LerLs 
Mey BARNS 
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LEAD(Z2=82) 

PWBR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

  

    

       

   
  

    

ENERGY! is ALPHA BETA GAMMA SAMMAL GAMMAZ TOTAL 

BRRNS 

6.19E-83 =. 117 8683 9.246-03 3.64E-03 5.59E-03 .193 
.O127 +241 +128 .O177 ?. SSE-03 -81a2 2331 
822: 2435 e211 «8302 «9133 .B155 
8373 rar +333 2473 ja 1 
8563 1.873 . 583 8634 a 1.712 
.9315 1.547 fad . 8969 .8450 2.447 
«112 2.138 +386 138 - 8578 3.358 
149 2.932 1.381 2163 +8782 4.451 
+132 3.636 1.663 .21¢ 9341 5.795 
2241 4.581 2.883 +256 . 9287 T.17S 
+296 5.618 2.557 +323 wid 8.794 

LACLB LACLG: 

1.943 
2. 888 
2.959 
2.889 
2.122 
2.143 
2.161 
2.177 
2.186 
2.194 
2.197 17.468 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPACT 

ENERGY iS ALPHA BETA GAMMA: GAMMAL GANMAZ TOTAL 

Mey BARNS 

3.31E-83 +25E-83 
3. 19E-93 IS 

81653 
+9282 

P
P
M
E
O
H
L
N
S
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82. LEADCZ. f 

L SUBSHELL IONISATION CROSS SECTIO! i (S FOR ALPHA IMPACT 

L 1 SUBSHELL 

ENERGY PHBA PEAR 
  

Mey 

     
L 2 SUBSHELL 

ENERGY PWBA PUBAR PSs PSSR cess cPSsSR ECPSS _ECPSSR 

Mey BARNS 

+8521 4.13E-83 .9120 «63.846-03 10112 
+186 +8135 343 +8123 +9322 

      
  

    

  

+192 +8338 «9322 -BFS7 
2318 .a789 «8651 «143, 
«433 13 127 «259 
+722 +321 2215 +41? 

1.01 2343 333 523 
1.38 520 +509 +306 
1.31 wf $t ore 1.25 
2.33 1.92 1.008 1.957 
2.92 1.36 1.33 2.16 

L 3 SUBSHELL 

ENERGY PWBA PHBAR Pss PSSR CPSs CPSSR ECPsS ECPSSR 

Mev BARNS 

1.88 2295 +347 
1.28 «835 590 
1.43 1.19 1.22 
1.68 1,99 1.37 
1.38 3.11 2.97 
2.88 4.55 4.25 
2.28 6.38 5.85 

O 8.6t 7.80 
2.68 11.21 19.92 
2.38 14.29 12.63 
3.68 17.69 15.53    

TOTAL ECPSSR L SHELL IONISATION CROSS SECTIONS AND $ 

  

FOR ALPHA IMPACT 

ENERGY TOTAL Li/l2 LivLs L2/L3 
Mey BARNS 

ltt 
457 

$5 
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BISMUTH! 

PEA L 

  

  

ENERGY L ALPHA BETA GAMMA GAMMAL GAMMAZ TOTAL 

BARNS 

5. 342-03 
.O110 
9288 

      

  

    

      

ENERGY 
Mey 

1.8 
1.2 
1.4 
1,6 
1.3 
2.3 
2.2 
2.4 
2.6 
2.3 1s 
3.9 18.362 

ECPSSR L SHELL X-RAY PRODUCTION CROSS SECTIONS 

FOR ALPHA IMPRCT 

ENERGY be ALPHA BETA GAMMA GAMMAL GAMMRZ TOTAL 

1. 74-03 8325 1, a8E-83 
4. 59E-83 2359 
3. 87E-03 S31 

3 

ao     3.584 

  

1
9
 a 
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BISMUTH(Z2=83> 

L SUBSHELL IONISATION CROSS SECTIONS FOR ALPHA IMPACT 

1 SUBSHELL 

  

  

  

    

   
   

       

     

  

    

    

   
   
   
   

    

    

  

ENERGY PBA PHEAR PSs PSSR CPSSR ECPSS ECPSSR 

Mev BARNS 

1.08 167 2183 «323 
1:28 +383 +281 5. 
1.48 2486 323 7 
1.58 717 1435 1.84 
1.38 389 697 1.35 
2.80 tezd +338 ie 
2.20 1.62 1.13 1 
2.48 1.97 1.47 34 

2.32 1.75 8 
2.63 2.87 cy 
3.92 2.37 2     

L 2 SUBSHELL 

ENERGY PWBA PAEAR 

Mey 

1.98 +8279 «8759 

cess cPSSR EcPss _ECPSSR 

Dic 3. oe 2 S3E-83 3. 74E-a2 
182 1.28 2614 153 3.93E-83 0261 

1.40 +128 27 +8252 3: 8607 
1.68 +212 .442 .3558 128 
1.58 2345 686 211 
2.68 .523 2334 2341 
2.28 «763 1.39 +513 
2.48 1.97 1.36 P46 
2.68 1.45 2.43 1.43 
2.38 1.89 3.83 1.33 
3.08 «2.43 3.85 1.30     

L 3 SUBSHELL 

ENERGY PHBA PUBAR 

Mav 

cpss CPSSR ECPSS _ECPSSR 

1.30 8881 «O7S1 1.28 +218 253 
ion 474 455 

837 357 
1.49 1.44 
2.31 2.2 
3.39 3.31 
4.73 4.53 
5.33 8.25 
3.31 3.15 
19.53 19.40    

SECTIONS AND SUBSHELL RATIOS 

FOR ALPHA IMPRCT 

TOTAL Li-l2 LieL3 2/L3 
BARNS 
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APPENDIX D 

LISTING OF 

"SPECTRUM' PACKAGE 
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FR 

Si 

$MO $ADD=ON 
SAUF77 

PROGRAM SPECTRUM 
WRITTEN ON 26th MAY 1982 
——-CONSTANTS——— 
PARAMETER (PI=#3. 1415926) 
———VARIABLES-— 
INTEGER INITIAL, FINAL, CH, PARA, REGION, J, CH1, J1,N,N1, NN, SK, P, @ 
: Pil, Q@1,G1,K, PEAKS, BGPARA, K1, ITER, CORREC, CPARA, LAM, FITER 
INTEGER GROUP, GROUPS 
REAL#6 D(1: 70, 1:71), FIT(1: 300), 

X1¢1:70),$1(1: 70), SD(1: 70), DET, 
RESID(1: 70), REFINEDX(1: 70), PARAM1(1: 70), 
XX, BGFIT, PFIT, POWER, CPFIT, LAMDA, NU, PARAM2(1: 70), 

XTVI, XT, VI, MCOUNT, SUMSGREG, SUMSGM, MSUM. EX(1: 20), SUMSG1, 
COUNT (1: 300), RSG, PARAM, ERRORX, ECOUNT(1: 300), SUMSG2, 

: WNU, LAMDA1, SUMSG, KAPPA, RSG1, ALPHA, AREA(1: 20) 
REAL#12 CHISG, CHISG1, CHISG2 
REAL#6 DF, RCHISG, PRECIS, JJJ 
REAL#6 U, D1, X,U1 
CHARACTER ELEMENT#25 
COMMON/MATRICES/XTVI(1: 300, 1: 300), XT(1: 300, 1: 300), VI(1: 300, 1: 300) 
COMMON/DER IVMAT/XX (1: 300, 1: 70), PARAM(1: 70), ERRORX(1: 70) 
COMMON/GAUSSMAT/U(1: 70, 1:71),D1(1: 70, 1:71), X(1: 70) 
FITER=150 

READ(16, #) GROUPS, PRECIS 
FOR GROUF=1, GROUPS 
READ( 16, #) ELEMENT 
READ( 16, *) BGPARA, PEAKS, CORREC 
CPARA=CORREC#2 
PARA=BGPARA+PEAKS+CORREC 
N=PARA 
READ(16, *#) INITIAL, FINAL 
REGION=F INAL-INITIAL 
DF=REGION-PEAKS#2-CPARA-BGPARA 
PRINT#, “ELEMENT=“, ELEMENT, BGOPARA+PEAKS#3+CPARA, 

: “PARAMETER LEAST SQUARE FIT" 
PRINT#*, "PEAKS=", PEAKS, "BGPARA=", BGPARA, "CORREC=", CORREC 

2 + “REGION=", REGION 
PRINT#, "DEGREES OF FREEDOM=", DF 
READ (16, *) (EX(K), K=1, PEAKS) 
J=BGPARA 
FOR K=1, PEAKS 
vadel 
PARAM( J+1)=(14. 3442+24. S23¥EX(K) )—INITIAL 
PARAM( J+2)=(1. 5339+. 4446#EX(K) )#2.0 
PRINT#, "ENERGY=", EX(K), “CENTROID=", PARAM(J+1), "2SIGMA2=", 
PARAM(J+2) 
J=J+2+CORREC 

END FOR 
READ (16, #) (COUNT(CH), CH=1, REGION) 

 



  

33 
34 
ss 

37 
38 
37 
60 
al 

64 
6s 
66 
o7 
68 
6? 
70 
71 

74 
7s 
76 

738 
79 
80 
81 

83 
a4 
3s 
86 
87 
38 

90 
aL 

94 
9S 
96 
97 
98 
= 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 

si 
401 

400 PRINT ‘(3X, A, 10X, A)’, “COUNTS: 

61 

FOR CH=1, REGION 
IF (COUNT (CH). EQ. 0) THEN 
COUNT (CH) =1 

ELSE 
ENDIF 
ECOUNT (CH) =COUNT(CH) 

END FOR 
mSUM=0 
FOR CH=1, REGION 
MSUM=MSUM+COUNT (CH) 

END FOR 
MCOUNT=MSUM/REGION 
PRINT*, "MEAN COUNT=“, MCOUNT 
———MATRIX—— 
FOR CH=1, REGION 
POWER=1.0 
XX(CH, L)=1 
FOR K1i=2, BGPARA 

XX (CH, K1) =(CH#1. 0) ##POWER 
EXIT FOR IF(K1. EG. BGPARA) 
POWER=POWER+1. 0 

END FOR 
K1=0 
J=BGPARA 
FOR K=1, PEAKS 
Javth 

IF (CH. LT. PARAM( J+1)) THEN 
ALPHA=0. 0 
ELSE 
ALPHA=1. 0 

ENDIF 
XX (CH, BGPARA+K+K 1 ) SEXP (—( (CH—PARAM( J+1) ) #2) /PARAM(J+2) ) 
IF (CORREC., EG. 0) THEN 
Jau+2 
GOTO 81 
ELSE 

PARAM (J+4) =PARAM (J+ 1)+SGRT(2#PARAM(J+2) ) 
ENDIF 

KisKi+1 
XX (CH, BGPARA+K+K1 ) =EXP (—( (CH-PARAM( J+4) )##2) /PARAM(J+2) 
vav+4 

END FOR 
END FOR 
ITER=0 
GoTO41 

  

PEHAMATR I X settee 
FOR CH=1, REGION 
PRINT#, 

CH, COUNT (CH), (XX(CH, J), U1, PARA) 
END FOR 
bo 
LAMDA1=1. OE-5 
LAMDA=LAMDAL 
NU=10 
WNU=0 
IF (ITER. EQ. 0) THEN 
KAPPA=0 
ELSE IFCITER. GE. 1. AND. ITER. LE. 10) THEN 
KAPPA=KAPPATO. 0010 
ELSE IFCITER. GT. 10. AND. (KAPPA+( ITER-10)/100. 0). LT. 1. 0) THEN 
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113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
1s9 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 

23 

90 

a4 

KAPPA=KAPPA+( ITER-10)/100. 0 
ELSE IF(ITER. GT. 10. AND. KAPPA, GE. 1. 0) THEN 
KAPPA=1. 0 

ELSE 
KAPPA=1. 0 

ENDIF 
—--TRANSPOSE OF MATRIX—— 
FOR CH=1, REGION 
FOR J=1, PARA 
VICCH J) SXX (CH, J) 
XT (ds CH) SXX (CH, J? 

END FOR 
END FOR 
FOR J=1,PARA 
FOR CH=1, REGION 
XTVI( J, CH) =O 

END FOR 
END FOR 
CALL XMATRIX(ECOUNT, PARA, REGION, PARA, J, CH, CH1) 
GoTo 23 
——-PRINT ARGUMENT——— 
FOR J=1, PARA 
PRINT#, (XTVI(J, CH1), CHi=1, PARA) 

END FOR 
FOR J=1, PARA 
XTVI (J, PARA+1 ) =O 

—ND FOR 
FOR J=1,PARA 
FOR CH=1, REGION 
XTVI (Cd, PARA+1) SXTVI (J, PARA+1) +XT (J. CH) #*COUNT (CH) /ECOUNT (CH) 

END FOR 
END FOR 
ecoTO 89 
—-— SCALING THE AUGMENTED MATRIX -—-— 
IF (ITER. NE. 0) THEN 
FOR J=1. PARA 
FOR CH1=1, PARA 

IF (J. NE. CH1) THEN 
XTVI( J, CHL) SXTVI (J, CH1) /SGRT (XTVI (J, J) #XTVI (CHL, CH1)) 
ELSE 
ENDIF 

END FOR 
XTVI (Js PARA+L )=XTVI (J, PARA+1) /SGRT(XTVI(U, J)) 

END FOR 
ELSE 
ENDIF 
LAM=0 
—--PRINT AUGMENTED MATRIX——— 
FOR J=1,N 
FOR CHi=1,N+1 
UJ. CHL) =XTVI(U, CHI) 

END FOR 
END FOR 
———— MARQUARDT ’S ALGORITHM ---— 
IF (ITER. NE. 0) THEN 
FOR CHi=1, PARA 
UC(CH1, CH1) =XTVI(CH1, CH1)+LAMDA 

END FOR 
ELSE 
ENDIF 
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173 $ADD REFINE 
174 
175 
176 
177 
178 
179 
iso 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
21s 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 

28 

29 

IF (ITER. EG. 0) THEN 
eoTo 28 

ELSE 
FOR J=1, PEAKS#Q+CPARA+BGPARA 

IF (LAM. EG. 0. AND. WNU. EQ. 0) THEN 
PARAMI(J)=0 
PARAM1 (J) =PARAM( J) 
ELSE 

ENDIF 
PARAM( J) =PARAMI (J) +REFINEDX (J) #KAPPA 
IF ( (J. EQ. 1. OR..J. GT. BGPARA?). AND. PARAM(J). LT. 0) THEN 
PARAM(J)=(SGRT( (PARAM(J)##2)))/10.0 
ELSE 

ENDIF 
END FOR 
END IF 
GoTo 29 
—---INITIAL PARAMETERS--—— 
K=O 
FOR J=1, PEAKS+CORREC+BGPARA 

IF (BGPARA. EQ. 1. AND. CORREC. NE. 0. AND. (J/2. 0). NE. INT(J/2. 0). AND. J 
. GT. BGPARA+1) THEN 

KaK+2 
ELSE IF(BGPARA. EQ. 1. AND. CORREC. NE. 0. AND. (J/2. 0). EQ. INT(J/2. 0) 

. AND. J. GT. BOPARA+1) THEN 
KeKeL 
ELSE IF(CORREC. NE. 0. AND. (J/2. 0). EG. INT(J/2. 0). AND. J. GT. BOPARA+L 

. AND, BGPARA. GT. 1) THEN : 
KaK+2 
ELSE IF(CORREC. NE. 0. AND. (J/2. 0). NE. INT(J/2. 0). AND. J. ST. BGPARA+L 

. AND. BGPARA. GT. 1) THEN 
KaK+1 
ELSE IF(CORREC. EQ. 0. AND. J. GT. BGPARA+1) THEN 
K=Kr2 
ELSE 
K=O 
ENDIF 
PRINT*, "Js", J, “REF =", REF INEDX(J), "Ke", K 
PARAM (J+ ) REF INEDX (J) 
IF ((J. EQ. 1. OR. J. GT. BGPARA). AND. PARAM(J+K). LT. 0) THEN 
PARAM(J+K)=(SGRT (PARAM( J+K) ##2))/10.0 
ELSE 

ENDIF 
END FOR by 
PARAM(1)=PARAM(1)/1.0 
IF (BGPARA. EQ. 2) THEN 
PARAM(2)=. 1000 
ELSE 

ENDIF 
GOTO 29 
PRINT*, “PARAMETERS", "ITER=", ITER, "LAM=", LAM, "LAMDA=". LAMDA 
PRINT#, (PARAM(J), J=1, PEAKS#3+CP ARA+BGPARA) 
FOR CH=1, REGION 
FIT(CH)=0 
BGFIT=0 
PFIT=O 
CPFIT=0 
BGFIT=PARAM( 1) 

POWER=1.0 
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FOR K=2, BGPARA 

BGFIT=8GFIT+PARAM(K ) #CH##POWER 

EXIT FOR IF(K. EQ. SCPARA) 

POWER=POWER+1. 0 

END FOR j 
FOR J=BGPARA+1, PEAKS#3+CPARA+BGPARA 

IF (CH. LT. PARAM(J+1) ) THEN 

ALPHA=0. 0 

ELSE 
ALPHA=1. 0 

ENDIF 
PFIT=PFIT+PARAM( J) #EXP(—( (CH-PARAM( J+1) ) ##2) /PARAM( J+2) ) 

IF (CORREC. EG. 0) THEN 

Jau+2 

CPFIT=0 

eoTo 82 
ELSE 

ENDIF 
CPFIT=PARAM( J+3) #EXP (-( (CH—PARAM( J+4) ) #42) /PARAM( J+2) ) 

Saute 

EXIT FOR IF(U. EQ. PEAKS#3+CPARA+BGPARA) 

END FOR 
FIT(CH)=BGFIT+PFIT+CPFIT 

END FOR 
SUMSGREG=0 
suMSGM=0 

CHISG=0 

suMsa=0 

FOR CH=i, REGION 
SUMSGREG=SUMSGREG+( FIT (CH)-MCOUNT) ##2 

SUMSGM=SUMSGM+ ( ECOUNT (CH) -MCOUNT ) ##2. 
SUMSG=SUMSG+< (ECOUNT (CH) -FIT(CH) )##2) 

CHISG=CHISG+< (ECOUNT (CH)-FIT(CH) )##2) /ECOUNT (CH) 

END FOR 
RSG=SUMSGREG/SUMSGM 

IF (ITER. NE. 0) THEN 
EXIT DO IF(SGRT((CHISG2-CHISG)##2). LE. PRECIS. AND. ITER. GT. 10. OR. 

ITER. EQ. 150) 

IF (LAM. EG. 0) THEN 

SUMS@1=SUMSG@ 
CHIS@1=CHIS@ 
RSQi=RS@ 
FOR U=1, PEAKS#G+CPARA+BGPARA 
PARAM2(J)=PARAM(U) 

END FOR 
LAMDA=LAMDA1 /NU 

LAM=LAM+1 

GOTO 84 

ELSE IF(CHISG@. LE. CHISG2) THEN 

LAMDA=LAMDA1 /NU 

SUMSG2=SUMSG 

CHISG@2=CHISG 

ELSE IF(CHISQ@1. LE. CHISG2) THEN 

LAMDA=LAMDA1 

SUMSG2=SUMSG1 

CHISG2=CHISG1 

RSG@=RSGQ1 

FOR J=1, PEAKS#3+CPARA+BGPARA 

PARAM( J) =PARAM2( J) 

END FOR 
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64 

ELSE IF(CHISGQ1. GT. CHISG2. AND. CHISG. GT. CHISG@2) THEN 
KAPPASKAPP ARO. 1 
WNUSWNU+2 
LAMDA1=LAMDA1 #NU#*2. 0 
LAMDA=LAMDA1 

EXIT DO IF(LAMDA. GT. 1. O&+10) 
GOTO 89 
ELSE 
ENDIF 
ELSE 
SUMSG@2=SUMSG 

CHISG2=CHISG@ 
ENDIF 

RCHISG=CHISG/DF 
GOTO 91 
PRINT#, “##e0 ITER #00 =“, ITER 
PRINT®, “WNU=", WNU, "LAMDA=", LAMDA, "KAPPA=", KAPPA 
PRINT*, “BACKGROUND PARAMETERS” 
PRINT#*, (PARAM(J), J=1, BGPARA) 
PRINT®, "PEAK PARAMETERS” 

FOR K=1, PEAKS 
AREA (CK) =PARAM( BGPARA+1+(K-1) #3) *#SGRT(2. O#PI) 

#SGRT (PARAM ( BGPARA+1+(K=1) #3+2)/2. 0) 
GOTO 48 
PRINT*, (PARAM( J), URBGPARA+1L+(K~1) #2, BOPARA+(K#3) > 

+ "AREA", K, "=", AREACK) 
END FOR 

@eoTo 52 
PRINT#, “COEFFICIENT OF REGRESSION=“, RSG 

+ "CHI SQUARED=", CHISG 
; PRINT*, “REDUCED CHISG=". RCHISG 
CALL DERIV(PEAKS, BGPARA; CPARA, REGION: K. J, CH) 
FOR CH=1, REGION 
COUNT (CH) =0 
COUNT (CH) =ECOUNT(CH)-FIT(CH) 
IFC ITER. EQ. FITER) THEN 
PRINT‘ (3X, 13, 3x, 2(F10. 3, 3X), F10. 3)‘ 

CH+INITIAL, ECOUNT (CH), FIT(CH), COUNT(CH) 
ELSE 3 
ENDIF 

END FOR 
WRITE(3, #) ELEMENT, "ITER=", ITER 
WRITE(3, #) "CHISQ=“", CHISG, "RCHISQ=", RCHISG 
PARA=PEAKS*#3+CPARA+BGPARA 
NSPARA 
ITER=ITER+1 
UNTIL( ITER. EG. FITER+1) 
PRINT#, “##ee# ITER ##e# =", ITER 

INU=", WNU, "LAMDA=", LAMDA, "KAPPA=", KAPPA 
BACKGROUND PARAMATERS" 

PRINT#, (PARAM(J), J=i, BOPARA) 
PRINT*, “PEAK PARAMETERS” 
FOR K=1, PEAKS 
PRINT#, (PARAM(J), J=BGPARA+1+(K=1) #2, BOPARA+(K#3) ) 

» “AREA“, KA, "=", AREACK) 
END FOR 
PRINT*, "RSG=", RSG, "CHISG=", CHISG 
PRINT#, “SUMSG=“, SUMSG, "RCHISG=“, RCHISG 

    

          PRINT#, "===: es 

517



353 
354 
355 
356 
357 
358 
359 
360 
361 
362 
363 

365 
366 
367 
368 
369 
370 
371 

373 
374 
375 
376 
377 
378 
379 
380 
381 
382 

384 
385 
386 
387 
388 

390 
3971 
392 
393 
394 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
40s 
406 
407 
408 
409 
410 
411 
412 

100 

300 

END FOR 
WRITE (3, #) “tite PROGRAM COMPLETE ##ts" 
END 
SUBROUTINE XMATRIX(ECOUNT, LIMIT1, LIMIT2, LIMITS, S1, S2, S3) 
INTEGER LIMIT1, LIMIT2, LIMITS, Si, S2, S3 
REAI.#6 XMAT, MAT1, MAT2, ECOUNT(1: 300) 
COMMON/MATRICES/XMAT (1: 300, 1: 300), MAT1(1: 300. 1: 300), 

MAT2(1: 300, 1: 300) 
FOR S1=1t,LIMIT1 
FOR S3=1,LIMIT3 
XMAT(S1,S3)=0 

END FOR 
END FOR 
FOR S1=1,LIMIT1 
FOR S3=1,LIMITS 
FOR S2=1, LIMIT2 
XMAT(S1. S3)=XMAT(S1, S3)+MAT1(S1, S2)#MAT2(S2, S23) /ECOUNT(S2) 

END FOR 
END FOR 

goTo 300 
PRINT*®, "S1=",S1 
PRINT*, (XMAT(S1, S3), SQ=1, LIMIT2) 

END FOR 
END 

  

SADD GAUSS 
SUBROUTINE DERIV(PEAKS, BGPARA, CPARA, REGION, K. J, CH) 
REAL#6 PARAM, ERRORX, ZO, ZSUM, ZSUMBG, ZSUMP, DELTA, 

POWERE, POWERP, ZSUMCP 

INTEGER PEAKS, REGION, K, J, CH, BGPARA, CPARA, Kl 
COMMON/ DER IVMAT/Z0( 1: 300, 1: 70), PARAM(1: 70), ERRORX(1: 70) 

FOR K=1, PEAKS#3+CPARA+BGPARA 

ERRORX(K)=0 

ERRORX (K) =PARAM(K) 

END FOR 
FOR CH=1, REGION 

FOR J=1, PEAKS#3+CPARA+BGPARA 

ZSUM=0 
ZSUMBG=0 
ZSUMP=0 
ZSUMCP=0 
DELTA=PARAM( J) /S00. 0 

ERRORX (J) =PARAM(J)+DELTA 

PARAM( J) =PARAM(J)-DELTA 

FOR K1=1, BGPARA 

ZSUMBG=ZSUMBG+ERRORX (Ki )-PARAM(K1) 

EXIT FOR IF(K1. EQ. BEPARA) 

IF (BGPARA. EQ. 2) THEN 

POWERE=1.0 

POWERP=1.0 

ELSE 
POWERE=ERRORX (K1+2) 

POWERP=PARAM(K1+2) 

ENDIF 

ZSUMBG=ZSUMBG+ERRORX (K1+1) #CH##POWERE 
—PARAM(K1+1) #CH##POWERP 

KisKi+1 

EXIT FOR IF(K1. EG. BGPARA) 
END FOR 

FOR K=BGPARA+1, PEAKS#3+CPARA+EGPARA 

IF (CH. LT. PARAM(K+1) ) THEN 
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445 
446 

$MO $4l 
svU 

LIB #4. 
BE 
AS 6=* 

ALPHA=0. 0 
ELSE 
ALPHA=1, 0 

ENDIF 
ZSUMP=ZSUMP+ERROR X (K) #EXP (-( (CH-ERRORX (K+1) )##2) /ERRORX (Kt+2) ) 
PARAM (K) #EXP (—( (CH-PARAM(K+L) ) #2) /PARAM(K+2) ) 
IF (CPARA. EQ. 0) THEN 
KeK+2 
ZSUMCP=0 
GOTO 83 
ELSE 

ENDIF 
ZSUMCP=ZSUMCP+ERRORX (K+3) #EXP (—( (CH-ERRORX (K+4) ) #2) 
/ERRORX (K+2)) 
—PARAM(K+3) #EXP (—( (CH—PARAM(K+4) ) ##2) /PARAM(K+2) ) 
K=K+4 
EXIT FOR IF(K. EQ. PEAKS#3+CPARA+BGPARA) 

END FOR 
ZSUM=ZSUMBG+ZSUMP+ZSUMCP 

PARAM(J) =PARAM(J)+DELTA 
ERRORX (J) =PARAM(U) 
ZO(CH, J)=ZSUM/ (2. O#DELTA) 

END FOR 
END FOR 
END 
DD=OFF 

IBERY 

AS 16=SPDATA 
AS 17=SPECOUT 
AS b=« 
SRUN 

EOF. . 

17



1+* SUBPROGRAM IS CALLED ‘REFINE’ 

2* THIS SUBPRODGRAM SOLVES SIMULTANEOUS EQUATIONS BY 
3 THE GAUSSIAN ELIMINATION METHOD AND INCLUDES 
4% ITERATIVE REFINEMENT 

Ss +* PIVOTAL CONDENSATION IS ALSO INCOPORATED 
6 * ———-STORE MATRIX-— 
7 DO 11 P=i.N 
3 DO 22 G=1,N+1 
9 DCP, G@)=U(P, @) 
10 22 CONTINUE 
11 11 CONTINUE 
12 SK=0 
13 N1isN+1 
14 CALL GAUSS(SK. Ni. N, P, @, P, NN) 
1s * “—~RESTORE ORIGINAL MATRIX—— 
16 DO 227 P=1,N 
17 X1(P)SX(P) 
18 DO 226 G=1,N+1 
19 UCP, @)=D(P, @) 

20 228 CONTINUE 
21 227 CONTINUE 
22 * ~—-RESIDUAL CALCULATION-—— 
23 DO 331 P=1,N 
24 S1i(P)=0 
25 DO 332 @=1,N 
26 Si(P)=S1(P)+U(P, Q@)#X1(Q) 
27 332 CONTINUE 
28 RESID(P)=U(P, N+1)-S1(P) 
29 331 CONTINUE 
30 * ——-REPLACE U(N+1) COLUMN WITH RESIDUAL——— 
Si DO 333 P=1,N 
32 UCP, N+L)@RESID(P) 
33 333 CONTINUE 
34 * REFINE SOLUTION——— 
35 SkK=0 
36 DO 334 P=1,N 
37 X(P)=0 
38 334 CONTINUE 
39 CALL GAUSS(SK, Ni, N, P,Q, P, NN) 
40 GOTO 41 

41 PRINT ‘(1X, Ay 1X, As 2X, 4)‘, "APPROX SOLUTION", "REFINEMENT", “SOLUTION” 
42 41 DO 335 P=1,N 
43 ERRORX(P)=xX(P) 

44 REF INEDX(P)=X1(P)+ERRORX(P) 
45 eoTo 335 
46 PRINT*, X1(P), ERRORX(P), REFINEDX(P) 
47 335 CONTINUE 
48 * ——-RESTORE MATRIX—— 
49 DO 444 P=1,N 
so DO 445, Gai, N+1 
S1 UCP, @)=D(P, @) 
s2 445 CONTINUE 
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53 
54 
ss 
56 
S7 
38 
39 
60 
61 
62 

64 
65 
66 
67 

69 
79 
71 

74 
73 
76 

78 
79 

337 
336 

339 
338 

442 
441 

ag 
CONTINUE 
soTo 78 i 
——-NORMALISED DETERMINANT-—— 
DO 336 P=1,N : 
SD(P)=0 
DO 337 Q@=1.N 
SD(P)=SD(P)+U(P, Q)##2 

CONTINUE 
CONTINUE 
DO 338 P=1,N 
DO 339 G=1,N 
D1(P, @)=U(P, Q)/SQRT(SD(P)) 

CONTINUE 
CONTINUE 
DO 441 P=1,N 
DO 442 G=1,N 
UCP, Q)=D1(P, @) 

CONTINUE 
CONTINUE 
SK=1 
N1=sN 

CALL GAUSS(SK, NI, N, P,Q, P, NN) 
DET=1 
DO 443 P=1,N 
DET=DET#U(P, P) 

CONTINUE 
DET=DET#(—1)##NN 
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O
N
G
U
P
R
O
N
H
 

66 

ss 

112 
99 

115 
114 

127 
116 

113 
44 

SUBROUTINE GAUSS(SK, NL, N, P, QP» NN) 
INTEGER N- Ni, NN, SK, P,Q, P1,Q1,61 
REAL#6 U, D1, X,U1,SP(1: 70) 

COMMON/GAUSSMAT/U( 1: 70, 1:71), DI (1: 70, 1:71), X(1: 70) 

——INTERCHANGE ROWS-— 
NN=O 
DO 44 @i=1,N 
DO SS P1=@1+1,N 
IF (ABS(U(P1,@1)). GT. ABS(U(Q@1,@Q1))) THEN 
NNSNN+1 
DO 66 Q=1,N1i 
Ul=Uu(@1, @) 
U(@1, @)=U(P1,@) 
UCPL, @)=UL 

CONTINUE 
ELSE 
ENDIF 

CONTINUE 
IF (SK. NE. 1) THEN 
---DIAGONALISE & STORE MATRIX--— 
DO 77 P=Q1,N 
DO 88 G=@1,N+1 
DI(P, Q)SUC(P, @)/UCP, 1) 

CONTINUE 
CONTINUE 

ELSE 
DO 99 P=1,N 
DO 112 @=1,N 
Di(P, @)=U(P, @) 

CONTINUE 
CONTINUE 
ENDIF 
——@1ELIMINATIONS—— 
DO 114 Gi=@i+1.N 
DO 115 G=i,Ni 
D1(G1, Q@)SU(G61, Q)—-U( G1, Q@) #U( C1, Q1)/U(G1, G1) 

CONTINUE 
CONTINUE 
——RESTORE MATRIX—— 
DO 116 P=1,N 
DO 127 @=1,N1 
UCP, @)=D1(P, @) 

CONTINUE 
CONTINUE 
GOTO 44 
PRINT®, "ELIMINATION=", Qi 
DO 113 P=1,N 
PRINT*®, "P=", P 
PRINT#®, (UCP, @), G=1,N1) 

CONTINUE 
CONTINUE 
IF (SK. NE. 1) THEN



  

so * -—-LU DECOMPOSITION— 

  

34 FOR P=1,N 
5s SP(P)=0 
36 X(P)=0 
57 END FOR 
3B FOR P=N, 1,-1 
39 FOR G=N, 1, -1 
60 SP(P)=SP(P)+U(P, G)#X(@) 
61 END FOR 
62 X(P)SU(P, N+1)-SP(P) 
63 END FOR 
64 ¢oTo 30 
65 * ———REDUCTION—— 
66 * ——-STORE MATRIX——— 
67 24 DO 117 P=1,N 
68 DO 118 @=i,Ni 
6? DI(P, @)=0 
7o DIP, @)=UCP, @) 
71 118 CONTINUE 
72 117 CONTINUE 
73 DO 119 Gi=1,N-1 
74 DO 221 P=1,N-@1 
73 DO 222 G=1,N+1 
76 DICP, G)=U(P, Q@)—-U(P, P+Q1) #U(P+@1, @) 
77 222 CONTINUE 
78 221 CONTINUE 
79 * ———-RESTORE MATRIX-——— 
80 DO 223 P=1.N 
81 DO 224 G=1,N1 
82 UCP, @)=0 
83 UCP, @)=01(P, @) 
84 224 CONTINUE 
8s X¢P)SU(P, NL) 
86 223 CONTINUE 
87 119 CONTINUE 
88 coTO 30 
89 PRINT#, "REDUCTION" 
90 DO 225 P=1,N 
a1 PRINT*, "P=", P 
92 PRINT#, (U(P,@), @=1,N1) 
93 225 CONTINUE 
94 GOTO 30 
9S DO 226 P=1.N 
96 PRINT*, “X(P)=", X(P), "Pa", P 
97 226 CONTINUE 
98 ELSE 
a9 30 ENDIF 
100 RETURN 
101 END 
EOF. . 
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THIN TARGET MEASUREMENTS OF PROTON INDUCED L-SHELL X-RAY CROSS-SECTIONS 

R.S. SOKHI and D. CRUMPTON 
Physics Department, University of Aston in Birmingham, Gosta Green, Birmingham, B4 7ET, England 

Measurements have been made of the L X-ray production from Te, Dy, and Au. Thin targets have been employed and the L X- 
ray yields measured as a function of proton energy up to 3 MeV. From these measurements the total, and where appropriate the 
individual X-ray line cross-sections have been calculated and compared with the experimental results reported by other authors 
and with the plane-wave Born approximation with and without binding energy and Coulomb deflection corrections. 

1. Introduction 

The measurement of L-shell cross-sections is 
important for two main reasons. Firstly, there is a 

need for a reliable set of L-shell cross-section data for 
analytical work involving high atomic number ele- 

ments, and secondly such measurements provide a 

means of testing the validity of current theories on 

inner-shell ionization by charged particles. These 

reasons have resulted in considerable work in this 
field [1-5]. Earlier work on thick target L-shell 
cross-section measurements performed at this labora- 

tory has been reported in a previous publication [6]. 

The present paper reports on thin target measure- 

ments of L-shell production cross-sections for Te and 

Dy using protons of 0.6—3 MeV energy and for Au in 
the proton energy range of 1.1—3 MeV. Cross-section 
ratios O(LajLg); 9(La/Ly) aNd O(Leyt1) have also been 
determined for Dy and Au, The experimental data is 

compared with the PWBA theory, with and without 

binding energy and Coulomb deflection corrections, 

and with measurements reported by other authors. 

The need for an accurate set of related data, such as 
mass attenuation coefficients, fluorescence yields and 

Coster—Kronig transitions required for experimental 

and theoretical calculations is discussed. 

2. Procedure 

2.1, Experimental 

A proton beam from the 3MV Dynamitron 

accelerator at the Birmingham Radiation Centre was 

collimated to 1.5mm diameter and directed on to 
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thin targets placed at 45° to the beam axis. Target 
thicknesses typically 50 ug/cm? were employed in 
order to avoid self absorption corrections. A Si(Li) 
detector with a resolution of 164 eV at 5.898 keV 
was placed at 90° to the beam axis to detect the 

characteristic X-rays. The X-rays passed through a 50 

um thick melinex window, 3.2 cm air gap and 12.4 
um thick beryllium detector window before reaching 

the detector. Beam currents up to 10 nA were used 

and were measured using a Faraday cup and a 

Keithley electrometer. The signals from the detector 

were processed by a pulsed optical feedback pream- 

plifier and then by a spectroscopy amplifier. The 
shaped pulses were then fed into a 200 MHz ADC of 
a Hewlett—Packard 5406A computer system which 

was employed for the data handling. 
The L,, Lg and L, lines were only resolved for Dy 

and Au and X-ray counts under the peaks were acou- 
mulated until the counts associated with the L, line, 
the least intense peak of the three, were 200 or more. 

The background counts under the L, and Lg peaks 

were negligible compared with characteristic counts 

under the appropriate peak. For the L, peak the 
background was no more than 6% of the character- 
istic L, counts. X-ray yields in photons per proton, 

Y,j, were measured for the individual lines for Dy 

and Au. The lines were unresolved for Te and hence 
the total of the characteristic counts was converted 
into X-ray yield. Measurements of the X-ray yield 

were performed in steps of 100 keV at the lower and 
higher energy region and every 200 keV in the middle 

energy region to establish the energy dependence 

accurately. 

I. X-RAY PRODUCTION AND ATTENUATION
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2.2. Theoretical 

The individual L-shell production cross-sections, 
Oy;, for Dy and Au were derived from the appropriate 
X-ray yields by employing the following expression: 

__Yud4n 
UNC, dQ(pt) & 

where A is the atomic weight of the target, V is Avo- 
gadro’s number, dQ is the detector solid angle, (pr) is 

the areal density of the target, ¢; is the intrinsic effi- 

ciency of the Si(Li) detector and C; represents the 
total absorption correction factors for melinex, air 

and beryllium. Absorption corrections and the 

detector efficiency were weighted with the appro- 
priate L X-ray relative intensities. These values and 

any additional data required for the calculation of C; 
and ¢; were extracted from the tabulations by Storm 

and Israel [7]. The total L-shell production cross- 
section, 01x, was obtained by summing the individual 

cross-sections, that is, 

(=a, 8,7,1), (4) 

Ox =OLa + O1g + OLy + OL (2) 

For Te, Y,; represents the total X-ray yield in 

photons per proton and in this case expression (1) 
gives the total production cross-sections. 

Theoretical values of the total and individual cross- 
sections for Ly, Lg, Ly and Lj lines were determined 
by using the relationships given by Tawara et al. [8]. 
The values for fluorescence yields and Coster—Kronig 

transitions were taken from the tables published by 

Krause [9]. The values for radiative widths were 
extracted from the tabulation by Scofield [10]. The 
tabulation of the PWBA calculation by Benka and 

Kropf [11] was employed to derive the individual 
subshell ionization cross-sections. Binding energy and 

Coulomb deflection corrections were calculated from 
the expressions given by Brandt and Lapicki [12]. 

3. Experimental uncertainties 

The sources of uncertainties associated with 
measured cross-sections are: (1) the counting 
statistics, 1-10%, (2) the target thickness, 5% 
(quoted by the manufacturers), (3) the solid angle, 
2% (4) the current measurement, 1% and (5) the 
absorption corrections and detector efficiency cal- 

culations, 6—18%,. 
The errors in the counting statistics are only 

important for the L, and L; peaks. The maximum 
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background under the L, and L; peaks was 6% and 
8% of the characteristic counts respectively. This 

gives a maximum error of 7.5% and 11% in the counts 

associated with the L, and L; peaks respectively. 

Factors (2), (3) and (4) appear in the calculations 
systematically and hence are eliminated in the cal- 

culation of the cross-section ratios. The errors in the 
absorption corrections were due to the uncertainties 

in the mass-absorption coefficients tabulated by 
Storm and Israel. They quote an error of 10% for 
X-ray energies less than 6 keV and 3% for higher 

enegies. The large uncertainty at the low X-ray region 

introduces an 18% error in the absorption correction 

for Te. In the case of Dy and Au this error is reduced 

to 6% since the X-ray energies are greater than 

6 keV. A large error in the mass absorption coeffi- 
cient, at low X-ray energies, however, introduces no 

significnat uncertainty in the detector efficiency. 
Also in this X-ray energy range (3.8—13.4 keV) varia- 
tion in the silicon crystal thickness has negligible 
effect on the efficiency calculation. 

The total experimental uncertainty in o,, for Te 

was calculated to be 19% for the whole proton energy 
range. The combined error in 0, ,, associated with eq. 

(2) varied from 16% for energies above 1 MeV for Dy 

and 1.4 MeV for Au, to 21% for lower energies. The 
total uncertainties in op, and oyg for both elements 
were about 8%. For o,, the total error was deter- 
mined to be 8% for energies above 1 MeV for Dy and 

1.4 MeV for Au. Below these energies the uncertain- 
ties increased to 11%. For the oj, the final error was 
9% but increased to 11% below 1 MeV for Dy and 1.6 
MeV for Au, 

The total uncertainty in the opa/rg) ratio 
remained 9% throughout the energy range. In the case 

of the oqayrg) ratio the uncertainty increased from 
9% to 11% at energies below 1 MeV for Dy and 1.4 

MeV for Au. The weighted mean of the o(,4/11) ratio 
was determined to a precision of 3% for both ele- 

ments. 

4. Theoretical discrepancies 

The use of the tabulated data [9,11] employed in 

this study has not been reported recently by any 

other author, This would probably introduce discre- 

pencies between the present PWBA calculations and 

those reported by other authors [4,6] using less 

up-to-date data [16,17]. The marked differences 
between the different sets of data is most obvious in
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the case of fluorescence yields and Coster—Kronig 

transitions. Krause [9] estimates the uncertainties in 
his tabulations to be from 3% to 20% in atomic 
number range of 50—80. Similar uncertainties are 

quoted by McGuire [16] in his data of fluorescence 

yields and Coster—Kronig transitions. McGuire also 

points out the gross differences in experimental and 

theoretical values. Apart from these internal 

discrepancies there are large differences between the 

two sets of data. In the case of Au, for example, the 

Coster—Kronig transitions differ by nearly 50%. 
Similar discrepancies occur in the case of other ele- 

ments. Using the two sets of data independently in 

the PWBA calculations will obviously yield very 

different results for the cross-sections. This makes the 

comparison of experimental data with theoretical 
prediction more difficult. In light of these discrepan- 

cies much care has to be taken when comparing the 

extent of experimental to theoretical agreement with 

the work of other authors. 

5. Results and discussion 

The excitation functions for Te, Dy and Au are 

presented in fig. 1. For all three elements the experi- 
mental data generally lies below the theoretical 

predictions. For Te the difference between the 
experimental and the PWBA values increases from 
17% at 3 MeV to nearly 90% at lower energies. The 

binding energy and the Coulomb deflection correc- 
tions (BC) greatly reduces the disagreement to below 
12% for energies above 1.8 MeV and below 21% at 
lower proton energies. For Dy the BC correction is 
only about 3% at higher energies but increases to 

nearly 45% at lower enegies. The agreement with the 

PWBABC is not better than 25%. Similar character- 
istics are shown by Au where the BC correction is 

about 35% at lower energies and the difference 
between the experimental data and PWBABC varies 

from 13% to 35% at energies around 1.1 MeV. The 

present data for Dy and Au lies 18—25% above the 

data reported by Khan et al. [6] but agrees within 
experimental uncertainties with the data obtained by 

Chen et al. [14]. 
To eliminate systematic uncertainties the ratios 

Oeste) and O(La/Ly were calculated and are 

presented in figs. 2 and 3 as a function of proton 
energy. The data for o(pa/ig) decreases slowly with 

increasing energy as predicted by the PWBA theory. 

The present data lies systematically higher than the 
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Fig. 1. Total L X-ray production cross-section as a function 

of proton energy. Bars represent typical uncertainties. 

data obtained by Khan et al. [6] by about 5% for Dy 
and Au. This difference, however, is within the 
experimental error. For Au, closer agreement is 

shown by the data published by Tawara et al. [4]. 
The BC corrections for Au are important throughout 

the energy range where as for Dy the corrections are 

negligible at energies above 1 MeV. The experimental 

9{La/L) tatio for Dy shows a less sharp increase with 
decreasing energy than predicted by the PWBA. The 
predicted maximum for Dy at 0.75 MeV was not 
observed. The sparse data of Close et al. {13] is well 
within the experimental errors while the data 
obtained by Khan et al. [6] differs by up to 20%. The 

— PWBA 

---- PWBABC 
* Present 

Au Khan et al 
oY Fr > Tawara et al 

    

Energy (MeV) 

Fig. 2. 0(La/1g) tatio as a function of proton energy. 
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      : 
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Fig. 3. o(La/L) ratio as a function of proton energy. 

O(La/Ly) tatio for Au remains in good agreement with 
the PWBABC till about 2 MeV, below which the 

experimental data deviates markedly. Generally the 

data by Khan et al. [6] and Tawara et al. [4] lie 
within the experimental errors but deviate at lower 
energies by about 20%. 

The o(payii) tatios were also measured and are 

presented in tablel. The ozary) ratios are 
independent of the proton energy because the L, and 
L, transitions are to the same subshell, Ly. The 
experimental values were also found to be constant 

throughout the energy range. The values for Dy differ 
from the predicted values by 12% but the predicted 
tatio for Au lies within the experimental uncertainty. 
The value for Dy agrees with that obtained by Khan 

et al. [6] but differs from the value quoted by Abrath 
[15] by 33%. Exact agreement is found for Au with 
the value obtained by Khan et al. [6]. The present 

Table 1 

9(La/Li) tatio. Numbers in ( _ ) represent % errors. 
  

  

Ele- Theory Experimental 

ment 

Present Others Ref. 

Dy 23.7 26.7(3) 27 (7) Khan 6 

19 (14) Abrath 15 

Au 19.9 20.3 (3) 20.3 (3) Khan 6 

18.9 (8) Tawara 4 
19.7 (S) Chen 14 
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value lies within the experimental uncertainties 

quoted by Tawara et al. [4] and Chen et al. [14]. 

6. Conclusion 

Reasonable agreement was observed with the 

previous thick target results obtained by Khan et al. 

[6] at this laboratory. However, in some areas dis- 
agreements do exist. 

Generally the differences between the theoretical 
and experimental values cannot be explained in terms 

of the experimental uncertainties alone. This high- 

lights the need for more detailed experimental and 

theoretical studies. 
Discrepancies also exist between fluorescence 

yields and Coster—Kronig transitions published by 

different authors [9,16]. 
Errors in the absorption corrections introduce 

serious uncertainties in the cross-section values. This 
is mainly due to the lack of reasonably accurate mass 

absorption coefficient data especially at low X-ray 
energies. Hubble et al. [18] have also reported 
serious systematic uncertainties in the absorption 

correction caused by the large errors in the mass 

absorption coefficients. 
Because of the above problems the accuracy of the 

X-ray cross-section calculation suffers heavily. This 
makes detailed comparison of theoretical and experi- 
mental data very difficult. 

We are most grateful to the staff at the Birming- 
ham Radiation Centre for their assistance with the 
experimental work. One of us (R.S.S.) also wishes to 

thank the Science Research Council for supporting 
this work. 
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MEASUREMENT OF PROTON-INDUCED L-SHELL X-RAY PRODUCTION CROSS-SECTIONS 
AND THEIR COMPARISON WITH THEORY 

R.S. SOKHI and D. CRUMPTON 
Department of Physics, University of Aston, Birmingham B4 7ET, England 

Thin targets of Dy and Pb were bombarded by protons of energy up to 3 MeV and the L-shell X-rays observed were measured 
as a function of proton energy. The individual X-ray production cross-sections have been derived from these measurements. 
These, and the cross-section ratios, have been compared with the results reported by other workers and with the CPSSR theory. 

1. Introduction 

It is clear from the content and number of 
recent papers [1] on proton-induced X-ray emis- 
sion (PIXE) analysis that the technique is making 
a significant contribution to the solution of many 
analytical problems in a variety of disciplines. 

Ansing out of this has been an increasing 
requirement for a knowledge of accurate K and 
L shell proton-induced X-ray production cross- 
section data. Accurate data is also required for 
comparison with the predictions of current 
theories of inner-shell ionization by light ions, in 
which there is currently considerable interest [2]. 

In this paper we report on the measurements 

we have made on the L X-ray emission from thin 

targets of dysprosium and lead for protons in the 

energy range 0.6-3 MeV. From these yields the 
cross-sections Gia, O1g, Fry and oy, have been 

derived together with the cross-section ratios 
(cua/ors), (oLe/or,) and (ors/7u). These meas- 
urements were made as part of a comprehen- 

sive programme of K and L shell cross-section 
measurements undertaken at Aston over the 
last few years [3-5]. The results are compared 
with the CPSSR theory of Brandt and Lapicki 

(4). 

2. Experimental arrangement 

The details of the experimental arrangement 
have been briefly reported in a previous com- 

munication [7]. A beam of energetic protons 

from the Universities 3MV Dynamitron ac- 
celerator was allowed to impinge on thin targets 

of dysprosium and lead mounted on a multiple 
target holder which positioned the targets 
sequentially at 45° to the incoming beam. Targets 
employed had areal densities of typically 
50 g/cm? and were deposited on polycarbonate 
backings of areal density 1 mg/cm’. The diameter 
of the targets employed was lcm. The proton 
beam was collimated to give a beam spot of less 

than 1.5mm diameter so that the geometry with 
respect to the X-ray detector could be accurately 
controlled. Beam currents employed were 

limited to a few nanoampere thus limiting the 
current density and preventing target damage. 
The target chamber was isolated and acted as a 

Faraday cup so that the current could be ac- 
curately measured using a Keithley electrometer. 
The measured currents were checked from time 
to time against a calibrated Ortec current digi- 
tizer. 

The X-rays emerged from the target chamber 
at 90° to the beam direction and passed through 
a 50um thick melinex window, 3.2cm air gap 

and a 12.4um thick beryllium detector window 

before reaching the detector. The Si(Li) detector 

employed had a working resolution of 164eV at 
5.898 keV and the output from the associated 
pulsed optical amplifier system was fed to a 
200 MHz ADC of a Hewlett-Packard data 
acquisition and computer system. 

An accurately defined aperture was positioned 
in front of the detector to define the detection 
solid angle and to ensure that the X-rays im- 

0029-554X/82/0000-0000/$02.75 © 1982 North-Holland 
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pinged only on the centre of the active area of 

the silicon crystal. The effective active area of 

the detector was obtained by scanning a highly 

collimated X-ray beam across the detector and 

recording the detector response. The active area 

was found to be in good agreement with the 

manufacturers quoted value. In selecting the 

aperture diameter to define the detection solid 

angle, due allowance was made for the fact that 

the detector was positioned several mm’s behind 

the beryllium window. This distance was deter- 

mined by recording the response of the detector 

to a point source of X-rays as a function of 

source-detector separation and then making a 

1/r* plot in the usual manner. 

3. Measurements 

Measurements of the X-ray yield were per- 

formed from 0.6 to 3MeV for dysprosium and 

from 0.9 to 3 MeV for lead, in steps of 100 keV 

at the lower and higher energies and every 

200 keV in the middle energy region to establish 

the energy dependence. The L,, Lg, L,, and Li 

lines were readily resolved as can be seen in fig. 

1, which shows a typical lead spectrum generated 

by 3MeV protons. The X-ray accumulation time 

was selected so that the areas under the L, peak 

in the spectrum was at least 200. The area under 

each peak was obtained using an appropriate 

software routine to remove the background and 

integrate the peaks. The background counts un- 

lo
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Fig. 1. Typical Pb L-shell X-ray spectrum produced by 
3MeV protons. 

der the L, and Lg peaks were negligible in 

comparison with the characteristic count. For the 

L, peak, backgrounds were typically 3% for lead 

and 6% for dysprosium. 

Assuming isotropic emission of the radiation 

the individual L-shell X-ray production cross- 

sections, oy, were derived from the appropriate 

X-ray yield per proton, Yy, at a proton energy E 

using the relationship: 

Yu(E)Asa 
oulE) = Xn dna’ =a.) 
  ql) 

where A is the atomic weight of the target, Na is 

Avogadro’s number, d2 is the detection solid 

angle, (pt) is the areal density of the target, ¢, is 

the intrinsic efficiency of the Si(Li) detector and 

C, represents the total absorption correction 

factors for melinex, air and beryllium. The mass 

absorption coefficients employed in the cal- 

culation of the absorption corrections and the 

detector efficiency for each Li X-ray peak were 

extracted from the tabulation by Storm and 

Israel [8]. As each of the Li peaks is composed of 

two or more X-ray lines the absorption 

coefficients were weighted by the appropriate 

relative L X-ray line intensities to allow for the 

hardening of the X-ray spectrum produced by 

absorption. 

4, Experimental uncertainties 

The uncertainties associated with each of the 

derived L-shell X-ray production cross-sections, 

ou, are as follows: 

(1) the counting statistics associated with the area 

of each X-ray peak, 1-10%; (2) the beam current 

measurement, 1%; (3) the detection solid angle, 

2%; (4) the target thickness, 5%, as quoted by 

the suppliers; (5) the absorption corrections and 

detector efficiency calculations, 6%; and (6) the 

proton energy. 

In the X-ray energy region of interest, 6.4- 

14.8 keV, the uncertainty in the mass absorption 

coefficients quoted by Storm and Israel [8] is 3%. 

This introduces no significant uncertainty in the 
intrinsic detector efficiency, neither does any 

variation in the silicon crystal thickness. 

The energy calibration of the Dynamitron, 
which is performed regularly, is known to be
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better than 2 keV. This introduces an uncertainty 
of less than 1% even at low proton energies. 

The uncertainties in the first two parameters 
are random. However, for a particular element 

although the errors in the parameters (3), (4) and 
(5) appear systematically in the oy; calculations, 
the errors in these parameters are actually ran- 
dom in nature. The uncertainties were therefore, 
treated as random errors and hence combined 
quadratically. The total uncertainty in aL, and 
oi, for both elements was 6-8%. For a1, and oy 

the uncertainties were estimated to be about 8% 
for energies above 1 MeV. and increasing to 12% 
below 1MeV. In general the uncertainties for 

lead were lower than those for dysprosium by 
1-2%. 

In the determination of the cross-section ratios 
the beam current, target thickness and detection 
solid angle are eliminated together with their 
uncertainties. The uncertainty in the (o../o1s) 
ratio was estimated to be about 8% for lead and 
10% for dysprosium throughout the energy 
range employed. For the (ou./o1,) and (¢1./ou) 
ratios the uncertainties ranged from 9% and 
10%, respectively at 3 MeV to 12-14% at ener- 
gies below 1 MeV. 

Table 1 

L-shell X-ray production cross-sections in barns. Numbers in 

below, unless stated otherwise. 

Crumpton | L-shell cross-sections 

5. Results and discussion 

The individual L-shell X-ray production cross- 
sections derived from the measurements are 
tabulated in table 1 and graphically presented in 
figs. 2 and 3 with the predictions of the CPSSR 
theory. 

The theoretical values for the individual cross- 
sections G12, Org. O1y and oy were determined 
by using the relationships given by Tawara et al. 
[9] relating the sub-shell ionization cross-sections 
Ou, An and orm to the production cross-sec- 
tions, namely 

Ota = (Gufs + Cuffs + onfs+ oim)osFsa ; (2) 

O18 = guerFig + (Cufi2+ oin)orF rs 

+(Cufist cuffs? ous + oim)osFip; (3) 

Ory = CuorF iy + (oufi2+ oin)@r2F ry 3 (4) 

ou= (cufist cufiefs+ cunfstoun)oxFs. (5) 

The values of sub-shell fluorescent yields w,, 2 
and w; and the Coster-Kronig yields f;2, fi; and 

parenthesis represent % uncertainties, which also refer to the lines 

  

  

  

  

Dy Pb 

E(™eV) Le Ls u L u Ls L, uy 

3.6(8)  2.0(8) 0.25 (12) 0.11 (13) 
55 31 0.39 0.22 

8.0 44 0.78 0.34 
10.7 6.1 0.78 0.30 18() 0.916) 0.12 (10) 
14 79 10 (8) 0.35 (9) 2.4 13 0.16 
- - - - 3.2 17 0.22 

20 12 16 4.0 21 0.30 
29 17 26 6.0 33 0.45 (7) 
38 23 33 86 46 0.72 
48 30 42 11.2 59 0.97 
56 36 57 13.9 8.0 12 
68 47 64 19 10.6 17 
80 54 81 2B 13.2 19 
86 61 96 25 13.7 24 
90 63 93 27 15 2.2 
98 70 10.8 29 17 2.6 
102 nR 112 30 18 29 
106 76 12 39 33 19 27 
us 85 13 42 35 21 33 
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Fig. 2. L-shell X-ray production cross-sections for Dy as a 
function of proton energy. Bars represent typical uncertain- 

ties. Triangles: present work, circles: Khan [5] and solid line: 
CPSSR [6]. 

fs were taken from the internally consistent set 
of best values presented in the recent publication 
by Krause [10]. The relative radiative widths F 
were extracted from the compilation of Scofield 
[11]. The L-subhsell ionization cross-sections 
were obtained from the CPSSR theory in the 
manner described by Brandt and Lapicki [6] 
using the tabulations of Benka and Kropf [12]. 
Due to the discrepancies that exist in the 

fluorescent yields and Coster-Kronig yields care 
must be taken in making comparisons with the 

experimental work of other authors and theory, 

as previously discussed [7]. 
In the energy range 0.9-3MeV the CPSSR 

predictions of o ,, are in excellent agreement 
with the experimental data of both lead and 
dysprosium. In the case of dysprosium, however, 

below 1 MeV the data lie systematically above 

the predicted values. Also there is good 
agreement in the energy region 1.2-3 MeV be- 
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Fig. 3. L-shell X-ray production cross-sections for Pb as a 
function of proton energy. Solid triangles: present work, open 
triangles: Leite [14] and solid line: CPSSR [6]. 

tween the og data and theory and a measure of 
agreement in the 1.8-2.6 MeV region for the ayy. 
The data for org and a, cross-sections for lead 
lie systematically above the predictions of the 
theory. In the case of the oy, cross-sections there 

is reasonable agreement between the lead data 
and the theoretical predictions, the dysprosium 
data, however, lie below the predictions above 
1.2 MeV by some 14%. Below 1.2 MeV the sta- 
tistics associated with the data are rather poor 
and data is scattered above and below the pre- 
dicted line. 

The o1a, O1g and o,, data for dysprosium 
derived from a study of thick targets and repor- 
ted previously by Khan et al. [5] lie systematically 
below the present data. This discrepancy may be 
related in a systematic way to the specific energy 
loss which is required for thick target measure- 
ments and clearly warrants further investigations. 

For lead the graphical data of Gray et al. [13]
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for co. appears to be in agreement with the 
present data, while the tabulated data of Leite et 
al. [14] is lower than the present data at 3 MeV 
by 11% but agrees within experimental un- 
certainty at 1 and 2MeV. Also included in the 
tabulation of Leite et al. [14] are the values at 1 
and 3 MeV of Bearse et al. [15] and interpolated 
values at 2 and 3 MeV from the data of Tawara 
et al. (9]. The values of Bearse et al. [15] are 
about 25% below the present values while the 
data of Tawara is 6% higher at 2.0 MeV and 9% 
lower at 3MeV. 

The measured cross-section ratios (o../o12) 

are shown in fig. 4 together with theorétical 
predictions and the measurements of other 
authors. The ratios decrease slowly with increas- 
ing energy as predicted by the theory and are in 
agreement with other measurements. The data 
for lead are, however, 7-10% lower than predic- 
ted by the CPSSR theory. 

The dysprosium and lead data for the cross- 
section ratios (o,,/o1,) follow the energy 
dependence predicted by the CPSSR as shown in 
fig. 5, but lie systematically below the predic- 
tions. The ratio obtained for dysprosium is in 
reasonable agreement with the sparse data of 
Close et al. [16] but is less than the data of Khan 
et al. [5]. The results of Close et al. [16], 
however, have only been presented graphically 
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Fig. 4. (o12/org) ratio as a function of proton energy. Solid 
triangles: present work. open circles: Cohen [19], open tri- 
angles: Madison [18], solid line: CPSSR (6] and solid circles: 
Khan [5]. 
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Fig. 5. (ous/or,) ratio as a function of proton energy. Solid 
triangles: present work, open circles: Cohen [19], open tri- 
angles: Busch [20], solid circles: Kahn [5] and solid line: 
CPSSR [6]. 

in their paper and hence have not been plotted 
in fig. 5. The precision of the present measure- 
ments was such that the theoretically predicted 
maximum at 0.75 MeV could not be confirmed. 
The values tabulated by Busch et al. [18] for lead 
are typically 10-30% higher than the present 
data, however, the value at 2 MeV reported by 
Cohen [19] agrees with the present data. 

In the case of the (o../o1,) ratio a third order 

polynomial of the form 

In(ou) = = K,[In(E)}', 
i=0 

where K, are constants and E is the proton 
energy, was fitted to the o,; data for both ele- 

ments. This was necessary because of the scatter 
in the a, data at low proton energies, due solely 

to the poor statistics. The ratios were calculated 
using the oy, values predicted by the polynomi- 
als. Within experimental uncertainties the 

(o../a) ratios were found to be independent of 

energy as predicted by theory. The weighted 

mean values for (o,./o1) for dysprosium and 

lead are given in table 2 together with the results
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Table 2 
Cross-section ratio (ov./ou). 
  

  

Experimental 

Element Theoretical Present Others Ref. 

Dy 23.7 Abrath 17 
Khan 5 

Pb 18.95 Chen 21 
Busch 20 
Cohen 19 
Cohen 19 

  

  

of other workers. The weighted average of the 
(ca/o1) ratios for dysprosium was found to be 
27.420.8 in good agreement with the value 
obtained earlier, Khan et al. [5], but differs from 
the value quoted by Abrath [17] by 30%. The 
weighted average of (a,./o1) for lead was found 
to be 17.3 0.4 in good agreement with the value 
obtained by Cohen [19] using thick targets. The 
values reported by Cohen [19], from his thin 
target measurements, and Chen et al. [21] are 
respectively 21% and 14% higher than the 
present value. With the precision achieved in the 
present work there was no evidence of a mini- 
mum in the ratio between 0.5 and 2MeV, as 
reported by Busch et al. [20]. Above 3 MeV the 
ratio was reported to be constant and equal to 
19.2+0.1. Cohen [19] and Chen et al. [21] both 
report that their data are consistent with a con- 
stant value for (ou4/ou). 

6. Conclusions 

It must be borne in mind that inherent in any 
procedure adopted for the comparison of theory 
with experiment is the difficulty that the 
theoretical predictions contain the uncertainties 
associated with the fluorescence yields and Cos- 
ter-Kronig yields through the use of eqs. (2)-(5). 
An alternative approach is to derive from the 
experimental data values for the sub-shell ion- 
ization cross-sections oj, a1 and opm which can 

then be compared directly with the theoretical 
predictions. This approach, however has an ad- 
ditional difficulty since the solution of eqs. (2)-(5) 

for ou, Oo. and oy invariably results in a set of 
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ill-conditioned equations, in as much as small 
changes in the experimental data can produce 

large changes in the predicted values of the 
sub-shell ionization cross-sections, leading to 
physically unmeaningful results. A comparison of 

experimental data then becomes exceedingly 

difficult. Alternatively one has to employ semi- 
resolved peaks which are often of poor precision. 

It clearly would be helpful if experimentalists 
would present their experimentally measured 

production cross-section data in addition to any 
other data they might wish to present. Dis- 

crepancies between experimental data could then 
be easily identified and an accurate set of data 
eventually established. A more realistic approach 
to the comparison of experiment and theory 
would eventually be possible. 

We are most grateful to the staff at the Bir- 

mingham Radiation Centre for their assistance 
with the experimental work. One of us (R.S.S.) 
also wishes to thank the Science Research 
Council for supporting this work. 
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Cross sections for L-shell x-ray production and ionization by protons are tabulated according 
to target atomic number, target type, and incident proton energy. Cross sections for production of 
the individual L-sheil component x-rays and for ionization of the three L subshells are presented 
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from 1975 to November 1982. Experimental details pertaining to the cross-section measurements and 
the theoretical modeis empioyed by the experimenters for comparison with their data are included. 

It is intended that this information will help the reader to ascertain the most reliable cross-section 
values without recourse to the literature, 
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INTRODUCTION 

General Remarks 

Considerable effort has been directed in recent years 

to the study of inner-sheil ionization of atoms by charged 

particles. Progress has been achieved not only in the realms. 

of theoretical studies‘ but aiso in the field of applications 

of this phenomenon.’ A substantial portion of this effort 
has been devoted to the application of x-rays resulting 

from inner-sheil ionization by protons to trace elemental 

analysis, and consequently proton-induced x-ray emission 
analysis has become established as a versatile multitrace 

elemental analytic tool.* 

As a result of this effort a considerable amount of 
L-sheil x-ray production cross-section data for proton 
impact is now available in the literature. Several authors 

have also derived L-sheil ionization cross sections from 
their x-ray production cross-section measurements. The 
procedures for achieving this require appropriate values 

for fluorescence yields, Coster-Kronig yields, and radiative 
rates for the L sheil. The first two quantities have been 
tabulated by Bambynek et al.’ and McGuire® and more 
recently by Krause.’ The radiative rates have been tab- 
ulated by Scofield. 

This tabulation presents L-sheil x-ray production 
and ionization cross sections separately according to target 
atomic number, target type, and incident proton energy. 
Tabies containing experimental details have also been 
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presented for each reference quoted. As far as we are 
aware all x-ray production and iorization cross-section 
data that are available in tabular form, either in the lit- 
erature or directly from authors, from 1975 through No- 
vember 1982 have been included. 

Relation to Other Tables 

Previous tabulations of inner-shell ionization and 
x-ray production cross sections for charged particle 
impact"! have tended to quote total cross sections only, 
which are of limited value to the analyst and the theo- 
retician. The present work contains, wherever possible, 
individual transition group x-ray production and ioniza- 
tion subshell cross sections. Experimental details, which 
have been sparse in previous works, have also been pre- 
sented in the tables. The previous tabulation on L-shell 

x-ray production cross sections by Hardt and Watson’! 
presented data for several charged particles; the present 
work however, concentrates solely on proton impact and 

consequently is more detailed. In general, references cov- 
ered by Hardt and Watson'' have been omitted from this 
work, although there is occasional overiap because in a 
small number of cases already referenced by Hardt and 
Watson,'! individual transition group x-ray production 

cross sections became available. Since the above authors 
had frequently quoted only the total cross sections it was 
decided to include the individual cross sections in full. 

Atorme Ota and Numer Cate Tables, Vet. 30, NO, 1. January 1984
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Possible Users and General Policy 

This tabuiation is intended to be of use both to the 

analyst invoived in the application of proton-induced x- 

ray emission analysis and to the theoretician studying 

light ion—atom coilisions. To the theoretician both x-ray 

production and ionization cross sections are of impor- 
tance, while to the analyst only the former is of interest. 

With these two requirements in mind the cross sections 

have been tabulated separately. The cross sections have 

aiso been segregated, wherever necessary, according to 
gas and solid targets; the latter is further subdivided into 

thin, semithick, and thick. This has been done because 

the data require stopping-power corrections to varying 

degrees depending on the type of target. 
“Experimental details” tabies have been presented 

not only to provide a source for comparison of procedures 
adopted by different laboratories but also as an aid to the 

reader in deciding the “best” cross-section values to use. 
As far as possible this compilation has been formulated 

to be self-explanatory for the most part; however, a com- 
prehensive section, Explanation of Tables and Policies, 

has been included for compieteness. 
Itis hoped that this tabulation will offer an overview 

of this field and be of some assistance in determining 

future research directions. 

Data Sources and Presentation 

References for the cross sections were obtained by 

computer and manual searches of the literature. An on- 
line information retrieval service was employed with the 
data base INSPEC! containing science abstracts. Tabular 
cross-section data were then coilected from the literature 

or acquired by correspondence with the authors. Several 

attempts were made where contact had proven difficult. 
In the few instances where only graphical data were avail- 

able the references were omitted. The combined exper- 
imental results for the L-shell x-ray production and ion- 
ization cross sections, respectively, are listed by element 
in Tables All and BI. 

Experimental details and the theories? used for 
comparison with the experimental results were extracted 
from each reference. They are given for each element in 
Tables Al and BI, immediately preceding the correspond- 

ing cross-section tables. In Table AIII we list the ratio 
La/Li for each experiment, if available. Where authors 
had not specifically quoted the La/L/ cross-section ratios, 
they were computed from the individual La and L/ cross 

sections. 
Experimental errors on the cross sections are given 

in Tables AI and BI, respectively. In Tables All and BII, 
experimental errors are not given directly. Instead, we 
have adopted the policy of indicating the typical uncer- 
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tainty by restricting the number of significant figures as 

follows: 

(i) For cross-section values <0.56 thrse decimal 

places are quoted. 
(ii) For values 20.36 and <5.0 two decimal piaces 

are quoted. 
(iii) For values >5.06 and <50 one decimal piace 

is quoted. 
(iv) For values 506 no decimal places are quoted. 

Acknowledgment 
One of us (R.S.S.) wishes to thank the Science and 

Engineering Research Council for supporting this work. 
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EXPLANATION OF TABLES AND POLICIES 

TABLE A. Experimental Z-Shell X-Ray Production Cross Sections for Proton Impact 

TABLE Al Experimental Details 

REF Publication reference 
ENERGY Incident proton beam energy range in MeV 

RANGE 
AREAL Target areal density. E-6G/CMSQ is equivalent to ug/ 

DENSITY cm? and +— is equivalent to +. Wherever the 

areal densities were not quoted by the experi- 
menters, targets have been classified into GAS, 
THIN, SEMI-THICK, AND THICK. 

BEAM Incident proton beam current in Amperes (A). Ex- 
CURRENT ponential notation is used: 10E-9 = 10 x 107°. 
BEAM (B) Incident proton beam diameter in mm. (C) Ap- 

COLL erture size in mm of the final collimator. Aperture 
size is presented wherever the beam diameter was 
not available. 

EXP Percentage experimental uncertainties in the cross- 
ERROR section values. Wherever the uncertainty is not 

constant at different proton energies, the mini- 

mum and maximum percentage uncertainties 
have been shown. 

LA, LB, La, L8, Ly, Li, Ln, and total L-shell x-ray production 

LG, LL, cross sections, respectively. LG 8-12 indicates an 

LE, LT uncertainty of 8 to 12% in the Ly cross sections. 
LX This notation is used wherever the experimenter has 

generalized the uncertainties in all the L transi- 
tions to a single value. 

THEORIES Theories employed by the experimenter for compar- 

ison with his measured data. Reference numbers 
refer to those given in the Introduction. 

BEA Binary-encounter approximation 
BEA (G1) Garcia et al., 1967!° 
BEA (G2) Garcia, 1970'* 
BEA (G3) Garcia et al.,.1973'* 
BEA (G4) Garcia, 1970!° 
BEA (V) Vriens and Bonsen, 1968!” 
BEA (H) Hansen, 1973'8 
BEA (M) McGuire and Omidvar, 1974'? 
CBEA Constrained binary-encounter approximation'® 
SCA Semiclassical approximation 
SCAI Hansteen and Mosebekk, 19737 
SCA2 Hansteen et al., 1975?! 
RSCA Amundsen, 19777 
PWBA Plane wave Born approximation 

PWBAI Merzbacher and Lewis, 1958” 
PWBA2 Khandelwal et al., 19697 
PWBA3 Choi et al., 19737 
PWBA4 Benka and Kropf, 19787¢ 
PWBAS Pepper, 197477 
PWBAR PWBA with relativistic corrections” 
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PWBABC PWBA with binding energy and Coulomb corrections” 

PWBABTR PWBA with binding energy, trajectory, and relativistic 

corrections” 
IPWBAR PWBA with relativistic corrections by Ishii et al.” 

IPWBABCR PWBA with binding energy, Coulomb, and relativistic 

corrections by Ishii et al.°° 
MPWBABCR As above except by Merzbacher and Lewis” 
PWBABCR PWBA with binding energy, Coulomb, and relativistic 

corrections”® 
RPWBABC As above, Mukoyama and Sarkadi?! 
PSS Perturbed stationary state”? 
PSSR PSS with relativistic corrections 
CPSSR PSS with Coulomb and relativistic corrections” 
ECPSSR PSS with Coulomb, relativistic, and energy loss cor- 

rections*® 

COMMENTS Comments in this column refer to the experimental 
setup and the procedure adopted by the experi- 
menter. The comments are, in general, self-ex- 
planatory; however, a few less obvious ones are 

explained below: 

RBS Rutherford backscattering spectrometry employed to 

EMPLOYED determine the target thickness and/or to monitor 

the beam current 

EFFICIENCY This indicates whether the efficiency of the x-ray de- 

MEASURED/ tector was measured or calculated. 

CALCULATED 
Si(Li) Lithium-drifted silicon detector, mentioned only when 

other detectors were also used 

BETA (2 + 15) LB215 
GAMMA (1) Ly: 

TABLE All Experimental X-Ray Production Cross Sections 

For many elements only the total L-shell cross sections 

were available. Cross sections, in barns, have been 
tabulated separately for GAS, THIN, SEMI- 
THICK and THICK targets. 

ENERGY Incident proton beam energy in MeV 

ALPHA, L-shell x-ray production cross sections, in barns, for 

BETA, the La, L8, Ly, Li, and Ly transitions. La, L8, 

GAMMA, L, and Ly are transition groups and wherever the 

ETA experimenter had quoted cross sections for in- 

dividual transitions belonging to one group they 
were summed to give the total cross section for 
each group. For cross-section values less than 0.01 

barn the following exponential notation is em- 

ployed: 8.1E-03 = 8.1 x 107%. 
TOTAL Total L-shell x-ray production cross section in barns. 

Wherever the total cross section was not specif- 

ically quoted it was obtained by summing the 

individual cross sections. 
REF Publication reference. Wherever the reference has been 

omitted the preceding reference applies. 
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TABLE Alll LALPHA/LL Ratios 

ENERGY Incident proton energy range in MeV 

RANGE 
TARGET Targets classified as THIN or THICK 
LA/LL Ratio of La to L/ x-ray production cross sections 
REF Publication reference 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Values of the ionization cross sections are taken directly 
as given in the respective references. In deriving 
L-shell ionization cross sections from x-ray pro- 
duction data, authors typically used atomic pa- 
rameters from Refs. 5-8. Where Refs. 5-8 have 
not been employed, this is noted in the COM- 
MENTS in BI. 

TABLE BI Experimental Details 

REF Publication reference 
| ENERGY Incident proton beam energy range in MeV 
| RANGE J 

AREAL Target areal density 

DENSITY E-6G/CMSQ is equivalent to ug/cm? and +— is equiv- 
alent to +. Wherever the areal densities were not 
quoted by the experimenters, targets have been 
classified as THIN and THICK. 

BEAM Incident proton beam current in Amperes (A). Ex- 

CURRENT ponential notation is used: 10E-9 = 10 x 107°. 
BEAM (B) Incident proton beam diameter in mm. (C) Ap- 
COLL erture size in mm of the final collimator. This 

has been presented wherever the beam diameter 
was not available. 

EXP Percentage experimental uncertainties in the cross sec- 
ERROR tion values and ratios. Wherever the uncertainty 

is not constant at different proton energies, the 

minimum and maximum percentage uncertain- 

ties have been shown. 
Ei, 22, 251/2, 2D1;2 and 2p3/2 L-subshell and total L-shell ion- 

3; LD, ization cross sections, respectively 

RI, R2 Ratios of 25,2 to 2p1/2 and of 25,/2 to 2p3,2 subshell 
ionization cross sections, respectively. R1 22-28 
therefore indicates a range of uncertainties of 22 
to 28% in the ratio Rl. 

THEORIES See Explanations for Table AI 

COMMENTS See Explanations for Table AI 
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TABLE Bll 

Li, L2, 
L3 

Li/L2 
L1/L3 

TOTAL 

REF 

Experimental Ionization Cross Sections 

Total L-shell ionization cross sections have been tab- 
ulated wherever the subsheil cross sections were 
not available. Cross section, in barns, have been 
tabulated separately for THIN and THICK 

targets. 

251/2, 2p1/2 and 2p3/2 subshell ionization cross sections, 

in barns, respectively 

Ratio of 25;,2 to 2p;,2 and 25;,2 to 2p3/2 subshell cross 
- sections, respectively 

Total L-shell ionization cross sections in barns. Wher- 
ever the total cross section was not specifically 
quoted it was obtained by summing the individual 
subshell cross sections. 

Publication reference. Wherever the reference has been 
omitted the preceding reference applies. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

  

8 ARGON(AR) 

TABLE AI EXPERIMENTAL DETAILS 
REF ENERGY AREAL, BEAM BEAM EXP THEORIES RANGE DENSITY CURRENT COLL ERROR Mev E-6G/CMSQ A an * 

LANATS = .028-.5, GAS 1OE-6 = 2.0(B) LT 11 PWBA3 
PWBABC 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

GAS TARGET 

ENERGY TOTAL REF ENERGY TOTAL MeV BARNS MeV BARNS 
-0280 82 LANA75 +1250 823 +0373 139 +1260 815 +0483 222 +1350 860 +0580 296 +1500 990 +0676 365 +1700 1150 +0773 427 +2000 1300 0870 498 +2500 1570 0966 561 3000 1730 +1060 650 «4000 2090 +1160 740 5000 2270 1200 764 

2228 NICKEL(NI) 

TABLE AI EXPERIMENTAL DETAILS 
REF ENERGY AREAL BEAM BEAM EXP THEORIES RANGE DENSITY CURRENT COLL ERROR MeV E-6G/CMSQ A an * 

PETV80 -07-.45 THICK - - LT 25 PWBAT 

COMMENTS 

SQUARE BEAM. 
PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 
L2 AND L3 
SUBSHELL 
X-RAYS MEASURED. 
FLUORESCENCE 
YIELD MEASURED. 
e- H2+ He+ He2+ 
IMPACT STUDIED. 

REF 

LANATS 

COMMENTS 

PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED.



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2228 NICKEL(NI) CONTINUED 
  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF MeV BARNS Mev BARNS 
+070 37.0 PETV80 +250 255 PETY80 
+085 53 +300 345 +100 1 +350 431 +140 113 -400 504 
+165 159 +450 621 
200 203 

2229 COPPER(CU) 

TABLE AI EXPERIMENTAL DETAILS 
REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 

RANGE DENSITY CURRENT COLL ERROR MeV E~6G/CMSQ. A ao 
PETV80 07-45 THICK - - LT 25 PWBAI PROPORTIONAL 

COUNTER USED. 
EFFICIENCY 
MEASURED. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET : 
ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

-070 20.0 PETV80 -200 213 PETV80 [085 32.5 1250 276 
100 50 -300 388 
+120 63 -350 497 
-140 105 ~400 637 
+165, 165 450 769 

Z=30 ZINC(ZN) 

TABLE Al EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
Mev E-6G/CMSQ A an * 

PETV80 .07-.45 THICK S - LT 25. PWBAT_—- PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

547
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2230 ZINC(ZN) CONTINUED 

TABLE AIT 

_ THICK TARGET 

ENERGY TOTAL REF ENERGY 
Mev BARNS MeV 

070 17.4 PETV8O 
+085 27.1 
= 100 45.3 
+120 64 
140 106 
-165 163 

  

2237 _RUBIDIUM(RB) 

EXPERIMENTAL X-RA&Y PRODUCTION CROSS SECTIONS 

TOTAL 
BARNS 

241 

313 
460 

616 
787 
976 

THEORIES 

BEA(G3) 

TABLE Al EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

MILM76 +950 60 - 2.0(B) LT 15 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL 
Mev BARNS MeV BARNS 

+95 405 MILM76 

Z=38 STRONTIUM(SR) 

TABLE AL EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
Mev £-6G/CMSQ A om * 

BONG78 3.0 THIN - - LT 8 BEA(G3) 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY 
MeV BARNS MeV 

3.00 1667 BONG78 

i 548 

TOTAL 
BARNS 

PETV80 

COMMENTS 

SQUARE BEAM. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
RbCl TARGET ON 
CARBON BACKING. 

REF 

COMMENTS 

RBS EMPOLYED. 
EFFICIENCY. 
MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

REF



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2239 YTTRIUM(Y) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

MILM76 +950 70 - 2.0(B) LT 15 BEA(G3) SQUARE BEAM. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 

SERK80 2.92-39.34 24 - - LT 12 BEA(V) RBS EMPLOYED. 
PWBA3 METAL TARGET ON 
PWBAM MYLAR BACKING. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY © TOTAL REF 
MeV BARNS MeV BARNS 

95 350 MILM76 18.12 937 SERK80 
2.92 1410 SERK8O 24.21 802 
3.97 1490 30.52 672 
6.13 1490 39.34 537 
12.31 1130 

Z=40_ZIRCONIUM(ZR) 

TABLE AL EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A ao 

KROA82 .1015-.7422 110+-2 - - LT 16-18 CPSSR CRYSTAL 
THICK SPECTROMETER 

AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

+1015 1.69 KROAS2 -3179 61 KROAB2 
+1334 5.7 «3991 104 
+ 1638 9.5 =4903 145 
+2051 19.3 6011 223 
2566 41.3 +7822 334
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Z240 ZIRCONIUM(ZR) CONTINUED 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET 
RANGE RANGE 
MeV MeV 

0.5 THICK 24.4e KROAG2 0.5 THICK 

* Si(Li) DETECTOR USED + CRYSTAL SPECTROMETER USED. 

  

}_NIOBIUM(NB) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

KROA82 .0916-.7459 554-3 - - LT 15-17 CPSSR 
THICK 

TABLE AIL EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL 
Mev BARNS Mev BARNS 

0916 88 KROA82 +3239 46.6 
21115, 1.96 -4ouy 78 
~1817 4.58 4951 121 
+1723 9.5 +6058 9177 
+2129 17.1 +7459 258 
+2634 28.4 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET 
RANGE RANGE 
MeV MeV 

0.5 ‘THICK 47.28 KROA82 0.5 THICK 

* Si(Li) DETECTOR USED 1 CRYSTAL SPECTROMETER USED. 

. 550 

LA/LL REF 

25.41 KROAS2 

COMMENTS 

CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

REF 

KROAS2 

LA/LL REF 

25.2t KROA82
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Z242 MOLYBDENUM(MO) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
Mev E-6G/CMSQ A am * 

PETV80 +2-1.05 THICK - - LT 25 PWBAT 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

  

ENERGY TOTAL REF ENERGY TOTAL 
Mev BARNS Mev BARNS 

+20 TH PETV80 55 95 
.25 13.5 65 143 
+30 23.0 .75 194 
+35 34.0 85 245 
. 47.0 +95 316 
+45 59 1.05 347 

2:45 RHODIUM( RH) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A on * 

PETV80 45 THICK - - LT 25 PWBAT 

KROA82  .09-.744 88+-5 - - LT 15-19 CPSSR 
THICK 

TABLE AII © EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL 
MeV BARNS MeV BARNS 

+0900 +2u7 KROA82 3211 24.8 
+1096 -65 4019 42.3 
+1393 1.78 4925 69 
+1696 3.65 +6031 104 
2100 7.8 = THRO 156 
+2604 14.6 

  

COMMENTS 

PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

REF 

PETV80 

COMMENTS 

PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

REF 

KROA82
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

  

Z=45 RHODIUM(RH) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THICK TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

+20 4.48 PETVSO $35 18.9 PETV80 
25 7.8 40 29.0 
=30 12.5 245 45.4 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

0.5 THICK 34.5° KROAB2 0.5 THIN 30.04-2.1* KROAS2 
0.5 THICK 25.0¢ 

* Si (Li) DETECTOR USED + CRYSTAL SPECTROMETER USED. 

2246 PALLADIUM(PD) 

TABLE al EXPERIMENTAL DETAILS 

REF ENERGY AREAL, BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A on 

CHARTS 3-12 214-2 - - LT 20 BEA(G3) RBS EMPLOYED. 
PWBA3 EFFICIENCY 

CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

PETV8O .2-.45 THICK - - LT 25 PWBAI PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

KROA82 .09-.7438 —99+-6 - - LT 15-20 CPSSR CRYSTAL 
THICK SPECTROMETER 

AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

552
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Z246 PALLADIUM(PD) 

TABLE AIT 

CONTINUED 

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

0900 KROAG2 3.0000 1728 CHARTS. 
1093 4.0000 2208 
1389 5.0000 2016 

+1692 6.0000 2496 
+2094 7.0000 2544 
+2601 8.0000 2640 
+3207 9.0000 2640 
4015, 10.0000 2688 
+4920 11.0000 24u8 
6026 12.0000 2208 
+7438 

THICK TARGET 

ENERGY TOTAL REF ENERGY = TOTAL REF 
MeV BARNS MeV BARNS 

+20 3.72 PETY8O +35 18.0 PETV8O 
25 7.5 40 28.0 
+30 12.1 245 44.0 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

0.5 THICK 31.18 KROA82 0.5 THIN 32.2*-2.4" KROAS2 
0.5 THICK 25.44 

* Si (Li) DETECTOR USED 1 CRYSTAL SPECTROMETER USED 

Z=47_SILVER(AG) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A an * 

CHARTS =. 3-12 224-2 - - LT 20 BEA(G3) RBS_EMPLOYED. 
PWBA3 EFFICIENCY 

CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

MILM76 =. 950 70 - 2.0(B) LT 10 BEA(G3) © SQUARE BEAM. 

553 

RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
AgCl TARGET ON 
CARBON BACKING.
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Zz47_ SILVER(AG) 

TABLE AI 

REF ENERGY 
RANGE 

- Mev 

BADT78 4.0 

BONG78 3.0 

LAPGSO .035-.300 

BAUC81 3-4 
+24921.91 

CUZP681 = .611-3.85 

SARW81 = .25-.40 

KROA82 .1397-.744 

TABLE AII 

THIN TARGET 

CONTINUED 

EXPERIMENTAL DETAILS CONTINUED 

AREAL BEAM BEAM EXP 
DENSITY CURRENT COLL ERROR 

E-6G/CMSQ A an 

66+-3 1-5E-9 - LT 9 

THIN - - LT7 

THICK - - LT 25-50 

654-5 .5-50E-9 1.1(B) LT 14 
THICK 2-500E-9 LT 25 

THIN - - LT 5-11 

100+-5 3-100E-9 1.0(B) LA 15 
674-3 LT 15 

954-3 - - LT 16 
THICK 

THEORIES 

BEA(G3) 
PWBA2 

BEA(G3) 

PWBA 
ECPSSR 

CPSSR 

BEA(H) 
SCA2 
PWBA3 

PWBABC 
PWBABCR 
ECPSSR 

CPSSR 

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

COMMENTS 

EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
MYLAR BACKING. 

RBS EMPOLYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
SELF-SUPPORTING 
METAL TARGET. 

H2 AND He4 
IMPACT STUDIED. 
K-SHELL STUDIED. 
COULOMB 
DEFLECTION 
FACTOR DEDUCED. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 
Hed N2+ Ne3+ 
IMPACT STUDIED. 

EFFICIENCY 
MEASURED. 
AgIO3 TARGET ON 
CARBON BACKING. 
CROSS SECTIONS 
EVALUATED BY 
NORMALIZING TO 
K-SHELL DATA. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
TWO TARGETS 
USED. 

CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

  

ENERGY ALPHA BETA GAMMA i ETA TOTAL REF 

Mev BARNS 

1397 - - . - > 1.13 KROAB2 
+1697 - - - - - 2.43 
+2102 - - - - 5.3 
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TABLE A. Experimental L-Sheil X-Ray Production Cross Sections for Proton Impact 

Zz47_SILVER(AG) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 
THIN TARGET 

  

  

    

   
  

  

   

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 

4.86 - - - - 9.8 SARW81 - - - - 10.3 KROAB2 9.9 - - - 18.6 SARWS1 = = i = - 9.2 BAUC81 - - - - - 18.0 KROA82 15-2 - - - - 26.9 SARW81 19.2 - - - 36.8 - - - 31.7 KROAG2 = = = - 54 - - - - 34.3 BAUC81 - - - - - 80 KROA82 - - - - - 158 cUZP81 = a - - - 74 BAUC81 
- - - - - 126 KROA82 - - - - - 102 BAUC81 - - - - - 322 cUuzPa1 - - - - - 278 MILM76 - - - - - 162 BAUCBi = 2 2 = - 468 cuzP81 - - - - = 599 - - - - - 756 = = & 5 = 786 - - - - - 907 = = = - = 477 BAUCE1 - - - - - 1130 cuzPa1 - - - - - 1090 = 2 = - - 1200 > = = _ - 1340 
- - - - - 1580 - - - - 1530 - - - - 1620 CHARTS, - - - - - 950 BONG78 5 es = = - 1670 CUzP81 - - - - - 1690 = = & = - 1820 « - - - - 1810 - - - - - 1800 - - - - - 2160 CHARTS - - - - - 1666 BADT78 4.0000 - - - - - 690 BAUC81 5.0000 - - - - - 2376 CHARTS 6.0000 - - - - - 2646 7.0000 - - - - - 2646 8.0000 - - - - - 2484 9.0000 - - - - - 2484 10.0000 - - - - - 2484 11.0000 - - - - - 2322 12.0000 - - - - - 2160 

THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 
+035 - - - - 1.3£-05 LAPG8O 40 - - - - 9.18-05 45 - - - - 4. 4E-04 50 - - - - 1,.8E-03 +055 - - - - 3-4E-03 060 - - - - - 7 .2E-03 +070 - - - - - +027 +080 - = - - - +059 +090 - - - - - +120 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Zz47 SILVER(AG) CONTINUED 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 
THICK TARGET 

  

   
ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

BARNS 

= = 2 = - LAPG80 

os = = = - BAUC81 
i = = - - LAPG8O 

2 - - - - BAUC81 = = = - LAPG8O 
- - - - - BAUC81 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL ° REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

0.5 THICK 30.48 KROA82 0.5 THIN 28.8+-2.0" KROA82 0.5 THICK 25.18 

* Si(Li) DETECTOR USED + CRYSTAL SPECTROMETER USED. 

Z248 CADMIUM(CD) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORTES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E=6G/CMSQ. A mo * 

BONG78 3.0 THIN - => Eris BEA(G3) RBS EMPLOYED 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
CARBON BACKING.
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2248 CADMIUM(CD) CONTINUED 

TABLE AI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS: 
RANGE DENSITY CURRENT COLL ERROR 
MeV £-6G/CMSQ A an 

PETV60 207-245 THICK - - LT 25 PWBAI PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

CHMJ81 +12=.42 324-2 - - LT 15-17 PWBA3 HP Ge DETECTOR 
264-2 CPSSR USED. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
TWO METAL TARGETS 
ON CARBON BACKING 
USED. 
ALPHA/BETA 
ALPHA/GAMMA AND 
BETA/GAMMA 
INTENSITY RATIOS 
PRESENTED. 

SARW81 225-240 T9+-4 3-100E-9 1.0(B) LA 15 PWBABC RBS EMPLOYED. 
LT 15 PWBABCR EFFICIENCY 

ECPSSR MEASURED. 

KROA82 .1372-.7422 126+-4 - - LT 14-16 CPSSR CRYSTAL 
THICK SPECTROMETER 

AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
VITRIOUS CARSON 
BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

+1200 +262 © CHMJ81 
+1372 «79 KROAG2 

  

+1400 - - - - - 753° CHMJ81 
1600 - - - - - +83 

= 1673 - = = - - 1.76 KROAS2 
+1800 - - - - - 1.49 CHMJ81 
+2000 - - - - - 2.06 
+2076 - - = = - 3.85 KROA82 
2200 - - - - - 2.93  CHMJ81 
+2400 - - - - - wii} 
+2500 3.60 - - - 7.2 SARWE1 
+2581 - - - - ~ 7.8 KROA82 
+2600 - - - - - 5.1 CHMJ81 
+2800 - - - - - 6.2 
+3000 7.4 - - - - wed SARW81 
+3000 - - - - - Th cHMJ81 
3188 - - - - - et KROAB2 
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R. S. SOKHI and D, CRUMPTON 

TABLE A. Experimental L-Shell X-Ray Production 

2248 CADMIUM(CD) CONTINUED 

TABLE AIL 

L-Shell Cross Sections for Protons 

Cross Sections for Proton Impact 

  

  

    

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY ALPHA BETA GAMMA i ETA TOTAL REF 

MeV BARNS 

+3200 = = = - - 9.2 CHMJ81 
+3400 - - - - = 19.2 
+3500 9.5 = = = i 20.1 SARWS1 
+3600 - = - - - 13.2 CHMJ81 
+3800 - - - - - 15.3 
+3997 - - - - - 25.4 KROA82 
-4000 15.0 - - - - 30.8 SARWE1 
= 4000 - A - - - 17.6 CHMJ8 1 
+4200 - - = . = 19.4 
+4906 - - - - - 42.6 KROA82 
-6015 - - - - - 69 
=7422 - - - - - 110 

3.0000 - - - - - 916 BONG7S 

THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

BARNS 

- - - - - PETV8O 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

0.5 THICK 29.28 KROAS2 0.5 THIN 27.0+-1.9* KROA82 
0.5 THICK 28.71 

* Si (Li) DETECTOR USED t CRYSTAL SPECTROMETER USED. 

Z=49 INDIUM(IN) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeY = E=6G/CMSQ. A an * 

KHART8 = 1.03.0 THICK - 1,0(C) LT 14 = BEA(G3)_-s EFFICIENCY 
CBEA CALCULATED. 
PWBA3 
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R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

CONTINUED    9 INDIUM(IN) 
  

  

TABLE AI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am * 

FASS82.118-.399 194-1 - - LA 15 — cPssR HP Ge DETECTOR 
LB 15-18 USED. 
LG 11-13 RBS EMPLOYED. 
LT 14-15 EFFICIENCY 

MEASURED. 
METAL TARGET ON 
CARBON BACKING. 
BETA(2+15) 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

KROAS2 .1359-.7417 1364-8 - - LT 14-16 CPSsR CRYSTAL 
THICK SPECTROMETER 

AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
VITRIOUS CARBON 
BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA ie ETA TOTAL REF 

BARNS 

+130 +068 +013 - - FASS82 
- - - - - KROA82 
+360 +170 029 - - FASS82 
+62 +270 +046 - - 
- - - - - KROA82 
91 +390 +079 - - PASS82 

1.40 -56 +089 - - 
- - - - - KROA82 

1.93 77 +133 - - FASS82 
2.54 1.01 +169 - e 

- - - - - é KROAS2 
3.17 1.29 - - 4.9) FASS82 
4.03 1.53 - - 6.5 

4.63 1.87 - - 7.6 
- - - - 12.2 KROAS2 

5.9 2.21 - - 9.3 FASS82 
6.9 2.70 - - 10.8 
8.1 3.08 - - 12.8 
9.4 3.51 - - 14.9 

- - - - 22.3 KROAS2 
10.6 3.94 5 - - 16.7 FASS82 

- - - - - 37.9 KROA82 
- - - - - 60 
a a - - - 96 

     



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Z=49 INDIUM(IN) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 
THICK TARGET 

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
BARNS 

2 S : < - 180 KHARTS = - - - - 260 = = = = - 340 2 5 5 = - 420 s & e - - 500 - - - - - 590 - - - - - 660 = : eS - - 740 5 = - - - 800 = S a - - 850 - - - - - 890 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF RANGE RANGE Mev Mev 
0.5 THICK 29.08 KROAB2 0.5 9 THIN 27.44-2.0% KROAB2 0.5 = THICK 29.91 

* Si(Li) DETECTOR USED 1 CRYSTAL SPECTROMETER USED. 

2250_TIN(SM) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP THEORIES. COMMENTS, RANGE DENSITY CURRENT COLL ERROR MeV E-6G/CMSQ A a * 
CHARTS = 3-12 29+-3 - - LT 20. BEA(G3) —«RBS_ EMPLOYED. 

PWBA3 EFFICIENCY 
CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

BONG78 3.0 THIN - chiggtt 7 BEA(G3) RBS EMPLOYED 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
SELF-SUPPORTING 
METAL TARGET. 

KHAR78 = 1-30 THICK - 1.0(C) LT 13° BEA(G3) EFFICIENCY 
CBEA CALCULATED. 
PWBA3 

SERK80 2.92-39.34 339 - - LT 12 BEACY) RBS EMPLOYED PWBA3 SELF-SUPPORTING PWBAY METAL TARGET. 
SARWB1 30-40 18.64-.7 3-100E-9 1.0(B) LA 15 PWBABC RBS EMPLOYED LT 15-23 PWBABCR EFFICIENCY 

ECPSSR MEASURED. 
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R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

  

0 TIN(SN) CONTINUED 

TABLE AI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 

RANGE, DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A am 

KROAS2 .137-.743) 115+-5 - - LT 14-17 CPSSR CRYSTAL 

THIC! SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
VITRIOUS CARBON 
BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  ENERGY ALPHA BETA GAMMA i ETA TOTAL REF 

Mev BARNS 

+1370 - 451 KROA82 

  

   +1678 - - - - 1.10 

+2081 - - - - - 2.52 

+2591 - - - - - 5a 

+3000 5.3 = 2 = - 9.8 SARWE1 

- - - - 9.7 KROAB2 
= < - - 15.7 SARW81 
- - - - 21.0 

e - - - - 18.8 KROAG2 

- - - - - 32.2 
- - - - - 51 

- - - - - 81 

S ae = _ % 868 SERK80 

- - - - - 1273 CHARTS 
_ = - - - 800 BONG78 
- - - - - 1110 SERK80 

a £ = = - 1541 CHARTS 
- - - - - 2010 
= - - - - 214 
= = - - - 1370 SERK8O 

- - - - - 2211 CHARTS 
3 - - - - 2278 
5 5 - - - 2345 

10.0000 - - - - - 2211 

11.0000 - - - - - 2017 

12.0000 - - - - - 2010 

12.3100 - - - - - 1420 SERK8O 

18.1200 - - - - - 1270 

24.2100 - - - - - 1100 

30.5200 - - - - - 961 

39.3400 - - - - - 827 
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R. S. SOKHI and D. CRUMPTON 

TABLE A. Experimental L-Shell X-Ray Production 

CONTINUED 

  

2250 TIN(SN) 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION 

THICK TARGET 

L-Sheil Cross Sections for Protons 

Cross Sections for Proton Impact 

CROSS SECTIONS CONTINUED 

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

BARNS 

- - - - - 160 KHARTS 
z 3 . 2 = 230 
S S = 5 = 310 
- - - - - 390 
- - - - - 470 
- - - - - 550 
- - - - - 620 

= 5 = 2 690 
z : a 2 : 760 
- - - - - 810 
x S . es = 840 
- - - - - 860 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

0.5 THICK 29.6" KROA82 0.5 THIN 29.2+-2.18 KROAB2 
0.5 ‘THICK 26.71 

* Si(Li) DETECTOR USED 1 CRYSTAL SPECTROMETER USED. 

2=51_ANTIMONY(SB) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CHSQ. A aa 

KROAB2 .1399-.7433 106+-4 = - LT 15-17 CPSSR CRYSTAL 
THICK SPECTROMETER 

TABLE AII 

THIN TARGET 

ENERGY TOTAL REF ENERGY 
MeV BARNS: MeV 

+1399 424 KROAS2 4017 
= 1693 1.01 4921 
+2096 2.29 -6028 
+2601 S1 +7433 
+3206 9.7 

« 562 

AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 
ONLY LALPHA/LL 
RATIO AVAILABLE 
FOR THICK TARGET. 

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

TOTAL 
BARNS 

REF 

17.3 KROA82 
29.5 
46.4 
76



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2=51_ANTIMONY(SB) CONTINUED 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
Mev Mev 

0.5 THICK 29.88 KROA82 0.5 THIN 28.2+-2.2 KROAG2 
0.5 THICK 25.3 

* Si (Li) DETECTOR USED + CRYSTAL SPECTROMETER USED. 

2:52 TELLURIUM(TE) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E=6G/CMSQ. A am % 

SOKR81 —-.6-3.0 50%-5 1-10E-9 1.5(C) LT 19 PWBAK EFFICIENCY 
PWBABC CALCULATED. 

METAL TARGET ON 
NUCLEPORE 
BACKING. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
Mev BARNS MeV BARNS 

+60 35.0 SOKR81 2.00 380 SOKR81 
+70 52 2.20 416 
+80 64 2.40 489 
+90 89 2.50 514 

1.00 14 2.60 539 
1.20 160 2.70 556 
1.40 202 2.80 583 
1.60 251 2.90 616 
1.80 310 3.00 666 

2:53 IODINE(I) 

TABLE AL EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A a * 

BONG78 3.0-11.0 THIN - a) ors BEA(G3)  RBS_EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
TARGET ON 

i 563 

CARBON BACKING.



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2=53 IODINE(I) CONTINUED 

TABLE AT EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP ‘THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV = E-6G/CMSQ. A an 

CUZP81 = .611-3.85 THIN - - LT 5-10 BEA(H) EFFICIENCY 
SCA2 MEASURED. 
PWBA3 AgI03 TARGET ON 

CARBON BACKING. 
CROSS SECTIONS 
EVALUATED BY 
NORMALIZING TO 
K-SHELL DATA. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

    

ENERGY TOTAL REF ENERGY TOTAL REF 
Mev BARNS Mev BARNS 

611 36.5 cUuzPa1 670 cuzP81 
+811 a1 630 BONG78 

1.019 124 743 cuzP81 
1.200 171 806 
1.400 229 881 
1.600 280 907 
1.800 328 916 
2.000 425 1008 BONG7S 
2.200 435 1203 
2.400 484 1220 
2.600 549 1181 
2.800 648 

2255 _CESIUM(CS) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP ‘THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
Mev E-66/CMSQ A am & 

BADT78 4.0 NTo-2  1-5E~9 - wurg9 BEA(G3) | EFFICIENCY 
PWBAZ MEASURED. 

K-SHELL STUDIED. 
CsBr TARGET ON 
MYLAR BACKING. 

TABLE AIL EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS Mev BARNS 

4.00 17 BADT73 
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R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2258 CERIUM(CE) 

  

  

TABLE AL EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
Mev £-6G/CMSQ A om * 

BEART3 1=3.0 129 - - LA 15 BEA(G4) RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
Ce203 TARGET. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

1.00 23.0 - ° - - - BEART3 
2.25 97 - - - - - 

3.00 150 - - - - 

2259 PRASEODYMIUM(PR) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A am 

WHER79 «15.40 THICK - 2.0(B) - PSS EFFICIENCY 
PSSR MEASURED. 
PWBA3 GAMMA(1) AND 

GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET” 

ENERGY ALPHA BETA L ETA TOTAL REF 

MeV 

.150 +035 - - - - WHER79 

2175 087 - - - - 

.200 +180 - - - = 
+250 55 - - - - 

+300 1.20 - - - - 

+350 2.20 - - - - 
+400 3.60 - - - - 

 



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2260 _NEODYMIUM(ND) 
  

  

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV = E=6G/CMSQ. A an 

KHAR78 = 1.0-3.0 THICK - 1.0(C) LA 7-10 BEA(G3) EFFICIENCY 
LB 7-9 CBEA CALCULATED. 
LT 8 PWBAR 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

ENERGY ALPHA BETA GAMMA c ETA TOTAL REF 

Mev BARNS 

1.00 21.0 13.0 - - - 34.0 KHARTS 
1.20 32.0 21.0 - oi = 54 
1.40 45.0 30.0 - - - 79 
1.60 59 4t.o - - - 106 
1.80 74 54 S = - 137 
2.00 90 67 - - - 170 
2.20 110 81 - - - 200 
2.40 120 95 - - - 240 
2.60 140 108 - - - 270 
2.80 150 120 - * 2 300 
3.00 170 130 - = - 330 

2=62_SAMARIUM(SM) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am 

BEART3—1.0-3.7 83 - - LA 15 BEA(G4) RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 

MILM76 =. 950 100 - 2.0(B) LX 10 BEA(G3) SQUARE BEAM 
LT 10 RBS EMPLOYED. 

EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 

WHER79 = .15-.44 = THICK - 2.0(B) = Pss EFFICIENCY 
PSSR MEASURED. 
PWBA3 GAMMA(1) AND 

566 

GAMMA(2+3) CROSS 
SECTIONS QUOTED.



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2262 SAMARIUM(SM) CONTINUED 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

95 13.8 8.4 1.20 - - 23.4 MILMT6 
1.00 16.0 - - - - - BEART3 
1.10 20.0 - - - - - 
1.20 24.0 - - - = = 
1.30 29.0 - - - - - 
1.40 34.0 - - 2 = = 
1.50 39.0 - - - - = 
1.60 45.0 - - - - - 
1.70 49.0 - - - - - 
1.80 55 - - - - - 
1.90 60 - - - - - 
2.00 69 - - - - 
2.10 12 - - - - - 
2.20 17 - - - - - 
2.25 80 - - - - - 
2.30 83 - - - - - 
2.40 89 - - - - - 
2.50 94 - - - - - 
2.60 102 - - - - - 
2.70 107 - - - - - 
2.80 9114 - - - - - 
2.90 119 - - - - - 
3.00 126 - - - - - 
3.10 132 - - - - - 
3.20 139 - - - - = 
3.30 9 1h2 - - - - - 
3.40 148 - - - - - 
3.50 152 - - - - - 
3.60 157 - - - - - 
3:70 163 - - - < - 

THICK TARGET 

  

ENERGY ALPHA BETA GAMMA y ETA TOTAL REF 

MeV BARNS 

+150 014 - 1.5E-03 - - - WHERT9 
2175 -038 - 3.9E-03 - = Si 
+200 -083 - 8.3E-03 - - - 
+250 +270 - +025 - - - 
+300 64 - +053 - : - 
+350 1.20 - +094 - - - 
+400 1.90 - +132 - - - 
+440 2.70 - 176 - - - 

2264 GADOLINIUM(GD) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an * 

MILM7T6 +950 100 - 2.0(B) LX 10 BEA(G3) SQUARE BEAM. 
LT 10 RBS EMPLOYED. 

EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING.



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Z=64 GADOLINIUM(GD) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

  

    

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

-95 10.5 6.3 -86 - - 17.6 MILM76 

2265 TERBIUM(TB) 

TABLE AT EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E~6G/CMSQ. A an 

WHERT9 = .15-.40 THICK - 2.0(B) = PSs EFFICIENCY 
PSSR MEASURED. 
PWBA3 GAMMA(1) AND 

GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

6.0E-03 ° - 7.5E-04 - - - WHERT9 
+017 - 2.1£-03 - - - 
+039 - 4.7E-03 - - - 
+140 - +015 - E S 
-370 - -037 - - = 

77 - +068 = 2 a 
1.40 - ant - = 3 

6_DYSPROSIUM(DY) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A an 

BEART3 1.0-3.0 163 - - LA 15  BEA(GH) —- RECTANGULAR 
PWBAZ BEAM. 

RBS MEASURED. 
EFFICIENCY 
MEASURED. 

KHAR78 = 1.0-3.0 THICK - 1.0(C) LA 4-6 BEA(G3) EFFICIENCY 
LB 3-6 CBEA CALCULATED. 
Lc 4-6 PWBA3 
LT 4-6 

i 568
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

  

6 _DYSPROSIUM(DY) CONTINUED 
  

  

  

   

TABLE AI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL —_ BEAM BEAM EXP THEORIES COMMENTS RANGE DENSITY CURRENT COLL ERROR 
MeV E~6G/CMSQ. A am * 

SOKR82.6-3.0 52e-3  1-10E-91.5(C) LA 8 cCPSSR EFFICIENCY 
LB 8 CALCULATED. 
Le 8-12 METAL TARGET ON 
LL 9-13 NUCLEPORE 
LT 6 BACKING. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 
THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 

+60 3.60 2.00 +250 110 - 6.0 SOKR82 +70 5.5, 3.10 +390 +220 - 9.2 ~80 8.0 4.40 +78 =340 - 13.5 +90 10.7 6.1 78 +300 - 17.9 1.00 12.0 - > - - BEART3 1.00 14.0 1:9 1.00 +350 - 23.3 SOKR82 1.20 20.0 12.0 1.60 1.10 - 34.7 1.40 29.0 17.0 2.60 1.00 - 49.6 1.60 38.0 23.0 3.30 1.30 - 66 1.80 48.0 30.0 4.20 1.80 - 84 
2.00 56 36.0 5.7 2.00 - 100 2.20 68 47.0 6.4 2.60 - 124 2.25 60 - - - - - BEART3 2.40 80 54 8.1 2.90 - 145 SOKRB2 2.50 86 61 9.6 3.10 - 160 2.60 90 63 9.3 3.30 - 166 
2.70 98 70 10.8 3.80 - 183 2.80 102 72 Dee 410 - 189 2.90 106 76 12.0 3.90 - 198 3.00 94 - = = - - BEART3 3.00 115 85 13.0 4.20 - 217 SOKR82 

THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 

1.00 11.5 6.6 72 - - 18.0 KHARTS 1.10 14.2 8.5 92 - - 23.0 1.20 17.2 10.6 1.15 - - 28.0 1.40 24.0 15.5 1.71 . S 41.0 1.60 31.0 21.3 2.38 - - 55 1.80 4o.o 27.8 3.20 - - 71 2.00 49.0 35.0 4.00 - - 89 2.20 58 43.0 5.0 - - 108 
2.40 68 51 5.9 - - 127 2.50 13 55 6.4 - 137 2.60 78 59 6.9 147 2.70 82 63 7.4 157 2.80 87 67 1.9 - 167 2.90 1 12 8.4 - - 177 
3.00 96 76 8.8 - - 187 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

6 _DYSPROSIUM(DY) 

  

CONTINUED 

  

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET La/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 

MeV MeV 

1,0-3.0 THICK  27.0+-1.9 KHAR78 0.6-3.0 THIN 27.4+-0.8 | SOKR82 

2267 HOLMIUM(HO) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E~6G/CMSQ. A am 

WHER7T9 = .15-.40 THICK - 2.0(B) = Pss EFFICIENCY 
PSSR MEASURED. 
PWBA3 GGMMA(1) AND 

GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

ENERGY ALPHA BETA GAMMA E ETA TOTAL REF 

Mev BARNS 

+150 3.5E-03 0 - 408-04 = = - WHERTS 
AIS +013 - 1,6£-03 - - - 
+200 +035 - 4. 3E-03 - - : 
+250 +140 - +016 - - = 
+300 +320 - +035 - - - 
+350 56 - 052 - - - 
400 U1 - +063 - = = 

2268 ERBIUM(ER) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL, ERROR 
MeV E-6G/CMSQ. A am * 

SARW81 —.30-.40-154-1.2 3-100E-9 1.0(B) LA 10 PWBABC  ——-RBS_ EMPLOYED 
LT 15 PWBABCR = EFFICIENCY 

ECPSSR = MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2268 ERBIUM(ER) CONTINUED 

TABLE AIT 

THIN TARGET 

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

-30 +169 - - - - +316 © SARWE1 
35 +316 - - - - 57 
40 +59 co - - - 1,03 

2269 THULIUM(TM) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES COMMENTS, 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A an * 

BEART3—1.0~3.0 100 - - LA 15 BEA(GH) RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 

TABLE AII EXPERIMENTAL X-RAY. PRODUCTION CROSS: SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

1,00 1.9 - - - - - BEART3 
2.25 45.0 - - = a) s 
3.00 75 - - - - - 

Z=70_YTTERBIUM(YB) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP © THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E=6G/CMSQ. A om * 

WHERT9 —.15-.40 THICK - 2.0(B) = Pss EFFICIENCY 
PSSR MEASURED. 
PWBA3 GAMMA(1) AND 

GAMMA (2+3) CROSS 
SECTIONS QUOTED. 

SARW81 = .30-.40 934-4 3-100E-9 1.0(B) LA 9 PWBABC  —-RBS_ EMPLOYED. 
LT 9 PWBABCR © EFFICIENCY 

ECPSSR = MEASURED.



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

CONTINUED 

  

70_YTTERBIUM( YB) 
  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

GAMMA L 
  

    

  

  

  

ENERGY ALPHA BETA ETA TOTAL REF 

Mev BARNS 

=30 - - - +317 SARW81 
+35 - - - - aad 
-40 - - - - 65 

THICK TARGET 

ENERGY ALPHA BETA GAMMA. L ETA TOTAL REF 

MeV BARNS 

+150 1.2E-03 = 1.1£-04 - - - WHERT9 
2978 466-03 - 5.2E-04 - - = 
+200 +013 - 1.7E=03 - - * 
+250 058 - 7.TE=03 - - = 
300 +160 - 1019 - - = 
+350 +310 - +032 - - - 
-400 81 - 047 - e zs 

2272 _HAFNIUM(HF) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an 

JUSE80 +5-2.5 50 30-200E-9 = LA 4-5 - RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 
He+ IMPACT 
STUDIED. 

SARW81 = 30-40 155+-20 3-100E-9 1.0(B) LA 14  PWBABC. —s-RBS._ EMPLOYED. 
LT 15 PWBABCR = EFFICIENCY 

ECPSSR MEASURED. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

+30 +133 - = - - +240 SARW81 
35 +160 - - - - +286 

-40 +268 - - - - 470 
+50 1.00 - - - - - JUSE8O 
-60 1.88 - - - * * 
+70 3.16 - - - a = 
~80 4.49 - - - - - 
+90 6.0 - - - - - 

1.00 1.5 = - - - = 
1.10 9.5 - - - - 
1.20 12.0 - - - = S 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2:72 HAFNIUM(HF) CONTINU! 
  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION 

THIN TARGET 

ED 

CROSS SECTIONS CONTINUED 

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

1.30 15.1 - - - - - JUSE8O 
1.40 17.6 - - - - - 

1.50 20.2 = - = - . 
1.60 22.8 - - . S “ 
1.80 29.4 - = & = 

2.00 35.1 - = : = S 
2.50 54 - - 2 5 iS 

2273 TANTALUM(TA) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A am 

ISHKT4 1.75-4.17 1340 - 3.0(C) LA 15 BEA(G2)_—s-RBS._ EMPLOYED 
LB 15 PWBA3 EFFICIENCY 
LG 17 IPWBAR MEASURED. 
LL 17 SELF-SUPPORTING 
LT 10 SEMI-THICK 

METAL TARGET. 
LALPHA/LL RATIO 
FOUND TO BE 
ENERGY DEPENDENT. 

CHEJ76 0.4-2.0 50-100 5-50E-9 3.2(B) - BEA(G1) RBS EMPLOYED. 
CBEA EFFICIENCY 
PWBA3 MEASURED. 

LALPHA/LL RATIO 
ONLY AVAILABLE. 
METAL TARGET ON 
CARBON BACKING. 

JUSE8O 0.6-2.5 50  30-2006-9 = = LA 4n11— = RBS EMPLOYED 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 
He+ IMPACT 
STUDIED. 

BAUC81 .249-1.91 THICK 2-SOOE-9 1.1(B) LT 25 CPSSR RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
Hed IMPACT 
STUDIED. 

UDEN81 .28-.40  20.5+-.7 

  
- La 12 CPSSR 

LG 9-15 
LL 13-19 
LT 11-14 

573 

HP Ge DETECTOR 
U. le 
RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED.



  

R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2273 TANTALUM(TA) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

  

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

-28 051 - 3.9E-03 3. 1E-03 - -084  UDEN81 
+30 +068 - 4.5E-03 3.7E-03 - ah) 
32 +092 - 6.9E-03 6. 1E~03 - +155 

34 +136 - +010 9. 1£-03 - 288 
+36 2172 - +012 -011 - 287 
+38 +229 - 014 015 - 376 
40 +294 - +020 +018 - 481 
+60 1.56 - - - - - JUSE8O 
~80 3.78 - - - - - 

1.00 6.9 - - - - - 
1.20 11.0 - = - : = 
1.30 12.9 - - - = & 
1.40 - 15.5 = - S - - 
1.50 18.1 - - - - - 
1.60 20.8 - - - - - 
1.80 27.0 - - - = _ 
2.00 36.0 - - - - - 
2.50 52 - - - - - 

SEMI-THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

1.75 22.0 13.4 1.74 1.10 - 38.2 ISHK74 
1.95 26.5 16.9 2.15 - - 46.6 
2.16 33.4 21.9 3.04 1.84 - 60 
2.36 43.2 25.0 3.82 2.48 - 15 
2.56 47.9 32.4 4.61 2.77 - 88 
2.76 50 32.5 4.68 2.88 - 90 
2.96 55 38.9 6.0 3.54 - 103 
3.57 17 56 8.3 4.12 - 7 
3.77 81 58 - 6.0 - 153 
3.97 95 70 11.0 6.1 - 182 
4.17 100 5 11.6 - - 191 

THICK TARGET 

ENERGY ALPHA BETA GAMMA o ETA TOTAL REF 

Mev BARNS 

249 - - - - -096 © BAUC81 
+300 - - - - +233 
2353 - - - = = 2460 
= 403 - - - - - +73 
48a - - - - - 1.26 
552 - - - - - 1.90 
635 - - - - - 2.94 
+720 - - - - - 4.31 
+900 - - - - - 7.8 

1.100 - - - - - 12.8 
1.300 - - - - - 19.2 
1.520 - - - - - 26.6 
1.720 - - - - ~ 35.0 
1.910 - - - - - 46. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2:73 TANTALUM(TA) CONTINUED ATAU (TA) 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF RANGE RANGE Mev 
Mev 

0.4-2.0 THIN 22.14-1.2  CHEJ76 0.28-.40 THIN 15.8+-1.2 UDEN81 

Z=74 TUNGSTEN(W) ESTEEM) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS RANGE DENSITY CURRENT COLL ERROR Mev E-6G/CMSQ A an * 
BEART3 1.0-3.7 81 - - LA 15 BEA(G4) RECTANGULAR 

PWBA2 BEAM. 
RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
WO3 TARGET. 

BADT78 4.0 994-5, 1-5E-9 - LT 7 BEA(G3) EFFICIENCY 
PWBA2 MEASURED. 

K-SHELL STUDIED. 
WO3 TARGET ON 
MYLAR BACKING. 

JUSE80 0.5-2.5 50 30-200E-9 + LA 5-6 - RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 

  

   

He» IMPACT 
STUDIED. 

PETV8O = .2-1.05 = THICK - - LT 25° PwBAI PROPORTIONAL 
COUNTER USED. 
EFFICIENCY 
MEASURED. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 
THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 

50 +72 - - - - JUSE8O +70 2.20 a = : Ss -80 3.34 - - 2 S +90 4.90 - - = 5 1.00 6.6 - - - - 1.00 4.80 - - - BEART3 1.10 8.7 = = - - JUSE8O 1.40 6.0 - - - - BEART3 1.20 11.0 - 2 = - - JUSE8O 1.20 74 - - - - - BEART3 
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Z=74 TUNGSTEN(W) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV ; BARNS 

JUSE8O 
BEART3 
JUSE8O 
BEART3 
JUSE8O 
BEAR73 
JUSEBO 
BEART3 
JUSE8O 
BEART3 
JUSE8O 
BEAR73 
JUSE8O 
BEAR73 
JUSE8O 
BEART3 
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1.30 
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Z277_IRIDIUM(IR) 
  

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om 

JUSE8O 0.6-2.5 50 30-200E-9 - LA 4-5 = RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 

TABLE AIL EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

-60 80 
+70 1.38 
-80 2.10 
«90 3.06 

1.00 4.10 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
2.00 
2.50 

- JUSE8O 
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Z=78 PLATINUM( PT) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL, BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A am 

CHEJ76 0.4-2.0 50-100 5-50E-9 3.2(B) - BEA(G1) RBS EMPLOYED. 
CBEA EFFICIENCY 
PWBAZ MEASURED. 

LALPHA/LL RATIO 
ONLY AVAILABLE. 
METAL TARGET ON 
CARBON BACKING. 

KHART8 =: 1..0-3.0 THICK - 1.0(C) LA 3-5 BEA(G3) EFFICIENCY 
LB 3-6 CBEA CALCULATED. 
LG 3-5 = PWBA3 
LT 3-6 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

8 PLATINUM(PT) CONTINUED 

  

  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THICK TARGET 

  

  

ENERGY ALPHA BETA GAMMA i ETA TOTAL REF 

Mev BARNS 

1.00 3.50 +260 - - 5.6 KHAR7S 
1.20 5.6 +430 - - 9.0 
1.40 8.1 +65 - - 13.2 
1.60 11.2 +92 - - 18.4 
1.80 14.7 1.26 - - 24.4 
2.00 18.8 1.65 - - 31.2 
2.20 23.1 2.09 - - 39.0 
2.40 27.7 2.57 - - 47.0 
2.60 32.4 3.08 - - 55 
2.80 37.0 3.60 - - 63 
3.00 41.0 4.13 - = ral 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV Mev 

0.4-2.0 THIN 19.60=1.0  CHEJ76 1.0-3.0 THICK  21.1+-0.6  KHAR78 

2279 GOLD(AU) 

TABLE AT EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A an * 

BEAR73 1.03.0 124 - - LA 15 BEA(G4) —- RECTANGULAR 
PWBAZ BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 

TAWH7S = -1=4.5 348 #=35 - 3.0(C) LA 15 BEA(G2) —-RBS_ EMPLOYED. 
LB 15 BEACH) «= EFFICIENCY 
LG 15° PWBA3 MEASURED. 
LL 17 He3+ IMPACT 
LE 50 STUDIED. 
LT 10 METAL TARGET ON 

Al BACKING. 

CHEJ76 «= .4=2.0 © 50-100 5-50E-9 3.2(B) = BEA(G1) RBS EMPLOYED. 
CBEA EFFICIENCY 
PWBA3 MEASURED. 

LALPHA/LL RATIO 
ONLY AVAILABLE. 
METAL TARGET ON 
CARBON BACKING. 

BONG78 3.0-11.0 THIN - = bTs BEA(G3) RBS EMPLOYED. 
PWBA2 EFFICIENCY 

MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

9 GOLD(AU) Cr 

  

TABLE Al 

REF 

KHARTS 

BHAD8O 

LAPG80 

SARL80 

SARW81 

SOKR81 

BAUC81 

PINA8S2 

ENERGY 
RANGE 
Mev 

1.2=3.0 

+33-1.81 

+ 14.30 

+30-.40 

+5-4.0 

0.5-4.0 

TABLE AIT 

THIN TARGET 

ENERGY ALPHA 

ONTINUED 

AREAL 
DENSITY 

E-6G/CMSQ 

THICK 

2004-20 5 

THICK 

THIN 

644-3 3 
494-2 

354-2 

2254-11 . 

50 3 

EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

BETA 

+053 

+095 

+150 
+220 

EXPERIMENTAL DETAILS CONTINUED 

BEAM BEAM Es XP 
CURRENT COLL ERROR 

A am 

- 1,0(C) 

}0-300E-9 1.0(C) 

-100E-9 1.0(B) 

I10E-9 1.5(C) 

5-50E-9 1.1(B) 

}O-200E-9 = 

GAMMA, 

BARNS 

8.1E-03 

Tor 

+021 
+031 

579 

Lx 
Lt 

Lx 
LT 

LT 

Lx 
Lt 

La 
LT 

LA 

25-50 

15 
15 

8-9 
6 

8-17 
9-11 

5-10 

THEORIES 

BEA(G3) 

PWBA3 
PWBABC 
IPWBABCR 

PWBA1 
PWBABC 
MPWBABCR 

PWBABC 
PWBABCR 
ECPSSR 

PWBAS 
PWBABC 

CPSSR 

ETA 

s
e
n
e
e
n
e
 

COMMENTS 

EFFICIENCY 
CALCULATED. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 

COULOMB 
DEFLECTION 
FACTOR DEDUCED. 

EFFICIENCY 
MEASURED. 
METAL TARGET ON 
CARBON BACKING. 
C12 N14 016 
IMPACT STUDIED. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
TWO METAL 
TARGETS USED. 

EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
NUCLEPORE 
BACKING. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
Hed N2+ Ne3+ 
IMPACT STUDIED. 
SELF-SUPPORTING 
METAL TARGET. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

TOTAL REF 

+052 SARW81 
+151 BHAD80 
+109 SARWS1 
+269 BHAD80 
2215 SARW81 
-457  BHAD8O



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

Zs79 GOLD(AU) CONTINUED 

  

  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

Mev BARNS 

-400 - - - - - PINA82 
- - - - - +380 © BAUCB1 
460 260 036 +030 - -79  BHADBO 
5 +310 042 +036 - 96 
+80 - - - - - PINAB2 
274 410 +053 046 - 1.25  BHAD8O 

297 53 +069 061 - 1.63 
- - - - - 1.00  BAUC81 

1.17 - - - - - PINA82 
1.20 66 +088 077 - 2.03  BHAD8O 
1.50 +80 +110 +082 - 2.49 
1.60 88 .120 094 - 2.69 
1.86 - - - - - PINAB2 

= = . - - 1.80 BAUCB1 
1.90 1.00 +130 120 - 3.15  BHAD8O 
2.60 1.40 +190 +150 - 4. 3h 
2.68 - - - - - PINA82 

3.10 1.60 +210 180 - Sat BHAD8O 
2.70 - - - - - BEAR73 

4.38 2.31 +334 +251 +027 7.3 TAWHTS, 
3-52 1.97 +300 +170 - 6.0 SOKR81 

3.60 - - - - - PINA82 
= - - - - 4.50 BAUC81 

4.00 2.10 +270 +250 - 6.6 BHAD8O 
5.0 2.50 +330 +240 - 8.1 SOKR81 
4.50 - - - - - PINAG2 
6.0 3.30 460 =340 - 10.1 BHADSO 

5.7 - - - - - PINAG2 
5.9 3.10 +410 +300 - 9.7 SOKR81 
1.2 4.00 +52 410 - 12.1 BHADSO 
1.2 3.79 253 2412 +052 12.0 TAWHT5 
7.0 - - - - - PINA82 
8.2 4.50 58 «480 - 13.8 BHAD80 
9.0 - - - - - PINAB2 
8.7 4.76 64 +470 - 14.6 SOKR81 

10.0 5.3 80 +54 - 16.6 BHAD8O 
10.8 5.9 85 +59 -079 18.2 TAWRTS 
10.0 - - - - - PINAS2 
11.6 6.4 -78 63 - 19.4 BHAD8O 
12.0 - - > - - PINA82 
12.1 6.6 +96 67 - 20.4 SOKR81 
10.8 6.1 +82 60 - 18.3 BHADSO 
13.4 - - = - - PINA82 
12.4 Veal +96 66 - 21.1 BHAD8O 
14.7 8.2 1.23 78 +098 25.0 TAWHTS: 
15.6 - - - - - PINAB2 
15.2 8.5 1.21 74 - 25.6 SOKR81 
13.8 1.7 1.00 11 - 23.3 BHADBO 
19.0 - - - - - PINAS2 
19.9 11.2 1.69 1.08 +130 34.0 TAWHTS 
19.2 10.8 1.46 294 - 32.4 SOKR81 

- - - - - 33.0 BAUCS1 
19.8 11.8 1.73 - - 34.5 SARL8O 

23.6 13.8 1.91 1.06 - 4o.4 SOKR81 
24.2 13.7 2.15 1.29 -190 41s TAWHTS 
18.0 - - - - - BEART3 
28.4 16.3 2.41 1.35 - 48.4 SOKR81 

28.7 ice 2.51 144 = 49.8 
28.4 17.4 2.63 1.61 +240 50 TAWHT5 
28.8 - - - - - PINAS2 
34.0 19.5 2.98 1.81 - 58 SOKR81 
34.6 20.0 3.08 1.70 - 59 
38.6 22.6 3.57 2.04 +270 67 TAWHTS: 
34.4 20.4 3.25 1.66 - 60 SOKR81 
41.1 24.8 3.76 1.71 - 1 

3.00 41.8 25.5 4.08 1.88 - 13 
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2279 GOLD(AU) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

  

    

  

       

ENERGY = ALPHA BETA GAMMA L ETA TOTAL REF 
MeV BARNS 

3-00 - - - - 65 BONG78 
3.00 44.8 27.0 4.32 +330 19 TAWHT5, 
3.00 32.0 - - - - BEAR73 
3.00 38.8 - - - PINA82 
3.25 52 5.9 +53 93 TAWHTS 
3.50 49.0 - : - PINA82 
3.50 60 6.1 +61 108 TAWH75 

3.75 72 7.2 -68 129 
4.00 60 - - - PINA82 
4.00 - - = 80 BAUC81 
4.00 80 8.3 4.01 -80 143 TAWH7S 
4.25 90 9.5 4.76 87 163 
4.50 97 10.3 4.82 +83 175 
5.00 - - - - 169 BONG78 
7.00 - - - - 261 
9.00 = = = mS 357 11.00 - - - - 433 

THICK TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 
Mev BARNS 

+140 - - - - 4.6£-05 LAPG8O 
+150 - - - - 1,1E-04 
-160 - - - - 2.4E-04 
170 - - - - 4.9E-04 
+185 - - - 9.7E-04 
+200 - - - 2.1E-03 
+215 - - - - 4. 1E-03 
+230 - - - 6.9E-03 
2205 - - - 011 
+260 - - - - +017 
+275 - - - - +026 
+300 - - - - 049 

1.200 2.60 +380 - - 7.8 KHART8 
1.400 4.00 +56 - - 11.6 
1.600 5.6 +78 - - 16.2 
1.800 15 1.06 - - 21.5 
2.000 9.7 1.39 - - 27.4 
2.200 12.1 1.78 - = 33.8 
2.400 14.6 2.21 - - hols 

2.600 17.2 2.63 - - 47.0 
2.800 19.7 3.02 - - 54 

3.000 22.3 3.32 - - 61 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
Mev MeV 

1.0-4.5 THIN 18.94=1.5  TAWH75 .33-1.81 THIN 16.8+-0.3  BHAD8O 
THIN 19.7+=-1.0  CHEJ76 = 1.0-3.0 THIN 20.3+-0.6  SOKR8 

  

THICK 20.3+-0.6  KHARTS 
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2281 THALLIUM(TL) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE, DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A = * 

LEICT7 0.5-3.0 50 30-200E-9 - LA 6-7 - 
LT 7-8 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

L-Shell Cross Sections for Protons 

for Proton Impact 

COMMENTS 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

  

  

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

=50 +330 - - - - -57  LEICT7 
1.00 2.97 - - - - 5.1 
1.50 9.7 - - - 16.6 

2.00 16.5 - - - - 29.1 
2.50 27.0 : = e : 48.4 
3.00 33.5 = = 2 = 61 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
Me¥ = E-6G/CMSQ. A am s 

BEART3 1.0-3.0 97 - - LA 15 BEA(G4) ~—- RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 

LIERT3  2.5-12 51#-2.6 - - LX 10  BEA(G3) —-RBS_ EMPLOYED. 
LT 17 PWBA2 EFFICIENCY 

MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

TAWH7T4 1.8-4.4 500+-50 = 3.0(C) LA 15 BEA(G2) RBS EMPLOYED. 
LB 15 PWBA2 EFFICIENCY 
LG 17 MEASURED. 
LL 17 He3+ IMPACT 
LE 20 STUDIED. 
LT 10 SELF-SUPPORTING 

METAL TARGET. 

CHEJ76 0.0-2.0 50-100 5-50E-9 3.2(B) - BEA(G1) | RBS_EMPLOYED. 
CBEA EFFICIENCY 
PWBA3 MEASURED. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2%=82 LEAD(PB) CONTINUED 

TABLE Al EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
Mev E-6G/CMSQ A an * 

LEICTT 0.5-3.5 50 30-200E-9 - LA 7-9 - 
LT 7-8 

COMMENTS 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

  

    

BONG78 3.0 THIN - = tt 5 BEA(G3) RBS EMPLOYED 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
CARBON BACKING. 

SARW81 30-406 74=3 3-100E-9 1.0(B) LA 9 PWBABC =. RBS._ EMPLOYED 
LT 9 PWBABCR EFFICIENCY 

ECPSSR MEASURED. 

SOKR62 9-3. NTse2 1210-9 -1.5(C) LA 6 CPSSR EFFICIENCY 
LB 6 CALCULATED. 
LG 7-10 METAL TARGET ON 
LL 9-12 NUCLEPORE 
LT 4 BACKING. 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

+30 +012 - - - SARWB1 
+35 028 - - 

4o +057 - - 
+50 220 - - - LEICTT 
+90 1.80 +91 +120 - SOKR82 

1.00 1,80 - - - BEAR73, 
1.00 2.20 - - - LEICT7 
1.00 2.40 1.30 160 - SOKR82 
1.10 3.20 1.70 220 2 
1.20 4.00 2.10 +300 - 
1.40 6.0 3.30 450 - 
1.50 6.9 - - - LEICTT 
1.60 8.6 4.60 +72 - SOKR82 
1.80 11.2 5.9 +97 - - 
1.80 12.6 7.0 1.01 +087 21.4 TAWHT4 
2.00 13.9 8.0 1.20 - 23.8 SOKRE2 

2.00 13.5 - - - 23.4 LEICT7 
2.00 15.1 8.6 1,22 2117 25.8 TAWHTS 
2.20 19.0 10.6 1.70 - 32.3 SOKR82 
2.20 18.3 10.6 1.56 -137 31.5 TAWHTS 

2.25 13.0 - - - - BEART3 
2.40 23.0 tan2 1.90 - 39.3 SOKR82 
2.40 22.4 12.9 1.93 158 38.4 TAWHT4 
2.50 21.9 - - - 38.7 LEICTT 

2.50 25.0 13.7 2.10 - 42.1 SOKR82 
2.50 22.2 13.1 1.81 - 37.1 LIERT3 
2.60 25.0 14.8 2.19 +176 43.4 TAWHT4 
2.60 27.0 15.0 2.20 - 45.6 SOKR62 
2.70 29.0 17.0 2.60 - 50 
2.80 28.5 17.1 2.38 ~182 49.5 TAWHTY 

2.80 30.0 18.0 2.90 - 53 SOKR82 
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2282 LEAD(PB) CONTINUED 

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY © ALPHA BETA GAMMA Ls ETA TOTAL REF 

Mev BARNS 

2.90 33.0 19.0 2.70 2.30 - 57 SOKR62 

3.00 35.0 21.0 3.30 1.90 - 61 
3.00 - - - - - 50 BONG78 
3.00 31.7 - - - - 57 LEICT7 

3.00 33.4 20.4 3.07 1.54 2191 59 TAWHT4 

3.00 24.0 - - - - - BEART3 
3.00 32.0 19.5 2.70 - - 54 LIERT3 

3.20 35.9 22.3 3.36 1.62 +226 63 TAWH74 

3.50 47.2 - - - - Tm LEICT7 

3.60 4a 28.1 4.19 2.05 +312 19 TAWHTS 

3.80 51 32.8 4.89 2.50 +328 92 
4.00 58 37.4 5.8 2.91 +379 105 

4.00 52 32.7 4.72 - - 89 LIERT3 
4.20 61 39.6 6.2 3.19 400 1 TAWHTA 

4.30 62 39.9 6.3 3.08 371 112 

4.40 65 42.2 6.6 3.30 hua 118 
4.50 64 40.7 6.0 - - Wt LIERT3 

5.00 80 51 TH - - 139 

6.00 97 65 9.4 - - 171 

6.50 109 12 10.5 - - 191 
7.00 136 88 12.6 - - 237 
8.00 12 93 13.5 - - 248 

8.50 157 106 15.7 - - 279 
9.00 167 112 16.7 - - 296 

10.00 187 122 17.7 - - 327 
10.50 191 128 18.6 - - 338 
11.00 © 201 132 19.0 - - 352 
12.00 220 147 21.6 - - 389 

TABLE AIIZ LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
Mev MeV 

1.8-4.4 THIN 20.4e-1.5  TAWH74 0.9-3.0 THIN 17.34-0.8  SOKRB2 

0.4-2.0 THIN 19.7+=1.0  CHEJT6 

2283 BISMUTH(BI) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP © THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am * 

BEART3 1-3-0 100 - = LA 15  BEA(GH) — RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 

TAWHTS «= 124.543 14043 - 3.0(C) LA 15 BEA(G2) - RBS_ EMPLOYED 
LB 15  BEA(H) EFFICIENCY 
Lo 15 PWBA3 MEASURED. 
LL i, He3+ IMPACT 
LE 35 STUDIED. 
LT 10 METAL TARGET ON 

Al BACKING. 
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2283 BISMUTH(BI) CONTINUED 
  

TABLE AI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS: 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an 

LEIC77 0.5-3.0 50 30-200E-9 - LA 6-7 - RBS EMPLOYED. 
LT 6-7 EFFICIENCY 

MEASURED. 
METAL TARGET ON 
FORMVAR BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

BHAD8O = .33=1.81 80+-8 50-300E-9 1.0(C) LX 15 PWBA3 RBS EMPLOYED. 
LT 10 PWBABC EFFICIENCY 

IPWBABCR MEASURED. 
METAL TARGET ON 
CARBON BACKING. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

  

    
ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

BARNS 

012 6.5E-03 - - BHAD8O 
+031 017 2.0£-03 - 
062 +034 za 
110 060 e 
+180 - - LEICT7 
140 074 - BHAD8O 
+210 +110 = 
+360 +190 a 
+65 +340 s 
+78 400 - 
+98 +52 - 

1.40 13 = 
1.60 83 - 
1.90 96 2 
2.40 1.30 3 

3.20 1.79 022 5.5 TAWHTS 
2.40 - - 4.33 LEICT7 
1.60 - - - BEAR73 

3.40 1.80 - 5.7 BHAD8O 
4.40 2.30 - 7.3 

5.0 2.70 - 8.4 
4.94 2.81 +039 8.5 TAWHTS 
6.2 3.30 - 10.4 BHAD8O 

7.8 4.30 - 13.2 
7.3 4.20 +057 12.6 TAWH7S 
6.6 - - 11.9 LEIC77 
9.2 5.1 - 15.6 BHAD80 

10.7 6.0 - 1 
14.9 6.7 - 20. 
10.2 5.9 +067 17.6 TAWHTS, 
Wed 6.3 - 19.1 BHAD8O 
13.5 8.0 094 23.6 TAWH75 
11.9 - - 23.4 LEIC77 
16.1 9.8 +120 28.4 TAWHT5 
12.0 - - - - BEART3 
19.6 12.0 1.92 =130 34.8 TAWH75 
19.5 - - - 36.1 LEICT7 
26.3 16.1 2.70 +170 46.6 TAWHTS 
30.2 19.1 3.09 +180 54 
27.0 - - - - 51 LEICT7 

22.0 - - - - - BEART3 
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3 BISMUTH(BI) CONTINUED 

  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

  

   
ENERGY © ALPHA BETA ETA TOTAL REF 

Mev 

3-25 37.0 23.5 67 TAWH7S 

3.50 40.7 26.1 74 
3.75 49.2 32.4 90 
4.00 56 36.6 102 

4.25 63 42.3 117 

4.50 67 44.7 124 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
Mev MeV 

1.0-4.5 THIN 18.7+-1.5  TAWH75 .33-1.81 THIN 14,54-0.2  BHAD8O 

2290 THORIUM(TH) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E~6G/CMSQ. A an * 

BEAR7T3 1-3-7 168 - = LA 15 BEA(G¥) RECTANGULAR 
PWBA2 BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
ThE& TARGET. 

LEIC77 0.5-3.0 50  30-200E-9 - LAT - RBS EMPLOYED 
LT 6-7 EFFICIENCY 

MEASURED. 
METAL TARGET ON 
Al BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

SARW81 40 194-1 3-100E-9 1.0(B) LA 29  PWBABC_ —-RBS_ EMPLOYED. 
LT 30 PWBABCR EFFICIENCY 

ECPSSR MEASURED. 

  

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

BARNS 

6.8E-03 - - - - 9.4E-03 SARW81 

2085 - - - - 2160 LEICT7 
1.07 - : - - 1.88 

s72 - - - - - BEART3 
+90 - - - - - 

es) - - = 2 2 
1.50 - - - - - 
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2290 THORIUM(TH) CONTINUED 
  

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

  

      

ENERGY ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

1.90 - - - - - BEART3 
3.78 - e a 5 6.6 LEICT7 
2.30 - - - - - BEART3 
2.80 - - = . = 

3.20 = a = z Z 
3.70 - - - < = 
420 - - = = = 
8.1 - - = = 14.3 LEIC77 
4.80 - - - - - BEART3 
5.4 - - - - - 

6.0 - - - - - 
6.4 - - - é Ss 
6.7 - - - - = 
Ta - - - a = 

13.0 - - - - 23.4 LEICTT 
8.2 - - - - - BEART3 
9.0 - - = = = 
9.7 = = E = = 

11.0 - - - - - 

12.0 - - - - - 
18.7 - - - - 33.9 LEICT7 
12.0 - - - - - BEAR73 
13.0 = = s is 3 
14.0 - - - - - 
15.0 - - - - = 
16.0 = = < = . 
17.0 - - - - - 
18.0 - - - - - 
19.0 - - - = = 

2_URANIUM(U) 

TABLE AI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E~6G/CMSQ. A * 

BEART3 1-3.0 122 - - LA 15 BEA(G¥) —- RECTANGULAR 
PWBAZ BEAM. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
UF4 TARGET. 

TAWHTS: 14.5 2914-29 - 3.0(C) LA 15  BEA(G2)_-—s«RBS_ EMPLOYED. 
LB 15  BEA(H) = EFFICIENCY 
LG 15 PWBA3 MEASURED. 
LL 17 He3+ IMPACT 
LE 50 STUDIED. 
LT 10 URANYLACETATE 

TARGET ON 
Al BACKING. 

LEIC77 0.5=3.0 50 30-200E-9 = LA 6-7 - RBS EMPLOYED 
LT 6-7 EFFICIENCY 

MEASURED. 
METAL TARGET ON 
Al BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 
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TABLE A. Experimental L-Shell X-Ray Production Cross Sections for Proton Impact 

2292 URANIUM(U) CONTINUED 

TABLE AL EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 

RANGE DENSITY CURRENT COLL ERROR 
MeV £-6G/CMSQ A an 

BONG7S 3.0 THIN - - LT $5 BEA(G3) RBS EMPLOYED. 
PWBA2 EFFICIENCY 

MEASURED. 
METAL TARGET ON 
CARBON BACKING. 

BHAD8O) .43-1.81 4.0+—.4 50-300E-9 1.0(C) LX 15 PWBA3 RBS EMPLOYED. 

LT 10 PWBABC EFFICIENCY 
IPWBABCR MEASURED. 

UC1 TARGET ON 
Al BACKING. 

SARW81 +30-.40 1324-26 3-100E-9 1.0(B) LA 30 PWBABC RBS EMPLOYED. 

LT 25 PWBABCR EFFICIENCY 
ECPSSR MEASURED. 

TABLE AIT EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS 

THIN TARGET 

  

  

    

  

ENERGY © ALPHA BETA GAMMA L ETA TOTAL REF 

MeV BARNS 

+30 3-38-04 0 - - SARW81 

35 1,9E-03 = i oa 

40 5.3E-03 - - - 

43 +020 - - - BHAD8O 

47 043 - - 5 
+50 +054 - - - LEICT7 
52 072 - - - BHAD80 
2st +120 011 - - 
+61 +160 +012 2011 = 
65 +250 2018 2018 - 
71 +300 024 023 - 
76 +330 028 024 - 

a) s 44a 033 033 = 
+85 490 039 +032 - 
89 +56 043 +039 - 

91 +70 +048 +053 - 
1,00 69 = - - LEICT7 

1,00 55 = = - - BEART3 

1.00 91 +460 :078 +060 024 1.53 TAWH7S 
1.01 1.10 54 1064 066 - 1.77 BHAD8O 
101 1.30 -65 087 081 - 2.12 
1.21 1.60 +82 2110 100 - 2.63 

1.25 1.69 +88 144 113 056 2.88  TAWH7S 
1.31 2.10 1.10 150 +130 - 3.48  BHAD8O 
14) 2.60 1.40 180 -170 - 4.35 
1.50 2.61 1.34 +222 +169 079 4.42 0 TAWH7S 
1.50 2.55 - - - 4.37 LEICT7 
1.5) 3.10 1.60 220 +210 5.1 BHAD8O 
1.61 3.40 1.90 240 +230 - 5.8 
1.71 3.70 2.10 270 +250 - 6.3 
1.75 3.88 2.02 298 +260 +110 6.5 TAWHTS: 
1.81 ult0 2.10 +270 +260 - 6.7 BHAD8O 
2.00 5.3 2.78 454 328 +150 9.0 TAWHTS 

2.00 5.4 - - = - 9.3 LEICT7 
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2 URANIUM(U) CONTINUED 

  

TABLE AII EXPERIMENTAL X-RAY PRODUCTION CROSS SECTIONS CONTINUED 

THIN TARGET 

  

ENERGY ALPHA BETA GAMMA, L ETA TOTAL REF 

MeV BARNS 

2.25 7.1 3.81 64 44g +230 12.2 TAWHTS: 
2.25 5.4 - - - - - BEART3 
2.50 8.7 4.68 86 +56 +260 15.0 TAWHTS 
2.50 9.0 - : : : 15.7 LEICT7 

2.75 17.0 6.2 1.03 67 +390 19.3 TAWHTS 

3.00 - - - - - 21.8 BONG7S: 

3.00 14.0 - - - - 25.0 LEIC77 

3.00 12.8 7.3 1.30 +92 +390 22.7 TAWHTS: 
3.00 10.0 - - - - - BEART3 
3.25 15.8 9.1 1.64 1,00 =450 28.0 TAWHTS, 
3-50 18.6 10.8 1.85 1.10 +57 32.9 

3.75 21.0 12.4 2.29 1.33 63 37.6 
4.00 24.0 14.3 2.58 1.46 ev 43.1 
4.25 29.6 17.0 3.37 1,85 88 53 
4.50 31. 19.1 3.47 2.02 1.00 57 

TABLE AIII LALPHA/LL RATIO 

ENERGY TARGET LA/LL REF ENERGY TARGET LA/LL REF 
RANGE RANGE 
MeV MeV 

1.0-4.5 THIN 15.64-1.2  TAWH7S .43-1.81 THIN 14.74-0.2  BHAD8O 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2238 STRONTIUM(SR) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an * 

BONG78 3-0 THIN - - LT 18 BEA(G3) RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

TABLE BIL EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

3.00 92611 BONGT8 

2239 YTTRIUM(Y) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A on 

PONM79 =4.0-22.0 THIN - 6.0(C) - BEA(G3) Ge(Li) AND 
PWBA2 Si(Li) DETECTOR 
PWBA3 USED. 

METAL TARGET ON 
MYLAR BACKING. 
Hed IMPACT 
STUDIED. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

4.00 57100 PONMT9 14.00 47500 PONMT9, 
6.00 61000 16.00 45500 
8.00 59000 18.00 41300 

10.00 53500 20.00 38600 
12.00 53100 22.00 36500 

5 590
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2:40 ZIRCONIUM(ZR) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
Mev E-6G/CMSQ A am * 

KROAB2 .1015~.7422 1104-2 - - LT 16-18 CPSSR CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

    
ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS BARNS 

54 KROAS2 1950 KROA82 
183 3300 
303 4640 
616 7110 
1320 7422 10700 

Z=41_NIOBIUM(NB) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL, BEAM BEAM EXP THEORIES COMMENTS, 
RANGE DENSITY CURRENT COLL ERROR 
MeV £-6G/CMSQ A an * 

KROA82 .0916-.7459 55+-3 7 - LT 15-17 CPSSR CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET ON 
CARBON BACKING. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS MeV BARNS 

+0916 25.7 KROAB2 +3239 1350 KROA82 
21115, 57 4O4d 2260 
21417 133 4951 3510 
+1723 274 6058 5150 
+2129 4g +7459 7500 
+2634 822



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2245 RHODIUM( RH) 
  

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS. 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

KROA82 .09-.744 8B+-5 - - L1 15-19 CPSSR CRYSTAL 
L2 15-20 SPECTROMETER 
L3 18-24 AND Si(Li) USED. 
LT 15-19 RBS EMPLOYED. 
R1 22-28 EFFICIENCY 
R2 23-31 CALCULATED. 

METAL TARGET ON 
CARBON BACKING. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

  

ENERGY Lt 12 13 Lite L1/L3 TOTAL REF 

Mev BARNS BARNS 

+0900 1.08 1.32 2.86 -82 +379 5.3 KROA82 
+1096 2.29 3.58 8.0 64 +288 13.8 
+1393 4.39 10.4 23.1 420 +190 38.0 
+1696 6.4 22.0 49.4 +289 +130 78 
+2100 9.2 48.5 108 189 +085 = 166 
12604 11,2 92 205 122 +055 309 
+3211.) 247.0 159 350 +107: 2049525 
-4o19 32.4 272 592 +119 +055 896 
+4925 86 436 937 +198 +092 1460 
+6031 191 641 1370 +299 140-2200 
:7TH4o 394 943 1980 418 +199 3310 

Z=46 PALLADIUM(PD) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

CHARTS 3-12 214-2 - - LT 20 BEA(G3) RBS EMPLOYED. 
PWBA3 EFFICIENCY 

CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

KROAB2 .09-.7438 99+-6 - - L1 15-20 CPSSR CRYSTAL 
L2 15-22 SPECTROMETER 
L3 17-26 AND Si(Li) USED. 
LT 14-20 RBS EMPLOYED. 
R1 21-29 EFFICIENCY 
R2 23-33 CALCULATED. 

METAL TARGET ON 
CARBON BACKING. 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2246 PALLADIUM(PD) 

TABLE BIT 

THIN TARGET 

ENERGY ui 

MeV 

0900 -89 
+1093 3 
+1389 
+1692 

«4920 69 
-6026 153 
+7438 

3.0000 
4.0000 
5.0000 
6.0000 
7.0000 
8.0000 
9.0000 
10.0000 
11.0000 
12.0000 9

4
1
0
 

& 

Z247_SILVER(AG) 

TABLE BI 

REF ENERGY 
RANGE 
MeV 

CHARTS =—-3-12 

BONG78 3.0 

CuzP81 .611-3.85 

KROA82 .1397-.744 

CONTINUED 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

  

L2 13 L1/L2 L1/L3 

BARNS 

+90 2.03 +438 
2.60 5.9 327 
1 17.6 234 

16.4 37.6 158 
36.1 83 = 106 
7 162 +064 

129 294 057 
221 495 064 
350 776 088 
534 1160 +132 
159 1630 +201 

EXPERIMENTAL DETAILS 

AREAL —_BEAM BEAM EXP = THEORIES 
DENSITY CURRENT COLL ERROR 

E-6G/CMSQ A om * 

224-2 - - LT 20 BEA(G3) 
PWBA3 

THIN - - LT 15  BEA(G3) 

THIN - = LT 5-11 BEA(H) 
SCA2 
PWBA3 

954-3 - - L1 15-16 CPSSR 
L2 15-17 
L3 17-20 
LT 15-16 
RY 21-24 
R2 23-26 

593 

TOTAL REF 

BARNS 

3.81 
10.4 
29.5 
60 

128 
244 
440 
748 

KROA82 

CHARTS 

46000 

COMMENTS 

RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
SELF-SUPPORTING 
METAL TARGET. 

EFFICIENCY 
MEASURED. 
AgI03 TARGET ON 
CARBON BACKING. 
CROSS SECTIONS 
EVALUATED BY 
NORMALIZING TO 
K-SHELL DATA. 

CRYSTAL 
SPECTROMETER 
AND Si(Li) USED. 
RBS EMPLOYED. 
EFFICIENCY 
CALCULATED. 
METAL TARGET OW 
CARBON BACKING.



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Z=247_SILVER(AG) 

TABLE BII 

THIN TARGET 

ENERGY 

MeV 

-1397 
+1697 

12.0000 

ut 

P
e
e
v
e
 

ee
e 

ee
e 

ee
e 

ee
e 

ee
e 

ee
e 

CONTINUED 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

L2 13 Li/L2 Li/U3, 

BARNS 

5.3 12.4 +63 +270 
11.9 27.9 448 2197 

26.7 63 +310 +130 
54 126 211 +089 
95 224 2149 +063 

169 393 214g 064 
288 661 +196 085 
419 948 284 +125 

640" 1430 422 189 

1
1
0
1
8
 
H
O
W
 

oe
 

€ 

C
e
 8 
Rok

 
8 

AU
 

OM
 

NO
 

ee
 

Ca
e 
e
e
 

eo
 

P
u
t
a
s
 

C
U
E
 

ee
 

C
e
e
 
r
e
a
 

2248 CADMIUM(CD) 

TABLE BI 

REF 

BONG78 

ENERGY 
RANGE 
MeV 

3.0 

EXPERIMENTAL DETAILS 

AREAL —_BEAM BEAM EXP = THEORIES. 
DENSITY CURRENT COLL ERROR 

E-6G/CMSQ A om * 

THIN - - LT 12 BEA(G3) 

594 

TOTAL REF 

21.1 KROA82 

2590 CUZP81 
2340 KROA82 
5279 cUuzP81 

23750 BONG7S 
30000 CHART7S 
27377 CUZP81 

40000 CHARTS 

COMMENTS 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
METAL TARGET ON 
CARBON BACKING.



   

R. S. SOKHI and D. CRUMPTON. L-Shell Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2248 CADMIUM(CD) CONTINUED 

  

  

TABLE BI EXPERIMENTAL DETAILS CONTINUED 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV -«E-6G/CMSQ. A an 

KROAS2 .1372-.7822 126+=4 = - _L1_ 14=16 CPSSR CRYSTAL 
L2 15-17 SPECTROMETER 
L3 17-20 AND Si(Li) USED. 
LT 14-16 RBS EMPLOYED. 
RI 21-24 EFFICIENCY 
R2 22-26 CALCULATED. 

METAL TARGET ON 
VITRIOUS CARBON 
BACKING. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY ui L2 13 Li/L2 L1/L3 TOTAL REF 

Mev BARNS 

+1372 2.61 3.27 7.6 80 KROA82 
21673 4.48 1.6 18.0 +59 
+2076 6.8 17.3 41.7 +394 
+2581 9.2 36.2 88 +253 
+3188 11.4 67 163 171 
+3997 19.7 122 293 +162 
24906 41.2 204 482 +202 
moots: 990 de9 760 +282 
+7422, 214 509 1150 +420 

3.0000 - < - - BONG78 

Z249 INDIUM(IN) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am * 

KROAB2 .1359-.7417 1364-8 - - Lt 14-16 CPSSR CRYSTAL 
L2 15-18 SPECTROMETER 
L3 17-22 AND Si(Li) USED. 
LT 14-16 RBS EMLPOYED. 
R1 20-24 EFFICIENCY 
R2 22-28 CALCULATED. 

METAL TARGET ON 
VITRIOUS CARBON 
BACKING. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Lt L2 13 Li/L2 L1/L3 TOTAL REF 

BARNS BARNS 

2.26 5.1 1.06 472 9.7 KROA82 
5.5 12.8 +79 +339 22.7 
12.8 30.7 254 +224 50 
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R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE B. Experimental L-Sheil Ionization Cross Sections for Proton Impact 

Zz4Q INDIUM(IN) CONTINUED 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY Li L2 L3 Li/L2 Li/L3 TOTAL REF 

MeV BARNS BARNS 

+2573 9.3 27.4 67 +340 +138 104 KROA82 
+3180 11.6 53 130 +220 +090 194 
3989 17.5 98 239 -179 +073 353 

+4897 34.0 167 4O1 +204 -085 602 
-6006 15 262 618 +285 +121 955 
THAT 177 aid 940 430 -188 1530 

2250 TIN(SN) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS: 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A om * 

CHARTS 3-12 294-3 = - LT 20 BEA(G3) RBS EMPLOYED. 
PWBA3 EFFICIENCY 

CALCULATED. 
05+ IMPACT 
STUDIED. 
METAL TARGET ON 
CARBON BACKING. 

BONG78 3.0 THIN - - LT 12 BEA(G3) RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
SELF-SUPPORTING 
METAL TARGET. 

PONM79 4.0-22.0 THIN - 6.0(C) = BEA(G3) Ge(Li) AND 
PWBA2 Si(Li) DETECTORS 
PWBA3 USED. 

METAL TARGET ON 
MYLAR BACKING. 
Hed IMPACT 
STUDIED. 

KROAB2 .137-.743 1154-5 - - L1 14-17 CPSSR CRYSTAL 
L2 15-19 SPECTROMETER 
L3 16-19 AND Si(Li) USED. 
LT 18-17 RBS EMPLOYED. 
R1 21-25 EFFICIENCY 
R2 21-25 CALCULATED. 

METAL TARGET ON 
VITRIOUS CARBON 
BACKING. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY a) L2 13 Li/L2 LI/L3 TOTAL REF 

Mev BARNS BARNS 

+1370 1.27 1.47 4.00 86 +317 6.7 KROAG2 
+1678 2.45 3.78 10.2 65 +240 16.4 
+2084 3.91 9.3 24.4 423 160 37.6 
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TABLE B. Experimental L-Sheil Ionization Cross Sections for Proton Impact 

(SN) 2250 TIN 

TABLE BI 

THIN TAR 

ENERGY 

MeV 

+2591 
+3199 
4007 
4915 
-6023 
+7430 

3.0000 
3.0000 
4.0000 
4.0000 
5.0000 
6.0000 
6.0000 
7.0000 
8.0000 
8.0000 
9.0000 
10.0000 
10.0000 
11,0000 
12.0000 
12.0000 
14.0000 
16.0000 
18.0000 
20.0000 
22.0000 

ed 

GET 

Por
e 

sti
 

VCR 
te
 

aCe
 

29
 

0 
ie 

Oi
a 

CONTINUED 

EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

  

Z251_ANTIMONY(SB) 

TABLE BI 

REF ENERGY 
RANGE 
MeV 

AREAL 

EXPE! 

BEAI 

13 Li/L2 

51 +273 
99 18 

194 +136 
330 2147 
510 +201 
791 +300 

  

DENSITY CURRENT COLL ERROR 

E-6G/CMSQ 

KROA82 .1399-.7433 106+-4 

TABLE BI. 

THIN TAR 

ENERGY 

MeV 

«1399 
= 1693 
+2096 
+2601 
+3206 

x 

GET 

Lt 

A 

RIMENTAL DETAILS 

M BEAM EXP 

mm 

- Li 15-17 
L2 15-20 
L3 16-20 
LT 15-17 
R1 21-26 
R2 22-26 

L1/L3 

TG
 

On
a 

6 
7) 

0 
EE
C 

De
ca
) 

THEORIES 

cPSSR 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

L2 L3 Li/L2 oe 

1.29 

BARNS 

1.28 
3.18 
a 

18.0 
35.7 

597 

LI/L3 

TOTAL 

BARNS 

76 
144 
280 
479 
754 

1200 
14815, 
19000 
23000 
16100 
30000 
32000 
20000 
33000 
34000 
20300 
35000 
33000 
20000 
31000 
30000 
19100 
18500 
16700 
16000 
14700 
13600 

COMMENTS 

CRYSTAL 
SPECTROMETI 
AND Si(Li) 
RBS EMPLOY! 
EFFICIENCY 
CALCULATED 
METAL TARGI 
CARBON BAC! 

TOTAL 

BARNS 

5.9 
14.0 
31.8 

135 

REF 

KROA82 

BONG78 
CHARTS 

PONM79 
CHARTS 

PONM79 
CHARTS 

PONMT9 
CHARTS; 

PONM79 
CHARTS 

PONMT9 

ER 
USED. 

ED. 

ET ON 
KING. 

REF 

KROAB2
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Z251_ANTIMONY(SB) CONTINUED 

  

  

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

THIN TARGET 

ENERGY Lt 13 Li/L2 L1/t3 TOTAL REF 

Mev BARNS BARNS 

+4017 10.4 66 165 +158 +063 241 KROA82 
+4921 17.7 112 279 158 063 409 
+6028 = 35.5 176 433, 202 +082 644 
-7433 84 284 688 +295 +122 1060 

2:53 IODINE(I) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP = THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E=6G/CMSQ. A an 

BONG78 3.0-11.0 THIN - - LT 10 BEA(G3) —- RBS_ EMPLOYED. 
EFFICIENCY 
MEASURED. 
K-SHELL STUDIED. 
TARGET ON 
CARBON BACKING. 

CuzP81 .611-3.85 THIN - - LT 5-10 BEACH) = EFFICIENCY 
SCA2 MEASURED. 
PWBA3 AgIO3 TARGET ON 

CARBON BACKING. 
CROSS SECTIONS 
EVALUATED BY 
NORMALIZING TO 
K-SHELL DATA. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL REF 
MeV BARNS Mev BARNS 

+611 392 cUuzP81 3.000 9403 BONGTS 
811 874 3.000 7204 cuzP81 

1.019 1333 3.200 7989 
1.200 1839 3.400 8667 
1.400 2462 3.600 9473 
1.600 3017 3.800 9753 
1.800 3527 3.850 9849 

2.000 4570 5.000 14985 BONGTS 
2.200 4677 7.000 17955 
2.400 5208 9.000 18209 
2.600 5903 11,000 17627 
2.800 6968 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2255 CESIUM(CS) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an 

PONM79 =4.0-22.0 THIN - 6.0(C) ” BEA(G3) 
PWBA2 
PWBA3 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL 
MeV BARNS MeV _ BARNS 

4.00 3680 PONMT9 14.00 7050 
6.00 5850 16.00 6920 
8.00 6600 18.00 6650 

10.00 7380 20.00 6550 
12.00 1320 22.00 6340 

2258 CERTUM(CE) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E=6G/CMSQ. A an 

PONM79 4.0-22.0 THIN - 6.0(C) = BEA(G3) 
PWBA2 
PWBA3 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY TOTAL REF ENERGY TOTAL 

MeV BARNS MeV BARNS 

4.00 3350 PONM7T9 14.00 6540 

6.00 4670 16.00 6050 

8.00 5530 18.00 5870 

10.00 6610 20.00 5400 

12.00 7100 22.00 5150 

COMMENTS 

Ge(Li) AND 
Si(Li) DETECTORS 
USED. 
METAL TARGET ON 
MYLAR BACKING. 
He4 IMPACT 
STUDIED. 

REF 

PONM79 

COMMENTS 

Ge(Li) AND 
Si(Li) DETECTORS 
USED. 
METAL TARGET ON 
MYLAR BACKING. 
Hed IMPACT 
STUDIED. 

REF 

PONM79



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2259 PRASEODYMIUM(PR) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A on 

WHERT9 =. 15~.40 THICK - 2.0(B) L1 20 PSs 
L2 20 PSSR 
L3 15 PWBA3 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THICK TARGET 

  

ENERGY u L2 L3 Li/L2 L1/L3 

Mev BARNS 

+150 +180 04d +270 4.09 67 
2175 +390 130 -68 3.00 57 

271 +290 1.40 2.45 +51 
1.60 1.10 4.50 1.45 +356 
2.80 2.60 10.0 1.08 +280 
4.00 $.3 19.0 +75 2211 

400 5.0 9.1 31. 55 +161 

Z262_SAMARIUM(SM) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an 

PONM79 =4.0-22.0 THIN - 6.0(C) - BEA(G3) 
PWBA2 
PWBA3 

WHERT9 = .15=.44 THICK - 2.0(B) Li 20 PSS 
L2 20 PSSR 
L3 15 PWBA3 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY ut L2 13 L1/L2 L1/L3 

Mev BARNS 

4.00 - rat = = = 
6.00 - - - = S 
8.00 - - - - - 
10.00 - - - - a 

600 

COMMENTS: 

EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TOTAL REF 

BARNS 

-4ou 
1.20 
2.40 
7.2 

15.4 
28.3 
45.1 

WHERT9 

COMMENTS 

Ge(Li) AND 
Si(Li) DETECTORS 
USED. 
METAL TARGET ON 
MYLAR BACKING. 
He4 IMPACT 
STUDIED. 

EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TOTAL REF 

BARNS 

3350 
4100 
5430 
5680 

PONM79



R. S. SOKHI and D. CRUMPTON L-Shell Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Z=62 SAMARIUM(SM) CONTINUE! 

TABLE BII 

THIN TARGET 

ENERGY 

MeV 

12.00 

20.00 
22.00 

Lt L2 

D 

L3 

BARNS 

THICK TARGET 

ENERGY 3 

+095 
+259 

2.00 
4.70 

15.0 
20.0 

ut L2 

BARNS 

+052 +021 
+130 064 
+250 +150 
64 +56 

1.10 1.40 
1.60 2.70 
2.00 4.50 
2.30 6.1 

2265 TERBIUM(TB) 

TABLE BI 

REF 

WHERT9 

TABLE BII 

ENERGY AREAL, 
RANGE DENSITY Cl 
MeV E-6G/CMSQ 

~15-.40 THICK 

THICK TARGET 

ENERGY 

MeV 

+150 
2175 
+200 
+250 
+300 
+350 
- 400 

ut 12 

BARNS 

021 9.0E-03 
+057 027 
+120 2069 
350 +270 

+72 +73 
1.20 1,50 
1.70 2.80 

EXPERIMENTAL IONIZATION CROSS 

L1/L2 

Li/L2 

EXPERIMENTAL DETAILS 

BEAM BEAM EXP 
SURRENT COLL ERROR 

A nn 

- 2.0(B) L1 20 
L2 20 

13 

601 

L3 15 

EXPERIMENTAL IONIZATION CROSS 

Li/L2 

Li/L3 

THEORIES 

PSS 
PSSR 
PWBA3 

SECTIONS 

L1/L3 

SECTIONS CONTINUED 

TOTAL REF 

BARNS 

6340 PONM79 
6600 
6420 
6240 
6040 
5850 

TOTAL REF 

BARNS 

+168 = WHERT9 

COMMENTS 

EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TOTAL REF 

BARNS 

+062 © WHERT9 
-176 
409 

1.44 
3.65 
7.3 
12.9
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TABLE B. Experimental L-Sheil Ionization Cross Sections for Proton Impact 

2266 DYSPROSIUM(DY) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP © THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am 

JITW82 0.15-9.5 85 - = —-R1 20-30 PWBAS 
R2 20-30 PWBABC 

RPWBABC 
CPSSR 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY ui L2 13 Li/L2 L1/L3 

Mev BARNS 

+150 - - - 3.01 84 
+165 - - - 2.86 83 
175 - - - 2.77 82 
210 - - - 2.46 “17 
240 = - - 2.22 69 
+280 - - - 1.83 55 
+300 - - - 1.61 +52 

350 - - - 1.18 384 
+500 - - - +60 198 
+700 - - - +267 091 

1.000 - - - +198 +071 
1.400 - - - 284 108 
2.500 - - - +78 +307 

3.000 - - - 284 +302 
9.500 - - - 1.13 432 

2267 HOLMIUM(HO) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES. 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A an 

PONM79 4.0-22.0 THIN - 6.0(C) = BEA(G3) 
PWBA2 
PWBA3 

WHERT9 9-15-40 THICK - 2.0(B) L120 = PSS 
L2 20 PSR 
L315 = PWBA3 

COMMENTS 

BOTH SURFACES 
OF TARGET 
COVERD WITH 
THIN FILM OF 
CARBON. 
GAMMA(1)/ALPHA 
AND 
GAMMA (2+3) /ALPHA 
INTENSITY RATIOS 
PRESENTED. 

TOTAL REF 

BARNS 

JITWE2 

COMMENTS: 

Ge(Li) AND 
Si(Li) DETECTORS 
USED. 
METAL TARGET OW 
MYLAR BACKING. 
He4 IMPACT 
STUDIED. 

EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED.



R. S. SOKHI and D. CRUMPTON L-Sheil Cross Sections for Protons 

TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

CONTINUED 

  

2267_HOLMTUM(HO) 

TABLE BII 

THIN TARGET 

ENERGY ra) L2 13 
  

Mev BARNS 

4.00 
6.00 
8.00 

10.00 
12.00 
14.00 
16.00 
18.00 
20.00 
22.00 p

e
n
e
 
e
e
e
n
n
g
 

t
e
e
e
r
e
e
n
a
s
 

e
e
 

THICK TARGET 

ENERGY Li L2 13 Lis/L2 L1/L3 

MeV BARNS 

150 +012 3.4E-03 017 3-53 +71 
2175 O44 +015 063 2.93 +70 
+200 +120 +045, +170 2.67 71 
+250 +390 +210 +70 1.86 +56 
+300 +72 55 1.70 1431 424 
+350 +93 +96 3.00 +97 +310 
«400 94 1.30 4.30 +72 2219 

Z=70_YTTERBIUM( YB) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A an 

WHERT9 +15-.40 THICK - 2.0(B) L1 20 PSs 
L2 20 PSSR 
L3 15 PWBA3 

TABLE BIL EXPERIMENTAL IONIZATION CROSS SECTIONS 

THICK TARGET 

ENERGY La L2 3 

MeV BARNS 

+150 3.3E-03  -7.4E-04 5.5E-03 
«175 014 4.2E-03 +020 
+200 042 +015 +056 
+250 ~ 180 -087 +250 
~300 ~400 +240 -70 
+350 62 440 1.50 
400 +76 60 2.40 

603 

LI/L2 

  

LI/L2 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

L1/L3 

  

L1/L3 

TOTAL REF 

BARNS 

1720 PONMT9 

TOTAL REF 

BARNS 

+032  WHER79 
22 

+335 
1.30 
2.97 
4.89 
6.5 

COMMENTS 

EFFICIENCY 
MEASURED. 
GAMMA(1) AND 
GAMMA(2+3) CROSS 
SECTIONS QUOTED. 

TOTAL REF 

BARNS 

9.5E-03 WHER79 
038
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Zs72_ HAFNIUM(HF) 

  

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A om * 

JUSE8O —-0.5=2.5 50 30-200E-9 = = L179 PWBAS. RBS EMPLOYED 
L2 7-9 PWBABTR EFFICIENCY 
L3 6-9 MEASURED. 
LT 7-9 METAL TARGET ON 
R1 10-12 FORMVAR BACKING. 
R2 9-11 He+ IMPACT 

STUDIED. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET cs 

ENERGY Lt L2 L L1/L2 L1/L3, TOTAL REF 

Mev BARNS BARNS 

+50 1.38 1.22 5.2 1.13 +276 7.8 JUSE8O 
-60 1.90 2.32 9.9 +82 192 14.1 
+70 2.48 4.40 16.7 +56 ~149 23.5 
-80 3.00 6.5 23.8 460 +126 33.0 
+90 3.24 8.8 32.1 +370 +101 ib. 

1.00 4.07 11.0 hows +370 101 55 
1.10 4.31 14.3 51 +300 +085 69 
1.20 5.9 18.0 64 +330 +092 88 
1.30 TT, 22.7 80 +340 1095011 
1.40 10.0 27.4 93 +370 -107 131 
7250 7 117. 31.2 107 +370 +109 150 
1.60 14.5 34.6 121 420 +120 «170 
1.80 28.0 49.0 154 -490 +156 © 227 
2.00 31.4 60 183 +53 172 274 
2.50 69 95 273 mie 2253) 9837. 

2273 TANTALUM(TA) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am 

JUSE8O 0.6-2.5 50 30-200E-9 = = =L1 11 PWBAS RBS EMPLOYED 
L2 7-9 PWBABTR EFFICIENCY 
13 8 MEASURED. 
LT 9 METAL TARGET ON 
R1 10 FORMVAR BACKING. 
R2 8 He+ IMPACT 

STUDIED. 

604
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2273 TANTALUM(TA) CONTINUED 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Lt 2 13 Li/L2 L1/L3 TOTAL REF 

MeV BARNS BARNS 

+60 1.70 2.20 1.3 +78 +240 11.3 JUSE8O 
+80 2.80 5.8 18.0 ~480 +150 26.6 

1.00 3.50 11.0 33.1 +310 +100 47.6 
1.20 3.80 19.3 53 +200 072 16 
1.30 4.90 22.9 62 +210 +078 90 
1.40 6.1 28.1 15 220 +082 109 
1.50 7.8 33.1 87 +230 +089 128 
1.60 11.0 37.2 100 +300 211000148 
1.80 19.0 48.2 128 +390 +150 195 
2.00 26.0 60 171 +430 +150 258 
2.50 57 97 238 +59 +240 391 

2274 TUNGSTEN(W) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A om 

PONM7T9 4.0-22.0 THIN - 6.0(c) = BEA(G3) Ge(Li) AND 
PWBA2 Si(Li) DETECTORS 
PWBA3 USED. 

METAL TARGET ON 
MYLAR BACKING. 
Hed IMPACT 
STUDIED. 

JUSEBO 0.5-2.5 50 -30-200E-9 = =L1 6-13 -PWBAS RBS EMPLOYED 
L2 7-9 PWBABTR EFFICIENCY 
L3 7-10 MEASURED. 
LT 8 METAL TARGET ON 
RI 7-13 FORMVAR BACKING. 
R2 7-14 He» IMPACT 

STUDIED. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Lt 12 L3 Lite LI/L3 TOTAL REF 

BARNS BARNS 

+80 3.10 1.49 -384 5.4 JUSEBO 
2.49 9.9 +96 2247 14.8 

4.28 15.3 63 -178 22.2 
6.1 22.7 2489 +131 31.8 
8.2 30.7 402 +107 42.2 

11,4 40.6 +337 +095 56 
15.1 52 +285 +083 7 
17.9 60 306 +091 84 
20.9 73 328 093 100 
24.9 78 402 128 113 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

Zs74 TUNGSTEN(W) CONTINUED 

  

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

THIN TARGET 

  

  

ENERGY 1 L2 13 Li/L2 L1/L3 TOTAL REF 

Mev BARNS BARNS 

1.60 11.9 27.9 87 428 #137 127 JUSE8O 
1.70 15 32.5 98 AT 147 145 
1.80 19.7 36.9 144 +53 +173 170 
1.90 21.6 43.2 136 +50 +159 201 
2.00 24.7 47.3 147 52 169 219 
2.50 51 3 209 +70 +24 332 

4.00 - - - - - 530 PONM79 
6.00 - - - - 950 
8.00 - - - - - 1350 

10.00 - - - - 1630 
12.00 - - - - 1910 
14.00 - - - - 2000 
16.00 - - - - - 2040 
18.00 - - - - - 2120 
20.00 - - - - - 2140 
22.00 - - - - - 2170 

Z277_IRIDIUM(IR) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL —_ BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A om 

JUSE8O 0.62.5 50 30-200E-9 - 117-9 PWBAS RBS EMPLOYED 
L2 8 PWBABTR EFFICIENCY 
13 8 MEASURED. 
LT 8 METAL TARGET ON 
R19 FORMVAR BACKING. 
R28 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Li L2 13 Li/L2 L1/L3 TOTAL REF 

BARNS 

2.84 1.85 496 5.0 JUSE8O 
5.1 1.63 +44 ala 
8.2 +86 +260 12.7 

12.2 68 200 18.2 
16.5 +60 2173 24.2 
21.7 +493 +138 30.8 

27.0 2405 124 38.6 
32.9 +307 107 47.9 
40.2 287 +100 58 
47.1 -373 +122 68 
54 +372 2125 79 
63 +386 2134 94 

val 426 185, 106 
88 442 +159 133 

132 62 +223 209 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

  

'9_ GOLD(AU) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE, DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ A on * 

BONG7T8 3.0-11.0 THIN - - LT 7 BEA(G3) RBS EMPLOYED. 
PWBA2 EFFICIENCY 

MEASURED. 
SELF-SUPPORTING 
METAL TARGET. 

PONM7T9 =4.0-22.0 THIN - 6.0(C) = BEA(G3) Ge(Li) AND 
PWBA2 Si(Li) DETECTORS 
PWBA3 USED. 

METAL TARGET ON 
MYLAR BACKING. 
He4 IMPACT 
STUDIED. 
M-SHELL STUDIED. 

COHD8O 1.0-3.0 7.54=.2 15E-9 - L1 23 PWBAY RBS EMPLOYED. 
THICK L2 20 PWBAR EFFICIENCY 

L311 CPSSR MEASURED. 
LT 11 METAL TARGET ON 

CARBON BACKING. 

SARL80 2.0 THIN - - L119 PWBAT EFFICIENCY 
L2 15  PWBABC  —- MEASURED. 
L3 15 MPWBABCR METAL TARGET ON 
LT 11 CARBON BACKING. 

C12 N14 016 
IMPACT STUDIED. 
USED ATOMIC 
PARAMETERS 
FROM REF(7+8)? 
AND REF(34)*, 

JITWB2 0.175-10.0 95 - - R1 20-30 RSCA SELF-SUPPORTING 
R2 20-30 PWBAS METAL TARGET. 

PWBABC GAMMA( 1) /ALPHA 
RPWBABC = AND GAMMA(2+3+6)/ 
CPSSR ALPHA INTENSITY 

RATIOS PRESENTED. 

PINA82 0.5-4.0 50 30-200E-9 = Li 9-11 - RBS EMPLOYED. 
L2 7-17 EFFICIENCY 
L3 6-9 MEASURED. 
LT 6-9 SELF-SUPPORTING 
R111 METAL TARGET. 
R2 12 RADIATIVE DECAY 

BRANCHING RATIOS 
MEASURED. 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Lt L2 L3 L1/L2 L1/L3 TOTAL REF 
  

BARNS BARNS 

JITW82 

o o) 

a
a
 

Ne
/ a

e 

p
e
n
e
e
e
 

+59 +195 1.83 2413 2.21 PINAG2 
1.09 +53 2.88 0 

+221 - JITW82 

be 3 @ = 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2279 GOLD(AU) CONTINUED 
  

    

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 
THIN TARGET 

ENERGY Lt L2 13 LI/L2 0. L1/L3 TOTAL REF 
BARNS BARNS 

1.32 +82 4.36 +303 6.5 PINA82 1.44 1.53 Te +193 10.2 - - - +136 - JITWE2 1.53 2.38 10.8 142 14.7 PINAB2 1.32 3.11 13.0 +102 16.8 COHDEO 1.71 3.60 14.6 +117 19.9 PINA82 1.88 448 18.4 +102 24.8 2.36 5.2 20.4 =116 27.1 COHD8O - - - +083 - JITW82 2.18 5.9 23.5 +093 31.5 PINA82 2.62 TT 28.8 091 39.0 3.65 7.9 29.2 +125 39.7 COHD8O 2.85 9.0 37.4 +076 49.2 PINAG2 - - - +071 = JITWE2 3.91 10.3 41d +095 55 PINAB2 5.2 1101 39.5 2131 55 COHD8O 5.0 12.3 49.1 +102 67 PINAB2 5.5 14.2 55 +100 15 
7.0 14.8 51 +136 72 COHD8O. - ce Ss +101 - JITWE2 6.2 16.5 64 +096 87 PINAB2 9.0 19.1 64 140 91 COHDBO 7.7 23.8 72 +108 103 SARL801 6.6 21.2 70 +094 98 SARL8O* 8.4 21.6 17 +109 107 PINA82 e - = 102 - JITWE2 11.3 23.9 79 +1430 «112 coHDEO 13.9 29.3 95 M7135 - - - +157 - JITW82 17.6 33,10 114 +155 165 PINA82 16.7 35.2 112 -149° 160 COHD8O 19.8 41.5 130 +152 187 = = - - 190 BONG78 23.1 48.4 150 +154 216 COHDBO a : = 175 - JITWE2 29.4 44.9 150 +196 = 225 PINAG2 40.0 54 189 212 283 52 66 227 +226 345 - - - - - 260 PONMT9 

- - 86 286 - JITW82 - - - - 497 BONG7S z = = - - 610 PONM79 x z es asia, 401 - JITWS2 - - - - - 768 BONG78 < = rs = < 980 PONM79 - - - - - 1050 BONG78 - - - 1.22 -420 - JITW82 - - : = - 1200 PONM79 S - S - - 1274 BONG78 - - - - - 1420 PONM79 - - - - - 1650 - - - - - 1920 
- - - - - 1960 
- - - - - 2140 - - - - - 2160 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2=79 GOLD(AU) CONTINUED 
  

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

THICK TARGET 

  

  

  

ENERGY Lt L2 13 Liste L1/L3 TOTAL REF 

Mev BARNS BARNS 

1.00 2.03 3.20 14.3 63 18.9 COHDE8O 
1.20 3.15 5.1 21.8 62 29.2 
1.40 4.68 7.5 30.8 +62 41.7 
1.60 6.6 10.5 41.3 +63 57 
1.80 9.0 44 53 64 74 
2.00 11.9 18.3 67 265 95 
2.20 15.2 23.3 83 65 118 
2.40 18.9 29.3 100 65 144 
2.60 23.1 36.1 119 6a 174 
2.80 27.6 43.9 140 63 206 
3.00 32.5 53 162 62 242 

2281 THALLIUM(TL) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am 

LEIC77 0.53.0 50 30-200E-9 = =—L1 8-11 SCAI RBS_EMPLOYED. 
L2 8-18 PWBAS EFFICIENCY 
L3 8 MEASURED. 
LT 7-9 METAL TARGET ON 
Ri 8-11 FORMVAR BACKING. 
R211 RADIATIVE DECAY 

BRANCHING RATIOS 
MEASURED. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY Lt 12 3 Li/L2 L1/L3 TOTAL REF, 

Mev BARNS BARNS 

+50 470 +170 1.06 2.82 440 1.69  LEIC77 
1.00 1.37 2.32 14.2 59 +123 14.9 
1.50 2.08 8.8 37.6 +240 055 48.4 
2.00 6.3 15.9 62 +400 +101 85 
2.50 13.4 26.7 100 50 134 140 

23. 32.7 120 272 +196 = 176 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2282 LEAD(PB) 

  

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORIES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CMSQ. A am % 

LEIC77 05-35 50  -30-200E-9 = =—L1 8-11 SCAT RBS EMPLOYED. 
L2 7-15 PWBAS EFFICIENCY 
L3 7-9 MEASURED. 
LT 7 METAL TARGET ON 
R111 FORMVAR BACKING. 
R212 RADIATIVE DECAY 

BRANCHING RATIOS 
MEASURED. 

BONG7S 3.0 THIN - wit 7 BEA(G3) RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
CARBON BACKING. 

COHD8O 1-3 6.7+=.1  15E-9 - 123 PWBAM RBS EMPLOYED. 
THICK L2 20 PWBAR EFFICIENCY 

La 41) crsse MEASURED. 
LT 11 METAL TARGET ON 

CARBON BACKING. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET , 

ENERGY ut L2 L3 Lis/L2 Li/L3 TOTAL REF 

Mev BARNS BARNS 

+50 +370 +130 64 57 1.14 0 LEICTT 
1.00 1.33 1.98 8.8 +151 11.9 COHD8O 
1.00 1.07 1.94 8.0 +135 11.0 LEICT7 
1.20 1.79 3.53 15.0 2119 19.8 COHD8O 
1.40 2.43 oe 22.4 +108 29.6 
1.50 2.49 1.2 25.1 +099 34.9 LEICT77 
1.60 3.30 8.0 30.9 107 ant COHD8O 
1.80 4s 10.8 40.3 +110 54 
2.00 5.9 med 5) V7 69 
2.00 4.80 15.6 4g.y 097 70 LEICT7 
2.20 Vet 17.8 62 2125 86 COHD8O 
2.40 9.9 21.8 74 +134 0 108 
2.50 12.2 26.1 17 2158 2116 LEICT7 
2.60 12.6 26.4 87 2145 124 COHD8O 
2.80 15.6 32.5 101 2154 145 
3.00 19.1 36.5 115 166 168 
3.00 - - - = - 126 BONG78 
3.00 19.0 36.5 W 52 +170 167 LEIC77 
3.50 20.8 46.2 147 +450 2141 24 

THICK TARGET 

ENERGY ut L2 L3 Li/L2 L1/L3, TOTAL REF 

Mev BARNS BARNS 

1.03 2.06 9.3 50 +110 12.1 COHD8O 
1.59 3.41 14.9 -466 +107 19.4 
2.41 5.1 21.6 473 112 28.3 

3.51 Ts 29.4 492 2119 39.0 
4.80 9.6 38.6 +499 2124 52 
6.3 12.6 49.0 +50 +129 66 
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TABLE B. Experimental L-Shell Ionization Cross Sections for Proton Impact 

2282 LEAD(PB) CONTINUED 

TABLE BII EXPERIMENTAL IONIZATION CROSS SECTIONS CONTINUED 

THICK TARGET 

  

ENERGY Lt L2 13 Li/L2 L1/L3 TOTAL REF 

BARNS BARNS 

16.1 61 +50 +133 83 COHD&O 
20.4 74 488 +134 102 
25.2 89 +476 +135 123 
30.8 105 2455 +133 147 
37.3 123 7434 2132 173 

2283 BISMUTH(BI) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP = THEORTES COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeV E-6G/CHSQ. A am 

LEIC7TT 0.5-3.0 50 30-200E-9 = = LL. 8= 12 SCAT RBS EMPLOYED. 
L2 7-13 PWBAS EFFICIENCY 
L3 7-10 MEASURED. 
LT 7-10 METAL TARGET ON 
R110 FORMVAR BACKING. 
R211 RADIATIVE DECAY 

BRANCHING RATIOS 
MEASURED. 

TABLE BIT EXPERIMENTAL IONIZATION CROSS SECTIONS 

THIN TARGET 

ENERGY 1 L2 3 Li/L2 L1/L3 TOTAL REF 

Mev BARNS BARNS 

+50 -340 +075 480 4.53 71 -89 LEICT7 
1.00 1.29 1.27 8.4 1.00 +153 10.9 
1.50 2.00 5.8 23.8 «340 -084 31.6 

2.00 4.60 12.3 41.7 +380 21 59 
2.50 9.6 18.7 67 51 2143, 96 
3.00 17.2 26.8 co) -64 21900135 

2:90 THORIUM(TH) 

TABLE BI EXPERIMENTAL DETAILS 

REF ENERGY AREAL BEAM BEAM EXP THEORIES. COMMENTS 
RANGE DENSITY CURRENT COLL ERROR 
MeY -«E-6G/CMSQ. A an * 

LEIC?7 0.5-3.0 50 30-200E-9 - Li 7-17 SCAI RBS EMPLOYED. 
L2 8-11 PWBAS EFFICIENCY 
L3 10-13 MEASURED. 
LT 9 METAL TARGET ON 
R112 Al BACKING. 
R2 8-12 RADIATIVE DECAY 

BRANCHING RATIOS 
MEASURED. 
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TABLE B. Experimental Z-Shell Ionization Cross Sections for Proton Impact 

2290 THOR: 

TABLE BIL 

THIN TARG! 

ENERGY 

MeV 

IUM(TH) CONTINU! ED 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

ET 

La L2 

BARNS 

+120 +036 
54 +70 
+83 2.85 

1.59 7.1 
2.44 12.0 
5.9 17.6 

2292 URANIUM(U) 

TABLE BI 

REF 5 
R 

LEICT7 oO. 

BONGT8 

TABLE BII 

THIN TARGI 

ENERGY 

MeV 

1.00 
1.50 

2.50 

jIUM(U) 

‘NERGY AREAL 
ANGE DENSITY 
MeV E-6G/CMSQ 

5-3.5 50 

3.0 THIN 

L1/L2 

EXPERIMENTAL DETAILS 

BEAM 
CURRENT 

A 

30-200E-9 

BEA 
COL! 
am 

M EXP 
LL ERROR 

* 

L1 8-13 
L2 8-12 
L311 
LT 10 
RY 11-13 
R2 10-12 

LT 9 

L1/L3 

THEORIES 

BEA(M) 
SCAI 
PWBAS 
PWBABTR 

BEA(G3) 

EXPERIMENTAL IONIZATION CROSS SECTIONS 

ET 

Lt L2 

BARNS 

068 +025 
+320 +410 
+63 1.86 
87 4.40 

1.65 Te 

4750 13.0 
7.7 24.3 

L3 

+100 
1.68 
6.6 

14.2 
23.6 

35.0 
48.0 

LY/L2 

2.70 
+79 
+340 
+200 
+220 

-350 
+320 

612 

TOTAL REF 

BARNS. 

+320 LEICTT 
3.91 

13.8 
30.4 
49.2 
72 

COMMENTS: 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
Al BACKING. 
RADIATIVE DECAY 
BRANCHING RATIOS 
MEASURED. 

RBS EMPLOYED. 
EFFICIENCY 
MEASURED. 
METAL TARGET ON 
CARBON BACKING. 

TOTAL REF 

BARNS 

+200  LEICT77 
2.42 
9.1 

19.4 
33.0 
42.7 BONGTS 
53 LEIC77 
80
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