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Charge state dependence of L-shell x-ray production cross sections have been 

measured for 4-14 MeV 16Oq (q=3+-8+) ions incident on ultra-clean, ultra-thin copper, and 

for 12 MeV 16Oq (q=3+-8+) on nickel, zinc, gallium and germanium solid foils. L-shell x-

ray production cross section were measured using target foils of thickness <0.6 jig/cm2 

evaporated onto 5 jig/cm2 carbon backings. Oxygen ions at MeV energies and charge 

state q were produced using a 3MV 9SDH-2 National Electrostatics Corporation tandem 

Pelletron accelerator. Different charge states, with and without K-vacancies, were 

produced using a post acceleration nitrogen striping gas cell or 12C stripping foils. L-shell 

x-rays from ultra-thin 2gNi, 29Cu, 30Zn, 31Ga, and 32Ge targets were measured using a 

Si(Li) x-ray detector with a FWHM resolution of 135 eV at 5.9 keV. The scattered 

projectiles were detected simultaneously by means of silicon surface barrier detectors at 

angle of 45° and 169° with respect to the beam direction. The electron capture (EC) as 

well as direct ionization (DI) contributions were determined from the projectile charge 

state dependence of the target x-ray production cross sections under single collision 

conditions. The present work was undertaken to expand the measurements of L-shell x-

ray production cross sections upon selected elements with low L-shell binding energies by 



energetic 160q (q=3+,4+,5+,6+,7+,8+) incident ions. Collision systems chosen for this work 

have sufficiently large ZlIZ2 ratios (0.25-0.28) so that EC may noticeably contribute to the 

x-ray production enhancement. In this region, reliable experimental data are particularly 

scarce, thus, fundamental work in this area is still necessary. DI and EC cross section 

measurements were compared with the ECPSSR and the first Born theories over the range 

of 0.25 <Zj/Z2 < 0.29 and 0.38 < vj/v^ <0.72. The ECPSSR theoretical predictions 

(including DI and EC) are in closer agreement with the data than the first Born's. 
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CHAPTER I 

INTRODUCTION 

Inner-shell ionization plays an important role in different fields of experimental and 

theoretical physics, such as plasma physics, ion implantation, and solid state physics. 

Ionization studies and the subsequent emission of the characteristic x-rays provide an 

insight into the processes involved in ion-atom collision. Inner-shell vacancies can be 

produced in collisions between the atomic systems in relative motion. Particle accelerators 

are used to provide ion beams for atomic collision experiments. A review of the collected 

data for K-1'2,3'4 and L-5'6,7,8'9 shell ionization reveals that, even though extensive 

measurements have been made for incident protons and helium ions, there is still a lack of 

ionization measurements for heavier projectiles.10'11,12 Additionally, the larger perturbing 

fields of these heavy projectiles lead to increasing deviations13'14'15 from theories. A search 

of the literature also shows that most of the published results for L-shell ionization cross 

sections are for heavy target elements whose L-shell binding energy is significantly higher 

than 3 keV (Z2>46). Contrary to the K-shell ionization case, L-shell ionization 

phenomena are still a subject of investigation and not yet fully understood. In the present 

work, target L-shell ionization mechanisms resulting from the interaction of oxygen ions 

will be discussed. 

The use of heavier ions involves problems such as x-ray energy shifts and changes 

in fluorescence yields due to multiple ionization. The motivation for employing the heavy 

1 
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ions has been both the need for an adequate theoretical understanding of the phenomena 

involved as well as practical interests. A specific test of the importance of various effects 

and the limits of the theoretical models may be obtained by the comparison of 

experimental and theoretical results for different targets and a wide range of impact 

energies. Some of the practical heavy ion applications as well as several interesting 

advantages over light ions are discussed elsewhere.16'17,18'19 

The complexity of the interaction between a highly-charged, heavy ion and a target 

atom has become more apparent as heavy ion data have become available. In particular, 

studies of the production of target x-rays involving single collisions of highly-charged, 

heavy ions in gases or ultra thin solid targets indicate divergence from direct ionization. 

The first reported work on charge state effects in x-ray yields for ion-atom collisions was 

done in 1972 by Macdonald et al. of Kansas State University.20 They showed that the x-

ray yield in argon, krypton, and xenon was dependent on the charge state of the incident 

fluorine ions and that the cross section increased by as much as 500% for the higher 

charge states. This enhancement of the target K-shell x-ray production, especially for bare 

ion impact, was believed to be due in part to electron transfer from target inner-shells to 

projectile vacancies.21 Since this work, the Kansas state group22,23'24,25,26'27 and other 

groups28'29 have performed studies of the charge state dependence of both K- and L-shell 

x-ray production cross section. The University of North Texas Ion Beam Modification 

and Analysis Laboratory (IBMAL) has continued to build on this work and has made a 

number of contributions to studies in the field of inner-shell ionization by swift heavy 

ions. As early as 1977, IBMAL researchers studied K-shell inner-shell ionization using 
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solid foils of 21Sc, 22Ti, 29Cu, and 32Ge for 28Siq ion bombardment.30 This study was 

followed by a series of measurements of L-shell31'32'33'34'35 inner-shell ionization for a wide 

variety of targets (60<Z2<79) and projectile charge states. A comprehensive set of M-

shell x-ray production cross sections for a number of rare earth elements for incident 

protons36 and alpha particles37 has recently been published by IBMAL at UNT, as well as 

work on the charge state dependence of K-shell38 and M-shell39 x-ray production cross 

sections of 13A1 and67Ho by 2-12 MeV carbon ions. 

When an incident ion interacts with a target atom, it can cause an inner-shell 

vacancy by a variety of mechanisms. The relative importance of these processes in K- and 

L-shell ionization can be described in terms of the atomic numbers of the ion and the 

target atom, Zx and Z2 respectively, the relative velocities of the incident ion, vl5 and the 

electron in the state s of the target atom, v2s. At high ion velocities compared to target 

electron velocities (vj»v2 S), and for atomic numbers Z X « Z 2 , direct ionization (DI) (or 

Coulomb excitation) is the predominant mechanism. In DI, the Coulombic interaction 

between the ion and target electron promotes a target inner-shell electron into the 

continuum. At lower ion velocities, (vx ^ v2S), and for Zt < Z2, the electron capture (EC) 

(or charge transfer) process may become very important. In EC, the incident ion captures 

an inner-shell electron from the target atom into one of its vacant bound states. Finally, 

for slow symmetrical ion-atom collisions, vacancy production may be caused by electron 

promotion. In this process, electron promotion is due to the formation of quasi-molecular 

orbitals caused by the inter-penetrating electron clouds of the target atom and the 

projectile. When the quasi-molecules separate after the collision, vacancies may be left in 
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the ion or target atom. When filling these vacancies through the electronic transitions 

from higher atomic levels, characteristic x-rays (radiative) and Auger electrons (non-

radiative) are generated. By measuring the emitted x-rays (or Auger electrons), many 

details of the atomic processes can be studied. 

In atomic physics, interest in electron capture is stimulated by the fact that it can 

play a competitive role to direct ionization by swift highly stripped ions.40'41 The process 

is also relevant to other interesting phenomena and technological applications such as 

sources of galactic x-ray radiation,42 development of x-ray lasers,43 and heating of fusion 

plasmas by the injection of neutral beams.44'45 Since the electron capture contribution is 

dependent on projectile vacancies, it is dependent on the ion's charge during the collision. 

Thus, projectile charge state dependence studies provide a means of measuring electron 

capture contributions for an ion-atom collision system. 

The probability that an inner-shell vacancy is filled through x-ray emission is called 

the x-ray fluorescence yield, to, (see chapter III). The inner-shell ionization cross section 

can not be determined from x-ray production measurements unless the fluorescence yield 

is well known. Multiple ionization in heavy ion-atom collision may or may not46'47 cause a 

significant change in the mean target fluorescence yield. Tawara et al.46 suggest that 

comparisons between experimental x-ray production cross sections for vanishingly-thin 

solid targets and theoretical calculations should be straightforward since there are only 

small fluorescence yield variations with multiple ionization. Usually, the x-ray 

fluorescence yield is calculated or measured using photon excitation assuming all electrons 

are in the ground state of the target atom with a single hole in the inner-shell of 
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interest.48,49 An x-ray fluorescence yield calculated in this manner is called a "single hole" 

fluorescence yield. However, since the projectile-ion collision may cause the production 

of multiple vacancies in the outer-shells of the atom, the correct x-ray fluorescence yield 

may be different from the single hole fluorescence yield. This change in x-ray fluorescence 

yield is due to the changes in radiative and non-radiative transition rates with multiple 

ionization. Additionally, the remaining electrons may be in excited states causing even 

more difficulty in determining an accurate value of the fluorescence yield.50'51 A second 

effect of multiple ionization is the shift in the x-ray energy due to reduced screening of the 

nuclear charge and resultant increased electron binding energy. In some cases, these 

energy shifts can be measured by a Si(Li) x-ray detector and can be used to estimate the 

number of multiple vacancies and correct the multiple ionization effects. Multiple 

ionization and x-ray fluorescence yields vary with the type of primary ion, its energy, its 

charge state and the target atom. There are no exhaustive data in the literature to enable 

one to conclude how multiple ionization affects fluorescence yield. Broadening and 

shifting of the x-ray peaks result from the multiple ionization of the target atom. Also, 

heavy ions produce more background radiation, causing large uncertainties when 

comparing data to theory. 

Target atom L-shell x-ray production induced by heavy ion bombardment52,53'54,55,56 

up to Z,=20 have been investigated, with good agreement with the ECPSSR theory. 

Sarkadi57 and Bauer58 investigated total L-shell x-ray production cross sections for 79Au by 

1H, 4He, 12C, 14N, 160, and 20Ne ion bombardment and found good agreement with 

ECPSSR predictions. Jitschin et al.59 however, have found discrepancies between the gold 
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L-shell ionization data for 'Be, 12C, 160, 28Si, and 32S ions and the ECPSSR calculations. 

A limited number of studies exist for L-shell ionization by oxygen ions. 

Studies of the x-ray yields as a function of the target thickness and of the charge 

state60,61'62'63'64,65 show that 16Oqions satisfy the conditions for predominantly single 

collision events in targets that are approximately < 1 jig/cm2 thick. To ensure that the 

target is thin enough for single collision conditions, targets with thickness of-0.5 |ig/cm2 

(<10 A) were used in the present work. As targets get thinner, background subtraction 

errors caused by the presence of relatively larger amounts of impurity elements will 

increase. The counting time for thinner targets was increased (up to 24 hours in some 

cases) in order to obtain adequate statistics. Techniques for producing nearly 

contaminant-free targets have been developed and published previously by our 

laboratory.66'67,68 The L-shell x-ray production cross sections for 2gNi, 29Cu, 30Zn, 31Ga, 

and 32Ge were measured (see figures VI. 11 and VI. 12) under these conditions for 160 ions 

of energies 4-14 MeV for charge states 3+, 4+, 5+, 6+, T and 8+. 

Figure 1.1 shows a systematic plot of data taken in this work for 16Oq (q=3+-8+) 

incident on various targets vs. energy and charge state of the projectile. For projectiles 

with K-shell vacancies, enhancements of the target L-shell x-ray productions were 

observed, due to electron capture to the projectile K-shell. From the projectile charge 

state dependence of these cross sections, both the sum of direct ionization and electron 

capture to the L-, M-,... shells and electron capture to the K-shell were extracted. These 

results are compared to both the first Born (PWBA+OBKN) and the ECPSSR theories 



Energy (MeV) 

Figure 1.1 Systematic plot of data taken in this work for 16Oq (q=3+-8+) incident on various 

targets vs. energy and charge state of the projectile. 



using the single hole fluorescence yield. 

The results of the PWBA may be summarized as follows: The direct ionization 

cross section is proportional to Zt
2 and Z2"

4. It is also dependent on the velocity of the ion 

but not explicitly on its mass. Additionally, the cross section is a strong function of the 

electron binding energy. In the ECPSSR theory, the perturbing influence of the incident 

ion was included. Using these perturbed stationary states (PSS), and the relativistic 

effects (R) of the target electron, and including of Coulomb deflection (C), energy loss (E) 

of the projectile, the PWBA was modified. The OBKN model describes the electron 

capture process as the transition of an electron from a hydrogenic wave function of the 

target to a hydrogenic wave function of the ion. A maximum in cross section is predicted 

when the velocity of the projectile matches the velocity of the target electron during the 

collision. This theory was also modified with the same techniques applied to the PWBA 

theory, leading to the elimination of the need for semi-empirical scaling factors. Thus, the 

ECPSSR theory gives predictions for both DI and EC ionization cross sections. These 

theories calculate the ionization cross section, or the probability that the ion will produce a 

vacancy in the target atom. While these processes can not be observed directly, they can 

be observed through the vacancy filling processes such as x-ray and Auger electron 

production. 

The major experimental difficulties overcome in order to make these measurements 

were as follows: production of nearly contaminant-free ultra-thin targets, production of an 

accurate efficiency curve for the Si(Li) x-ray detector, development of a post accelerator 

N2 gas stripper, development of a 12C foil stripper to obtain the higher charge states, and 
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the addition of a 45° recoil scattering detector to normalize the 160 beam for the thinner 

targets. 

In chapter II, the theoretical treatment of DI, EC, and the ECPSSR models will be 

presented. The details of the experimental methods and the calculation of x-ray 

production cross sections will be presented in chapters IV and V, respectively. The 

dependences of the cross sections on the incident energy, the projectile charge state and 

target thickness will be discussed in chapter VI. 



CHAPTER II 

THEORY 

The intent of this chapter is to briefly outline the theoretical models for inner-shell 

vacancy production which are relevant to this work. Theoretical models explaining both 

the direct ionization and electron capture will be discussed. A direct comparison between 

the theoretical calculations and the experimental results will be discussed in chapter VI. 

Ionization Mechanisms 

At least three basic mechanisms are identified that can cause vacancies to be 

produced in the target atom during an ion-atom collision. The importance of any 

particular excitation or ionization mechanism depends on the ion and atom involved as 

well as their velocities. At high ion velocities compared to target electron velocities, 

vj>>v2g, and for the projectile atomic number much smaller than the target atomic number, 

Z j « Z 2 , direct ionization (DI) (or Coulomb excitation) is the predominant mechanism. In 

DI, the Coulomb interaction between the ion and target electron promotes a target inner-

shell electron into the continuum. 

At lower ion velocities, vx < v2S, and for Zl < Z2, the electron capture (or charge 

transfer) process may become very important. Radiative198'199,200 and non-radiative 

captures are possible. For radiative electron capture, REC, after the target electron makes 

a transition into the projectile's K-shell, the electron loses energy that is converted into 

10 
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electromagnetic energy. Non-radiative electron capture plays a very important role in the 

region studied in this report, while radiative electron capture is dominant in collisions of 

very heavy projectiles and light target atoms. For non-radiative electron capture (EC), the 

electron makes a transition from a target orbital to a vacant projectile orbital, and the 

difference in electron binding energy is converted to projectile kinetic energy. In contrast 

to Coulomb capture, radiative electron capture176 (REC) can occur with completely free 

electron. REC cross sections are usually below 10"21 cm2 and are thus small compared to 

the ones for non-radiative Coulomb capture. Only at very high velocities (-20 v0) is it 

possible that REC exceeds Coulomb capture. 

At very slow ion velocities v1«v2L, and for symmetrical collisions Zx «Z2, the 

molecular excitation69'70'71'72 process becomes important. In the molecular excitation 

process, the projectile ion and the target atom form a quasi-molecular system and 

ionization proceeds via "Pauli excitation" through transitions near level crossings between 

transient molecular orbitals.73 Projectile and target electrons are then promoted into newly 

formed molecular orbits. After the collision, the electrons are left in excited states with 

vacancies present in the inner-shell of both the projectile and target atoms. 

A number of theories Binary Encounter Approximation (BEA),74'75 Semiclassical 

Approximation (SCA),77'76,77 PWBA, ECPSSR, etc. have been proposed to model both 

classical and quantum mechanical atomic systems in various regions. In general, the 

theories are successful in modeling the DI component but are less successful describing 

the EC contributions. 
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Quantum Mechanical Scattering Theory 

The two theories used for comparison with the measurements reported here are 

the first Bora approximation and the Perturbed Stationary State (ECPSSR) theory. These 

two theories describe the vacancy production by two major processes: Direct Ionization 

(DI) and Electron Capture (EC). 

The condition for formation of a short lived quasi-molecule is usually maximized at 

lower projectile energies incident on stationary targets. Even though this constraint is not 

satisfied even for the worst case studied in this work of 4 MeV oxygen ions (250 keV/u), 

some molecular component still exists. However, molecular orbital (MO) is shown to 

have only small contribution to the total inner-shell ionization compared to that of DI and 

EC in the energy region and atomic collision system used in the present work. Thus, the 

MO calculations are not used in this work and will not be described here. However, this 

theory has been described elsewhere,78'79,80 where the theory of inner-shell electron 

promotion in terms of molecular orbitals is discussed in more detail. 

The description of ionization in the near adiabatic region requires the use of 

quantum mechanical scattering theory. A more detailed presentation of quantum 

mechanical scattering theory can be found in books by Bethe,81 or Mott and Massey.82 A 

proper quantum mechanical description of a system is obtained by finding the suitable set 

of wave functions and a Hamiltonian for the system. The Hamiltonian for ion-atom 

system is given by 

H=Hatom+Hion+Ht ii. i 
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where Hatom, Hjon, and H, are the Hamiltonian of atom, ion and interaction between the ion 

nucleus and the target electron, respectively. The total unperturbed ion-atom 

wavefunction, i|r(R,r), is the product of the ion and the atom's wavefiinctions: 

where i|ratom is the atom's wavefunction and i|rion is the ion's wavefunction. The differential 

cross section is given by 

.. \ 2 
do = ^ I Vf I T 12 

2tuYi ) v;. 
\TJ2d& if I II.3 

where v; and vf are the initial and final velocity of the incident particle, respectively; |i is 

the reduced mass of the interacting particles in the system and dQ is the element of solid 

angle into which the projectile is scattered. Ttf is the transition matrix element given by the 

equation, 

T.f=<^f{R,r)\H.\^fR,r)>. I I 4 

In the case of Direct ionization (DI), the ionization is due to the Coulomb 

interaction between the ion and the target electron. The total interaction potential 

between the ion and the atomic system is 

Z,Z2e2 ^ Z.e2 
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However, this is a many body problem whose solution is very difficult. To reduce the 

problem to two bodies, the interaction potential is taken only between the ion and the 

electron. This may be done if the internuclear and other electron interactions are 

considerably weaker than this potential. This interaction transfers enough energy to free 

the electron and is given by 

7 e2 

— — , n.5b 
' IJI-rl 

where Z, is the atomic number of the ion, e is the charge of the electron, R is the position 

vector pointing from the atom to the projectile and r is the electron's position vector. The 

interaction matrix transition matrix is then defined by the following formula 

Z e2 

<i|!/R,r) |Ht\ ty:(R,r)> = J \ f f ( R , r ) -J—1|r(R,r) drdR. II.6 1 |/c-r| 

The exact wave functions for the target atom electron are perturbed atomic wave 

functions, since the target electrons are perturbed by the ion. The appropriate wave 

functions for the incident ions are Coulomb wave functions, since the incident ions are 

moving in the targets Coulomb field. However, it is not practical to solve the above 

integral numerically, thus, some approximations to both the ion and the electron wave 

functions need to be made. 

The first approximation83 is that the incident ion can be treated as a free particle, so 

that a plane wave function can be used. This is justified if the ion's wave function is only 
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slightly perturbed by the interaction. Thus, the Coulomb interaction between the projectile 

and the target electron as well as internuclear interaction are assumed to be weak enough 

to allow the use of standard perturbation techniques. Unperturbed hydrogenic wave 

functions, <j)(r), instead of complex multi-electron wavefunctions, are used for the target 

atom's wave function as a second approximation. This can be done by assuming the 

validity of the Independent Electron Approximation (IEA).84,85 In the IEA, all the 

electrons except the one undergoing a transition, are assumed to be passive spectators in 

the collision. Their function is to screen the Coulomb interaction between the projectile 

and target nuclei and the active electron. This is valid if the interaction time is small 

compared to the response time of the electron. This assumption is consistent with the 

bulk of the experimental observations86 on de-excitation by x-ray emission or radiationless 

(Auger and Coster-Kronig) transitions following collisional excitation of atomic inner-

shells. These approximations are correct if the Bom approximation is valid, i.e. : 

a» — =a2K n.7 
2 

and 

Vl»Z2Vo = V2K I I . 8 

where a0 and v0 are the Bohr atomic radius and velocity, and a and vt are the projectile 

radius and velocity. For heavy particle inner-shell ionization, the Born approximation is 

valid at high energies where the velocity of the ion is much greater than the velocity of the 
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target electron: 

v. Z, 
— »1 and —«1 xi 9 

Z 2 

where ve is the velocity of the electron. This ensures a small interaction between ion and 

target atom and the perturbation calculation remains valid. 

First Born Theory 

The first Bom theory consists of two parts, the Plane Wave Bom Approximation 

(PWBA),87'88 to explain and model the direct ionization mechanism, and the 

Oppenheimer^-Brinkman-Kramers90 approximation as formulated by Nikolaev91 

(OBKN),92 to model the electron capture process. The PWBA is a quantum mechanical 

description for DI, assuming a non-relativistic collision between a projectile of charge 

and a target with Z2 electrons. The ion's wave function is assumed to be that of a plane 

wave and the target's wave functions are assumed to be unperturbed hydrogenic wave 

functions. The OBKN is a calculation of the EC contributions to the ionization cross 

section. 

Plane Wave Bom Approximation 

The first Bom approximation is the first term of the perturbation expansion of the 

scattering amplitude in terms of the interaction potential. This is used to analyze the 

complicated processes involved in ion-atom collisions. Since, we are keeping the first 
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term only, the convergence of the Born series is not a problem. However, a sufficient 

condition of convergence is that the time spent by the particle in the range of the potential 

should be small with respect to the characteristic time necessary for the potential to have 

significant effect. Since the ionization cross section is proportional to the square of the 

transition matrix, the plane wave Born approximation theory also begins with the 

calculation of the transition matrix. When the incident particle is much heavier than the 

electron, and moves with large impact velocity, but still non-relativistically; the inelastic 

transition matrix is simply given as 

T ^ ^ R ) 4>/r)| - W r y 1 1 1 0 

where <f>; (r) and <f>f (r) are the initial and final atomic states of the electron; 1]% and ^ 

are the initial and final wave functions for the incident ion. For plane waves, they are 

given by 

1tKi{R)=eiKiR 11.11 

and 

< 1 . n.12 

Thus, the transition matrix for DI is given by the equation, 

| Ttf = |<e - ^ / r ) \ ^ L \ e iir'-R<f>|(;r)>|2 II. 13 



18 

where K; and Kf are initial and final wave numbers. The reference coordinate frame for 

the ion-atom is shown in the figure II. 1. It is useful to define the variable q, called the 

wave-vector transfer (momentum transfer), where q = Kj-Kf. By making this replacement 

and integrating over R, one obtains. 

\ ^ 2 = \ ^ ^ F i f ( q W 11.14 

(q) is the integral expressed as the inelastic form factor for the collision: 

$/(>•) e { i q r ) $ { r ) d r . I I . 1 5 

The ionization cross section, doubly differential in energy and momentum, is then obtained 

by integrating over all particle coordinates and simplifying the equation to 

, PWBA 
doif 

2Zxe 
2 
V_f 

J Vi i I 1 i 

2 

d£l 11.16 

where |x = MtM2 / (M, +M2) is the reduced mass of the system. 

Using the explicit form of dQ = sin0 d0d(f), and noting that qdq = K;. Kf sin0 d0, 

where 0 is the scattering angle of the projectile, and <j> is the azimuthal angle of Kf in a 

plane perpendicular to Kj, the differential cross section for inelastic scattering may be 

expressed as 
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Figure II. 1 Collision geometry for theoretical models. 
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Calculation of the cross section depends upon the exact functions used in the 

evaluation of the inelastic form factor Fif(q). As was mentioned earlier, the PWBA 

calculations that appear in this work use non-relativistic hydrogenic wavefiinctions with 

screened atomic nuclei. The screening by the inner-shell electrons reduces the target 

charge, Z2, to the effective charge, Z2S, as is seen by an electron in the S state. The atomic 

number has been reduced by a screening correction from Slater93: 

Z2k = Z2- 0.3 for the K-shell state; 

Z2L = Z2 - 4.15 for the L-shell state; 

Z2M = Z2 -11.25 for the M r , M2-, and M3-subshell states; 

Z2M = Z2 - 21.15 for the M4- and M5-subshell states. 

Using a hydrogenic wave function for the electron in the state S for the initial state 

and a continuum wave function as the final state of the electron, the form factor may be 

evaluated for an energy transfer of AE (ionization energy plus kinetic energy of the 

emitted electron). Assuming the form factor is isotropic, the cross section becomes 

j^PWBA 87tZj£4
 A 

d°AE,s = 4 dqd(AE). n.18 
H q3 

The total cross section is then found by integration over all possible momenta and 

energies transferred. If the energy transferred in the collision is small compared to the 
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initial energy, then the integration limits become: q,^ = Kj - Kf = (E rE f) / ViVj; and since 

the probability of large momentum transfer is small, then: qmax = K4 + Kf = <». However, 

since the transferred energy must be greater than the electronic binding energy, the 

minimum limit is given by 

tito2S 
<7min=?0=—, 11.19 

where >ig)2s is the binding energy for an electron in state S. The cross section is then 

expressed as 

pwBA 87iZje4 /•«> dq r°° ™ r l2 

°s = T ~ \ ~ f d ( A E ) l ^ s l - 11.20 
v, Jio qs J^w2s 

It is convenient to express the cross section in terms of dimensionless variables. The 

dimensionless momentum transferred is defined as 

Q = (a2S4f 11.21 

where a0 (= >t2/mee
2 = 0.529 x 10"8 cm) is the hydrogenic Bohr radius, and is a0 /Z2S. 

The dimensionless energy transfer is given by 

W=—^ 

72 „ 11.22 
^2s"y 

where Ry ( = =13.6 eV) is the Rydberg energy and v0 ( = e2/h = 2.19x108 cm/sec) 



22 

is the hydrogen Bohr velocity. The basic parameters of the Bohr atom are listed in 

reference 68. Using these reduced variables, the cross section takes the form 

PWBA 0 _ 2 Oo = era* 
Zje2 N 

^2S^Vi 

r nrr % IF^e) 

J w Jo O2 
* ' m m r S m i n 1. / 

2min Q 

11.23 

where 

2 m i n 

2 2 

'2S 

11.24 

and 

4 * v 

n.25 

Using hydrogenic wave functions, Choi94 calculated transitions from the L subshells to the 

continuum in terms of elementary function (Q). If one defines r|, the reduced ion 

velocity as, 

X] 
v, u 

2o o 

11.26 

the cross section may be written in a simpler form. Thus, the cross section for heavy 

particle ionization of an inner-shell may be written as 
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Z2 

olmA = 871a2—— P dWI(r\,W), 11.27 
^ -74 J »c_;. T!Z2V^ 

where 

/(il, W) = ̂ ^ \ F w l Q ) |:2 n.28 
4rj ^ 

is the excitation function for an target electron. Another variable is the reduced binding 

energy,95 0S. This is useful when comparing the binding energy of the electron to that 

predicted by the Bohr model: 

e„= 25 25 11.29 
Z^Ry 

where n is the principal quantum number for the state S. For L-shell ionization, the 

equation becomes 

fl
 4 ^2L 

Ql = — 2 — 1130 
ZiLRy 

The resulting final cross section for direct ionization of the target electron to the 

continuum using hydrogenic wave functions is given by 

< h = o o Z 2 ^ F s { ^ Q l Q s ) H.31 
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where 

a =8naj*Z? 1 1 . 3 2 
O O I 

and 

^ ( ^ f . 0
s ) = 

8s 

Qc) s 

1 s) 
/sOi,0s) 11.33 

Fs is the universal atomic form factor. This form factor is tabulated by Rice et al.96 for 

easy calculation of the cross section. f s (ri,0s) is called the dimensionless ionization 

integral, and is defined as 

/sOV0*) = f WmmIs W d f f r - H.34 
jqs 

Thus, the ionization cross section resulting from the PWBA for direct ionization for the 

same values of the dimensionless variables, t) l and 0L depends only on Zj and Z2L, 

Z 
PWBA ^1 

oL « . 11.35 
Z4 

^2L 

OBKN theory for electron capture 

When the velocity of the incident ion approaches the velocity of the target 

electron, v/v, ~1, the ionization cross section may depend on the charge state of the ion. 
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Since DI is essentially independent of the charge state of the incident ion, this effect must 

be due to a competing ionization process. There is a high probability that the target 

electron can be captured to a bound state of the ion, when their velocities approximately 

match, if a vacancy exists on the ion. The probability of such a transfer depends on the 

number of vacancies in the ion and the energy levels involved. The transfer of an electron 

from an initial bound state of the target to a final bound or continuum state of the 

projectile is a difficult process to describe theoretically, even for simple systems. This is 

because of the internuclear interaction and the non-orthogonality of the initial and final 

state wavefunctions. Many theoretical attempts have been made to calculate EC, 

including the two-state, two-center atomic expansion method and Eikonal Approximation 

method.97 

A semiclassical version of the first Born approximation for electron capture has 

also been attempted. Brinkman and Kramers90 applied a first Born approximation to 

Oppenheimer's three body model for electron capture.89 This was done by including two 

perturbing potentials: (i) the Coulomb attraction between the target nucleus and the 

electron, and (ii) the attraction between the incident ion and the electron. Nikolaev, used 

non-relativistic, screened hydrogenic wavefunctions and observed electron binding 

energies to modify the OBK model and calculated electron capture cross sections. In the 

Nikolaev formulation,91 atomic shells of equivalent electrons are identified only by the 

principal quantum number n, while all information about the other quantum numbers, m 

and 0, are averaged over each shell. No consideration of electron spin is made in this 

formulation. Figure II. 2 shows a schematic diagram of the collision geometry for EC 



26 

e, me 

Zi, Mi Z2, M2 

Figure II.2 Reference coordinate frame for the electron capture in the OBKN 

approximation. The point is the center of mass for the ion-electron system before 

capture and similarly, C2 represents that of atom-electron system after the collision. 
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theoretical models. 

Electron capture can be seen as a rearrangement process, 

Ax + (A2 +e") - (Ax + e") + A2, 

where the projectile (Ax) nucleus, attracts and captures an electron from the target (A2) 

nucleus. The time independent Schrodinger equation before the collision is given by, 

i - T - V ? * * V { r l ) * V ( r 2 ) W ( R ) 
2 M 2(4. 

i|r=i?i|r 11.36 

where M and \i are reduced mass variables defined as, 

an* 
m+M, +M. 

e I 2 
m e + M l 

n.37 

The Coulomb interaction between the two nuclei and the electron is given by 

Z.e2 

and V(r.) = 
Z2e

2 

n.38 

The repulsive interaction between the two nuclei, U(R), is given by 

Z.Z7e
 2 

U(R)= 1 2 

R 
11.39 

After the electron is captured by the projectile the Schrodinger equation becomes 
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(-IrK +V(rl)+V(r2)+U(K) 
2M 2\i 

i|x =£1^ n.40 

The Schrodinger equation can now be written with only the center of mass variables, using 

these two equations: 

mer2 „ . meri R = R.+ = R~ +- , 
mM2 mplx 

11.41 

and 

MJl M.R 
r=r~+ =r, + 2 MJ+M2

 1 M1+M2 
11.42 

The Schrodinger equation in the center of mass is then given by the equation 

2M 2m „ 
11.43 

where the new M is given by 

mxM2 

Ml+M2 
11.44 

Finally, the OBKN cross section for capture of an electron from initial state i of 

target to final state f of the projectile is given by98 
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= ( ^ ) < ^ ) 2 f S ' M ) ^ • ' [ < 1 ~ e ' ; ) y 6 ' ) ] . n 45 
5 v, v„, n+n-fliFVflYi3 K1 2i [U(\-Q)fyQ)f 

The function ̂ Oj), a dimensionless velocity parameter, is given by the equation 

V2l ^ ) - - = = = n.46 

y v i /+ ^I/(0J) 

where the quantity qtf (0;) is an approximation to the minimum momentum transferred by 

the capture process, given as 

V2i V\f 

qX e , ) = [ v , + * ' 1J], n.47 
vi 

Also the function (j)4 [t] can be approximated to better than 2%" for t < 3 by the equation 

<t>4M = * . • 11.48 4 1+0.3? 

The ECPSSR Theory for Direct Ioinization 

The PWB A generally overpredicts the inner-shell ionization by heavy charged 

particles with small velocities. This discrepancy100'101 is because of a number of neglected 

effects in the PWBA calculations. Usually the collision takes place deep inside the shell 

where the ion feels the effects of the target charge and where target electrons have time to 

adjust their orbits adiabatically to the presence of the ion. The first Born approximation 
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neglects the Coulomb force between the charged projectile and the target atom and relies 

on the use of unperturbed atomic wave functions. Also, the relativistic wave functions for 

inner-shell processes are important when the target atom is heavy. The PWBA theory has 

been modified several times to better predict the ionization process. 

The ECPSSR theory, developed by Brandt, Basbas, Lapicki, and 

coworkers102,103'104'105, takes into account a number of modifications to PWBA theory: (i) 

Increased target electron binding energy106'107 -when an ion penetrates the orbit of an 

inner-shell electron, which causes an increase in the effective nuclear charge seen by the 

electron, and polarization effectm- when the ion is just outside the inner-shell electron's 

orbit, it attracts the electron, causing a longer interaction time with the target electron. 

The target electron's wave function is in a perturbed stationary state (PSS). (ii) Coulomb 

deflection109 (C) of the incoming ion and (iii) its energy loss (E) as it traverses and ionizes 

the target atom, (iv) Relativistic (R) correction for ionization of target inner-shell 

electrons for high Z2 target elements. This theory has been shown to give good agreement 

for a wide variety of K- and L-shell110'111'112'113'114 ionization cross section measurements. 

Binding Effects 

When the projectile velocity is low, the initial state of the target electron is 

distorted by the presence of the projectile. In a slow collision, this effect can be thought 

of as an increase in the effective projectile plus target nuclear charge and also therfore an 

increase in the binding energy of the target electron. This reduces the ionization cross 

section because the target electron is temporarily more tightly-bound. The net effect is 
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thus seen to lower the cross section for ionization. When the binding effect is included, 

the cross section then becomes 

PWBA-B PWBA, B N TT 

o s =os (%e 2 s0 s ) , 11.49 

where , the total binding energy factor, given as B i 
e2S~ * + 

2Z, "i i 
®S^2S 

g & s ) ' II.50 

and gs (£s) is a weighting function, obtained by a numerical integrating method devised by 

Hansen.115 

Polarization Effects 

When the projectile is outside of the orbital radius of the inner-shell target 

electron, the positive charge of the projectile tends to draw the target electron away from 

its nucleus. Since the greatest contribution to the ionization cross section occurs for large 

impact parameters at high energy, only distant collisions need be considered. Brandt and 

Basbas108,109 estimated the polarization effect in the Perturbed Stationary State 

approximation (PSS). They calculated this effect by treating the electron as an isotropic 

harmonic oscillator with a perturbation in the dipole and quadrupole terms. The binding 

and polarization effects are combined together to form the binding-polarization factor, Cs, 

given as 
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CS(U = 1 + 
2Zj ^ 

fe(^;cs)-V5sics)]- n.5i 

where cs is a cutoff constant limiting the binding energy modification to low ion energy 

and the polarization correction to high ion energy. The net effect of the polarization is a 

decrease in the electron binding energy, resulting in an increase in the ionization cross 

section. The cross section after including the perturbed stationary state approach becomes 

PWBA-PSS PWBA 
a K = ° r Ois 'CA) • n.52 

Coulomb Deflection Effect 

The influence of the Coulomb deflection of the projectile by the target nucleus 

slows down the projectile and deflects its trajectory, at low velocities. Both effects tend 

to reduce the inner-shell ionization cross section. The straight line trajectory becomes 

appreciably distorted due to this Coulombic influence. To account for this effect, a 

hyperbolic trajectory (extracted from the SCA theory) was used to calculate the ionization 

cross section. 

o t w a > • 1 1 5 3 

Where Cs is the Coulomb deflection factor given by equation, 

C s ( ^ = ( 9 + 2 ' 2 ) e x 

9+2 L+x 1 / 

( ^ 0 ) n.54 
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where q0 is the minimum momentum transfer, d is half distance of closet approach and 12 is 

the orbital angular momentum of the S-shell electron. 

Relativistic Effects 

As was mentioned earlier, for heavy target element and low projectile velocities 

the electronic relativistic effect becomes important. Brandt and Lapicki104 have introduced 

a correction factor, a modification to the velocity dependent parameter t]s, in the CPSS 

calculations. Instead of recalculating the cross sections with relativistic wave functions, 

they replaced the electron's mass with an effective mass, mR, that accounted for the 

relativistic speed. The relativistic correction can be found by replacing r|s by mRr)s, in the 

non-relativistic PWBA cross section. The ionization cross section becomes 

PWBA~CPSSR s~v r i /y> n-| PWBAs R __ y r\ \ TT — — 
(nig x\g . 11.55 

Correcting for the relativistic effects in this manner has been shown to slightly increase the 

ionization cross section for low velocity interactions. 

Energy Loss Effect 

Brandt and Lapicki105 have developed a simple method to account for the energy 

loss of the ion during a collision. This energy loss plays a more important role for low 

energy incident ions and also effects the Coulomb deflection term. The energy loss is 

given as 
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2%dqoS\ 

l^s( 1 + 2 s)J 
11.56 

where zs = (1- EgM/nEO'71. With the above modifications, the ECPSSR theory of 

ionization gives the following result: 

( 2itdq0(Cs) ' 
gECPSSR _qE 

s / s M y i o T V ' V W - n,57 

where fs(zs) is defined as 

/ ^ ) = 2 - v (v - i r x [(vz s-l)(l +zsy+(vzs+l)(l -zsy], 11.58 

where v =9 for the K and L, shells and v =11 for the L2 and L3 shells. 

ECPSSR and Electron Capture 

As was stated earlier, the OBKN model can not predict the measured EC at any 

velocity accurately. Gray et al.116,117'118 have suggested the use of various semi-empirical 

scaling factors with the OBKN approximation. Lapicki,99,102 however, argued against this 

in developing the ECPSSR theory, and used the OBKN as the mathematical framework of 

the EC calculation by including the increased binding energy and polarization effects, the 

Coulomb deflection, the enrgy loss, and the relativistic effects. The reason for expressing 

the EC contribution in this manner is that the modification factors are easy to incorporate 

into the existing formalism. 
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For the increased binding energy, they formulated the e parameter: 

2 Zx ^ 

®S^2S 
g$>ss>cs)> 11.59 

where cs is a cutoff value based on the fact that the increase only occurs for impact 

parameters less than the mean radius of the S-shell. By taking into account the neglected 

processes, Lapicki et al." developed a more suitable theory that accurately predicts the 

experimental data without a need for empirical factors. This electron capture cross section 

is given by 

ECPSSR r-t QBKN r- >-jR / 5a \ J?A -i TT , A 

°EC ~~ SS EC [£ss(€£ 11.60 

where 

To illustrate how the ECPSSR (solid curve) approach differs from the first Born 

approximation (dashed curve), figures VI. 11 and VI. 12 show the sum of the cross sections 

calculated in the Plane Wave Born Approximation (PWBA) for direct ionization and the 

Oppenheimer-Brinkman-Kramers treatment of Nikolaev (OBKN) for electron capture. 

While the first Born approximation overestimates the data by an order of magnitude, the 

ECPSSR theory approaches to experiment. 



CHAPTER III 

HEAVY ION EFFECTS 

It is known that inner-shell vacancy production cross sections using a heavy ion 

projectile may be several orders of magnitude larger than that achieved by a proton probe 

at the same relative velocity, i.e. ax « Zx
2. This increase in hole production efficiency is 

produced mainly due to the larger nuclear charge of the heavy ion. However, there is an 

additional but smaller contribution due to the definite electronic structure of the incident 

ion that the target atom sees depending on its atomic number, charge state and state of 

excitation. In heavy-ion collisions not only are there attractive electron-nucleus and 

repulsive nuclear-nuclear Coulomb forces present, but also additional forces resulting from 

electron-electron and target nucleus-projectile electron interactions. In contrast with light 

ion (protons and helium ions) studies, heavy ion-atom interactions are more complicated 

processes because of the electrons they carry into the collision. For heavy ion 

interactions, the x-ray spectra provide a wealth of information on the collision processes 

taking place as an ion traverses through solid. 

Electron-Electron Interaction 

Electron-electron interactions may be divided into two parts representing 

screening119'120 and electron correlation121 (or antiscreening122'123). These interactions as 

well as DI and EC are illustrated in figure III. 1. If the target atom remains in the ground 
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state during the collision, the target electrons in a passive way screen the nuclear potential. 

In the screening mode, the active electron is influenced by a rather inert charge cloud 

formed by the other passive electrons. Thus, electrons surrounding the nuclei play a 

passive role in screening the Coulomb interaction between the target electron and the 

projectile nuclear charge, increasing the ionization probability, since ax « Z2S"
4. 

However, an incident electron may also participate actively in the collision by 

ejecting a target electron. The electron-electron interaction is repulsive and manifests itself 

in two-electron processes. In electron correlations, the two electrons involved react 

simultaneously and repulsively. The electron-electron interaction, causes mutual 

excitation and ionization of the projectile and the target atom. The Coulomb force is also 

responsible for the nucleus-electron interaction. However, the nucleus is much heavier 

than the electron so that it appears as if the electron is the only reacting partner. At high 

incident velocities, an electron carried by the projectile can transfer momentum 

corresponding to an energy larger than the binding energy of a bound target electron to 

remove it from the its ground state. This shows that mutual electron interaction is 

important, when the binding energy is small. 

As was mentioned earlier, ionization by the projectile's electrons would increase 

with the decreasing charge state q, since it is proportional to number of available electrons 

on the incident ion. Thus, electrons accompanying the projectiles into the collision can 

become active ionization agents, resulting in an increase in the ionization probability. 

Each electron associated with 160 has a kinetic energy in the lab frame of Ee= E1me/M1, 
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where the masses of the electron and the oxygen are approximately 1 and 16x1836, in 

atomic units respectively. Therefore, in the energy region studied (4-14 MeV), these 

electrons are energetically capable (0.136-0.477 keV) of ionization M, N,... subshells of 

3qZII, 31Ga, and 32Ge. 

The electronic structure of the projectile may be ignored124, if the mean K-shell 

radius of the projectile electrons are greater than the mean L-shell radius of target 

electrons ( r ^ r ^ . For the cases examined in this work (160 on 2gNi, 29Cu,...), r1K ~ r2L. 

The ionization enhancement and reduction as a result of electron correlation and screening 

effects, respectively, appear to offset each other in the present work as no conclusive 

evidence of either decreasing or increasing of the x-ray production cross section is 

observed for incident oxygen ions with varying number of L-shell electrons from 0 (6+) to 

5 (3+). The observed variations for 16Oq ions with q=3+ to 6+ were in no case larger than 

15%. 

Additionally, screening of the Coulomb interaction by the electrons surrounding 

the partners in the collision can be important in the elastic scattering of ions on atoms. 

Screening of the nuclear charge by the atomic electrons tends to reduce the scattering 

cross section compared to the Rutherford cross section, for energies below the Coulomb 

barrier. The knowledge of size, energy and angular dependence of this screening 

correction is needed for ion-beam analysis of materials with backscattering techniques. A 

detailed discussion of the screening problem both from an experimental and theoretical 

point of view is given by Andersen et al.125,126. For the worst energy case studied in this 

work, 4 MeV oxygen ions on copper, the screening correction (0.041 b/sr) to 
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Rutherford's scattering (3.896 b/sr) cross section was around 1%. 

Multiple Ionization 

Due to the violent nature of the heavy ion-atom collision, multiple vacancies can 

be created. Removal of these additional electrons is called multiple ionization and affects 

the x-ray process by decreasing the number of outer-shell electrons, consequently (i) 

decreasing the Auger process and increasing the fluorescence yield, (ii) increasing the 

electron binding energy that also causes a shift of the emitted x-rays toward higher energy; 

(iii) peak broadening and (iv) providing changes in the intensity level of various 

transitions. These features are well understood when data from high resolution studies are 

considered. The shift in the Si(Li) x-ray detector peak to higher energies is due to the 

"low" resolution of the Si(Li) detector which integrates over the L satellite peaks for LM°, 

LM1, LM2,... satellites. Where LM2, for example, represents the target atomic 

configuration with one L-shell vacancy plus 2 M-shell vacancies. This multiple ionization 

phenomenon in L-shell x-ray spectra has been reported.127,128,129 A review of these studies, 

shows that discrete structural information for multi-vacancy configurations is difficult to 

extract, due to superposition of a restrictively large number of states. Thus, the 

complexity of the L-shell situation limits the amount and the type of information available 

in the K x-ray spectra. 

Fluorescence Yield 

Inelastic collisions of charged projectiles with atoms create inner-shell vacancies. 
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It has been known that de-excitation of atoms can occur not only by the emission of 

electromagnetic radiation but also by other competing processes (see figure III.2). 

Following ionization in a deep inner-shell, atoms de-excite through a cascade of 

transitions, most of which are radiationless130 (two electron transitions). A single L-

vacancy in a copper atom will decay on a time scale of ~ 5x10"16 seconds. Fastest among 

theses processes are Coster-Kronig (CK)48 transitions, through which a vacancy "bubbles 

up" among the subshells of one shell.131 For the x-ray emission process, an inner-shell 

vacancy in the excited atom is filled by an outer-shell electron, with the excess energy 

given off by the emission of a characteristic x-ray. In the Auger process, however, the 

excess energy is transferred to an outer-shell electron, which is then also ejected with a 

characteristic energy. 

The probability that an inner-shell vacancy is filled through x-ray emission is called 

the x-ray fluorescence yield, 0), and is given by the following formula: 

r r y y 
« = — = — , n i l 

r r +r +r 
L y 1-X L A LCK 

where Tx is the radiative width or x-ray transition probability, Tv is the total inner-shell 

vacancy transition probability, I \ is the Auger electron transition probability, and r c K is 

the Coster-Kronig transition probability. The transition probability depends on the angular 

momentum quantum numbers, the number of electrons available for transitions as well as 

the excitation energy. Inner-shell ionization cross sections are often studied by measuring 

the x-rays which are emitted when a vacancy is filled. The experimental x-ray production 
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cross section is related to the theoretical ionization cross section by the x-ray fluorescence 

yield: i.e. ox = o> ox. Thus, when vacancy production cross sections are determined from 

the x-ray yield measurements, oo has to be known accurately. For single vacancy 

production in the inner-shell, e.g. by photons, «£ (no defect) is well known from semi-

empirical calculations of experimental values.132 However, multiple ionization is known to 

affect the inner-shell fluorescence yields.133 In solid targets, the L-shell fluorescence yield 

is particularly sensitive to the configuration of the outer-shell electrons. If additional 

vacancies are produced simultaneously, by heavy ion bombardment, usually is 

increased and the Auger yield is reduced. 

Unfortunately, the fluorescence yields for highly ionized atoms are not known and 

are more troublesome to theoretically calculate. Complexity of possible transitions in 

multiply ionized atoms, and imprecise knowledge of the degrees to which various outer-

shells had undergone ionization in a collision, limits all attempts to modify the standard 

fluorescence yields for the maze of such transitions. 

Lapicki et al.134 have proposed a formula that modifies these yields in an 

approximate manner and relies on scalable and classical expressions for the probability of 

outer-shell ionization. A simplifying assumption is that all subshells which are exterior to 

a given shell undergo ionization with the identical probability P per electron. The 

modification based on this probability for a projectile of charge Zt and velocity vt (in 

atomic units) is given by 
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where (3 is a dimensionless parameter that can be set equal to 0.9, and Z1 can by replaced 

by q+. Validity of this formula is limited to the Z1Nl < 2
y\ this restriction comes from the 

physical requirement of conservation of probability: 0^ P ^1. However, since this 

formula is obtained using a perturbation approach, the ratio of atomic numbers needs to be 

small, Zj/Z2 <0.1, this is not satisfied in this work. Therefore, calculated corrections to 

for 4-14 MeV oxygen ions of vaious charge states on copper and for 12 MeV oxygen ions 

on 2gNi- 32Ge, using the above formula, predict unusally large corrections (see tables I and 

II). 
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Table I. Ratio of multiply ionized fluorescence yield to single hole fluorescence yield for 

29Cu bombarded by oxygen ions of 4-14 MeV, using equation HI.2. 

Energy 2+ 3+ 4+ 5+ 6+ T 
4 MeV 1.271 — — — — — 

6 MeV 1.167 1.475 — — — — 

8 MeV 1.121 1.320 1.757 — — — 

10 MeV 1.095 1.241 1.528 2.172 — — 

12 MeV 1.078 1.194 1.405 1.819 2.845 — 

14 MeV 1.066 1.162 1.329 1.630 2.255 — 

Table II. Ratio of multiply ionized fluorescence yield to single hole fluorescence yield for 

28Ni, 29Cu,... 32Ge bombarded by 12 MeV oxygen ions, using equation III.2. 

12 MeV 2+ 3+ 4+ 5+ 6+ T 

2«Ni 1.078 1.194 1.406 1.822 2.853 

2?Cu 1.078 1.194 1.405 1.819 2.845 — 

30^n 1.078 1.193 1.404 1.818 2.840 — 

31Ga 1.077 1.193 1.404 1.816 2.835 — 

«Ge 1.077 1.193 1.403 1.814 2.825 — 
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The more exact fluorescence yield can be determined by finding the distribution of 

the x-ray sub-peaks using a high resolution x-ray crystal spectrometer. Unfortunately, the 

low efficiency of these crystal spectrometers compels one to use the more efficient Si(Li) 

x-ray detectors. The resolution of the Si(Li) detectors however, are insufficient to resolve 

x-ray sub-peaks or the induced x-ray satellite lines. Theoretical attempts, however, have 

been made to predict the fluorescence yield indirectly from the x-ray energy shifts and 

peak broadening. From the energy shifts of L-shell x-ray lines obtained by standard "low" 

resolution Si(Li) x-ray detectors only the mean number of M-shell vacancies can be found. 

In high resolution x-ray spectrometers, satellite and hyper-satellite spectra could be 

measured to obtain the actual number of M-shell vacancies at the time of L-vacancy 

decay. Transitions to the target L-shell from the M-shell with initial vacancies in addition 

to the single L-shell vacancy give rise to the so-called satellite peaks. Hyper-satellite lines 

originate from transitions to L-shell with double vacancies from M-shell with multiple 

vacancies. 

The degree of multiple ionization observed in the Si(Li) data for this work can be 

estimated from a comparison of the observed energy shifts (into satellite peaks) in the x-

ray energy peaks with Hartree-Fock (HF)135 theoritical calculations. HF atomic structure 

calculations assume various initial- and final-state configurations to calculate the effective 

electron binding energies. Sophisticated computer codes136'137 have been developed to 

perform the necessary many body calculations. Numerical non-relativistic multi-

configuration Hartree-Fock results were determined by C. Froese Fischer's computer 

code.138 X-ray transition energies are calculated using HFS model for atomic energy levels 
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of 2gNi - 32Ge. Shown in figure III.3 are L-shell x-ray line energy shift data of copper 

under oxygen bombardment, as a function of the number of M-shell vacancies. 

In more energetic collisions (hundreds of keV/u) spectral shift measurements 

indicate than the changes in GJL could be quite large (i.e. large numbers of M-shell 

vacancies are produced), thus considerable care must be taken in obtaining the ionization 

cross section from the x-ray measurements. Hartree-Fock calculations have been 

performed for the various configurations (that is, a given number of vacancies in the 

various subshells) mentioned above in order to determine the ionization states created in 

the collision. In addition to energy shifts, a broadening of the x-ray lines is observed 

which collaborates the explanation of simultaneous excitation of several multiply ionized 

M-shell configurations. 

For the case of 12 MeV oxygen on elements of 2gNi, 29Cu,... 32Ge an L-shell line 

energy shift of ~40 eV is observed, due to simultaneous excitation of configurations 

(ls)2(2s)2(2p)5(3s)2(3p)6(3d)'n (one L-shell vacancy plus n M-shell vacancies) for n = 0, 1, 

...9. This configuration assumes that any 3s or 3p vacancies created during the collision 

will, on average, be filled by CK transitions prior to decay of the L-hole state. A varying 

number of N-shell vacancies can also be present, however, their effect on the L energy 

shift is much smaller. The estimated number of additional M-shell holes required to 

produce the observed shifts is of order of 7 to 9, on the average for the Cu data. X-ray 

shifts, attributed to "single L-multiple M" vacancy production, are shown in figure IH.4; a 

clear dependence on incident ion energy is observed. It should be emphasized that the 

data indicate the average number of additional M-shell vacancies. 
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copper. 
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In the absence of direct calculations to estimate the magnitude of this effect on coL, 

fluorescence yields for various M-shell defect configurations have been calculated by a 

method proposed by Larkins,139 based on statistical scaling of x-ray and Auger electron 

transition rates. For these calculations, theoretical atomic transition rates of McGuire,140 

and radiative decay rates of Scofield141 have been employed. The technique used is to 

correct the various ground state Auger and x-ray transition rates for changes in the 

population of outer-shell states. In this way the fluorescence yield can be calculated for 

any atomic configuration. It is shown by Fortner et al.142 that the L fluorescence yield of 

copper is relatively insensitive to moderate amounts of outer-shell excitation (see figure 

III. 5). 

Copper L-Shell Fluorescence Yield 

These statistical procedures indicate that for 29Cu, the ratio of L-shell x-ray to 

Auger transition is essentially constant (varies less than 10%) for up to as many as 6 

additional M-shell vacancies.142 The fluorescence yield calculated for copper by Fortner 

are for atomic configurations where vacancies have been produced sequentially beginning 

with the Mv. "The vacancies are expected to occur in the Mjy and Mv for two reasons: 

first, they have considerable lower binding energy than Mj and electrons, and second, 

because the Coster-Kronig transition143 rates suggest that the vacancies in Mi n m will be 

transferred into the MWiV prior to the filling of the L-shell hole. In 29Cu, the 3d level is 

populated and the principal L x-ray involves the 3d^2p transition; thus as one removes 3d 

electrons from copper both the x-ray and the Auger transition rates decrease at about the 
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Figure III. 5 Normalized L-shell fluorescence yield, co/to0, plotted as a function of the 

number of M-shell vacancies for copper (Ref. 142). 
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same rate and the ratio, 0^, is relatively unchanged. This continues to be the case until a 

large number of 3d electrons have been removed. As one continues to remove 3d 

electrons the Auger transitions involving 3p electrons become relatively more important 

and the Auger rate decreases at a smaller rate than the x-ray rate, i.e. wL drops. This 

continues until all the 3d electrons are removed. Once all the 3d electrons have been 

removed, we begin to strip 3p electrons, this causes the O>L to increase rapidly. This 

results because 3p electrons dominate in filling 2p holes via the Auger effect but are not 

involved in radiative transitions. 2s vacancies are not considered since they are assumed 

to be rapidly transferred to the 2p level by CK transitions. Creation of a 3s vacancy 

causes a relatively small decrease in oL unless large numbers of 3p electrons are also 

missing, in which case O>L is increased. As was mentioned earlier, values of (OL are 

insensitive to excitation of levels outside the M-shell."142 

In solids, the target density, is sufficiently high that outer-shell relaxation occurs 

prior to inner-shell decay, leaving the inner-shell fluorescence yield relatively 

unchanged196. Possibility of out-shell vacancy filling prior to the transition filling the inner-

shell vacancy, leading to alteration of vacancy distribution created initially by the collision. 

The attraction of local neighboring valance electrons is a possible explanation for the 

neutralization of this effect. In addition, even though many M-shell electrons are expected 

to be initially ionized in such a violent collision, significant contributions to L-hole filling 

from valence electrons of neighboring atoms are indicated, i.e., interatomic transitions197. 

This means transition of the neighboring electron directly to the L vacancy. Alternatively, 

the neighboring valance electrons may be attracted into the valance (M-shell) of the target 
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atom and then undergo intraatomic transitions. 

In making comparisons of the theoretical predictions to the experimental data of 

this work, the fluorescence yields, Coster-Kronig yields and radiative widths used, result 

from initial configurations containing only a single L-shell vacancy. Since some multiple 

ionizations have been observed in the x-ray spectra, some justification for the use of 

single-hole rates is required, (i) As was shown above, co" for this case is essentially 

insensitive to multiple ionization, (ii) The approach of the comparison of the theory to the 

experiment using single hole rates provides a consistent basis for comparison of various 

theories, (iii) Finally, the use of solid targets can in some cases diminish multiple 

ionization effects since membership of outer-shell electrons in the valence band can 

produce rapid effective repair of otherwise serious outer-shell defects. 

However, single hole yields should be considered a possible source of error in 

comparisons of theory and experiment. The values of the effective L-shell single hole 

fluorescence yield of targets used in this work are listed in table III. 
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Table III. Effective single hole fluorescence yields of Krause (Ref. 50), and their binding 

energies in keV. 

Target W I , X Llab Wab Lflab 

28 Ni 9.17xl0"3 1.015 0.871 0.853 

29C11 1.07xl0"2 1.100 0.953 0.933 

30^n 1.17xl0"2 1.200 1.045 1.022 

31Ga 1.27xl0'2 1.300 1.134 1.117 

32Ge 1.46xl0"2 1.420 1.248 1.217 



CHAPTER IV 

EXPERIMENTAL PROCEDURE 

As was mentioned earlier, measurements of low energy L-shell x-ray cross sections 

have received limited attention. This is primarily due to experimental difficulties that are 

usually encountered: (i) the relatively low Si(Li) detector efficiency of the low energy L-

shell x-ray lines; (ii) the interferences of the low energy K-shell x-rays from unwanted 

target impurities with the target L-shell x-rays; (iii) for the target elements of Z2<45, the 

L-subshell transitions are spaced closely in energy, making it difficult to resolve individual 

subshell transitions and cross sections. 

Apparatus 

The experiments in this report were done in the Ion Beam Modification and 

Analysis Laboratory (IBMAL) at the University of North Texas (UNT). Negative heavy 

ions were produced by a Cesium sputtering negative ion source (SNICS).144 This is a high 

intensity source which includes a spherical tantalum ionizer and a spray system for Cs 

vapor. The SNICS, made from molybdenum, uses accelerated positive cesium ions 

striking a cold cathode to produce a negative ion beam of the cathode material. To 

produce prolific stable145 negative oxygen ions, aluminum oxide (A1203) was chosen as 

cathode for its convenience and reliability in the production of oxygen ions. The A1203 

cathode runs quite well, does not require the addition of silver powder, readily produces 

55 
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20-50 |iA of 1601_, and typically lasts about 4-5 days, depending on current. The source 

was vacuum pumped by a combination of cryo- and turbo-molecular pumps, and the 

vacuum during operation was typically ~5 x 10'9 Torr. Figure IV. 1 shows the mass 

spectrum of negative ions obtained from an A1203 cathode using the Secondary Ion Mass 

Spectrometry (SIMS) technique after the 90° injection magnet. Currents were measured 

with the object slits generously open, but with the image slits at ±2.0 mm for better mass 

resolution. In addition to the intense 1601_ (-20 fiA) and 27Al1' (-0.2 |iA) peaks, a weak 

dimer of oxygen (-50 nA) 02, and different hydride combinations are observed. 

These beams were then mass analyzed by 30° and 90° magnetic spectrometers 

before injection into accelerator. A 3 MV National Electrostatic Corporation146 Pelletron 

tandem electrostatic accelerator was used to generate the energetic oxygen ion beams. 

Negative oxygen ions produced were pre-accelerated to ~70 keV before being injected 

into the tandem. Since currents of greater than 15 jiA are likely to load the tandem 

accelerator, the primary ion current was limited to a range below this value. Beams of 

oxygen ions having charge state of 3+, 4+ or 5+, depending on desired energy, were 

extracted, steered and focused. Oxygen ions with higher charge states were produced by 

a post accelerator N2 gas or carbon foil stripper. 

As shown in figure IV.2, high-resolution magnetic charge-state 

(momentum/charge) analysis of the ion beam was then performed at 40° in order to select 

the desired energy and charge state for transmission into the ultra high vacuum beam line 

and target chamber. Injection potential, terminal voltage, ion optical elements, and all the 
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Figure IV. 1 SIMS scan of A1203 cathode after 90° magnet. 
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magnets are computer controlled for improved stability of the ion beam. 

The 40° analyzing magnet has a hall probe that reads the magnetic field. It was 

calibrated using 19F(p, ay) l 60 nuclear reactions and confirmed by Rutherford 

Backscattering Spectrometry (RBS). The beam was then focused by a set of electrostatic 

quadrupole doublet lenses and collimated by two sets of slits that were 40 cm apart. The 

first group of slits was used for selecting the desired beam and the second group was used 

to define the beam spot to ~1 mm2 on the foil targets with an angular divergence147 of less 

than 2.6 milliradians (0.15°). The target chamber shown in the figure IV.4 can hold three 

target frames. The location of the targets can be adjusted in X, Y, Z and "tilt angle" using 

a precision goniometer. The target was always kept perpendicular to the beam direction. 

The target chamber and the loadlock for target insertion were maintained at the base 

pressure below 5xl0"9 Torr by a cryopump mounted on the chamber. This reduced the 

charge exchange between the ion beam and the residual gas in the chamber. 

Equilibrium Charge State 

The charge state of a fast ion moving through matter fluctuates as a result of 

electron loss and capture in collisions with the stationary atoms of the target. After a 

sufficient number of collisions an equilibrium distribution of charges is established. This 

equilibrium charge state depends only on the velocity of the ions, the nature of the ion, and 

the nature of the target. This process can be considered in a statistical manner and in 

many cases the distribution of charge state is close to a gaussian shape. According to 

experimental evidence, the probability of loss of several electrons during a single collision 
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is much higher than the capture of more than one electron. In figure IV. 5, the charge 

state distributions (4>q) traversing targets of nitrogen gas and carbon foils have been 

calculated using STRIP148 computer code. In general, the mean ion charge state, q, 

measured after solid targets is greater than after passage through gas targets. Even 

though the gas-solid difference is yet unexplained, part of the difference is believed to be 

from de-exciting Auger transitions after the projectile leaves the solid.149 Theoretical 

calculations for light ions, 1 < Zj <10, at incident energies of less than 5 MeV/u have been 

performed150,151 and shown152,153 to agree well with the observed values. No dependence 

of 4>q on the incident ions initial charge state was observed. The weighted average of 

charge states of oxygen and the dependence on ion energy are shown in figure IV.6. 

Again, the heavy ions traveling through the target or strippers may not be in their 

equilibrium charge state. 

Thus, the charge collected was not used to determine the number of incident ions 

or employed in any of the calculations. Charge state distribution curves and theoretical 

calculations shown in the present work are only utilized to obtain approximate values of 

various charge state intensities. These intensites were used to estimate the most prolific 

charge state and optimize the post-stripper production of desired charge state. 

Post Strippers 

In the present experiments, accelerated ions are stripped of electrons by passing 

through a low density nitrogen gas at the center terminal of the accelerator. This produces 

a charge state distribution in the projectile beam. Therefore, after the second part of the 
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STRIP program (Ref. 148). 
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acceleration, the resulting ion beam is composed of a broad range of projectile energies 

and final charge states. However, for some terminal voltages, this distribution is centered 

too low to obtain sufficient amounts of bare and one-electron ions. It was necessaiy to 

post-strip the most prolific charge states, usually 3+ or 4+ with (|)q >30%. By this 

technique, a new charge state distribution, centered at a higher value, is obtained. Two 

different stripping techniques were used in order to produce the higher charge states of 

16Oq ions: a differentially pumped N2 gas cell and a solid carbon foil assembly. 

Gas Cell 

A windowless, differentially pumped gas cell was used, as shown in figure IV.7. 

The system is pumped by a 3001/sec turbo-molecular pump that is just below the stripping 

canal. The pressure gradient is sufficient to allow the central gas cell pressure to reach 50 

mTorr without serious effects on the vacuum of the beam line. A suitable needle valve is 

utilized to admit the N2 gas quickly to the desired value and keep it at a constant value. 

Cell pressures were measured with a standard capacitance manometer with observed 

variation of less than 1%. A gas cell pressure of 25-35 mTorr, corresponding to an atomic 

density of range of 8.1 x 1014 to 1.1 x 1015 atoms/cm3 was used during the experiment. 

The density range where the charge state distribution is similar to an equilibrium 

distribution is 1016 atoms/cm3 (0.3-0.7 torr). There are two equivalent methods of 

increasing the thickness of gas, x: (i) increasing the length of the gas cell at constant 

pressure, and (ii) increasing the gas density within a cell with constant length. Obviously, 

the equilibrium thickness increases with the energy and atomic number, Zlf of the 
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tandem accelerator to increase the production yield of highly charged oxygen ions. The 

effective length of the gas cell is 14.4 cm. 
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projectile. The thickness of N2 gas is given by x = NAvoLP / RT (molecules/cm2) where 

Navo is Avogadro's number, L the cell length, P is the target gas pressure, R the gas 

constant and T is the temperature of the gas. Thicknesses of a few tens of |ig/cm2 are 

usually enough154 to produce charge state equilibrium in energetic ion beams, however, the 

N2 gas thickness for this experiment was estimated to be only 0.6-0.8 [ig/cm2. Therefore, 

the oxygen ion beam after the strippers (both inside and outside the tandem) probably has 

not reached its equilibrium charge state. 

The gas cell worked very successfully for charge states 3+ to T at a pressure of ~ 

30 mTorr, but was not able to generate sufficient quantities of fully-stripped oxygen ions. 

As was mentioned earlier, STRIP calculations indicate a lower mean charge state using a 

gas stripper over a foil stipper at any specific energy, resulting in a smaller current of fully 

stripped ions. Since the mean charge state is directly proportional to the square of 

velocity of the incident ion and thus to its energy, it was easier to strip the ions with higher 

velocities (figure IV. 6). Even very thin foils (~5 (ag/cm2) may be thick enough for a beam 

to at least move in the direction of the equilibrium distribution. 

It is known that155'156, the equilibrium mean charge state is larger when using foils 

because of the post-foil Auger electron emission and as well as "shell effects of ionic 

charge". The foil stripping technique, utilizing a 10 (ig/cm2 carbon foil, was then used to 

obtain sufficient quantities of 1608+. The foil stripper used, however, added new concerns: 

the energy loss (AE) of the incident beam through the carbon foil, the carbon foil breakage 

during the long runs and a slight possible difference in AE in the newly replaced carbon 

foil. Figure IV. 8 shows a magnet scan of typical 160 beams that are produced with and 
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Figure IV. 8 Scan of 160 beam with (bottom) and without (top) post acceleration stripping. 
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without the post acceleration stripper. The labeled beams are all 160 beams, and the 

notation (3,6) means the beam came into the post-acceleration stripper with charge 3+ and 

left with 6+. With the aid of scans like this, it was possible to select the proper charge 

state and energy of the oxygen beam that was used in the experiment. Table IV shows the 

typical beam currents that were produced at various energies and charge states. In the 

table VTemi is the tandem terminal voltage in MV, q is the measured charge state, p is the 

pressure reading of the capacitance manometer. From the table, it can be seen that at 4 

MeV it was not possible to produce usable quantities of q=7+ and 8+. Also, at 6 MeV it 

was not possible to produce sufficient amount of q=8+, at the rest of the energies used in 

this work all charge state were obtained. 
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Table IV. Typical beam currents produced after post-acceleration stripping, starting with 

-10 (iA in the post accelerator Faraday cup. I is the current (in nA) after the 40° analyzing 

magnet cup before the target chamber. 

E 
(MeV) 

V T term 
(MV) 

q I 
(nA) 

P 
(Torr) 

E 
(MeV) 

V T term 
(MV) 

q I 
(nA) 

P 
(Torr) 

14 2.876 3+ 1.5 25x10'3 8 1.984 3+ 60 25x10'3 

14 2.876 4+ 45 20x10"3 8 1.984 4+ 230 25x10"3 

14 2.876 5+ 270 20x10"3 8 1.984 5+ 380 25x10'3 

14 2.876 6+ 375 20x10"3 8 1.984 6+ 140 25x10"3 

14 2.876 7 + 1 0 30x10'3 8 1.984 7+ 10 35xl0"3 

14 2.876 8+ 4.5 12C foil 8 2.070 8+ 0.1 12C foil 

12 2.385 3+ 4.0 20x10"3 6 1.484 3+ 90 25x10"3 

12 2.385 4+ 80 20x10'3 6 1.484 4+ 345 25x10"3 

12 2.385 5+ 350 20x10"3 6 1.484 5+ 300 25x10"3 

12 2.385 6+ 320 25x10"3 6 1.484 6+ 50 25x10"3 

12 2.385 T 65 30xl0"3 6 1.484 7+ 2.0 35xl0"3 

12 2.385 8+ 3.0 12C foil 6 1.484 8+ 
— — 

10 2.483 3+ 10 20x10"3 4 1.312 3+ 250 25x10"3 

10 2.483 4+ 140 20x10"3 4 1.312 4+ 370 25x10"3 

10 2.483 5+ 390 25x10"3 4 1.312 5+ 120 30xl0"3 

10 2.483 6+ 225 30xl0"3 4 1.312 6+ 7.5 35xl0"3 

10 2.483 T 30 35xl0"3 4 1.312 7+ 
— ~ 

10 2.483 8+ 1.0 12C foil 4 1.312 8+ 
— — 
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Carbon foil life is a sensitive function of the element being accelerated, the particle 

energy and the beam intensity. A carbon foil will withstand many hours of bombardment 

by ~5 jiA of MeV oxygen. The cause of foil breakage is still unknown, but it appears to 

be partially due to heating, graphitization of the foil, as well as the electrostatic forces due 

to ejection of electrons from the foil resulting in a rupture. Figure IV.9 shows the TRIM 

95 (TRansport of Ions in Matter)157 calculations for both electronic and nuclear energy 

loss of oxygen ions in a carbon foil as a function of the beam energy. Hence, a new scan 

of the 40° analyzing magnet (HVEC) or a correction of the terminal voltage was necessary 

to find the particular beam again and account for the associated energy loss which was 45 

keV for a 5 ng/cm2 carbon foil. To illustrate the difference between the two stripping 

methods, figure IV. 10 shows a scan of the oxygen beam after the 40° analyzing magnet. 

From this figure, enhancement of higher charge states yields can be seen when using a 

carbon foil (solid curve) compared to the N2 gas cell (dashed curve). Calculated values of 

various charge states from the calibration of the HVEC 40° analyzing magnet are also 

shown. Thus, self-supporting carbon stripping foils can be used to obtain more intensive 

higher charge states. The intensity of lower charge states can be increased using a 

windowless gaseous stripper without approaching the equilibrium charge state. 

Target Preparation 

The targets were made by vapor deposition of the target element powder onto 

clean self-supporting 5 ng/cm2 carbon backing foils. Carbon is the preferred target 

backing material because carbon foils are easy to make, relatively strong mechanically and 
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Figure IV. 9 Calculated electronic and nuclear energy loss of 160 in a carbon foil according 

to TRIM computer code (Ref. 157). 
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Figure IV. 10 Difference in shape and intensity of post-stripped oxygen beam at 2.0 MV 

terminal voltage when using gas cell (solid curve) at 35 mTorr and 10 ng/cm212C foil 

(dashed curve). The estimated magnetic field values of these charge states from the 

control computer calibration is also shown. 
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have a low enough Z, so that the Rutherford scattering is small. Impurities, however, play 

an increasingly important role for the thinner targets, and come mostly from the parting 

agents used to separate the carbon foils from glass slides. To reduce the impurity level, 

these carbon foils were "washed" in deionized water and an acetic acid solution and then 

given an ultrasonic bath in deionized water. The technique for preparing contaminant-

free, ultra-thin targets developed by the UNT group has been described in detail in the 

literature.158'159 The effectiveness of this cleaning process was then analyzed by using 

PIXE. Blank carbon foils that had been floated in deionized water were compared to foils 

that had been cleaned with the procedure described earlier. Figure IV. 11 shows the x-ray 

spectra of uncleaned (open circles) and cleaned (solid squares) carbon foils bombarded by 

2 MeV protons. 

To improve the survival rate of these foils, they were evenly coated with collodion 

(a nitro-cellulose compound). When exposed to air in a thin layer, the collodion leaves a 

transparent film of pyroxylin, that has been shown to evaporate when exposed to the 

beam, leaving a clean carbon foil. After this cleaning technique was employed, impurity 

levels were all below 5 ng/cm2, except for Na and Si which were ~20 ng/cm2. Table V 

lists the target specifications, since pure elemental zinc and gallium metals are very 

difficult to evaporate and tend to "puddle", a more suitable compound of these elements 

was chosen instead. 
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foils by 2 MeV proton bombardment. 
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Element Compound Thickness 
(fig/cm2) 

Thickness 
nm 

28Ni Ni 0.24 0.27 

29CU Cu 0.55 0.62 

30̂ ® ZnS 0.34 0.38 

31Ga GajOj 0.17 0.19 

32Ge Ge 0.65 0.73 
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A MAXTEK160 crystal oscillator thickness monitor was used during the vacuum 

film deposition to measure target thicknesses161 (illustrated in figure IV. 12). This allowed 

improved control of the vacuum film deposition process by providing a direct display of 

film thickness and deposition rate during evaporation. Additionally, the thickness of each 

target was determined by proton back-scattering at 0 ^ =145° using a 1.5 MeV proton 

beam from a 2.5 MV Van de Graaff electrostatic accelerator. The thickness from the 

thickness monitor agreed with the RBS measurements to within 3%. Thin targets were 

chosen for three reasons: (1) to minimize the charge state alterations of the ion; (2) to 

reduce the energy loss of the incident ion; (3) to decrease the induced Bremsstrahlung 

background; and (4) minimize x-ray self absorption. 

A Link Analytical Si(Li) x-ray detector, with resolution of 96 eV at 1 keV, was 

mounted at 135° with respect to the beam direction. A deflecting magnet with a 

collimator was mounted in front of the x-ray detector to deflect scattered charged 

particles162 away from the detector. A solid state particle detector was mounted at 169° 

with respect to the incident ion beam direction to detect scattered ions simultaneously with 

the x-ray measurements. The vanishingly thin targets and the 1/E2 dependence of 

Rutherford cross section compelled us to attach an additional particle detector in the 

scattering chamber at 45° to detect scattered and recoiled particles for normalization 

purposes. 

The solid angle of these surface barrier detectors was calculated by AQ = A/R2, 

where A is the area of the defining aperture and R is the distance from the target. The 

solid angle was then confirmed by using a National Institute of Standards and Technology 
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(NIST) calibrated241 Am alpha particle source. A Faraday cup with electron suppression (-

135 V) was positioned after the chamber to monitor the beam current and gate the 

acquisition electronics. 

Integration of the current at the Faraday cup and the knowledge of equilibrium 

charge state at that energy could provide an estimate of the number of incident ions. 

However, because the heavy ions traveling through the target may not be in their 

equilibrium charge state, the charge collected was not used to determine the number of 

incident ions and was not employed in any of the calculations. The beam current on the 

target was kept low enough (below -10 nA) (i) to ensure better x-ray peak resolution, (ii) 

to lower the Bremsstrahlung background, (iii) to reduce target damage, (iv) to minimize 

pile-up in the electronics, and (v) to keep dead time effects negligible. 

There is a minimum amount of time that must separate two events in order that 

they be recorded as two separate pulses. The time interval that the detectors, electronics, 

and Multichannel Analyzer (MCA) are busy is usually called the dead time of the counting 

system. The dead time of the x-ray detector was determined using a precision pulse 

generator and a timer/scaler connected as shown in the figure IV. 13. The number of 

pulses sent through the system (from the scaler) was divided by the number of pulses 

detected in the x-ray spectrum (area of pulser peak). This value was kept to a small value 

by limiting the amount current and therefore the number of ions impinging on the target. 

Figure IV. 14 is a diagram showing the atomic energy levels that are involved in 

target L-shell x-ray emission. The allowed transitions are determined from the usual 

selection rules M =±1, and Aj=0,±l and are also shown in this figure. The target L-shell 
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x-ray lines excited by 12 MeV oxygen ions and 2 MeV protons are shown in figures YI.4 

through VI. 8. The largest peak is the combination of these possible transitions since the 

L-shell x-ray energies are too close together for the Si(Li) detector to resolve, hence the 

La and Lp average is recorded. However, the resolution of the Si(Li) detector was 

sufficient in the present experiment to show adequate separation between target L-shell x-

rays and the other peaks. The main advantage was its relatively high efficiency for low 

energy x-rays compared to that of a crystal spectrometer. 

Particle and Photon Detectors 

Heavy-ion, partially depleted, silicon surface barrier charged particle detectors 

made by EG&G ORTEC, with an energy resolution of 18 keV (for a particles) and with a 

sensitive depth of 100 microns, were used to detect the scattered and recoiled particles. 

These partially depleted detectors have a very low noise level and were mounted onto the 

target chamber on a floated ground shield to reduce the ground loop noise level. 

Si(Li) x-ray detectors are manufactured by Link Analytical Inc. and are primarily 

used in Scanning Electron Microscopy (SEM). The detector that was used is equipped 

with a new charge sensitive, self-restoring Gaussian preamplifier that is compatible with 

the standard NIM electronics for easy trouble shooting. The quoted resolution of this 

system is 135 eV at 5.898 keV (Mn KJ. In order to obtain better resolution than this, a 

crystal spectrometer would have to be used. However, since efficiencies of theses 

spectrometers are at best 1% of the Si(Li) detectors, this would be impractical for such 

low counting rates. 
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X-Ray Detector Efficiency 

It is convenient to subdivide counting efficiencies into two classes: absolute and 

intrinsic. Absolute efficiencies are defined as 

^Absolute 

No. of pulses recorded 
No. of radiation quanta emitted 

and are dependent not only on detector properties but also on the solid angle of the 

detectors viewing the targets. The intrinsic efficiency is defined as 

No. of pulses recorded 
^Intrinsic No. of quanta incident on detector 

and no longer includes the solid angle of the detector as an implicit factor. The two 

efficiencies are simply related by eAbsolute = . (4ir / AQ) which assumes the quanta are 

emitted isotropically. Experimental verification of this assumption has been accomplished 

for K- and L-shell x-rays of 50Sn bombarded by deutrons and alpha particles193 and for L-

shell x-rays of 79Au by protons.194 Some target x-ray polarization is observed195 in argon 

and estimated to be <7% for fully stripped F9+. The intrinsic efficiency of a detector 

usually depends on the detector material, the radiation energy, and the thickness of the 

detector. Whether these results affect the extension of the isotropy assumption for the 

target x-rays to different projectile-target combinations and different energy ranges awaits 

the proof of further experiment. 

Unfortunately, the efficiency of the Si(Li) x-ray detectors for photons of energy 

less than 3 keV is strongly energy dependent. The efficiency of the Si(Li) detector is a 

parameter that can not be calculated from theory, but must be determined empirically for 
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every individual detector-cryostat assembly. Examples of what affects the value of 

efficiency are: (i) Beryllium window thickness, (ii) detector gold front contact thickness, 

(iii) gold-silicon interface thickness, (iv) absolute detector thickness, and (v) number of 

warm up cycles the system goes through. It is possible however, to calibrate the detector 

efficiency by a method suggested by Lennard and Phillips163 and others191,192, but the x-ray 

detector efficiency still remains a major source of uncertainty for low energy x-ray 

measurements. 

The efficiency for the Si(Li) detector was measured using calibrated radioactive 

sources of241 Am, 57Co and 55Fe in the same geometry. These sources cover the energy 

range of from 3.3 keV to around 20 keV. However, it is difficult to obtain suitable 

radioactive sources in the low energy region. Using the known164,165 intensity of the 

emitted x-rays and gamma rays, the absolute efficiency was obtained. Table VI, lists the 

radioactive sources used for detector efficiency determination along with their half-life and 

photon intensities per decay at different energies. To obtain the efficiency in the energy 

region 0.8-1.5 keV, a beam of 2 MeV protons was used to bombard various targets. 

Computed L-shell x-ray production cross sections from the ECPSSR theory were then 

used to calculate the correct efficiency of the x-ray detector. Cohen and Harrigan166 used 

the ECPSSR model to produce an extensive tabulation of K- and L-subshell ionization 

cross sections for most target elements for proton and helium ions between 100 keV and 

10 MeV. These cross sections are now being used with confidence for efficiency 

determination of x-ray detectors.167,168'169,170 Atomic Field Bremsstrahlung (AFB) is 

another viable method of efficiency determination in the 0.6-8.2 keV region. 
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Theoretical predictions171 of AFB are in excellent agreement with existing 

measured values down to 3 keV172. A detector's efficiency can also be determined by 

comparing Bremsstrahlung spectra with the calculated spectral distributions (accurate to 

within 11%). These Bremsstrahlung measurements give the relative efficiency of the 

detector, which is then normalized to the PIXE data and the the radioactive source results. 

The normalized values for the Si(Li) efficiency are listed in the appendix A and are shown 

graphically in the figure IV. 15. Vertical reference lines correespond to position of the 

target L-shell x-ray including the shift from multiple ionizations. There is a sudden drop 

(not shown) in the efficiency of the Si(Li) detector corresponding to the silicon absorption 

energy (1.74 keV). 

Particle Detector Efficiencies 

To accurately measure the energy of the backscattered particles, the sensitive 

depth of the silicon surface barrier detector must exceed the range of the particles in Si. In 

this case, its efficiency is essentially 100%.173 The silicon surface barrier detectors used 

for this report had a 50 [xm thickness, which is well over the 160 ion range in the energy 

region used in this report (4-14 MeV) (see figure IV. 16). 
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Figure IV. 15 Calculated efficiency of Si(Li) x-ray detector with 7.6 jam beryllium window. 
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Table VI. The radioactive sources and photon intensities per decay which were used for 

the efficiency calibration of the x-ray detector. The Half lives of the sources are also listed 

(d is days and y is years). 

Source Half-life 
% 

Emission 
type 

Energy 
keV 

Photons 
per Decay 

"Fe 2.73 y Ka 5.898 0.245 

K P 6.49 0.033 

"Co 271.8 d K 6.403 0.502 

KP 7.057 0.0691 

Y 14.41 0.093 

241 Am 432.7 y M 3.3 0.0634 

Li 11.88 0.0086 

l,a2 13.95+13.76 0.133 

L1>p 15.87+17.74 0.1946 

Lv 20.774 0.0485 
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CHAPTER V 

DATA ANALYSIS 

From the definition of the x-ray production cross section, the following formula is 

obtained: 

°Lx= 
^dead 

v. i 

where 
o Lx 

Ldead 

N0 

Nx 

€ x 

Ax 

= the L x-ray production cross section, (b), 
= the x-ray yield, (counts), 
= dead time (real time / live time) correction factor, 
= target thickness, (atoms/cm2), 
= number of incident particles, (counts), 
= absolute efficiency of the x-ray detector, including solid angle, 
= target self-attenuation factor174. 

The Rutherford scattering cross section is experimentally determined by 

doR ZjZ 
dQ N0Nt AQ 

V.2 

where 
AQ = solid angle of RBS detector, (sr), 
nSSD . 
'-dead 1 (very low counting rate) 

The theoretical Rutherford differential cross section in barns in the laboratory frame of 

reference is also known175 to be 

89 
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da 

da 
—= 1.296xl0~3 ( Z A ) 2 2 ( Z A ) 

Sin 4 (0/2) -2 b/sr 

< E ' j 

Sin 4 (0/2) -2 
Mr. 1 

V.3 

Deviations from the Rutherford scattering can occur from: (i) resonant nuclear 

scattering at high bombardment energy, or (ii) if the deBroglie wave length is on the order 

of the distance of closest approach, interferences can result at high bombardment energy, 

or (iii) screening due to surrounding electrons at low bombardment energy. 

If the energy of the incident ion is not high compared to the Coulomb barrier of the 

target atom (35.66 MeV for 29CU), it will pass far enough from the target nucleus that 

nuclear forces can be ignored and the elastically backscattered ions will be unaffected by 

nuclear effects. The Coulomb barrier between the ion and the target nucleus was 

calculated using the formula176: 

Z Z 
£ = 1 . 4 4 — MeV, 

c R 
V.4 

where Zx and Z2 represent the atomic numbers of the nuclei and R is the inter-nuclear 

separation (=1.16 [A/73 + A2
1/3 + 2.07] fm). In the worst case, oxygen scattered from 

nickel, the Coulomb barrier is 36.0 MeV in the lab frame, well above the energies used in 

the present work. The impact parameter of scattering at 169° for the worst case studied in 

this work (14 MeV oxygen ions) is approximately 20 times larger than the target nucleus. 

Additionally, there are no quantum mechanical interferences in the energy region 

studied in this work. This is because the deBroglie wavelength Ad,.BrogUe, for 4-14 MeV 
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oxyegn beam is 1.9 fin < Ad(,Broglie <3.6 fm, that is much smaller than the distance of closet 

approach, 23 fm < r0 <92 fm. 

Anderson et al.177 suggested a screening correction to the Rutherford cross section 

given by 

1 

cKl dCl'l+VJE^ 

where Ecm is the center of mass energy of the incident ion and Vj is given as 

Z,Z„ 
F,= 48.73 eV.- 2 

( Z f + Z f ) 1 7 2 
V.6 

For weak screening178 the dominant part of the screening process occurs inside the 

K-shell radius of the target atom. The correction is shown to be proportional to 

ZjZ2 . (Zj2/3 +Z2
2/3)1/l/E in the first order and an angular dependence enters into the 

expression in the second order. 

The two main components of theory are the following: (i) The interatomic 

screening is given by the Thomas-Fermi or the Lenz-Jensen screening; (ii) a small angle 

perturbation calculation (momentum approximation) shows the cross section depends only 

on the scattering angle and the relative kinetic energy. A further approximation is 

included by a wide angle extrapolation. Experimental investigations of the screening 

effect have been performed by several authors.179'180'181 The experimental work supports 

this theory and agrees well with the calculations. For Z , « Z 2 and a Thomas-Fermi or 
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Lenz-Jensen screening function, the corrected differential cross section is given by 

fifo(6) _ daR($) 

d£l dQ 

7 7 ,y2/3,y 2/3x1/2 
^ ^ ^1Z2VZ1 2 J ,[(l-c)+c/sin(0/2)] V.7 

where Zt and Z2 are atomic numbers of the ion and target atom respectively, oR is the 

Rutherford scattering cross section, E is the energy the projectile in MeV and b and c are 

experimental fitting constants (c = 0.3-0.6 and b = 3.3-4.9 x 10"5). The screening effects 

were calculated using an analytic approximation of Anderson. In the worst case, the 

correction was 1.1%, much smaller than the experimental uncertainty. Hence, the strict 

Rutherford cross section was used. 

The x-ray production cross section (oLx) is then determined by simultaneous 

measurement of the x-rays and the scattered particles for each run and substituting the 

N0NX term from equation V.2 into equation V.l to get: 

daB 
£ — AQ7, , 

x dead v.8 

This simultaneous measurement minimizes non-uniform target thickness as well as charge 

integration uncertainties because of charge state changes of the ion in passing through the 

copper and carbon foil. 
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Sources of Background 

The characteristic x-ray lines in the x-ray spectra are superimposed on a continuum 

background. The background arises from secondary electron Bremsstrahlung, primary 

projectile Bremsstrahlung, and from nuclear reaction gamma rays. The secondary electron 

Bremsstrahlung is produced when the incident ion ejects an electron from the target and 

then the electron is scattered in the Coulomb field of the target nucleus. The electron 

Bremsstrahlung is emitted anisotopically and is lower at forward and backward angles 

than at 90° to the direction of the surface. For this reason and the fact that secondary 

electrons are emitted preferentially in the forward direction, the Si(Li) detector is 

positioned at 135° for this experimental work.182 The incident ion may also decelerate in 

the Coulomb field of the target thus emitting projectile Bremsstrahlung. 

Bremsstrahlung or "braking" radiation is produced by electrons which have been 

ejected from the atom or deflection of the bombarding particle in the Coulomb field of the 

target nucleus. The intensity of primary projectile Bremsstrahlung is proportional to the 

square of its deceleration. The intensity for oxygen ion Bremsstrahlung is negligible in 

comparison with that of the electron. The theoretical cross section contains182 a term 

( I I h. V.9 

where Zx, Mls Z2 and M2 are the atomic number and atomic weight of the projectile ion 

and the target atom respectively. Ratio of the x-ray peaks to the Bremsstrahlung 

background is the same for all particles with same velocity. 
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Gamma rays are also produced in the energetic collisions as a result of nuclear 

reactions, mostly from the beam collimator, Faraday cup, or various parts of the chamber. 

Thus, the Compton interaction of the produced gamma rays with the Si(Li) detector 

contributes to the continuum background in the x-ray spectra. 

Another source of background radiation is the radiation emitted in filling the lsa 

molecular orbital, which may exist during the collision. The energy of this orbital depends 

upon the internuclear distance and the radiation emitted will then be continuous. 

It was advantageous for this experiment to use an absorber between the target and 

the detector. The beryllium window was used to reduce and eliminate the unwanted 

background and the intense oxygen Ka peak. It also allowed a beam with a higher 

intensity, so the x-ray yields can be measured in a shorter time with fewer interferences. 

In the acquisition of the spectrum shown in figure V. 1, the 7.6 |im Be window mode of 

the detector was used. With this window a beam current of 20 nA could be used, with the 

count rate below 50 counts per second. 

Background Subtraction 

Background spectra were obtained by bombarding a "washed" 5 (ig/cm2 carbon 

foil with an oxygen beam. A separate background spectrum was obtained for each energy 

for incident ions with and without K-shell vacancies. Background subtraction routines 

were then performed using the PCA2 software183 to eliminate the unwanted background 

peaks and Bremsstrahlung. The Peakfit184 program was then used to accurately fit 

Gaussian curves to the subtracted data. 
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Figure V. 1 shows typical x-ray spectrum obtained from bombardment of an ultra-

thin copper target with an oxygen beam (solid circles) and the background from a clean 

carbon backing (empty circles). At the low energy end of the spectrum there is a cut off. 

This is due to the absorption of the x-rays in the Be window of the Si(Li) detector. Also 

shown in the figure, is the Gaussian curve (solid curve) fitted to the subtracted data by this 

routine. 
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Figure V. 1 Typical x-ray spectrum from 12 MeV 1604+ on copper target on carbon 

backing (solid points) and carbon backing only (empty points). For comparison gaussian 

curve (solid curve) fitted after the subtraction routine is also shown. 
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Error Analysis 

The relative errors for the experiment include: (1) counting statistics, <5%; (2) 

uncertainty in beam energy, <2%; (3) uncertainty in detector position and its solid angle, 

<3%; (4) target thickness and its uniformity, <5%; (5) efficiency of the x-ray detector, as 

large as 15%; (6) background subtraction and fitting routine, <10% ; (7) multiple 

ionization effects on fluorescence yield <10%. The total uncertainty, 6XotaJ, in this 

experiment is estimated by taking the square root of the sum of the squares of the 

individual uncertainties as suggested by Beers185 and was about 18-22%. Table VII lists 

these relative errors that can occur for this experiment. In order to eliminate the charge 

integration and target thickness uncertainties, x-rays and RBS measurements were 

measured simultaneously. 



Table VII. Errors in measured cross sections. 

98 

Error source Percent 

Counting statistics <5% 

Uncertainty in beam energy <2% 

Uncertainty in detector position and its solid angle <3% 

Target thickness and its uniformity <5% 

Efficiency of the x-ray detector -15% 

Background subtraction and fitting routine <10% 

Fluorescence yield <10% 

Total Uncertainty 18-22% 
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Table VIII. List of possible magnet values (% of maximum field) after using a post 

acceleration stripper. Columns represent the initial charge state and rows represent the 

final charge state of the oxygen ion after passing through the gas cell. 

Inii tial oxygen charge s tate 

Qri 1 2 3 4 5 6 7 8 

1 96.91 — — — — — - - - -

2 46.6 57.4 66.67 74.95 82.54 89.6 96.24 — 

3 30.69 37.68 43.65 48.96 53.81 58.3 62.51 66.5 
4 22.9 28.06 32.46 36.36 39.92 43.21 46.29 49.2 
5 18.28 22.37 25.85 28.93 31.74 34.33 36.76 39.05 
6 15.22 18.6 21.48 24.03 26.35 28.49 30.49 32.38 
7 13.04 15.93 18.39 20.56 22.53 24.35 26.06 27.66 
8 11.42 13.94 16.07 17.97 19.69 21.27 22.75 24.15 
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Table IX. List of observed charge states after the analyzing magnet in the beam-line 

Faraday cup with and without the gas cell. 

q Magnet 
% of Max 
Current 

Qi - Qr Magnet 
% of Max 
Current 

6 26.62 4 - 8 16.75 

5 29.67 1 - 5 17.05 

4 34.00 3 - 7 17.15 

3 49.83 2 - 6 17.35 

2 53.71 4 - 7 19.19 

3 - 6 20.05 

2 - 5 20.89 

1 - 4 21.39 

4 - 6 22.44 

3 - 5 24.15 

5 - 6 24.62 

2 - 4 26.23 

4 - 5 27.04 

1 - 3 28.71 

5 - 5 29.67 

3 - 4 30.35 

4 - 4 34.00 

2 - 3 35.25 

5 - 4 37.33 

3 - 3 40.83 

1 - 2 43.61 

4 - 3 45.80 

2 - 2 53.71 



CHAPTER VI 

RESULTS AND DISCUSSION 

In this section, the results of the measurements are presented and compared to the 

first Born and ECPSSR theories. The data are presented as a function of the energy, 

charge state of the projectile, target atomic number (Z2), as well as ratio of velocities 

vj/v^. As was discussed before, the two theories predict the ionization cross section, not 

the x-ray production cross section. In order to compare to the theories, the x-ray 

production cross section values were multiplied by the effective L-shell fluorescence yield, 

o)LX, i.e. o^e0iy = cof OLieo,y . The effective L-shell x-ray fluorescence yield was obtained 

from the single hole fluorescence yields and Coster-Kronig transition rates of Krause186 

(listed in table III). Unfortunately, no previous work on cross section measurements could 

be found for the collision system studied in this report for comparison purposes. 

Data Analysis and Reduction 

Analysis of the scattered particle spectra was straightforward since both the 

spectra for 0,ab=169° and 0^=45° showed good separation from other peaks in the spectra 

(see figures VI. 1 and VI.2). However, as was mentioned earlier, the analysis of the x-ray 

spectra was complicated by overlapping x-ray lines on top of the decreasing exponential 

background. As might be expected ultra-thin targets have a lower ratio of desirable target 
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Figure VI. 1 Typical particle spectrum of 12 MeV 1605+ on copper target at 169°. 

Excellent mass resolution of heavy-ion RBS technique allows separation between the two 

naturally occurring isotopes of copper. The vertical bars represent the relative natural 

abundance of 63Cu and 65Cu. 
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Figure VI. 2 Typical particle spectrum of 12 MeV 1604+ on G a ^ target at 45°. Scattered 

oxygen ions as well as recoiled atoms are shown in the plot. 
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x-rays versus the undesirable contaminant x-rays. The characteristic x-ray lines in the x-

ray spectra are superimposed on a continuum background. The background arises from 

secondary electrons Bremsstrahlung, as well as the dominant oxygen Ktt (530 eV) tail and 

spectral broadening associated with the multiple M- and N-shell ionization. 

Therefore, consistent background subtraction and fitting procedures were 

important. The peak intensities were obtained using the PEAKFIT program developed by 

Jandel Scientific,187 which is capable of fitting multiple gaussian and non-gaussian peaks on 

linear or nonlinear background. Figure VI. 3 shows a typical x-ray background spectrum 

acquired by bombarding a clean carbon foil with 12 MeV 1605+ and 2 MeV 1H+. 

Normalized L-shell x-ray spectra of various targets after the background subtraction 

routine are shown in figures VI.4-VI.8. For comparison purposes, target L-shell x-ray 

from proton bombardment are also shown by empty squares. The L-shell x-ray 

production cross sections were determined by normalizing to the Rutherford cross 

sections. The relative yield of the x-rays to backscattered ions is proportional to the 

respective Rutherford cross sections. 

Table X contains L-shell x-ray production cross sections, (in kilobarn) of 

copper for 16Oq ions for charge states q=3+-8+ ions with energies, E1; from 4 to 14 MeV. 

are the measured L-shell x-ray production cross sections for the 0.55 ng/cm2 copper 

target, o™ and cj££pssr are the L-shell x-ray production cross sections taken as a product 

of L-shell ionization cross section calculated from the respective first Born and ECPSSR 

theories and to™. Ratios of the measured cross sections to the first Born prediction, 

aLx/°Lx> a°d to the ECPSSR prediction, Olx/OlxPSSR are also shown. Additionally, v /v^ 
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Figure VI.5 Typical L-shell x-ray spectrum of copper bombarded by 12 MeV 04+ after 

background subtraction (solid squares) and 2 MeV protons (empty squares). 
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Figure VI.6 Typical L-shell x-ray spectrum of Zinc bombarded by 12 MeV 04+ after 

background subtraction (solid squares) and 2 MeV protons (empty squares). 
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background subtraction (solid squares) and 2 MeV protons (empty squares). 



5000 

£ 
• t-H 
CO s 

4000 

<D > 

"cd 

p4 

3000 

2000 

1000 

Ge L x-ray 

12MeV 1604+ 

2 MeV !H+ 

•b 
•a 

Na K - • a 

F K 
e a 

n • 
a 

A • V A I K 
• • T n a 

• 
O 

SiK a 

400 600 800 1000 1200 1400 1600 1800 2000 2200 

X-ray Energy (eV) 

110 

Figure VI.8 Typical L-shell x-ray spectrum of germanium bombarded by 12 MeV 04+ after 
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are shown in the second column where vjv2l j is the projectile velocity scaled by the 

velocity of the target L-shell electron. This table shows that the x-ray production cross 

section depends on the charge state of the incident ion. The observed enhancement of x-

ray production cross section is partially due to the electron capture process that depends 

on the number of vacancies in the ion and the energy levels involved. For oxygen ions 

with K vacancies (07+ and 08+) the measured target L-shell x-ray cross section jumps from 

200% to 300% of that of oxygen ions with no K vacancies. The experimental 

uncertainties were computed for all terms related to the experiment. The curve-fitting 

procedure and the x-ray detector efficiency measurement were the two major sources of 

uncertainties (see chapter II). Typically, the uncertainty associated with each aLX data 

point ranged from 18% to 22%. 
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Table X. A summary of the measured and theoretical cross sections for copper L-shell x-

ray production. The ratios of the experimental value to the theoretical calculations and the 

relative velocities, v^v^, are also shown in the table. 

Ei V/V2L q+ 
OLXO )̂ °Lx(kb) o^PSSR(kb) < W ° 3 a /-ECPSSR 

°LX'°LX 

4 0.26 3 30.7 ±5.5 345 12.9 0.089 2.38 

4 4 33.1 ±5.9 385 14.1 0.086 2.35 

4 5 33.2 ±5.9 424 15.3 0.078 2.17 

4 6 31.1 ±5.6 464 16.5 0.067 1.88 

6 0.31 3 50.5 ±9.1 476 49.5 0.106 1.02 

6 4 50.3 ±9.0 526 53.7 0.096 0.94 

6 5 49.5 ±8.8 575 57.8 0.086 0.86 

6 6 58.1 ±10 624 62.0 0.093 0.94 

6 7 147 ±29 5080 669 0.029 0.22 

8 0.36 3 69.8 ±13 544 92.8 0.128 0.75 

8 4 67.6 ±13 596 99.0 0.113 0.68 

8 5 71.1 ±13 648 105 0.110 0.68 

8 6 76.0 ±14 700 111 0.109 0.68 

8 7 154 ±31 4020 646 0.038 0.24 

8 8 239 ±50 7330 1180 0.033 0.20 

10 0.40 3 98.3 ±19 578 131 0.170 0.75 

10 4 99.6 ±19 630 138 0.158 0.72 

10 5 97.6 ±19 682 146 0.143 0.67 

10 6 101 ±20 734 153 0.138 0.66 

10 7 197 ±48 3320 639 0.059 0.29 

10 8 271 ±60 5900 1130 0.046 0.24 

12 0.44 3 105 ±19 593 163 0.177 0.64 
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E, v / v 2 L q+ 
® L x W ° S ( k b ) 

-ECPSSR, , . % 
° L X ( k b ) a L x / ° L X < W < P S S R 

12 4 104 ±19 643 170 0.162 0.61 

12 5 107 ±20 695 178 0.154 0.60 

12 6 112 ±20 744 185 0.151 0.60 

12 7 197 ±37 2820 625 0.070 0.32 

12 8 267 ±56 4900 1060 0.054 0.25 

14 0.48 3 112 ±21 595 189 0.188 0.59 

14 4 112 ±21 643 196 0.174 0.57 

14 5 112 ±21 692 204 0.162 0.55 

14 6 119 ±20 740 211 0.161 0.56 

14 7 203 ±42 2450 607 0.083 0.33 

14 8 273 ±56 4150 1000 0.066 0.27 
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In the plots of figures VI.9 and VI. 10, the results of the measurements for copper 

are presented and compared to the first Born (dotted curve) and ECPSSR (solid curve) 

theories as a function of the incident oxygen ion energy. From the graphs, it can be seen 

that the first Born theory overpredicts all the data by factors of 5 to 33. For charge state 

3+, 4+, 5+, and 6+, the ECPSSR theory underpredicts the data at 4 MeV by about 88-138% 

and overpredicts the data above 6 MeV by about 25-44%, but gives a good fit to the data 

taken at 6 MeV. To certify the significant discrepancy between experimental data and the 

theories, more careful measurements of charge state dependence of cross section by heavy 

ions are clearly needed for further theoretical studies of inner-shell ionization. The 

deviation appears at the lowest energy where the molecular orbital ionization could 

become important.68'69 This comparison shows the ECPSSR has improved the accuracy of 

the first Born calculations. However, the ECPSSR still overpredicts the hydrogen-like 

(q=7+) and bare (q=8+) oxygen ion data at least by a factor of 3. 

The results for 12 MeV oxygen ions on 2gNi, 29Cu, 30Zn, 31Ga, and 32Ge are 

presented in table XI, along with the values for the first Born and ECPSSR theories. 

Figure VI. 11 and VI. 12 graphically displays this data as a function of target atomic 

number for 16Oq (q=3+-8+). The predictions of ECPSSR are shown as the solid curve, and 

the first Born calculations are presented by the dotted curve. These graphs show that the 

data falls from 3-40% below the ECPSSR theory and around 400% below the first Born 

theory for oxygen ions with no K vacancy. Both ECPSSR and first Born theories, 

however, dramatically overpredict the data for projectile with K vacancies. The data for 

nickel, zinc, and germanium, in general, are in better agreement with both theories, except 
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for overprediction of the theories for 1607+ and 1608+. 

In the appendix B, L-shell ionization cross section and x-ray production cross 

sections of 28Ni, 29CU, 30Zn, 31Ga, and 32Ge bombarded by energetic oxygen ions with 

charge state from 3+ to 8+ are tabulated for the first Born approximation and the ECPSSR 

theory, these include the contribution of both direct ionization and electron capture. 
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Table XI. Measured L-shell x-ray production cross sections (kilobarns) of 2gNi, 29Cu, 

30Zn, 3iGa, and 32Ge for 0.75 MeV/u 16Oq (q=3+,4+,5+,6+,7+,8+) ions. 

^2 z,/z2 q=3+ 11 q=5+ q=<5+ II 

+
 00 II cr 

2gNi 0.286 Measured 175±31 180±32 170±32 180±34 330±58 550±99 

ECPSSR 187 196 204 213 677 1140 

First Born 668 726 784 841 2810 4780 

29CU 0.276 Measured 110±20 110±20 110±20 110±20 200±42 275±43 

ECPSSR 163 170 178 185 625 1060 

First Born 593 643 694 744 2820 4900 

30^n 0.267 Measured 120±23 120±23 120±23 160±23 230±40 350±70 

ECPSSR 128 134 140 146 519 892 

First Born 481 521 562 602 2550 4490 

3iGa 0.258 Measured 80±16 80±16 80±16 110±19 160±32 230±47 

ECPSSR 99.4 104 109 113 420 727 

First Born 386 418 451 483 2230 3970 

32Ge 0.250 Measured 80±16 80±16 80±16 80±16 190±35 310±61 

ECPSSR 81.5 85.3 89.1 92.9 353 613 

First Born 324 351 377 404 1960 3510 
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EC Contributions 

The total target L-shell x-ray production cross section is defined as the sum of 

direct ionization and electron capture contributions to all vacant shells, i.e. 

Total DI EC 
°LX ~ °LX + °LX VI. 1 

As was discussed earlier, direct ionization contributions to the total x-ray 

production cross sections are essentially the same for oxygen ions with different charge 

states. Electron capture contributions to the total copper x-ray production cross section 

were calculated using the charge state dependence of the cross section data for ultra thin 

targets. The single collision condition was met by using targets of thicknesses of less than 

1 ng/cm2 (see table V). This gives an areal density of ~1 x 1015 atoms/cm2 which is 

between 1 and 2 atomic layers. The electron capture to the K-shell of the oxygen ion can 

only occur if the ion has a vacancy in that shell. Therefore, the L-shell to K-shell electron 

capture cross section to ions with two K-vacancies and one K-vacancy is inferred by: 

EC(K-shell) _ EC(K-£-M-,-sheUs)+DI _ EC(L-M-,-shells)*DI 
UIJf ~°TJT °TY V 1 . 2 

and 

ECQ/iK-shell) _ EC{VJC-£-M-,-sheUs)+DI EC(L-M~,-shells)+DI ,rT . 
°LX ~°LX ~aLX V1.3 

respectively. 

Figure VI. 13 shows the measured L-shell x-ray production cross sections as a 

function of the oxygen ion charge state for the copper target of thickness 0.55 (ig/cm2. 
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section for different bombarding energies. The lines through data points are only drawn to 
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The cross sections for charge states 3+, 4+, 5+, and 6+ at 4-14 MeV are almost flat, 

indicating that the electron capture contribution for oxygen ions without a K-vacancy (EC 

to L, M,... shells of the oxygen ions) is small compared to that for oxygen ions with K-

vacancies for charge states T and 8+ (EC to K, L, M,... shells of the oxygen ions). For 

oxygen ions with K-shell vacancies (q=7+ and 8+), the cross section increases by as much 

as 81% (7+ at 14 MeV) to 236% ( 8+ at 8 MeV) compared to the data for q=5+. The 

increase in cross sections for the T and 8+ data is attributed to the contributions of EC 

since as was mentioned above DI is essentially charge-state independent. In figure VI. 13, 

there is no ls2s metastable state phenomenon for the q=6+ data in this study as mentioned 

in the references.38'39 It is probably due to the shorter lifetime of metastable oxygen ions 

compared to their time of transit though the beam line to the target. 

Graphs in figures VI. 14 - VI. 18 show the measured oLX for various targets versus 

the charge state of the incoming ion. Again, these cross sections are essentially 

independent of incident charge state for q=3+-6+ (no K vacancy). Direct ionization by 

electrons attached to the projectile as "co-traveling projectiles"188 and screening effects189 

are discussed elsewhere and is shown to be small. Comparison among the various charge 

states indicates an enhancement in ohX for measurements made with projectiles with K-

shell vacancies. The one or two K-shell vacancies occur in hydrogen-like (q=Z rl) and 

fully stripped (q=ZJ oxygen ions. Enhancement by a factor of 2.5 for hydrogen-like ions 

was observed. Also, there is an increase for projectiles with two K. vacancies over one K 

vacancy (-50%). In addition there is a slight decrease in the L-shell x-ray production 

cross section with increasing Z2. 
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Figure VI. 14 Projectile charge state dependence of 2gNi L-shell x-ray production cross 

section for 12 MeV bombarding energy. The lines through data points are only drawn to 

guide the eye. Target thicknesses were below 0.6 (ng/cm2. For comparison, predictions of 

the ECPSSR and the first Born theories are also shown. 
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Figure VI. 15 Projectile charge state dependence of 29Cu L-shell x-ray production cross 

section for 12 MeV bombarding energy. The lines through data points are only drawn to 

guide the eye. Target thicknesses were below 0.6 jag/cm2. For comparison, predictions of 

the ECPSSR and the first Born theories are also shown. 
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Figure VI. 16 Projectile charge state dependence of 30Zn L-shell x-ray production cross 

section for 12 MeV bombarding energy. The lines through data points are only drawn to 

guide the eye. Target thicknesses were below 0.6 ng/cm2. For comparison, predictions of 

the ECPSSR and the first Born theories are also shown. 
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Figure VI. 17 Projectile charge state dependence of 31Ga L-shell x-ray production cross 

section for 12 MeV bombarding energy. The lines through data points are only drawn to 

guide the eye. Target thicknesses were below 0.6 ng/cm2. For comparison, predictions of 

the ECPSSR and the first Bom theories are also shown. 
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Figure VI. 18 Projectile charge state dependence of 32Ge L-shell x-ray production cross 

section for 12 MeV bombarding energy. The lines through data points are only drawn to 

guide the eye. Target thicknesses were below 0.6 (ig/cm2. For comparison, predictions of 

the ECPSSR and the first Born theories are also shown. 
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The inferred EC contribution for the total x-ray production cross section for 2gNi, 

29Cu, 30Zn, 31Ga, and 32Ge for 1607+ and 1608+, are plotted in figure VI. 19 as a function of 

target atomic number. The ECPSSR theory agrees fairly well with the data for charge 

states 3+-6+ but over estimates the experimental data for charge states 7+ and 8+ for 

oxygen beams of 4-14 MeV. The data falls more than 400% below the first Born 

theoretical numbers for this energy. This discrepancy is because, the first Born theory 

does not account for the contributing effects that the ECPSSR theory includes (see 

chapter II for a more detailed discussion). 

Table XII tabulates the electron capture contributions to 29Cu L-shell x-ray 

production cross sections of oxygen ions in charge states T and 8+ as a function of oxygen 

energy. The ratios of the extracted EC data to the theoretical calculations are also listed. 

The EC cross sections for q=7+ and 8+ were obtained, respectively, by a subtraction of L-

shell x-ray production cross sections at q=3+ from those at q=7+ and 8+. Figure VI.20 

shows the extracted x-ray production cross sections due to electron capture to V2K- and 

K- shell for oxygen ions with charge states T and 8+ vs. projectile energy. The EC data 

was compared to the first Born theory, OBKN, (dotted curve) and the ECPSSR theory 

(solid curve). The first Born theory is seen to overpredict the EC data by a significant 

amount up to a factor of20-50 while the ECPSSR theory overpredicts the measurement 

by a factor of 4.5 to 6.3. Thus, a significant deviation from the measurement to the 

ECPSSR theory for EC still exists. 

Table XIII lists the x-ray production cross section (in kilobarn) for electron 

capture from L-shell of copper (q) (in kilobarn) with oxygen ions with K vacancies (q 
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= T and 8+) at 12 MeV for all targets employed. The experimental cross sections for 

electron capture, (q = T or 8+), were calculated from the difference of the target L-

shell x-ray cross sections for oxygen ions with and without K vacancies, i.e. °Lx(q = 7+ or 

8+) - OLx(q = 3+). Olx"obkn and o^"ECPSSR are the x-ray production cross section for 

electron capture from the target L-shell according to the OBKN and the ECPSSR 

theories, respectively. vx/v2L is the projectile velocity scaled by the orbital velocity of the 

target L-shell electron. 

This over-prediction of data by either theories is not surprising, since both 

theoretical models are based on a first-order Born approximation. The discrepancy 

between EC theoretical predications and the experimental data is partially due to the fact 

that, at high velocities electron capture is a two-step process. It has been shown,201 that 

any first-order calculation for EC in ion-atom collisions, predicts wrong asymptotic limit, 

i.e. a u t « v12. Therefore, the collision should be alternatively analyzed as a two-step 

process, thus, a second-order Born is the leading term and can correctly predict at 

asymptotic limit, i.e. a 2 n d« v ". 
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Figure VI. 19 X-ray production cross sections for electron capture from the 2gNi, 29Cu, 

3oZn, 3iGa, and 32Ge L-shell to the bare nucleus (08+) and hydrogen like (07+) projectile's 

K-shell as a function of the target atomic number. The measured cross sections are 

obtained from (oK2- aK0) and (oK1- oK0) . The theoretical predictions by the first Born and 

the ECPSSR theories are shown. 
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Figure VI.20 Cross sections for electron capture from the copper L-shell to the bare 

nucleus (08+) and hydrogen like (07+) projectiles K-shell as a function of the projectile 

energy. The measured cross sections are obtained from (oK2- aK0) and (oK1- aK0). The 

theoretical predictions by the first Born and the ECPSSR theories are shown. 
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Table XII. Extracted 29Cu electron capture contributions to target x-ray production cross 

sections (in kilobarn) and ratios to theoretical predictions. 

E t Vi/v2L q+ °Lx(q) °Lx(q)/°LxOBKN(q) < ( q ) « E C P S S R ( q ) 

6 0.31 7 96.8±21 0.021 0.16 

8 0.36 7 84.4±19 0.024 0.16 

8 8 170 ±36 0.025 0.16 

10 0.40 7 87.4±19 0.032 0.17 

10 8 172 ±38 0.032 0.17 

12 0.44 7 91.9±19 0.041 0.20 

12 8 162 ±35 0.038 0.18 

14 0.48 7 90.9±17 0.049 0.22 

14 8 161 ±35 0.045 0.20 



134 

In order to take a closer look at the data in the energy regime used in this work, 

figure VL21 presents the ratio of the experimental cross section to both the first Born 

theory and the ECPSSR theory. This data is presented as a function of the scaled ion 

velocity, v/v^, where v2L is the electron velocity calculated by the Bohr model. Figure 

VI.22 presents the ratio of experiment to first Born and ECPSSR theories, respectively, 

for 2gNi-32Ge for 0.75 MeV/u incident oxygen ions as a function of oxygen charge state . 

The ratios to the first Born theory show a more dramatic overprediction of the data than 

that of ECPSSR. However, they both predict correctly the general trend of data specially 

for oxygen ions with no K vacancies. The first Born (PWB A plus OBKN) theory 

consistently overpredicts the data, within an order of magnitude for all projectile charge 

states and all targets. The predictions of the ECPSSR overpredict the data by 10-30% for 

various targets for ions with no K vacancy, and by 50-70% for oxygen ions with one or 

two K vacancies. Again the experimental data are much closer to the ECPSSR than the 

first Born theory. 
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Figure VT.21 Ratio of measured L-shell x-ray production cross section to ECPSSR 

theoretical predictions for 4-14 MeV 16Oq on copper target as a function of the scaled 

velocity Vj/v2L. Fluorescence yield used to convert ionization to production cross section 

was (D(Cu) = 0.0107. 
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Figure VI.22 Ratio of measured target L-shell x-ray production cross section to the 

predictions of ECPSSR theory as a function of charge state of incident oxygen ions. 
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Table XIII. Inferred and theoretical predictions of electron capture contributions for 28Ni, 

29Cu, 30Zn, 31Ga, and 32Ge target L-shells bombarded by 12 MeV l6Oq (q=7+ and 8+). 

Z2 Zt/Zj ECCL-'/zK) EC(L-K) 

28^i 0.286 Measured 155±32 370±80 

ECPSSR 490 953 

First Born 2140 4110 

29CU 0.276 Measured 95±20 170±37 

ECPSSR 462 897 

First Born 2230 4310 

30^^ 0.267 Measured 110±23 230±46 

ECPSSR 391 764 

First Born 2070 4010 

31Ga 0.258 Measured 80 ±18 150±33 

ECPSSR 321 628 

First Born 1840 3580 

32Ge 0.250 Measured 110±21 230±48 

ECPSSR 272 532 

First Born 1640 3190 



CHAPTER Vn 

CONCLUSIONS 

In the collision of a heavy ion with a thin solid target, an ion with a K vacancy can 

produce a large enhancement in the measured L-shell x-ray yield of the target element. 

This enhancement is due to electron transfer from the target L-shell to the projectile K-

shell. This L-K electron transfer manifests itself by giving rise to an x-ray yield which 

depends on the projectile charge state (and target thickness due to the changing fraction of 

ions with K vacancies as the ion moves through the foil). In this work, measurements 

were made for L-shell x-ray production cross sections for nickel, copper, zinc, gallium and 

germanium bombarded by oxygen ions as a function of charge state (3+ to 8+). These 

cross sections have been measured for 4-14 MeV incident 16Oq ions on 29Cu and for 12 

MeV 16Oq ions on 2gNi-32Ge targets. The experimental cross sections obtained in this work 

are used to investigate the relative importance of contributions of direct ionization and 

electron capture for the L-shell x-ray production cross sections of theses elements. 

This study provides a broad range of data for comparison to current theoretical 

models for direct Coulomb ionization of the target electron and the inner-shell electron 

transfer to the passing ion. The experimental cross sections obtained in this work were 

used to investigate the relative importance of contributions of direct ionization and 

electron capture to oxygen ions for the L-shell x-ray production. 

The present data was obtained for ultra-clean solid foils near the limit of zero 

138 
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thickness, thus in the single collision conditions necessary to study the projectile charge 

state dependence of inner-shell vacancy production. This study is free of ambiguities due 

to target thickness and impurities interference effects. It was found that direct ionization 

(plus electron capture to the L, M, N, ...-shells) plays a dominant role in x-ray production 

cross section for multi-electron projectiles, i.e. 16Oq (q=3+-6+). Electron capture to the K-

shell was found to play an increasingly important role in vacancy production for single 

electron and fully stripped projectiles, i.e. 07+ and 08+. 

The projectile-charge-state dependence of the 2gNi, 29Cu, 30Zn, 31Ga, and 32Ge L-

shell x-ray production cross sections for 12 MeV oxygen ions in charge states from 3+ to 

8+ was measured. Additionally, projectile charge state dependence of 29Cu as a function of 

16Oq energy was investigated. The L-shell x-ray production cross sections were found to 

be essentially independent of the projectile charge state for 160 ions with filled K-shells 

(q=3+-6+). The enhancements of the x-ray production cross sections were observed for 

the oxygen ion with K-vacancies (q=7+ and 8+) because of the contribution of electron 

capture. The comparison was made between the ECPSSR and first Born theories and the 

experiment for the total L-shell x-ray production cross sections (DI+EC) and EC 

contribution. The first Born calculations tend to overestimate all the data by a 

considerable factor but the ECPSSR theory agrees well for the multi-electron projectile 

but overestimates for the hydrogen-like and fully stripped ions. 

Comparison of data to the two theories shows, the ECPSSR theory is a significant 

improvement over the first Born theory. The fluorescence yields used did not take into 

account the effects of multiple ionization of the target atom. To certify the significant 
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discrepancy between experimental data and the theories, more careful measurements of 

charge state dependence of cross sections by heavy ions are clearly needed for further 

theoretical studies of inner-shell ionization and determination of actual fluorescence yields. 

The present work has suggested a need for further investigation into the charge 

state dependence of oLx.ray for different energies. Additional experiments of this type 

should prove to be an extremely critical test of the theoretical models. 



APPENDIX A 

RELATIVE AND NORMALIZED (TO PIXE DATA) EFFICIENCY OF THE Si(Li) 

DETECTOR WITH THE BERILIUM WINDOW 
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E ^ W p l a t i v p ^ N n n t i n l i T P i l E p E 
0.63 0.0020 1.06E-07 0.96 0.1692 8.95E-06 1.29 0.4133 2.19E-05 
0.64 0.0004 2.22E-08 0.97 0.1762 9.32E-06 1.30 0.4206 2.22E-05 
0.65 0.0067 3.54E-07 0.98 0.1833 9.70E-06 1.31 0.4278 2.26E-05 
0.66 0.0094 4.97E-07 0.99 0.1905 1.01E-05 1.32 0.4349 2.30E-05 
0.67 0.0123 6.51E-07 1.00 0.1977 1.05E-05 1.33 0.4421 2.34E-05 
0.68 0.0155 8.20E-07 1.01 0.2049 1.08E-05 1.34 0.4491 2.38E-05 
0.69 0.0189 1.00E-06 1.02 0.2122 1.12E-05 1.35 0.4562 2.41E-05 
0.70 0.0224 1.18E-06 1.03 0.2195 1.16E-05 1.36 0.4632 2.45E-05 
0.71 0.0262 1.39E-06 1.04 0.2269 1.20E-05 1.37 0.4701 2.49E-05 
0.72 0.0302 1.60E-06 1.05 0.2343 1.24E-05 1.38 0.4771 2.52E-05 
0.73 0.0344 1.82E-06 1.06 0.2417 1.28E-05 1.39 0.4839 2.56E-05 
0.74 0.0387 2.05E-06 1.07 0.2492 1.32E-05 1.40 0.4908 2.60E-05 
0.75 0.0432 2.29E-06 1.08 0.2567 1.36E-05 1.41 0.4975 2.63E-05 
0.76 0.0479 2.53E-06 1.09 0.2642 1.40E-05 1.42 0.5043 2.67E-05 
0.77 0.0528 2.79E-06 1.10 0.2717 1.44E-05 1.43 0.5109 2.70E-05 
0.78 0.0578 3.06E-06 1.11 0.2792 1.48E-05 1.44 0.5176 2.74E-05 
0.79 0.0630 3.33E-06 1.12 0.2867 1.52E-05 1.45 0.5242 2.77E-05 
0.80 0.0683 3.61E-06 1.13 0.2942 1.56E-05 1.46 0.5307 2.81E-05 
0.81 0.0737 3.90E-06 1.14 0.S018 1.60E-05 1.47 0.5372 2.84E-05 
0.82 0.0793 4.19E-06 1.15 0.3093 1.64E-05 1.48 0.5436 2.88E-05 
0.83 0.0851 4.50E-06 1.16 0.3168 1.68E-05 1.49 0.5500 2.91E-05 
0.84 0.0909 4.81E-06 1.17 0.3244 1.72E-05 1.50 0.5563 2.94E-05 
0.85 0.0969 5.13E-06 1.18 0.3319 1.76E-05 1.51 0.5626 2.98E-05 
0.86 0.1030 5.45E-06 1.19 0.3394 1.80E-05 1.52 0.5689 3.01E-05 
0.87 0.1092 5.78E-06 1.20 0.3469 1.83E-05 1.53 0.5750 3.04E-05 
0.88 0.1155 6.11E-06 1.21 0.3544 1.87E-05 1.54 0.5812 3.07E-05 
0.89 0.1219 6.45E-06 1.22 0.3618 1.91E-05 1.55 0.5873 3.11E-05 
0.90 0.1284 6.79E-06 1.23 0.3693 1.95E-05 1.56 0.5933 3.14E-05 
0.91 0.1350 7.14E-06 1.24 0.3767 1.99E-05 1.57 0.5993 3.17E-05 
0.92 0.1417 7.50E-06 1.25 0.3841 2.03E-05 1.58 0.6052 3.20E-05 
0.93 0.1484 7.85E-06 1.26 0.3914 2.07E-05 1.59 0.6111 3.23E-05 
0.94 0.1553 8.21E-06 1.27 0.3988 2.11E-05 1.60 0.6170 3.26E-05 
0.95 0.1622 8.58E-06 1.28 0.4061 2.15E-05 1.61 0.6228 3.29E-05 



APPENDIX B 

FIRST BORN AND ECPSSR THEORETICAL VALUES 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=3+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Born approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-ray W T . v 

0.5 3.85E+04 1.58E+05 1.97E+05 2.11E+03 1.07E+01 3.77E+00 1.45E+01 1.59E+01 1.09E-02 
1.0 2.24E+05 1.71E+06 1.93E+06 2.07E+04 5.75E+02 2.98E+02 8.73E+02 9.48E+00 1.09E-02 
1.5 5.57E+05 5.24E406 5.80E+06 6.21E+04 4.42E+03 3.58E+03 8.00E403 8.63E-KJ1 1.08E-02 
2.0 1.01E-K)6 1.01E+07 1.11E+07 1.19E-H)5 1.89E+04 2.07E-H34 3.96E+04 4.25E+02 1.08E-02 
2.5 1.55E+06 1.54E407 1.70E+07 1.82E405 6.01E404 7.53E+04 1.35E+05 1.45E403 1.07E-02 
3.0 2.15E+06 2.04E+07 2.26E+07 2.42E+05 1.36E405 2.01E-H)5 3.37E+05 3.61E+03 1.07E-02 
3.5 2.81E+06 2.49E+07 2.77E-K)7 2.97E+05 2.57E+05 4.26E+05 6.83E-+05 7.32E+03 1.07E-02 
4.0 3.50E+06 2.87E+07 3.22E+07 3.45E+05 4.38E+05 7.64E+05 1.20E+06 1.29E+04 1.07E-02 
4.5 4.20E+06 3.19E+07 3.61E+07 3.87E-K)5 6.72E+05 1.21E-K)6 1.88E+06 2.02E+04 1.07E-02 
5.0 4.92E+06 3.45E+07 3.94E+07 4.22E-K)5 9.59E-H)5 1.74E+06 2.70E406 2.89E404 1.07E-02 
5.5 5.57E+06 3.66E+07 4.22E+07 4.51E+05 1.31E-K)6 2.32E+06 3.63E-+06 3.88E+04 1.07E-02 
6.0 6.22E+06 3.82E+07 4.44E+07 4.76E+05 1.72E+06 2.91E+06 4.63E+06 4.95E-K)4 1.07E-02 
6.5 6.90E+06 3.96E+07 4.65E+07 4.98E+05 2.19E406 3.48E406 5.67E+06 6.07E+04 1.07E-02 
7.0 7.58E+06 4.06E+07 4.82E-K)7 5.17E-K)5 2.72E+06 4.01E+06 6.73E+06 7.20E+04 1.07E-02 
7.5 8.20E+06 4.14E+07 4.96E+07 5.32E+05 3.28E+06 4.48E+06 7.76E+06 8.30E+04 1.07E-02 
8.0 8.80E+06 4.19E+07 5.07E+07 5.44E+05 3.87E+06 4.81E+06 8.68E+06 9.28E+04 1.07E-02 
8.5 9.35E+06 4.23E-K)7 5.17E+07 5.55E+05 4.48E406 5.09E+06 9.57E+06 1.02E+05 1.07E-02 
9.0 9.90E+06 4.26E+07 5.25E+07 5.64E+05 5.10E+06 5.42E+06 1.05E+07 1.13E+05 1.07E-02 
9.5 1.04E+07 4.28E+07 5.32E+07 5.72E+05 5.75E-K)6 5.64E+06 1.14E+07 1.22E+05 1.07E-02 

10.0 1.09E+07 4.28E+07 5.37E+07 5.78E+05 6.40E+06 5.86E+06 1.23E+07 1.31E+05 1.07E-02 
10.5 1.14E+07 4.28E+07 5.42E+07 5.83E+05 7.04E-KJ6 5.91E+06 1.30E+07 1.39E+05 1.07E-02 
11.0 1.18E+07 4.27E+07 5.45E+07 5.87E+05 7.68E+06 6.11E+06 1.38E+07 1.48E+05 1.07E-02 
11.5 1.23E+07 4.25E+07 5.48E+07 5.90E+05 8.32E+06 6.17E-H36 1.45E+07 1.55E+05 1.07E-02 
12.0 1.27E+07 4.23E+07 5.50E+07 5.93E-K)5 8.96E+06 6.25E+06 1.52E+07 1.63E+05 1.07E-02 
12.5 1.31E+07 4.21E+07 5.52E-KJ7 5.94E+05 9.58E406 6.27E+06 1.59E+07 1.70E405 1.07E-02 
13.0 1.34E+07 4.18E+07 5.52E+07 5.95E+05 1.02E+07 6.34E+06 1.65E+07 1.77E+05 1.07E-02 
13.5 1.37E+07 4.15E+07 5.52E+07 5.95E+05 1.07E+07 6.37E+06 1.71E+07 1.83E-K)5 1.07E-02 
14.0 1.41E+07 4.11E+07 5.52E+07 5.95E+05 1.13E+07 6.35E406 1.77E+07 1.89E-K)5 1.07E-02 
14.5 1.44E+07 4.07E+07 5.51E+07 5.94E+05 1.18E+07 6.33E+06 1.81E+07 1.94E+05 1.07E-02 
15.0 1.47E+07 4.03E407 5.50E+07 5.93E-KJ5 1.23E+07 6.37E+06 1.87E+07 2.00E405 1.07E-02 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=4+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Born approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-ray Wl.T 

0.5 3.85E+04 1.83E+05 2.22E+05 2.39E+03 1.07E+01 4.29E+00 1.50E-KH 1.64E-01 1.09E-02 
1.0 2.24E+05 1.97E+06 2.19E+06 2.36E+04 5.75E+02 3.42E+02 9.17E+02 9.95E+00 1.09E-02 
1.5 5.57E+05 6.03E+06 6.59E406 7.06E+04 4.42E+03 4.13E+03 8.55E403 9.22E+01 1.08E-02 
2.0 1.01E-K)6 1.16E+07 1.26E+07 1.35E+05 1.89E-KJ4 2.39E+04 4.28E+04 4.60E+02 1.08E-02 
2.5 1.55E+06 1.76E+07 1.92E+07 2.05E+05 6.01E+04 8.70E+04 1.47E+05 1.58E+03 1.07E-02 
3.0 2.15E+06 2.32E+07 2.54E+07 2.71E-H)5 1.36E+05 2.31E+05 3.67E+05 3.93E-K)3 1.07E-02 
3.5 2.81E+06 2.82E-K)7 3.10E-K)7 3.32E-KJ5 2.57E+05 4.90E-K)5 7.47E+05 8.01E+03 1.07E-02 
4.0 3.50E+06 3.24E+07 3.59E+07 3.85E+05 4.38E+05 8.77E405 1.32E+06 1.41E+04 1.07E-02 
4.5 4.20E-K)6 3.59E+07 4.01E+07 4.30E+05 6.72E+05 1.38E+06 2.05E-K)6 2.20E-H)4 1.07E-02 
5.0 4.92E-+06 3.88E407 4.37E+07 4.68E-K)5 9.59E+05 1.98E+06 2.94E406 3.15E404 1.07E-02 
5.5 5.57E+06 4.10E-H)7 4.66E+07 4.99E-W5 1.31E+06 2.63E+06 3.94E+06 4.22E+04 1.07E-02 
6.0 6.22E-KI6 4.28E+07 4.90E-KI7 5.26E+05 1.72E-K)6 3.29E-KJ6 5.01E+06 5.37E-HM 1.07E-02 
6.5 6.90E+06 4.43E+07 5.12E+07 5.48E+05 2.19E+06 3.93E+06 6.12E406 6.55E+04 1.07E-02 
7.0 7.58E+06 4.54E+07 5.30E+07 5.68E+05 2.72E+06 4.52E+06 7.24E+06 7.74E+04 1.07E-02 
7.5 8.20E+06 4.62E+07 5.44E+07 5.83E+05 3.28E-+06 5.04E+06 8.32E+06 8.90E+04 1.07E-02 
8.0 8.80E+06 4.67E+07 5.55E+07 5.96E+05 3.87E+06 5.39E+06 9.26E+06 9.90E+04 1.07E-02 
8.5 9.35E+06 4.72E+07 5.66E+07 6.07E+05 4.48E+06 5.69E+06 1.02E+07 1.09E+05 1.07E-02 
9.0 9.90E+06 4.74E+07 5.73E+07 6.16E+05 5.10E+06 6.05E+06 1.12E+07 1.19E405 1.07E-02 
9.5 1.04E+07 4.76E+07 5.80E-K)7 6.24E+05 5.75E-K>6 6.30E+06 1.21E+07 1.29E+05 1.07E-02 

10.0 1.09E+07 4.76E+07 5.85E+07 6.30E-+05 6.40E+06 6.54E+06 1.29E+07 1.38E+05 1.07E-02 
10.5 1.14E+07 4.76E+07 5.90E+07 6.35E+05 7.04E+06 6.60E+06 1.36E407 1.46E-K)5 1.07E-02 
11.0 1.18E+07 4.75E+07 5.93E+07 6.39E+05 7.68E+06 6.80E+06 1.45E+07 1.55E+05 1.07E-02 
11.5 1.23E+07 4.73E+07 5.96E+07 6.41E+05 8.32E+06 6.86E+06 1.52E+07 1.63E405 1.07E-02 
12.0 1.27E+07 4.70E+07 5.97E+07 6.43E+05 8.96E-K)6 6.95E-K)6 1.59E+07 1.70E-H)5 1.07E-02 
12.5 1.31E+07 4.67E+07 5.98E+07 6.44E+05 9.58E+06 6.97E+06 1.66E+07 1.77E+05 1.07E-02 
13.0 1.34E+07 4.63E+07 5.97E+07 6.44E+05 1.02E+07 7.05E+06 1.73E+07 1.84E-K)5 1.07E-02 
13.5 1.37E+07 4.60E+07 5.97E-K)7 6.44E+05 1.07E+07 7.07E+06 1.78E+07 1.91E+05 1.07E-02 
14.0 1.41E+07 4.56E-K)7 5.97E+07 6.43E+05 1.13E+07 7.05E+06 1.84E+07 1.96E405 1.07E-02 
14.5 1.44E+07 4.51E+07 5.95E+07 6.42E+05 1.18E+07 7.03E+06 1.88E-K)7 2.02E+05 1.07E-02 
15.0 1.47E+07 4.47E+07 5.94E+07 6.40E+05 1.23E+07 7.06E+06 1.94E+07 2.08E+05 1.07E-02 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=5+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Born approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-ray CO,. 
0.5 3.85E+04 2.09E+05 2.47E405 2.66E403 1.07E+01 4.82E400 1.55E+01 1.70E-01 1.09E-02 

1.0 2.24E+05 2.24E-KJ6 2.47E406 2.65E+04 5.75E-K)2 3.85E+02 9.60E+02 1.04E401 1.09E-02 

1.5 5.57E+05 6.81E+06 7.37E+06 7.90E+04 4.42E+03 4.68E403 9.10E+03 9.81E401 1.08E-02 

2.0 1.01E+06 1.30E+07 1.40E+07 1,50E-H)5 1.89E+04 2.71E+04 4.60E+04 4.95E+02 1.08E-02 

2.5 1.55E+06 1.97E407 2.13E+07 2.28E+05 6.01E404 9.87E+04 1.59E405 1.70E403 1.07E-02 

3.0 2.15E+06 2.60E+07 2.81E+07 3.01E-K)5 1.36E+05 2.62E+05 3.98E+05 4.26E+03 1.07E-02 

3.5 2.81E406 3.15E+07 3.43E+07 3.67E+05 2.57E-K)5 5.54E+05 8.11E405 8.70E+03 1.07E-02 

4.0 3.50E+06 3.61E+07 3.96E+07 4.24E+05 4.38E+05 9.89E+05 1.43E406 1.53E404 1.07E-02 

4.5 4.20E+06 3.99E+07 4.42E407 4.72E+05 6.72E-K)5 1.56E+06 2.23E406 2.39E404 1.07E-02 

5.0 4.92E+06 4.30E+07 4.80E+07 5.13E+05 9.59E+05 2.23E+06 3.19E406 3.41E+04 1.07E-02 

5.5 5.57E+06 4.55E+07 5.11E+07 5.47E+05 1.31E+06 2.95E+06 4.26E406 4.56E404 1.07E-02 

6.0 6.22E+06 4.74E+07 5.37E+07 5.75E+05 1.72E+06 3.68E+06 5.40E-+06 5.78E404 1.07E-02 

6.5 6.90E+06 4.90E+07 5.59E+07 5.99E+05 2.19E+06 4.38E+06 6.57E406 7.03E404 1.07E-02 

7.0 7.58E+06 5.01E+07 5.77E+07 6.19E+05 2.72E+06 5.03E+06 7.75E406 8.29E404 1.07E-02 

7.5 8.20E+06 5.10E+07 5.92E+07 6.35E+05 3.28E+06 5.60E+06 8.88E406 9.50E404 1.07E-02 

8.0 8.80E+06 5.16E+07 6.04E+07 6.48E+05 3.87E-H)6 5.97E+06 9.84E4€6 1.05E405 1.07E-02 

8.5 9.35E+06 5.20E+07 6.14E+07 6.59E-+05 4.48E406 6.29E+06 1.08E4€7 1.15E405 1.07E-02 

9.0 9.90E+06 5.23E+07 6.22E+07 6.68E+05 5.10E+06 6.69E+06 1.18E407 1.26E405 1.07E-02 
9.5 1.04E+07 5.25E+07 6.29E+07 6.76E+05 5.75E-+06 6.96E+06 1.27E407 1.36E405 1.07E-02 

10.0 1.09E+07 5.24E+07 6.34E+07 6.82E+05 6.40E+06 7.23E+06 1.36E407 1.46E405 1.07E-02 

10.5 1.14E+07 5.24E+07 6.38E+07 6.86E+05 7.04E+06 7.28E+06 1.43E407 1.53E405 1.07E-02 

11.0 1.18E+07 5.22E+07 6.41E+07 6.90E+05 7.68E406 7.50E+06 1.52E407 1.62E+05 1.07E-02 

11.5 1.23E+07 5.20E+07 6.43E+07 6.92E+05 8.32E+06 7.55E406 1.59E407 1.70E405 1.07E-02 
12.0 1.27E-K)7 5.17E+07 6.44E+07 6.94E+05 8.96E+06 7.65E+06 1.66E407 1.78E+05 1.07E-02 

12.5 1.31E+07 5.14E+07 6.44E+07 6.95E+05 9.58E406 7.66E+06 1.72E407 1.85E405 1.07E-02 

13.0 1.34E+07 5.09E+07 6.43E-K)7 6.94E+05 1.02E+07 7.75E+06 1.80E407 1.92E405 1.07E-02 
13.5 1.37E+07 5.05E+07 6.43E+07 6.93E+05 1.07E407 7.77E+06 1.85E4HD7 1.98E405 1.07E-02 
14.0 1.41E+07 5.00E+07 6.41E407 6.92E+05 1.13E407 7.74E+06 1.90E4-07 2.04E405 1.07E-02 
14.5 1.44E+07 4.95E+07 6.39E-K)7 6.90E+05 1.18E+07 7.72E+06 1.95E407 2.09E405 1.07E-02 

15.0 1.47E+07 4.90E-K)7 6.37E+07 6.88E+05 1.23E-+07 7.76E+06 2.01E4-07 2.15E405 1.07E-02 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=6+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Born approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-rav Or.. 
0.5 3.85E+04 2.35E-K)5 2.73E+05 2.94E+03 1.07E+01 5.35E+00 1.61E+01 1.76E-01 1.09E-02 
1.0 2.24E+05 2.51E+06 2.73E+06 2.93E+04 5.75E+02 4.29E+02 1.00E+03 1.09E-+01 1.09E-02 
1.5 5.57E+05 7.60E+06 8.15E+06 8.74E+04 4.42E-K)3 5.22E+03 9.64E-+03 1.04E+02 1.08E-02 
2.0 1.01E-K)6 1.45E+07 1.55E+07 1.66E+05 1.89E-+04 3.03E+04 4.92E^[)4 5.29E+02 1.08E-02 
2.5 1.55E-K)6 2.19E+07 2.34E+07 2.51E+05 6.01E+04 1.10E-H)5 1.70E+05 1.83E+03 1.07E-02 
3.0 2.15E406 2.88E+07 3.09E+07 3.31E+05 1.36E+05 2.93E+05 4.28E+05 4.59E+03 1.07E-02 
3.5 2.81E+06 3.47E+07 3.76E+07 4.02E+05 2.57E+05 6.18E+05 8.75E405 9.38E+03 1.07E-02 
4.0 3.50E+06 3.98E+07 4.33E+07 4.64E+05 4.38E+05 1.10E+06 1.54E-H06 1.65E-K)4 1.07E-02 
4.5 4.20E406 4.40E+07 4.82E+07 5.15E+05 6.72E+05 1.73E+06 2.40E+06 2.58E+04 1.07E-02 
5.0 4.92E+06 4.73E+07 5.22E+07 5.59E+05 9.59E-K)5 2.47E+06 3.43E+06 3.67E+04 1.07E-02 
5.5 5.57E+06 4.99E+07 5.55E+07 5.94E+05 1.31E-K)6 3.26E+06 4.58E+06 4.90E+04 1.07E-02 
6.0 6.22E+06 5.20E+07 5.83E+07 6.24E405 1.72E+06 4.07E406 5.79E406 6.20E+04 1.07E-02 
6.5 6.90E+06 5.37E+07 6.06E+07 6.49E+05 2.19E+06 4.83E+06 7.03E-H06 7.52E+04 1.07E-02 
7.0 7.58E+06 5.49E+07 6.25E407 6.70E+05 2.72E406 5.54E+06 8.26E+06 8.83E+04 1.07E-02 
7.5 8.20E+06 5.58E+07 6.40E+07 6.87E+05 3.28E-K)6 6.16E-+06 9.44E+06 1.01E+05 1.07E-02 
8.0 8.80E+06 5.64E+07 6.52E+07 7.00E-K)5 3.87E406 6.56E+06 1.04EH07 1.11E+05 1.07E-02 
8.5 9.35E+06 5.69E+07 6.62E-K)7 7.12E+05 4.48E+06 6.89E+06 1.14EH-07 1.22E+05 1.07E-02 
9.0 9.90E+06 5.71E407 6.70E-K)7 7.20E+05 5.10E+06 7.32E+06 1.24E+07 1.33E+05 1.07E-02 
9.5 1.04E407 5.73E-K)7 6.77E+07 7.29E+05 5.75E+06 7.63E+06 1.34E+07 1.43E+05 1.07E-02 

10.0 1.09E-K)7 5.72E-K)7 6.82E+07 7.34E+05 6.40E406 7.91E+06 1.43EH-07 1.53E+05 1.07E-02 
10.5 1.14E+07 5.72E407 6.86E+07 7.38E+05 7.04E+06 7.96E+06 1.50EH-07 1.61E+05 1.07E-02 
11.0 1.18E+07 5.70E+07 6.88E+07 7.41E+05 7.68E-K)6 8.19E+06 1.59E+07 1.70E405 1.07E-02 
11.5 1.23E+07 5.67E+07 6.90E+07 7.43E+05 8.32E+06 8.25E-K)6 1.66E+07 1.77E+05 1.07E-02 
12.0 1.27E+07 5.64E+07 6.90E+07 7.44E+05 8.96E+06 8.34E406 1.73EH-07 1.85E405 1.07E-02 
12.5 1.31E+07 5.60E+07 6.91E+07 7.45E+05 9.58E+06 8.36E+06 1.79E+07 1.92E+05 1.07E-02 
13.0 1.34E+07 5.55E+07 6.89E+07 7.44E+05 1.02E+07 8.45E+06 1.86E+07 1.99E+05 1.07E-02 
13.5 1.37E+07 5.51E+07 6.88E+07 7.42E+05 1.07E+07 8.47E-K)6 1.92E+07 2.06E+05 1.07E-02 
14.0 1.41E+07 5.45E+07 6.86E+07 7.40E+05 1.13E+07 8.44E+06 1.97E+07 2.11E405 1.07E-02 
14.5 1.44E407 5.39E+07 6.83E+07 7.37E+05 1.18E+07 8.42E+06 2.02E+07 2.16E+05 1.07E-02 
15.0 1.47E+07 5.34E+07 6.81E+07 7.35E+05 1.23E+07 8.45E+06 2.08E+07 2.23E+05 1.07E-02 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=7+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Born approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-ray 
0.5 3.85E+04 2.42E+09 2.42E+09 2.58E+07 1.07E+01 8.47E+06 8.47E-H36 9.14E+04 1.08E-02 

1.0 2.24E+05 1.50E+09 1.50E+09 1.62E+07 5.75E+02 5.46E+07 5.46E-W7 5.86E-K)5 1.07E-02 

1.5 5.57E+05 1.19E+09 1.19E+09 1.29E+07 4.42E+03 8.51E+07 8.51E-HD7 9.12E+05 1.07E-02 

2.0 1.01E+06 1.01E+09 1.01E+09 1.09E+07 1.89E+04 9.33E+07 9.33E-H)7 9.98E+05 1.07E-02 

2.5 1.55E+06 8.76E+08 8.78E+08 9.49E+06 6.01E+04 9.16E+07 9.17E+07 9.80E+05 1.07E-02 

3.0 2.15E+06 7.77E+08 7.79E+08 8.43E+06 1.36E+05 8.53E+07 8.55E-HD7 9.13E+05 1.07E-02 

3.5 2.81E+06 6.98E+08 7.01E-K)8 7.59E+06 2.57E+05 7.88E+07 7.91E+07 8.45E+05 1.07E-02 

4.0 3.50E406 6.34E+08 6.38E+08 6.91E-+06 4.38E+05 7.29E407 7.34E-K)7 7.84E+05 1.07E-02 

4.5 4.20E+06 5.81E+08 5.85E+08 6.34E+06 6.72E-KJ5 6.85E407 6.92E-H37 7.39E+05 1.07E-02 

5.0 4.92E+06 5.35E+08 5.40E+08 5.85E-KI6 9.59E+05 6.50E+07 6.60E+07 7.05E+05 1.07E-02 

5.5 5.57E+06 4.97E+08 5.02E+08 5.44E+06 1.31E+06 6.24E+07 6.37E+07 6.81E+05 1.07E-02 

6.0 6.22E-K)6 4.63E+08 4.69E+08 5.08E+06 1.72E+06 6.07E+07 6.24E+07 6.69E+05 1.07E-02 

6.5 6.90E406 4.33E+08 4.40E+08 4.76E-K)6 2.19E+06 5.93E+07 6.15E+07 6.59E+05 1.07E-02 

7.0 7.58E+06 4.07E+08 4.14E408 4.49E+06 2.72E+06 5.82E+07 6.10E+07 6.54E+05 1.07E-02 

7.5 8.20E+06 3.83E+08 3.92E+08 4.24E+06 3.28E+06 5.73E+07 6.05E-H07 6.50E405 1.07E-02 

8.0 8.80E+06 3.62E+08 3.71E+08 4.02E+06 3.87E+06 5.63E+07 6.02E+07 6.46E+05 1.07E-02 

8.5 9.35E+06 3.43E+08 3.53E+08 3.82E+06 4.48E+06 5.54E+07 5.99E+07 6.44E+05 1.07E-02 

9.0 9.90E+06 3.26E+08 3.36E+08 3.63E+06 5.10E+06 5.45E+07 5.96E+07 6.41E+05 1.07E-02 

9.5 1.04E+07 3.10E+08 3.20E+08 3.47E+06 5.75E+06 5.39E+07 5.96E+07 6.41E+05 1.08E-02 

10.0 1.09E+07 2.95E+08 3.06E+08 3.32E-K)6 6.40E+06 5.30E-K)7 5.94E+07 6.39E+05 1.08E-02 

10.5 1.14E+07 2.82E+08 2.94E+08 3.18E+06 7.04E+06 5.19E+07 5.89E+07 6.34E+05 1.08E-02 

11.0 1.18E+07 2.70E+08 2.82E-+08 3.05E+06 7.68E+06 5.11E+07 5.88E+07 6.33E+05 1.08E-02 

11.5 1.23E+07 2.59E+08 2.71E+08 2.93E+06 8.32E+06 5.01 E407 5.85E+07 6.30E+05 1.08E-02 

12.0 1.27E+07 2.48E+08 2.61E+08 2.82E+06 8.96E+06 4.91E-K)7 5.80E+07 6.25E+05 1.08E-02 

12.5 1.31E+07 2.38E+08 2.51E+08 2.72E406 9.58E+06 4.80E+07 5.76E+07 6.20E+05 1.08E-02 

13.0 1.34E+07 2.29E+08 2.42E+08 2.62E406 1.02E+07 4.71E+07 5.72E+07 6.16E+05 1.08E-02 
13.5 1.37E+07 2.20E+08 2.34E+08 2.53E+06 1.07E+07 4.61E+07 5.69E+07 6.13E+05 1.08E-02 
14.0 1.41E+07 2.12E+08 2.26E+08 2.45E+06 1.13E+07 4.50E+07 5.63E+07 6.07E+05 1.08E-02 
14.5 1.44E+07 2.05E+08 2.19E+08 2.37E+06 1.18E+07 4.41E+07 5.59E+07 6.02E+05 1.08E-02 

15.0 1.47E+07 1.97E+08 2.12E+08 2.29E+06 1.23E407 4.30E+07 5.53E+07 5.96E+05 1.08E-02 
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Theoretical predictions of the DI, EC, and total ionization cross sections for 29Cu 

as a function of oxygen energy (q=8+). Single hole L-shell fluorescence yields (shown in 

the last column) were used to convert the ionization cross sections to x-ray production 

cross sections. 

First Bom approximation E C P S S R theory 

E DI EC Total L x-ray DI EC Total L x-ray COTV 

0.5 3.85E-KM 4.83E+09 4.83E+09 5.17E+07 1.07E+01 1.69E+07 1.69EW 1.83E+05 1.08E-02 

1.0 2.24E+05 3.00E+09 3.00E+09 3.23E+07 5.75E-+02 1.09E+08 1.09E+08 1.17E+06 1.07E-02 

1.5 5.57E+05 2.38E+09 2.38E+09 2.56E-K)7 4.42E+03 1.70E+08 1.70EH-08 1.82E+06 1.07E-02 

2.0 1.01E-K)6 2.00E+09 2.00E-K)9 2.16E+07 1.89E+04 1.87E+08 1.87E-H38 2.00E+06 1.07E-02 

2.5 1.55E+06 1.73E409 1.73E+09 1.87E407 6.01E+04 1.83E+08 1.83E+08 1.96E406 1.07E-02 

3.0 2.15E+06 1.52E+09 1.53E+09 1.65E-+07 1.36E-K)5 1.70E+08 1.71E-H38 1.82E+06 1.07E-02 

3.5 2.81E+06 1.36E+09 1.36E+09 1.48E407 2.57E405 1.57E+08 1.57E4^8 1.68E+06 1.07E-02 

4.0 3.50E+06 1.23E+09 1.23E+09 1.34E+07 4.38E+05 1.45E+08 1.45E-H38 1.55E+06 1.07E-02 

4.5 4.20E-K)6 1.12E+09 1.12E+09 1.22E+07 6.72E+05 1.35E+08 1.36E+38 1.45E+06 1.07E-02 

5.0 4.92E-K)6 1.02E+09 1.03E+09 1.11E+07 9.59E+05 1.28E+08 1.29E+08 1.37E+06 1.07E-02 

5.5 5.57E+06 9.44E+08 9.49E+08 1.03E+07 1.31E+06 1.21E+08 1.23E+08 1.31E+06 1.07E-02 

6.0 6.22E+06 8.74E+08 8.80E+08 9.54E+06 1.72E+06 1.17E+08 1.19E+38 1.28E+06 1.07E-02 

6.5 6.90E+06 8.13E+08 8.19E+08 8.88E-H)6 2.19E+06 1.14E+08 1.16E408 1.24E+06 1.07E-02 

7.0 7.58E+06 7.59E+08 7.66E+08 8.31E406 2.72E+06 1.11E+08 1.14E408 1.22E+06 1.07E-02 

7.5 8.20E+06 7.11E408 7.19E408 7.80E+06 3.28E+06 1.08E+08 1.12E+08 1.20E+06 1.07E-02 

8.0 8.80E+06 6.68E+08 6.77E+08 7.33E-H)6 3.87E+06 1.06E+08 1.10E408 1.18E+06 1.07E-02 

8.5 9.35E+06 6.29E+08 6.39E408 6.92E+06 4.48E+06 1.04E+08 1.08E408 1.17E+06 1.08E-02 

9.0 9.90E+06 5.94E+08 6.04E+08 6.55E+06 5.10E+06 1.02E+08 1.07E+08 1.15E+06 1.08E-02 

9.5 1.04E+07 5.63E-+08 5.73E+08 6.21E+06 5.75E+06 1.00E+08 1.06E+08 1.14E+06 1.08E-02 

10.0 1.09E+07 5.34E+08 5.45E+08 5.90E+06 6.40E+06 9.81E+07 1.05E+08 1.13E+06 1.08E-02 

10.5 1.14E+07 5.08E+08 5.19E+08 5.62E+06 7.04E+06 9.58E-K)7 1.03EH-08 1.11E+06 1.08E-02 

11.0 1.18E-K)7 4.83E408 4.95E408 5.36E+06 7.68E+06 9.40E+07 1.02E+08 1.10E+06 1.08E-02 

11.5 1.23E+07 4.60E-H)8 4.73E-K)8 5.12E+06 8.32E+06 9.21E+07 1,00EH<)8 1.08E+06 1.08E-02 

12.0 1.27E+07 4.39E-K)8 4.52E-H)8 4.90E+06 8.96E+06 8.98E-K)7 9.87E+07 1.06E+06 1.08E-02 

12.5 1.31E+07 4.20E+08 4.33E408 4.69E+06 9.58E+06 8.76E+07 9.72E+07 1.05E406 1.08E-02 

13.0 1.34E+07 4.02E+08 4.16E-K)8 4.50E+06 1.02E+07 8.57E-K)7 9.58EH07 1.03E-H)6 1.08E-02 
13.5 1.37E+07 3.85E+08 3.99E408 4.32E406 1.07E+07 8.38E407 9.45EH07 1.02E+06 1.08E-02 

14.0 1.41E-K)7 3.70E+08 3.84E+08 4.15E+06 1.13E-K)7 8.16E+07 9.29EH07 1.00E+06 1.08E-02 
14.5 1.44E+07 3.55E+08 3.69E+08 4.00E+06 1.18E-H)7 7.98E+07 9.16EH07 9.88E+05 1.08E-02 
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Theoretical predictions of the total x-ray production cross sections for 2gNi, 29Cu, 

30Zn, 31Ga, and 32Ge, for 12 MeV 16Oq (q=3+, 4+, 5+, 6+, 7+,and 8+) bombardment. 

First Born approximation 

Z2 3+ 4+ 5+ 6+ 7+ 8+ 

28 6.68E+05 7.26E+05 7.84E+05 8.41E+05 2.81E+06 4.78E+06 

29 5.93E+05 6.43E+05 6.94E+05 7.44E+05 2.82E+06 4.90E+06 

30 4.81E+05 5.21E+05 5.62E+05 6.02E+05 2.55E+06 4.49E+06 

31 3.86E+05 4.18E+05 4.51E+05 4.83E+05 2.23E+06 3.97E+06 

32 3.24E405 3.51E+05 3.77E405 4.04E+05 1.96E+06 3.51E+06 

E C P S S R theory 

Z2 3+ 4+ 5+ 6+ 7+ 8+ 

28 1.87E+05 1.96E+05 2.04E-K)5 2.13E+05 6.77E+05 1.14E406 

29 1.63E+05 1.70E+05 1.78E+05 1.85E+05 6.25E+05 1.06E+06 

30 1.28E405 1.34E405 1.40E405 1.46E+05 5.19E+05 8.92E+05 

31 9.94E+04 1.04E+05 1.09E+05 1.13E+05 4.20E+05 7.27E+05 

32 8.15E+04 8.53E+04 8.91E+04 9.29E+04 3.53E+05 6.13E+05 
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