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ABSTRACT 

Andrews, Mike C. , III, L- and M-shell X-ray Production 

Cross Sections of Neodvmium. Gadolinium. Holmium. Ytterbium, 

Gold, and Lead bv 25-MeV Carbon and 32-MeV Oxygen Ions. 

Doctor of Philosophy (Physics), August, 1987, 98 pp., 4 

tables, 21 illustrations, bibliography, 52 titles. 

L- and M-shell x-ray production cross sections have 

been measured for thin solid targets of neodymium, 

gadolinium, holmium, ytterbium, gold, and lead by 2 5 MeV 

1 6 c q + (q=4,5,6) and by 32 MeV (q=5,7,8). The 

cross sections were determined from measurements made with 

thin targets (< 2.5 ^g/cm2). For projectiles with one or 

two K-shell vacancies, the target x-ray production cross 

sections were found to be enhanced over those for 

projectiles without a K-shell vacancy. The sum of direct 

ionization to the continuum (DI) plus electron capture (EC) 

to the L, M, N... shells and EC to the K-shell of the 

projectile have been extracted from the data. The results 

are compared to the predictions of first Born theories, 

i.e., plane wave Born approximation for DI and Oppenheimer-

Brinkman-Kramers formula of Nikolaev for EC and to the 

ECPSSR approach that accounts for Energy loss and Coulomb 

deflection of the projectile as well as for Relativistic and 

Perturbed Stationary States of inner shell electrons. 
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CHAPTER I 

INTRODUCTION 

Interest in inner-shell ionization in ion-atom 

collisions has resulted in major advances both 

theoretically and experimentally.1 The data obtained from 

these experiments is important in the development of 

tokamaks,2 plasma physics,3 ion implantation,4 and particle 

induced x-ray emission (PIXE).5'6 Initially the majority of 

the experimental work was done using light ions (primarily 

protons) to ionize K-shell electrons from the target 

atoms.7 With the development of high resolution Si(Li) 

detectors and the increased availability of heavy ion 

beams, inner-shell ionization measurements have been 

extended to the L-shell8-10 and M-shell.11'12 

When an inner-shell electron is removed, the vacancy 

can decay either by radiative or non-radiative processes. 

If photon emission occurs, the energy of the photon is 

characteristic of the shell being filled. To a lesser 

extent, the x ray's energy is also determined by the number 

of vacancies in the outer shells (multiple vacancies in 

outer shells change binding energies of inner shells). For 

this experiment it was the characteristic x rays that were 

measured, but it was the mechanism by which the atom was 



ionized to create these inner-shell vacancies which was 

studied. 

When an ion is incident on an atom, an inner shell 

electron may be ionized or excited. There are several 

parameters which characterize the various mechanisms 

responsible for the ionization. If the ratio Z1/Z2 << 1/ 

where Z^ and Z2 are the projectile and target atomic 

numbers, respectively, and if v-j/ve >> 1, where v 1 is the 

velocity of the projectile and v e is the velocity of the 

target electron being ionized, then the dominant process is 

direct ionization (DI) via the Coulomb interaction. 

However, for v-^/Vg - 1, charge transfer from the target K, 

L, M,... shells to the projectile can occur if a vacancy 

exists. This process is referred to as electron capture 

(EC) . For slow (v-ĵ /Vg « 1) or symmetric (Z1/Z2 ~ 1) 

collisions, a third process is important. For these cases, 

the time it takes the projectile to cross the inner-shell 

of the target is long enough to allow the formation of a 

quasi-molecule. This can lead to vacancy production 

through electron promotion due to the Pauli exclusion 

principle and is referred to as Pauli excitation. 

Early experimental results were obtained with protons 

• • 7 

incident on various targets and with scintillation 

detectors or gas proportional counters. With the advent of 

high resolution Si(Li) detectors and the availability of 



heavier ions, experimentalists were able to expand and 

improve the accuracy of the data with which the theories 

could be compared. It soon became apparent that the 

theories were inadequate. The plane wave Born 

approximation (PWBA),13,14 the binary encounter 

approximation (BEA),15 and the semi-classical approximation 

(SCA)16 were successful in describing DI of the target K-

shell by protons. They were adequate for fast projectiles 

(vi/ve >> 1) and for collisions where Z1/Z2 « 1, but 

failed to describe the measured ionization cross sections 

when applied to other heavier-ion collision systems. 

17 1 ft 

Subsequently, the PWBA was modified ' to account for 

discrepancies which increase with increasing Z1/Z2. 

Corrections were also applied to earlier work by Brandt 

et al.18 to account for increased binding of target inner-

shell electrons in the presence of the projectile, and 

Coulomb deflection of the projectile at low incident 

velocities. 

Halpern and Law19 were the first to point out that 

charge exchange processes (i.e., electron capture) can 

affect ionization of the target. They suggested that EC 

could be predicted by applying an empirical fitting factor 
9 n 

to the Oppenheimer-Brmkman-Kramers (OBK) theory as 

modified by Nikolaev21 (OBKN). The OBKN combined with the 

PWBA, which is referred to as the first Born theory, 



predicted cross sections which were too large, especially 

in the low velocity region. In order to compensate for 

this, empirical scaling factors were also employed by Gray 

et al.22 to give satisfactory results. These factors were 

in the form of empirical corrections to the OBKN as well as 

coefficients of two- and three-component rate equations 

used to describe the various charge changing processes 

which occur inside a solid. 

More recently, Basbas et al.23 used the perturbed 

stationary state (PSS) theory to develop an improved 

approach to describe particle-induced K-shell ionization. 

While the PWBA modified for increased binding was 

successful for Z1=l and low projectile velocities, this 

improved approach has no such restrictions. Basbas 

et ai.24 have extended the K-shell theory to account for 

the polarization of target electron orbits due to the high 

velocity projectiles' presence. This work was extended to 

the L-shell by Brandt and Lapicki.25 Within this same PSS 

framework, Lapicki and Losonsky have developed a theory 

of EC. Unlike the OBKN theory of Nikolaev and the 

empirical methods of Halpern and Law and others, the work 

of Lapicki and Losonsky accounts for the effects of 

increased binding and Coulomb deflection in an analytic 

manner. 



Further modifications have been made by Lapicki and 

McDaniel2^ to account for reduced electron binding and 

electron relativistic effects while the energy loss of the 

2 8 

projectile has been accounted for by Brandt and Lapicki. 

This theory, referred to as the ECPSSR, has been expanded 

to include EC to the L-shell29 and the M-shell.30 

In order to test the first Born and the ECPSSR, and to 

learn more about the processes by which an ion removes a 

target electron, a series of experiments have been 
1 9 — 

performed by our group over the last several years. ' 

12,29,31-34 Measurements of K-shell x-ray production cross 

sections in ion-atom collisions were made for targets 

ranging from Ne to U, with a variety of projectiles and 

energies. Measurements of L-shell cross sections have also 

been made for a wide range of projectile-target 
Q 1 Q 2 9 

combinations and at several incident energies. ' " Most 

of the work for M-shell cross sections has been done with 

protons and He ions at energies greater than 1 

MeV/amu. 1 1' 3 2 - 3 4 The results have had rather large 

uncertainties due to the complex nature of M-shell spectra, 

the inherent limitations of the solid state detectors used 

to measure x-rays with energies less than 3 keV, and the 

influence of contaminants commonly present during thin 

target preparation. Steps taken to remedy this latter 

problem are discussed in Chapter II and in Ref. 34. 



The use of thin targets is necessary in order to 

insure that single collisions are most likely. The 

thickness dependence of the yield must be considered 

because of the lack of understanding of the electron 
O c 

configuration of the projectile inside a solid target. 

Early investigations were done by Hopkins36 and Groeneveld 

et al.37 to study the correlation between the projectile 

charge state and target thickness. The results indicated 

that x-ray yields increased considerably when the ion 

passed first through the carbon backing of the target, 

resulting in a higher ion charge state in the target than 

when the ion passed through the target first. 

Target thickness effects have also been investigated 

by Gray et al.22 and McDaniel et al.38 They measured target 

K-shell x-ray yields for projectiles with zero-, one-, and 

two-K-shell vacancies as a function of target thickness. 

By varying the number of projectile inner shell vacancies 

and the target thickness, they were able to control the 

amount of K-shell to K-shell EC from the target to the 

projectile. Both groups found that x-ray yields were 

strongly influenced by the presence of projectile inner-

shell vacancies and that the projectile charge state would 

equilibrate at large target thicknesses. McDaniel et al. 

compared their results favorably with the ECPSSR theory 

while Gray et al. used a three-component model and 



empirically scaled OBKN cross sections to obtain favorable 

agreement. 

McDaniel et al.29 and Andrews et al.10 extended this 

investigation to the production of L-shell x rays and found 

similar good results. M-shell x-ray production cross 

1 1 

sections have recently been measured by Andrews et al. 

and Mehta et al.12 and compared to the first Born and 

ECPSSR theories. Again, it was found that the ECPSSR 

theory is in better agreement with the experimental results 

than the first Born theory. In the present paper, I report 

the simultaneous measurement of L- and M-shell x-ray 

production cross sections for projectiles of 25 MeV -^C^* 

(q=4,5,6) and 32 MeV -'-gÔ 4* (q=5,7,8) incident upon thin 

targets (0.48-2.25 /zg/cm2) of goNc*' 64G(*' 67Ho' 70Y^' 79Au' 

and 

82Pb. The purpose of this study was to make independent 

determinations of the L- and M-shell x-ray production cross 

sections and to compare them to the theoretical values of 

the first Born and the ECPSSR theories. Preliminary L-shell 

results have been previously reported10 and have since been 

improved by using more refined data analysis techniques as 

discussed in Chapter II. 



CHAPTER II 

EXPERIMENTAL ARRANGEMENT 

The process of measuring x-ray production cross 

sections consisted of two steps. First, a set of thin 

targets was fabricated and analyzed for target 

contamination and to determine target thickness using the 

2.5 MV Van de Graaff Accelerator at North Texas State 

University (NTSU). Second, the actual x-ray cross sections 

were measured as a function of projectile charge state and 

target thickness on the 6.5 MV EN Tandem Van de Graaff 

Accelerator at the Oak Ridge National Laboratory (ORNL). 

Each of these accelerator laboratories is described below 

followed by descriptions of the target preparation 

procedures and the x-ray measurement process. 

NTSU Accelerator Laboratory 

The atomic/nuclear physics laboratory at NTSU is 

equipped with a 2.5 MV Van de Graaff Accelerator and beam 

transport system which was used to carry out target 

contamination and target thickness analyses. The 

accelerator (Fig. 1) is equipped with a standard radio 

frequency ion source capable of producing positive ions 

from gases. 



Fig. 1. Diagram of the atomic/nuclear physics 

laboratory at North Texas State University. 
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After acceleration and focusing, the ion beam is 

analyzed by a bending magnet. This magnetic 

mass/energy/charge state analysis makes it possible to 

direct the desired ion beam down any of several vacuum beam 

lines in the accelerator laboratory. The 15°R beam line was 

used in this study and is set up especially for measuring 

x-ray production in thin targets. Following the bending 

magnet is an electrostatic quadrupole focusing lens to 

provide final ion beam focusing and a series of steering 

magnets used to compensate for small alignment changes. 

Terminal voltage stability is maintained by a set of 

energy control slits positioned immediately after the 

steering magnets. The final beam shape is defined by two 

pairs of collimators. The first is a pair of 2 mm diameter 

apertures located approximately 48 cm and 90 cm from the 

the entrance to the target chamber, respectively. The 

final pair of collimators (1 mm diameter apertures) were 

located in the target chamber entrance and separated by 

approximately 6.4 cm (Fig. 2). 

The scattering chamber incorporates a 24 position 

target wheel, three positions for mounting silicon surface 

barrier (SSB) detectors at 135°, 150°, and 160° with 

respect to the incident beam direction, and a single port 

for a Si(Li) x-ray detector at 90° with respect to the 

incident beam direction. This configuration allows for a 

variety of tests to be run without breaking the vacuum seal 
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Fig. 2. The 24-position target chamber. 
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to load new targets, x-ray absorbers, particle detector 

collimators, etc. In this study a Mylar absorber (3.81 /xm, 

( C 1 0 H Q O 4 ) X ) was mounted on a 5 mm diameter nylon aperture 

on top of the Si(Li) x-ray detector to reduce deadtime. 

The x-ray detector was an Ortec Si(Li) detector with a 

resolution of 160 eV at 5.9 keV (55Mn Ka line from 5 5Fe 

decay). Due to the large x-ray cross sections of the 

contaminants, the detector was located at a relatively 

large separation distance of 18.6 cm from the target 

position. This large separation reduced the total x ray 

intensity at the detector and therefore the dead time of 

the detector. The Si(Li) detector is discussed in greater 

detail later in this chapter. 

In addition to the x rays, it is necessary to measure 

the ions that are elastically scattered from the target to 

normalize the x-ray yields. Since an analytic solution to 

the Rutherford scattering problem is known, the number of 

ions incident upon a target times the number of target 

atoms can be expressed as a function of the Rutherford 

yield (YR). The x-ray yield per incident particle was 

measured for each carbon foil to determine the extent of 

contamination. The Rutherford yields, in conjunction with 

the theoretical Rutherford scattering cross sections and 

the number of incident protons, were used to determine the 

target thicknesses. 
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For the analysis of targets at NTSU, the Rutherford 

yield was measured with a surface barrier detector located 

at 150° relative to the beam direction (Fig. 3). The 

Rutherford yield for and 4He
+ ions incident on most 

targets is very large. By using a back angle position, 

i.e., 150°, the counting rate becomes more manageable and 

the energy separation of the scattered particles is greater 

because of kinematic scattering. The surface barrier 

detector solid angle and energy calibration was determined 

using a 244
Cin alpha particle source. Its resolution was 

measured to be 15 keV (fwhm) at 5.8 MeV and it subtended a 

solid angle of 2.97xl0~3 Sr. 

After passing through the target, the ion beam was 

collected in a Faraday cup equipped with a -300 Vdc 

electron suppressor. The integrated charge was used to 

determine the number of ions incident on the target and to 

ensure that the scattering of the ions was elastic. The 

term (E2 Y R / I), where E is the ion energy and I is the 

integrated charge, will be a constant for Rutherford 

scattering. 

The spectra from the Si(Li) detector and the surface 

barrier detector were collected simultaneously in an Ortec 

7050 Analyzer (Fig. 3). This system has peak fitting 

capabilities and was highly reliable for analyzing the 

relatively uncluttered spectra of "clean" target foils. 

Figure 4 is a spectrum of Ĥ"*" incident upon a typical 
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Fig. 3. The electronic arrangement used for target 

thickness measurements at NTSU. 
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Fig. 4. A typical x ray spectrum showing 

• ^ Q 
contaminants on a Carbon foil. 
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( OQ , 

contaminated carbon film. 3 Virtually all of this 

contamination was removed by following the procedures 

discussed later in this chapter. 

ORNL Accelerator Laboratory 

The Tandem Van de Graaff Accelerator at ORNL was used 

to obtain ion beams of 25 MeV 1gCc^+ (q=4,5,6) and 32 MeV 

(q=5,7,8) (Fig. 5). Many of the features such as 

steering, focusing, and terminal voltage regulation are the 

same on the ORNL accelerator as the corresponding devices 

at NTSU. The beam emerging from the ORNL accelerator is 

directed to a 90° analyzing magnet for mass, energy, and 

charge selection. 

The most probable charge state for carbon and oxygen 

ions produced in the accelerator at these energies are ones 

which contain no K-shell vacancies (i.e., C 4 + and 0 5 +). In 

order to investigate K-shell electron capture, it is 

necessary to produce K-shell vacancies in the ion beam. 

The average charge state of the beam is increased by 

passing it through a carbon stripper foil or a stripper gas 

located just after the analyzing magnet where it undergoes 

multiple collisions. After the charge state of the beam 

has been increased by the stripper, the desired charge 

state of the on beam is selected by the 90° bending magnet. 

After this second magnet, the beam is refocused with a 

quadrupole magnet prior to entering the target chamber. 
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Fig. 5. Diagram of the ORNL accelerator equipment. 
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The target chamber and detector configuration used at 

ORNL is illustrated in Figure 6. The target holder is a 

rotatable vertical ladder with a three foil capacity. it 

was oriented at 45° relative to the incident beam 

direction. A carbon tube with disk insert collimators on 

both ends was mounted between the beam entrance port and 

the target ladder and was placed such that the axes of the 

tube and the beam were the same. It was fitted with a 

6.35 mm diameter collimator on the end away (12.5 cm) from 

the target and a 3.2 mm diameter collimator on the end 

nearest (5 cm) the target. Also located inside the chamber 

was a rotatable mount designed to accommodate a surface 

barrier detector. The mount had a usable rotation range of 

approximately 15° to 175° relative to the incident beam 

direction. It was fitted with a vertical slit collimator 

(Fig. 7) designed to expose the maximum active area of the 

detector while minimizing the deviation of the ion 

scattering angle. The solid angle of the surface barrier 

detector, measured with a calibrated 244
Cto radioactive 

source, was 7.77x10 3 Sr. At the rear of the chamber, a 

Faraday cup was positioned to collect the ion beam and to 

measure beam current for focusing. 

An Ortec Si(Li) detector was used to measure the x-ray 

intensity. it was positioned at 90° relative to the 

incident beam and in such a manner so as to view the beam 

side of the foil. It has a 7.62 pm Be window and a full-
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Fig. 6. The target chamber and electronics 

configuration used at ORNL. 
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Fig 7. The vertical slit collimator used on the 

Rutherford particle detector at ORNL. 
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width-half-maximum resolution of 155 eV at 5.9 keV. It was 

loaned to the research group by Dr. C.D. Moak of the 

Physics Division, ORNL. Dr. Moak also supplied the x-ray 

spectra of the 5gFe and 24^Am radioactive sources in 

Figures 8 and 9. A typical x-ray spectrum of Au is shown 

in Figure 10 along with the results of a peak fitting 

routine, FACELIFT.^® This program was provided by Dr. R. 

Watson of Texas A. & M. University and is discussed further 

in Chapter IV. 

While x rays were being measured by the Si(Li) 

detector, Rutherford scattered particles were 

simultaneously being counted by a solid state charged 

particle detector positioned at either 45° or 135° relative 

to the incident beam. These results were used to determine 

the product of the number of ions incident upon each target 

times the number of target atoms. This result then used to 

normalize the x-ray yields (cf. Eqn. IV-1,-2). 

Each set of spectra, containing L- and M-shell x rays 

and Rutherford ion yields, were processed with a common 

configuration of signal processing equipment and then 

stored on the ORNL computer facilities for later recall and 

analysis. This equipment consisted of a PDP 11/45 computer 

and a Hewlett Packard CRT with light pen capabilities. 

Throughout the experiment, the x-ray yields were monitored 

for consistency. Each spectrum was displayed on the CRT 

and a background was drawn in by hand with the light pen. 
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Fig. 8. An example of a Si(Li) detector spectrum. 

The figure was provided to NTSU by Dr. C. D. Moak 

of the Physics Division, ORNL. 



cc 
LU 
0 0 

< c 

u 

( s j j u n X j B J i i q j B ) s i N n O O 



31 

Fig. 9. A typical x-ray spectrum taken by the 

Si(Li) detector provided to NTSU by Dr. C. D. Moak. 
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Fig. 10. A typical result from the FACELIFT 

program. 
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The resulting yields along with initial estimates of the 

detector efficiency were used to monitor the experimental 

results as they were produced. This was especially useful 

because of the long counting times required to obtain 

acceptable yields from the thinnest targets. 

After completing the experiment, an Ortec 7050 Data 

Acquisition and Analysis System with peak fitting 

capabilities was used to analyze the relatively clean 

L-shell spectra. After initially reporting the L-shell 

results10 obtained with the light pen system, the data was 

re-analyzed using the FACELIFT program. The effect on the 

previous L-shell results was minimal. 

The M-shell spectra, which contain many x-ray lines, 

required computer analysis using FACELIFT. The fitting 

procedure consisted of using the thicker targets (t=2.5 to 

100 ng/cm2) in the initial phase in order to determine line 

shapes and peak locations. As might be expected, these 

thicker targets have a much higher ratio of desirable vs 

undesirable or contaminant x rays. By using these results 

as initial values, the fitting process for the thinner 

targets was greatly enhanced (Fig. 10). 

Target Preparation 

The target foils used in this experiment were made at 

North Texas state University by vacuum evaporation of the 

various elements onto thin (5-20 /ig/oi.2) carbon backings. 
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Each set of target foils ranged from approximately 

0.5 /xg/cm2 to 100 /xg/cm2. Target contamination is 

dominated by K-shell x rays from low-Z elements which 

interfere with the low energy M-shell x rays, in order to 

overcome this problem, steps were taken during target 

preparation to reduce the presence of these contaminants. 

The 2 MV Van de Graaff Accelerator at NTSU was used to 

provide ions for target contamination analysis. 

Carbon foils are made by vacuum evaporation of a high 

purity carbon rod onto glass slides. These slides are 

first coated with a soap solution in order to make foil 

removal easier. It is this soap solution which becomes the 

contaminant on the final target. Its removal from the 

carbon foils is mandatory if M-shell x rays are to be 

measured. A general procedure for obtaining clean carbon 

foils has been developed at NTSU.34 The first step is to 

prepare a warm solution of 50% ultra-pure water and 50% 

acetone. A carbon film slide is then slowly lowered into 

this solution. The lowering rate is such as to allow the 

film to peel away from the slide and float on the surface 

of the solution. During this phase it is important to 

frequently replace the water/acetone solution to keep the 

buildup of contaminants to a minimum. The temperature of 

the solution is also important, if it is above 

approximately 60°C, gas bubbles will form under the film, 



37 

temperature is below about 40°C, soap film removal is 

incomplete. 

Once the films are floated onto the surface of the 

solution, they are picked up on target frames and allowed 

to air dry. Next they are taken to the NTSU accelerator 

lab for analysis. A 1 MeV proton beam was used to produce 

characteristic x rays of the various contaminants which 

were predominantly Na, Si, P, and K. All are easily 

detected by proton bombardment. Any targets with 

contamination which exceeded the flat background level by 

approximately 10% were judged unacceptable and were saved 

for use in less demanding experiments. 

After the carbon films were judged to be free of 

contamination, they were taken to a vacuum evaporation 

chamber where the target materials of interest were plated 

onto the carbon films. The plating was done by placing the 

desired target material in a tungsten (W) "boat" clamped 

between two electrodes in the lower portion of the 

evaporation chamber. After evacuation to below 10"^ Torr, 

a high current was used to heat the W boat and to evaporate 

the target material. It condensed onto the film with the 

target thickness being determined by the geometry of the 

chamber, mass of the material, and distance from the W boat 

to the carbon foil. The films were mounted on a ladder 

running diagonally up and away from the boat. Once the 

films were plated with a target material, they were 
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returned to the accelerator lab for target thickness 

determination as described earlier. 

Si(Li) Detector Efficiency 

In order to obtain the best available values for the 

detector efficiency, Lennard and Phillips41 suggested using 

theoretical x-ray cross sections in a "reverse" 

calculation. Several thin targets of low-Z elements (Al, 

Si, K, P, and CI) were used to provide K-shell x rays by 

ion bombardment. The Rutherford-scattered particle yields 

of the projectile were collected simultaneously and were 

used to normalize the x-ray yields. This information, 

along with the theoretical x-ray production cross sections 

from the ECPSSR theory and the fluorescence yields of 

McGuire,42 were used to determine the Si(Li) detector 

efficiency at points below 3.3 keV.12'43 For energies above 

3.3 keV, calibrated sources of 55Fe, 57Co, and 2 4 1Am were 

used to provide x rays of known intensities from which the 

efficiencies were determined (Fig. 11). The theoretical 

efficiency curve of the Si(Li) detector was determined by 

calculating the x-ray attenuation in the Be entrance 

window, the Si dead layer and the Au contact layer.12 This 

curve was then normalized to the data points for the 

radioactive sources and the efficiencies corresponding to 

L- and M-shell x-ray energies were determined. 
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Fig. 11. The Si(Li) detector theoretical 

efficiency curve normalized to the radioactive 

sources. 
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CHAPTER III 

THEORY 

Direct Ionization 

When inner shell electrons are removed by ion bombard-

ment, the filling of the vacancy leads to radiative or non-

radiative emission. If a radiative process occurs, the 

emitted photon will be an x ray. The probability of an 

x ray being produced is given by 

ctx = U X Oj III-l 

where oT is the probability of ionization of the target and 

w, the flourescence yield, is the fraction of vacancies 

filled by a radiative process. When gathering experimental 

data in the laboratory it is ax which is measured, while 

theories predict ionization cross sections (CTJ). The 

primary mechanism by which inner shell vacancies are 

produced is direct ionization (DI) via a Coulomb 

interaction. Several theories have been developed to 

predict vacancy production by DI. The Binary Encounter 

Approximation (BEA)15 is based on the interaction between 

an ion and an electron with a well defined velocity 

distribution. It gave adequate predictions for z± « Z 

for K-shell ionization.44 Attempts to apply the BEA to 

L-shell ionization have meet with limited success.45 

41 
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The Semi-Classical Approximation (SCA)16 was also developed 

to predict ct-j- for collision systems where Z-ĵ  « z2« It 

assumes that the projectile follows a classical trajectory 

and that the ionization can be described by an impact 

parameter distribution function. The success of the SCA 

has also been primarily in predicting K-shell ionization.43 

The plane wave Born approximation (PWBA)13'14 is a third 

way to describe direct ionization. It is a quantum 

mechanical description of a non-relativistic collision 

between a projectile of charge Z± and a target atom with Z2 

electrons. The cross section for DI is given by 

, Mx 
a ~ \ f \ = I 2 <i>f | V | | III-2 

2irh 

where f is the scattering amplitude, Mx is the mass of the 

scattered ion, i>i and tf>f are the initial (i) and final (f) 

state wave functions and V is the scattering potential. 

Throughout this chapter (i) and (f) refer to initial and 

final states and the subscripts (l) and (2) refer to the 

projectile and target, respectively. 

For a Coulomb interaction, 

v = zi e 2 / | ri - r2 | IH-3 

where |r± - ^ | is the separation of the projectile and 

target electron. In the PWBA formalism the projectile wave 

function is approximated by 

e ik • r III-4 

which is a plane wave propagating in the k direction. This 
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approximation is valid for high ion velocities v^ such that 

z l e 2 « 1 and also if Z1/Z2 « l. 

Combining Eqns. III-2, III-3, and III-4, the cross 

section can be written as 

a = (m/2*h)2 | <0f(r2) e"
lkf ' ri | Z 1e

2/(r 1 -~r2) | 

x i>i(r2) e
l ki • ri > | 2 1 X I _ 5 

where the k's are the momenta of the projectile and the tp's 

are the electron wave functions. By representing the 

momentum change as q = - kf and integrating over the 

particle coordinates, one obtains the differential cross 

section for the s-shell: 

d CTs = 8TTZ
 2 (e2/hv1)

2 (dq/q3) 

x I J V-f(r2) e
1(3 ' ri Vi(r2) drt, |

2 III-6 

The functions i>(r2)
 a r e the hydrogenic wave functions of 

the unperturbed target. 

For particle induced ionization of some inner shell 

s , there are a number of parameters common to the PWBA 

and other theories still to be discussed. The 

dimensionless parameter 

0S = (n2 huj2s / Z
2
S R) 

III-7 
= ^ 2s a2s) / v2s 

measures the nonhydrogenic aspect of the observed electron 

binding energy hw2s. in this definition,13 R is the 
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Rydberg constant (13.6 eV) , n is the principal quantum 

number of the 's' shell, a 2 s = a Q/Z 2 s, where a Q is the Bohr 

radius, v 2 s = w 2 s/a 2 s,
 a n d z2s i s t h e screened nuclear 

charge of the target with screening constants taken from 

Slater:45 

Z 2 - 0.3 for the K-shell, 

Z 

Z2s 

2 - 4.15 for the L-shell, 

III-8 

z2 ~ 11*25 for M2, and M3 subshells, 

z2 ~ 21-15 for M4, and M 5 subshells. 

The quantity £s is another dimensionless parameter defined 

as 

^s ~ ^ o s a2s^ 1 = n V1 / *s v 2 s / 2 I H - 9 

where ^(3os
=#w2s/v1 is the minimum momentum transfer 

required to ionize an electron, v 1 is the incident 

projectile velocity, a2s=n2ao/Z2s i s t h e radius of the 

s-shell, and v 2 s=Z 2 sv Q (vQ=e
2/ft) is the mean s-shell 

velocity. $s relates the electron response time l/u>0 to 
2 

the particle-electron interaction time a 2 s / V l and is used 

to distinguish between slow (£ s« 1) and fast (£ » i) 
S ' 

collisions. 

The velocity dependence of a collision is expressed in 

terms of the reduced particle-velocity parameter 

's = ( vl / Z2s vo) 2 = (*s ^s /
 2 n) 2 111-10 

which is proportional to the projectile energy E ^ M ^ / 2 . 
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In Equation III-6, the electron wave functions are 

unperturbed if the electron responce time l/w2s is long 

compared to the particle-electron interaction time a2s/v1, 

This condition is expressed as 

n / w2s >> a2s / vi III-ll 

or 

£s » 1 

which is just the high projectile velocity required for the 

plane wave approximation. 

If the collision is characterized by energy and 

momentum transfers dW and dQ, then the total cross section 

for ionization of the s-shell can be written as 

(7S = (8tt Z
2 a|s / z|s r)s) x f s ( v s , 0S) 111-12 

where 

w OO 
f(ns, 6S) = / dW J dQ/Q2 I FW^S(Q) I 

wmin Qmin 

and 

®min = (a2s^o^ 

The integrations over momentum and energy are from the 

minimum transferable to infinity. For projectile energies 

(Ex) much greater than the energy transfered to the target 

electron (AE), the minimum momentum transfered is 

Qmin ~ W2 / 4ij 111-13 
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In this expression, W = A E / Z | R and A E is the energy 

transferred to the ejected electron. 

If the kinetic energy of the electron after the 

collision i-s zero, then the minimum energy transferred is 

= A E / Z?_R = hi,)- /7? p = a /«2 min ~ A E / Z2S r = nu}2s/Z2sR = V n • HI-14 

where 6S was defined in Equation III-7. Using Eqns. III-7, 

-13, and -14, the cross section (Eqn. III-12) can be 

written as 

where 

and 

as^s' *s) ~ (^os / es) Fs^s' tfs) 111-15 

CTos = (2j+l) 4tt a 2
s ( Z 1 / Z 2 S ) 

Fs^s' ~ 2esfs / (2j+l) n 2 17 s 

The function fs(r?s/*s
2) has been tabulated47 and reflects 

the universal nature of DI in the PWBA formalism. 

Several corrections have been applied to the PWBA to 

account for discrepancies between its predictions and 

experimental results. To account for the Coulomb 

deflection of the projectile by the target nucleus, the 

Coulomb deflection treatment of the SCA has been 

incorporated into the PWBA. In the low velocity limit, the 

ratio of the SCA cross section to the straight line 

approximation is 
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C(dq Q) = (da s/dE f)
c / (da s/dE f)

s l 111-16 

= e - ^ ^ o s 

= (n s"l) E n s ( ^ d q o s ) 

where (da g/dE f)
c accounts for Coulomb deflection of the 

projectile and ( d c r s / d E £ ) i s the straight line cross 

section which is equivalent to the PWBA result. In this 

expression, d = Z 1 Z 2 e
2 / 2 E 1 is the half-distance of closest 

approach, q Q S (cf. Eqn. 111-12) is the momentum transfer to 

the electron in the final energy state E f and the function 

E n s (
x ) is the exponential integral given by, 

00 -n 
E n s (x) = / t s e " x t dt 111-17 

1 

A binding effect is also present in direct ionization. 

Brandt, Laubert, and S e l l i n 1 8 used first-order perturbation 

theory to account for the increased target electron binding 

due to the presence of the projectile inside the target 

atom. At low velocities the projectile must penetrate deep 

within the electrons orbit to cause ionization. When this 

happens, the electrons have time to respond to the 

projectiles presence, which increases their binding and 

reduces their probability of ionization. 

By applying perturbation theory, the change in the 

binding energy of the target electrons can be expressed as 
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a correction factor (eg) applied to the target parameter 

17 
0g. The binding effect correction is 

es^s' *s;Cs) 1 + ( 2 zi / Z 2s
 6s) 9 S(? S;C S) 111-18 

The parameter C s is related to the impact parameter P 
s 

which separates the region where polarization is important 

(CS>1) from the region where increased binding is important 

(CS<1). The best agreement with experimental results is 

obtained with Ps=<rg>, where <rs> is the mean s-shell 

radius. To apply this correction, it is necessary to 

replace 9S with es<?s. Upon including the Coulomb deflection 

factor (Eqn. 111-16), the corrected PWBA becomes 

CTs = (ns_:L) Ens(Td<Ios es) 4 W B A(t s/<s' ^s
es) HI-19 

, PWBA/ 
and as (fsAs# ^s

es^ as f r o m Equation 111-15. 

Notice that as dq Q S approaches zero, the correction term 

Ens( x) approaches one as expected for fast projectiles. 

And at high particle velocities, eg approaches one and the 

binding correction vanishes. 

Electron Capture 

While the PWBA is adequate for describing direct 

ionization for Z1/Z2 << l and for high projectile 

velocities, as Z1/Z2 approaches 1/2 discrepancies occur. 

In this region, ionization occurs through electron capture 

(EC) as well as DI. This process is a three-body problem 
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in which electron rearrangement occurs. This is expressed 

as (Fig. 12) 

A1 + ( A2 + e~) > (An + e-) + A, 111-20 

where the projectile nucleus Ax, of mass M l f captures an 

electron (mass m) from the target nucleus h 0, of mass Mo. 
^ 2# 

The time independent Schrodinger equation for this process 

is given as 

[(-h2/2M) V 2 {-h2/2n) Vj 2 I H - 2 1 

+ V(r2) + V(r^) + U(R?]y> = ev> 

prior to the collision. After the collision, the 

Schrodinger equation retains the same form with the indices 

1 and 2 reversed. In the equation, M = [mM2/(m + M 2)] and 

M = [M1(m+M2)/(m+M1+M2)]. in Figure 12, the center-of-mass 

of the electron and either M, or is at Cn or C 
X £ J_ 2 ' 

respectively. Thus the interaction between the electron 

and each is 

v( ri) = Z^e2 / |r±| 111-22 

for i=l,2 and the nucleus-nucleus interaction is 

U(R) = Z 1Z 2e
2 / |R|. 111-23 

If the Schrodinger equation is re-written in the 

center of mass system, then 
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Fig. 12. The Electron Capture process. 
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R = Rl + [m r2 / (m+M2)] 

= R2 + [m r^ / (m+M^) ] 

r = r2 + [M2 r*/ (M1+M2)] 111-24 

= ?! + [Mj R / (M1+M2)] 

and 

[(-h2/2M) v | (-h2/2m) vj + V(r) + U(R)]V = Ê> 

where M — . It has been shown^^ by 

perturbation theory that, to a first order approximation, 

either V(r^) or V(r2) can be used for V(r). 

The first experimental study of electron capture as a 

three body problem was done by Oppenheimer.Later 

Brinkman and Kramers20 used the first Born approximation to 

calculate EC cross sections for Oppenheimer's work. Their 

method, the OBK approximation, neglects the nuclear-nuclear 

interaction term U(R). The OBK was later calculated by 

Nickolaev, ^ whose OBKN approximation uses non— 

relativistic, screened hydrogenic wave functions and 

observed electron binding energies to evaluate the Born 

theory. 

For EC from an initial state i to a final state k, the 

OBKN cross section is given by 

"lk^^ik^i)) = IH-25 

(29*/5) (nft/Vj)2 ( v
l i/v 2k>

5 fikCi) 

x ®4E<
1-»i> fikfi)] / ri+u-»i> fik(«i>]

3 
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The parameters used to define the OBKN cross sections are 

the same used in the PWBA formalism with the exceptions 

that and q Q S are replaced by 

£i]c(*i) = v2. / [vfk + q?k(<?i)]
1/2 

a n d 111-26 

^ik^i) - tvi + (v|i ^ - vfk)/Vl]/ 2 

In the above equation, $4(t) was originally given by 

Nickolaev21 and can be approximated to within 3% by 

(1 + 0.3t)-1 for t<3. 

Perturbed Stationary States Theory 

Another treatment of particle induced inner shell 

ionization, the Perturbed Stationary States (PSS) theory, 

was inspired by the success of the binding energy effects 

correction to the PWBA.30 At its current state of 

development, the perturbation treatment is referred to as 

the ECPSSR27 theory and is based on corrections to the PWBA 

for energy loss (E) of the projectile while near the 

target, Coulomb deflection (C) of the projectile by the 

target nucleus, increased binding and polarization of the 

target electrons due to the presence of the projectile 

(PSS), and relativistic effects (R). Electron capture has 

also been included within the ECPSSR approach by applying 

corrections to the OBKN approximation to account for 
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Coulomb deflection, increased target electron binding, and 

relativistic effects. 

The relativistic effect is important in collisions 

between projectiles with a low incident velocity and high 

velocity inner shell electrons. To account for this effect 

a correction was developed8'27 which is applied in a manner 

similar to that of the binding correction, i.e., the energy 

variable r?s is replaced with the relativistic form m
R^ 
s s 

or equivalently £s is replaced with ^ [ m g d g ) ]
1 / 2 ^ 

In this development mj is a "local" relativistic electron 

mass related to the maximum energy transfered from the 

projectile to the target electron. This local mass is 

given by 

m s ^ s tts) « (1 + 1.1 Y
2 ) V 2 + Y 111-27 

where 

YK,L1 - [°-40 (z2s/c>2 / n2 %,LlJ 

YL2,L3 = [0-15 (Z2s/C)
2 / f L 2 L 3 ] 

a n d fK,Ll = «K = «L1 a n d «L2,L3 = «L2 = «L3 • 

The polarization effect can be characterized by noting 

that when the incident projectile penetrates the inner 

shell electron orbit, the increased binding of the 

electrons decreases their ionization cross section. But 

when the projectile is near the target atom but fails to 

penetrate the electron orbit, the effect is a disturbance 

of the orbit which tends to increase the ionization 
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probability. By treating the particle-electron interaction 

as a harmonic oscillator problem, the effect can be 

expressed in a manner similar to the derived binding 

correction. The polarization factor is defined as 

<§(£s'*s?cs) = 1 - (2 Zx / Z 2 s e s ) 111-28 

* hs^s' Cs) 

where 

^s^s'^s^ = (^n2 / V s 3 ) ^^<"sn2 / ŝ̂  

and I(x) is a tabulated function.49 

To incorporate this correction into the ECPSSR 

requires combining it with the binding factor (Eqn. 

111-18). Thus a new factor is defined: 

fs^s»fls;Cs) = 1 + (2 Zx / Z2 se s) 111-29 

x [gs(es;cs) - hs(es;cs)] 

~ el + es 

where g s is defined by Eqn. 19 of Reference 8. The 

parameter Cs is the same as defined in Eqn 111-18 for the 

binding effect. With these corrections for relativistic 

effects and polarization, the PSS cross section for DI 

becomes 

„PSS . „™BA({R/!s;Cs(,s) 11,-30 

The energy loss correction was developed to account 

for kinetic energy losses of the projectile during the 
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inner-shell excitation process. in the derivation of the 

PWBA, an integration over the range of momentum changes was 

performed (Eqn. 111-12). It was assumed that the maximum 

change could be approximated by q m a x = 00. But for very 

slow collisions, the maximum change is where 

the k's were previously identified as the momenta of the 

initial and final states of the projectile. When the a 
^max 

becomes the upper limit of the momentum integral, the 

result is expressed as a correction factor f (z ): 2 8 

s s 

fs( zs) = 2~ V (f-1)"1 [ (yZ-1) (1+Z)y 

+ (^Z+l)(1-Z)U] III-31 

Polarization and energy loss also affect the Coulomb 

deflection factor C(dq0) defined in Eqn. 111-16. Its 

argument dq Q is replaced by [2dqosrs / z s(l+z s)J. 

Incorporating all of these effects into the DI cross 

section (Eqn. 111-30) results in 

CTsECPSSR c
s(

2d(3osfs / Z
S (

1 + Z
S ) )

 fs(Zs> H I - 3 2 

PWBA / >R 
x V"""(££/f s,r s0 s) 

As previously mentioned, several of these corrections 

have also been applied to the EC theory. Corrections for 

Coulomb deflection, increased electron binding, and 

relativistic effects have all been applied to the OBKN 

approximation.38 The corrected result for capture from a 

target s-shell to the projectile K-shell is 
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aks K R^ks( f&k) 'ek*k) 111-33 

= 4 s ^ K ( * s ) /
 + 2 ^ s ) 

where (fs) is given by Eqn. 111-25. Equation 

111-3 3 reduces to 

4s = c * crkIK(^ks(e&k)'e&k)k 

and 

aks = aks K^ks^k^ ,l9k) / 3 

111-34 

in the low- and high-velocity limits of the OBK 

approximation^^ when the Coulomb deflection factor C (Eqn, 

111-16) is included. 



CHAPTER IV 

DATA ACQUISITION AND REDUCTION 

Experimental L-, and M-shell x-ray yields and apparent 

x-ray production cross sections were measured as a function 

of projectile charge state for ions of 25 MeV 12£,q+ 
6 

(q-4,5,6) and 32 MeV 1g0(2+ (q=5,7,8) incident upon thin 

targets of 60Nd, 64Gd, 67Ho, 70Yb, 7gAu, and 82Pb. The 

term "apparent" is used in reference to the target 

thickness dependence of the x-ray cross sections. 

Theoretical models predict ionization probabilities for a 

target electron undergoing a single collision with a 

projectile. To replicate the model it is necessary to use 

thin targets which approximate single collision conditions. 

Therefore experimental cross sections are "apparent" to the 

extent that the targets provide single collision 

conditions. 

Of course thin targets result in poor counting 

statistics. The choice of target thickness becomes a 

trade-off between approximating zero target thickness (the 

ideal case) and maintaining a reasonable counting rate. 

One must also consider that silicon buildup on the target 

due to diffusion pump oil, is related to the length of time 

the beam is on the target. It was found in this study that 

58 
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good results could be obtained when the target thicknesses 

were approximately 0.5 - 2.5 Mg/cm
2. Targets in this 

thickness range reguired 60 to 80 minutes to obtain 

statistically reliable results when bombarded by beams of 

the highest projectile charge states (i.e., q=Z^) 

Figure 13 is an example of M-shell x-ray production of 

7 9 A u by 1 | o < 3 + ( q = 5 , 7 , 8 ) . For target thicknesses greater 

than approximately 3.5 /zg/cm2, the charge state of the ion 

has equilibrated to some average value less than 7, i.e., a 

value indicative of no K-shell vacancies. 

The x-ray production cross section is related to the 

x-ray yield by 

where 

CTx (dtfx / dn)s - (Yxs Dtx / es) IV-1 

Yxs = x r aY yield 

D^x = x - r ay detector dead time correction factor 

No = target thickness (atoms/cm2) 

^1 — No. particles incident on the target 

s = x-ray detector efficiency. 6 

The product NQN̂ ^ can be eliminated by simultaneously 

measuring the x-ray and Rutherford yields. The technique 

of using Rutherford scattering to normalize x-ray yields is 

valid for incident particle energies such that all ion 

scattering is purely Rutherford in nature. For ion 

energies well below the Coulomb barrier, as is the case 
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Fig. 13. Enhancement of the effective M-shell 

x ray production cross sections as a function of 

decreasing target thickness and increasing ion 

charge state. 
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here, this assumption is valid. The differential 

Rutherford scattering cross section is 

dcrR / dn = (Yr DtR) / (NQN1 AQr) IV—2 

where Y R is the Rutherford yield, DtR is the dead time 

correction factor for the solid state charged particle 

detector, and AflR is the detector solid angle. The 

efficiency of the particle detector is essentially unity 

over its entire energy range. By solving for N QN 1 in Eqn. 

I v~ 2' t h e x-ray expression can be written as 

ax - (Yxs/Yr) (Dtx/DtR) (AnRR/es) (daR/dfi) IV-3 

The last term in Eqn IV-3 is the Rutherford cross section 

for a projectile of mass M-̂  and laboratory energy 

E1(MeV) which is scattered by a target Z,, of mass M-> 
^ 2' 

through a laboratory angle 0. it can be approximated by 

dcrR/dn = (1.296*10~3 b/sr) [Z1Z2/E1] iv-4 

* [sin-4 (6/2) - 2(M1/M2)
2] 

For backscattering the term (M1/M2)
2 is very small compared 

to l/sin4(0/2) and can be ignored. 

Target Yield Corrections 

For targets of finite thickness, two additional 

phenomena must be corrected. First, target atoms have an 

affinity for their own x rays. This self-absorption can be 
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important for thicker targets. Second, since the x-ray 

yield is a function of ion energy, any ion energy loss will 

also decrease the yield.50 

From Eqn. IV-4 it is seen that daR/df) is projectile 

energy dependent. if the ion loses energy traversing the 

target before it makes a collision, the collision 

probability will change. Basbas, Brandt, and Laubert24 

represented the effect of this energy loss on the x-ray 

yield by integrating the exponentially attenuated x-ray 

production cross section over the path length in the 

target: 

t'<R0(El) 

Y ~ n I e _ a Z M E ( R o - z n dz 

where the atomic density is n, the apparent target 

thickness is t', R o ( E l ) is the projectile range of the ion 

of energy e 1 # in the target, R = RQ(E1)-z is the residual 

range and z is the path length in the target. if the 

target normal makes angles 6 with the beam axis and <f> with 

the x-ray detector, then the effective mass absorption 

coefficient a=(cos 6/cos <j>)) and t'=t/cos e , where t is 

the target thickness. This can be written as 

where 

Y Yexp (asc/Qx) C1 " ((Yrec + Ysc)/Yexp)l I v ~ 6 

Y = corrected yield (x rays/particle), 

Yexp = measured yield, 
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Yrec ~ Yield d u e to recoiling atoms, 

Ysc = Yield due to particles with extended path 

lengths due to scattering inside 

the target, 

asc = Aer/ei) 2 is the correction to 

Rutherford scattering due to projectile 

energy loss, and 

ax = ((1 - e a t )/at/)(i - AE/E1)
£ is the 

correction factor to the x—ray cross 

section due to the energy loss and self 

absorption. 

For this experiment, is well below the threshold for 

the onset of contributions due to recoil and scattering. 

Thus Eqn. IV-5 becomes 

Y ~~ Yexp (asc/ax) IV-7 

and Eqn IV-3 is 

CTx = (Yxs/Yr) (Dtx/DtR) iv-8 

* < A nRA S) ( d V d n ) (asc/Qx) 

As previously mentioned (Eqn. III-i), the experimental 

x-ray production cross sections are converted to ionization 

cross sections by multiplying by the fluorescence yield w. 

While w is for each sub-shell, its variation is slow and an 

average value will be used for each target.50 The use of 

an average w is also necessitated by the inability of the 
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x-ray detector to resolve the various peaks in the M shell 

spectra. 

Spectral Analysis 

All x-ray spectra taken at ORNL, containing L- and M-

shell x ray yields and Rutherford yields, were processed 

with a common configuration of signal processing equipment 

as described in Chapter II. The fitting procedure for the 

M-shell targets consisted of using spectra of thicker 

targets (t=2.5 to 100 pg/cm2) in the initial phase in order 

to determine line shapes and peak locations. These thick 

targets were easiest to fit because the relative amount of 

contamination was at a minimum. The program FACELIFT 

allows the user to specify the number of peaks to fit, the 

width and centroid of each peak, and the coefficients of a 

linear background. Furthermore, each of these parameters 

can be fixed or variable and the range of variation can be 

specified. When a fit is performed, only those parameters 

marked as variable are used by the least squares fitting 

routine. After each iteration of the fitting procedure, 

all statistical data are displayed and optionally printed. 

The program also plots each spectrum and the current fit on 

the terminal. At this point the user may repeat the fit, 

adjusting any parameters as needed, or the process may be 

terminated. 
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For the peak centroids and widths were established, 

these parameters were held constant for the thin target 

analysis. Only the background fit and the area under each 

peak were allowed to vary. A typical fit is illustrated in 

Fig. 10 (Ch II.)• 

On some of the thin targets additional peaks were 

present. This was due to the relative concentration of 

target vs contaminant material. To compensate for this, it 

was necessary to add an extra peak to the set of fitting 

parameters for these thin targets. This peak was found to 

represent the K—shell x—rays of silicon. On several 

targets, there were slight indications that the addition of 

a second extra peak might be in order. In each case, the 

inclusion of this additional peak did nothing to improve 

the fit. In mose cases this extra peak actually degraded 

the fit. Its parameters indicated that the peak was very 

low and wide and encompassed the entire spectra while 

adding few counts to the spectrum. 

DI, EC, and Inferred EC 

The major objective of this study was to measure the 

effect of bringing zero-, one-, or two-K-shell vacancies 

into the collision of an ion and an atom. Previous 

results9-12 on other ion-atom combinations indicate that 

the presence of K-shell vacancies enhance the x-ray yields. 

To compare these results to the predictions of the first 



67 

Born and ECPSSR theories, it is necessary to calculate the 

Di and EC cross sections for (q=4,5,6) and gO^ 

(q=5,7,8). In each case, the lowest charge state 

represents zero K-shell vacancies and the cross sections 

represent DI plus EC to the L-, M-, etc. shells only: 

o(q<Zl-2) = « D I + »EC<L-' "-'••• s h e l l s> IV-9 

The cases where q=Z-^-l and q=Z^ are the ones which 

contain contributions from EC to the K-shell of the ion. 

These cross sections are given as 

rfq-Zj-l) = * D I + o E C ( 1 / 2 shells) I v _ 1 0 

and 

^ q - z ^ = <,DI + „EC(K-,L-,M-,... shells) jy.n 

where 1/2 K and K represent the half and completely vacant 

K-shell. To separate the contribution resulting solely 

from EC it is necessary to subtract the zero vacancy result 

from the one or two vacancy result. Thus the contribution 

to the total cross section due to EC from the target 

s-shell to the projectile K-shell is 

CTEC(S -> 1/2 K) = a ( q = Z l-i) - a{q<Z1-2) IV-12 

for the single K-shell vacancy case, and 

aEC(s -> K) = a(q=Z;L) - a(q<Z1-2) IV-13 

for the two K-shell vacancy case. 
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Error Analysis 

The thick target yields have an estimated uncertainty 

of ±10%. Due to the build-up of silicon contamination 

(from diffusion pump oil) , the uncertainty in the thinnest 

target yields was estimated to be ±20%. Combining the 

efficiency (±6%), fluorescence yield (±5%), target 

thickness (±7%), and x-ray yield uncertainties (±10 or 

±20%), the overall uncertainty in the apparent x-ray cross 

sections is ±15% for t>2.5 /xg/cm2 and ±23% for 

t<2.5 /xg/cm2. To the extent that these thin targets 

represent single collision conditions, the apparent cross 

sections are a good approximation of the cross sections for 

vanishingly thin targets. 

Because the L-shell spectra were much less 

contaminated, the uncertainties in the x-ray yields were 

only ±2% for all targets. The efficiency of the Si(Li) 

detector is also better (±3%) in the L-shell x-ray energy 

region. Combining these values with those for fluorescence 

yield and target thickness, the overall uncertainty in the 

apparent x—ray cross sections is ±10% for all measurements. 



CHAPTER V 

RESULTS 

M-shell x-ray production cross sections as a function 

of target thickness are plotted in Fig. 13 for different 

charge state ions. Similar results were obtained for the 

L-shell spectra. The thickness dependence of the yield 

must be carefully interpreted because the electron 

configuration of the projectile inside a solid target is 

not well understood.35 Early investigations by Hopkins36 

and Groeneveld et al.37 indicated that x-ray yields from 

ion beams which first passed through the carbon backing of 

the target foil and had more K-shell vacancies, were 

considerably enhanced over the yields when the beam was 

incident on the target side of the foil. 

This dependence of x-ray yields on projectile charge 

state and target thickness have also been investigated by 

Gray et al.22 and McDaniel et al.38 They measured target 

K-shell x-ray yields for projectiles with zero-, one-, and 

two-K-shell vacancies as a function of target thickness. 

By varying the number of projectile K-shell vacancies and 

target thicknesses, they controlled the amount of K-shell 

to K-shell EC from the target to the projectile. Both 

groups found that x-ray yields were strongly influenced by 
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the presence of projectile inner-shell vacancies and that 

the projectile charge state would equilibrate at large 

O Q , 

target thicknesses. McDaniel et a l . ° compared their 

results favorably with the ECPSSR. Comparisons between 

experimental and theoretical results were later extended to 

the L-shell8-10 and the agreement was again found to be 

good. All of these studies used the thinnest possible 

targets in order to approximate single collision conditions 

to extract DI and EC cross sections. The L-shell data for 

this study for carbon and oxygen ions are presented in 

Tables I and II, respectively. 

The variation of M-shell x-ray production cross 

sections with projectile inner shell vacancies has recently 

been measured11'12'32'43 and compared to the first Born and 

ECPSSR theories. Again it was found that the ECPSSR theory 

was in better agreement with the experimental data. The M-

shell data for this study for carbon and oxygen ions are 

presented in Tables III and IV, respectively. 

In all figures in this dissertation, the filled 

circles represent cross sections for projectiles with 

no K-shell vacancies while the half-filled circles and open 

circles represent cross sections for projectiles with one 

cr^1) and two cj(2) K-shell vacancies, respectively. The 

effect of K-shell vacancies upon the x-ray cross sections 

was illustrated in Fig. 13. Whereas the cr(°) results are 

constant within statistical limits for all but the thinnest 
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Table I 

L-shell x-ray production cross sections of several thin 
targets for incident projectiles of 25 MeV 
(q=+4,5,6) (2.08 MeV/AMU). From top to bottom, the first 
three cross sections represent DI+EC for zero, one, and two 
K-shell vacancies in the projectile. The last two groups 
are the inferred EC cross sections for one and two K-shell 
vacancies. Cross sections are in kilobarns. Uncertainties 
are ±10% and ±14% for the measured and inferred results, 
respectively. 

Targets 60 Nd 64 Gd 67 Ho 70 Yb 79 Au 82 Pb 

Zi/Z2 0. 1 0. 094 0. 09 0. 086 0. 076 0. 073 

Vl/ V2L 0. 705 0. 64 0. 60 0. 56 0. 474 0. 45 

pt(/xg/cm2) 1. 4 0. 80 0. 48 1. 35 0. 56 1. 24 

Cross 
Sections 

LX 

(1) 
LX 

LX 

LX 

LX 

First Born 8. 15 5. 46 4. 11 3. 08 1. 33 1. 00 
ECPSSR 4. 18 2. 75 2. 06 1. 55 0. 70 0. 53 
Exp. 4 . 95 3. 75 2. 46 1. 97 0. 67 0. 52 

First Born 11. 1 6. 97 5. 04 3. 65 1. 46 1. 08 
ECPSSR 4. 77 3 . 05 2. 24 1. 66 0. 72 0. 55 
Exp. 5. 65 3 . 95 2. 59 2. 08 0. 74 0. 56 

First Born 14. 0 8. 49 5. 98 4 . 22 1. 59 1. 16 
ECPSSR 5. 36 3. 34 2 . 42 1. 76 0. 74 0. 56 
Exp. 5. 70 4. 00 2. 81 2. 12 0. 71 0. 54 

,-l/2K) 

First Born 2 . 95 1. 51 0. 93 0. 57 0. 13 0. 08 
ECPSSR 0. 59 0. 30 0. 18 0. 11 0. 02 0. 02 
Exp. 0. 70 0. 20 0. 13 0. 11 0. 07 0. 04 

•-K) 

First Born 5. 85 3 . 03 1. 87 1. 14 0. 26 0. 16 
ECPSSR 1. 18 0. 59 0. 36 0. 21 0. 04 0. 03 
Exp. 0. 75 0. 25 0. 35 0. 15 0. 04 0. 02 
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Table II 

L-shell x-ray production cross sections of several thin 
targets for incident projectiles of 32 MeV 1g0(3+ 

(q=+5,7,8) (2.00 MeV/AMU). From top to bottom, the first 
three cross sections represent DI+EC for zero, one, and two 
K-shell vacancies in the projectile. The last two groups 
are the inferred EC cross sections for one and two K-shell 
vacancies. Cross sections are in kilobarns. Uncertainties 
are ±10% and ±14% for the measured and inferred results, 
respectively. 

Targets 60 Nd 64 Gd 67 Ho 70 Yb 79 Au 82 Pb 

Zl/ Z2 0. 133 0. 125 0. 119 0. 114 0. 101 0. 098 

Vl/ V2L 0. 481 0. 449 0. 427 0. 408 0. 359 0. 345 

pt(^g/cm2) 1. 4 0. 80 0. 48 1. 35 0. 55 1. 24 

Cross 
Sections 

av ' 
LX 

av ' 
LX 

av ' 
LX 

a y 

LX 

a x 

LX 

First Born 16. 8 10. 9 8. 06 5. 94 2 . 47 1. 85 
ECPSSR 6. 42 4. 11 3. 03 2. 25 0. 99 0. 75 
Exp. 7. 25 4. 82 3. 49 2 . 83 1. 06 0. 71 

First Born 32. 9 19. 3 13 . 2 9. 04 3 . 15 2. 25 
ECPSSR 9. 10 5. 39 3 . 78 2. 69 1. 08 0. 81 
Exp. 8. 56 5. 90 3 . 57 2. 99 1. 12 0. 73 

First Born 49. 0 27. 6 18. 3 12. 1 3 . 83 2 . 65 
ECPSSR 11. 8 6. 67 4 . 53 3 . 13 1. 17 0. 86 
Exp. 10. 45 5. 99 3. 99 3 . 21 1. 16 0. 85 

I-1/2K) 

First Born 16. 1 8. 40 5. 14 3. 10 0. 68 0. 40 
ECPSSR 2. 68 1. 28 0. 75 0. 44 0. 09 0. 06 
Exp. 1. 31 1. 08 0. 08 0. 16 0. 06 0. 02 

,-K) 

First Born 32. 2 16. 7 10. 2 6. 16 1. 36 0. 80 
ECPSSR 5. 38 2. 56 1. 50 0. 88 0. 18 0. 11 
Exp. 3. 20 1. 17 0. 50 0. 38 0. 10 0. 14 
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Table III 

M-shell x-ray production cross sections of several thin 
targets for incident projectiles of 25 MeV 6C^ 
(q=+4,5,6) (2.08 MeV/AMU). From top to bottom, the first 
three cross sections represent DI+EC for zero, one, and two 
K-shell vacancies in the projectile. The last two groups 
are the inferred EC cross sections for one and two K-shell 
vacancies. Cross sections are in kilobarns. Uncertainties 
are ±23% and ±33% for the measured and inferred results, 
respectively. 

Targets 6 0 N d 6 4 G d 6 7 H o 7 0 Y b j gAU 8 2 P b 

z l / z 2 0 . 1 0 . 0 9 4 0 . 0 9 0 . 0 8 6 0 . 0 7 6 0 . 0 7 3 

V l / V 2 M 4 , 5 0 . 7 0 5 0 . 6 4 0 . 5 9 8 0 . 5 6 1 0 . 4 7 4 0 . 4 5 

pt(Mg/cm2) 1 . 4 2 . 2 5 0 . 4 8 1 . 3 5 0 . 5 5 1 . 2 4 

Cross 
Sections 

CT(°) First Born 9 4 . 4 1 2 3 1 3 1 1 3 4 8 7 . 2 7 3 . 4 
MX ECPSSR 7 0 . 5 9 2 . 1 9 7 . 9 9 9 . 1 6 1 . 7 5 1 . 1 

Exp. 1 7 1 7 8 . 1 2 2 5 1 7 7 6 7 . 1 87 . 6 

First Born 1 7 3 2 2 0 2 3 2 2 3 2 1 4 7 1 2 3 
U 

MX ECPSSR 9 2 . 7 1 1 9 1 2 6 1 2 7 7 9 . 5 6 5 . 9 
Exp. 1 8 9 9 2 . 0 2 4 5 1 8 1 9 1 . 5 9 9 . 5 

a ( 2 ) First Born 2 5 1 3 1 7 3 3 2 3 3 1 2 0 7 1 7 3 
LX ECPSSR 1 1 5 1 4 6 1 5 4 1 5 5 9 7 . 3 8 0 . 8 

Exp. 2 0 1 9 8 . 6 2 7 2 1 9 0 9 3 . 2 1 0 4 

EC ( M - 1 / 2 K ) 
MX 

First Born 7 8 . 6 9 7 . 0 1 0 1 9 8 . 0 5 9 . 8 4 9 . 6 
ECPSSR 2 2 . 2 2 6 . 9 2 8 . 1 2 7 . 9 1 7 . 8 1 4 . 8 
Exp. 1 8 . 0 1 3 . 9 2 0 . 0 4 . 0 2 4 . 4 1 1 . 9 

EC(M—K) 
MX 

First Born 1 5 7 1 9 4 2 0 1 1 9 8 1 2 0 9 9 . 6 
ECPSSR 4 4 . 5 5 3 . 9 5 6 . 1 5 5 . 9 3 5 . 6 2 9 . 7 
Exp. 3 0 . 0 2 0 . 5 4 7 . 0 13 . 0 2 6 . 1 1 6 . 4 
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Table IV 

M-shell x-ray production cross sections of several thin 
targets for incident projectiles of 32 MeV |o^+ 

(q=+5,7,8) (2.00 MeV/AMU). From top to bottom, the first 
three cross sections represent DI+EC for zero, one, and two 
K-shell vacancies in the projectile. The last two groups 
are the inferred EC cross sections for one and two K-shell 
vacancies. Cross sections are in kilobarns. Uncertainties 
are ±23% and ±33% for the measured and inferred results, 
respectively. 

Targets 60 N d 64 G d 67 H o 70 Y b y g A U 82 P b 

Zl/ Z2 0.133 0.125 0.119 0.114 0.101 0.098 

Vl/V2M4,5 0.481 0.449 0.427 0.408 0. 359 0.345 

pt(/xg/cm2) 1.4 0.8 0.48 1.35 1. 07 1.24 

Cross 
Sections 

a(0) First Born 243 308 325 327 209 175 
MX ECPSSR 142 183 194 195 120 97.9 

Exp. 288 240 255 201 157 165 

(0) First Born 546 723 772 776 488 407 
MX ECPSSR 230 296 312 313 198 165 

Exp. 341 295 294 234 192 182 

a(0) First Born 849 1140. 1220. 1220. 768 640 
MX ECPSSR 317 409 430 431 277 232 

Exp. 417 340 391 278 209 212 

EC(M-1/2K) 
MX 

First Born 303 415 447 449 279 232 
ECPSSR 88 113 118 118 78 67.1 
Exp. 53.3 54.2 38.9 32.7 35.1 16.4 

ctEC(M-K) 
MX 

First Born 606 832 895 893 559 465 
ECPSSR 175 226 236 236 157 134 
Exp. 129 99.3 135 77.4 51.5 46.5 
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targets, the cr̂ 1^ and a r e s u l t s rise significantly in 

all targets as their thicknesses decrease. The rise in 

a(°) for the thinnest targets is attributed to the relative 

contribution of contaminate x rays from low atomic number 

elements. Assuming a constant amount of contaminant, the 

associated error will increase as the target gets thinner. 

The large increase in and a r e f l e c t s the enhanced 

EC cross sections when the projectiles carry K-vacancies 

into the collision. 

The x-ray cross sections for all targets were 

determined from the results for the thinnest possible 

targets where approximately single collision conditions 

exist. The agreement between the ECPSSR theory and data 

for the L-shell is very good (Figs. 14 and 15) as compared 

with the M-shell (Figs. 16 and 17). M-shell data are 

subject to larger uncertainties than L-shell data because 

of the greater complexity of their spectra, contribution of 

contaminant x-rays, and lesser knowledge of the Si(Li) 

detector efficiency in the M-shell x-ray energy region. 

The first Born theory (PWBA+OBKN) consistently over-

predicts the data for all projectile charge states in 

Fig. 16 and Fig. 17. Again the experimental data is much 

closer to the ECPSSR theory than the the first Born theory. 

The inferred L-shell EC cross sections for one- and two-K 

vacancies (Figs. 18 and 19) were obtained by subtracting 

the DI plus EC to M-, N-, ... shells contribution, 
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Fig. 14. L-shell x-ray production cross sections 

for 25 MeV Carbon incident upon several thin 

targets. The uncertainty in these measured results 

is ±10%. 
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Fig. 15. L-shell x-ray production cross sections 

for 32 MeV Oxygen incident upon several thin 

targets. The uncertainty in these measured results 

(±10%) is approximately the size of the data 

symbols. 
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Fig. 16. M-shell x-ray production cross sections 

for 25 MeV Carbon incident upon several thin 

targets. The uncertainty in these measured results 

is ±23%. 
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Fig. 17. M-shell x-ray production cross sections 

for 32 MeV Oxygen incident upon several thin 

targets. The uncertainty in these measured results 

is ±23%. 
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Fig. 18. Inferred L-shell electron capture cross 

sections for 25 MeV Carbon incident upon several 

thin targets. The uncertainty in these measured 

results is ±14%. 
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Fig. 19. Inferred L-shell electron capture cross 

sections for 32 MeV Oxygen incident upon several 

thin targets. The uncertainty in these measured 

results (±14%) is approximately the size of the 

data symbols. 
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, from the total (DI+EC) cross sections, 

and / which includes DI plus EC to L—, M—, N—, ... 

shells (cf. Eqns. IV-12, -13). 

*LX ( L- ( i / 2 ) K ) = 4 x } ' °Lx} i = 1' 2 V" 1 

The uncertainty associated with these inferred L- to K-

shell EC cross sections is larger than the uncertainties of 

the original measurements.53 The EC contribution to the 

total cross section is generally less than 50%. Therefore 

a small error in the DI cross section can result in a large 

error in the inferred L- to K-shell EC cross section. To 

the extent that the cross sections, are uncorrelated, 

the square of the uncertainty of the inferred results is 

the sum of the squares of the individual uncertainties 

(i.e., ±14%) . 

As with the L-shell data, the inferred M-shell EC 

cross sections (Figs. 20 and 21) are reported as the 

difference between the zero K-shell vacancy results 

and the one and two K-shell 

vacancy results. Here again the uncertainty of the inferred 

results (±33%) is greater than the individual uncertainties 

(±23%). While both theories overestimate the M-shell data, 

the ECPSSR theory is closer to the data and the agreement 

appears to improve with increasing Z1/
z2' 
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FIG. 20. Inferred M-shell x-ray production cross 

sections for 25 MeV Carbon incident upon several 

thin targets. The uncertainty in these measured 

results is ±33%. 
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Fig. 21. Inferred M-shell x-ray production cross 

sections for 32 MeV Oxygen incident upon several 

thin targets. The uncertainty in these measured 

results is ±33%. 
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CHAPTER VI 

SUMMARY 

The L- and M-shell x-ray production cross sections for 

25 MeV 1|C(3+ (q=4,5,6) and 32 MeV 1|o<3+ (q=5,7,8) 

incident upon goNd' 64Gd' 67HO/ 70Yb/ 79Au' a n d 82 P b h a v e 

been measured as a function of target thickness. 

Measurements made for the thinnest targets (0.48 to 

2.2 5 /xg/cm2) were used to extract cross sections for DI 

plus electron capture to L-, M-, ... shells and electron 

capture to the K-shell. In comparing the L-shell results 

to the first Born and the ECPSSR theories, it was found 

that the PWBA plus OBK theory of Nikolaev consistently 

overpredicted the data by an order of magnitude or more 

while the ECPSSR theory was in very good agreement with the 

data. For the M-shell, the agreement between either theory 

and the data was not as good. However, the ECPSSR theory 

gave best overall agreement. 

93 



94 

References 

1 F. D. McDaniel, Nucl. Instrum. Methods 214, 57 (1983). 

2 B. M. Johnson, IEEE Trans. Nucl. Sci. NS-26, 1312 

(1979); B. M. Johnson, K. W. Jones, J. L. Cecchi, and 

T.H. Kruse, ibid. 1317. 

3 J. Kliwer and A. ElFiqi, ibid, 1323. 

4 B. D. Sartwell, A. B. Campbell, B. S. Covino, and T. J. 

Driscoll, ibid. 1670. 

^ K. R. Akselsson, IEEE Trans. Nucl. Sci. NS-28., 1370 

(1981). 

6 J. D. Spaulding in Proceedings of the Second Oak Ridge 

Conference on The Use of Small Accelerators for 

Teaching and Research, Oak Ridge, Tenn. (1970) ed. by 

J.L. Duggan, CONF-700322, p. 113 and references 

therein. 

7 J. M. Khan and D. L. Potter, Phys. Rev. 133, A890 

(1964). 

8 W. Brandt and G. Lapicki, Phys. Rev. A20, 465 (1979) 

and references therein. 

9 J. L. Duggan, P. M. Kocur, J. L. Price, F. D. McDaniel, 

R. Mehta, and G. Lapicki, Phys. Rev. A32, 2088 (1985). 

1 0 M. C. Andrews, F. D. McDaniel, J. L. Duggan, R. Mehta, 

G. Lapicki, P. D. Miller, P. L. Pepmiller, H. F. 



95 

Krause, T. M. Rosseel, and L. A. Rayburn, Nucl. Instr. 

and Meth. BIO/11. 181 (1985) and references therein. 

1 1 M. C. Andrews, F. D. McDaniel, J. L. Duggan, P. D. 

Miller, P. L. Pepmiller, H. F. Krause, T. M. Rosseel, 

and L. A. Rayburn, R. Mehta, and G. Lapicki, Nucl. 

Instr. and Meth. BIO/11. 186 (1985). 

1 2 R. Mehta, J. L. Duggan, J. L. Price, F. D. McDaniel, 

and G. Lapicki, Phys. Rev. A26, 1883 (1982). 

1 3 E. Merzbacher and H. W. Lewis, Encyclopedia of Physics, 

edited by S. Flugge (Springer-Verlag, Berlin, 1958), 

Vol. 34/ P- 1 6 6-

1 4 G. S. Khandelwal, B. -H. Choi, and E. Merzbacher, 

Atomic Data 1, 103 (1969); G. S. Khandelwal and E. 

Merzbacher, Phys. Rev. 151, 12 (1970); D. E. Johnson, 

G. Basbas, and F. D. McDaniel, At. Data Nucl. Data 

Tables 24, 1 (1979). 

1 5 J. D. Garcia, Phys. Rev. Al, 280 (1970) ; 1, 1402 

(1970); 4, 955 (1971). 

1 6 J. Bang and J. M. Hansteen, KGL. Danske Videnskob. 

Selskab, Mat-Fys. Medd. 31, No 13 (1959); J. M. 

Hansteen and O. P. Mosebekk, Z. Phys. 234, 281 (1970); 

Nucl. Phys A201. 541 (1973). 

1 7 G. Basbas, W. Brandt, and R. Laubert, Phys. Rev. A7, 

983 (1973). 

1 8 W. Brandt, R. Laubert, and I. Sellin, Phys. Rev. Lett. 

21, 518 (1966); Phys. Rev. 151. 56 (1966); W. Brandt 



96 

and R. Laubert, Phys. Rev. Lett. 2±, 1037 (1970). 

1 9 A. M. Halpern and J. Law, Phys. Rev. Lett. .31, 4 

(1973) . 

2 0 J. R. Oppenheimer, Phys. Rev. .31, 349 (1928) ; H. C. 

Brinkman and H. A. Kramers, Proc. Acad. Sco. 

(Amsterdam) 33, 973 (1930). 

2 1 V. S. Nikolaev, Zh. Eskp. Theor. Fiz. 51, 1263 (1966) 

[Sov. Phys.-JETP 24, 847 (1967)]. 

2 2 T. J. Gray, P. Richard, R. K. Gardner, K. A. Jamison, 

and J. M. Hall, Phys. Rev. A14, 1333 (1976); T. J. 

Gray, P. Richard, G. Gealy, and J. Newcomb, Phys. Rev. 

A19., 1424 (1979). 

2 3 G. Basbas, W. Brandt, and R. H. Ritchie, Phys. Rev. A7, 

1971 (1973). 

2 4 G. Basbas, W. Brandt, and R. Laubert, Phys. Rev. A17, 

1655 (1978) . 

2 5 W. Brandt and G. Lapicki, Phys. Rev. A10, 474 (1974). 

2 6 G. Lapicki and W. Losonsky, Phys. Rev. A15, 896 (1977). 

2 7 G. Lapicki and F. D. McDaniel, Phys. Rev. A22., 1896 

(1980); A23, 975 (1981). 

2 8 W. Brandt and G. Lapicki, Phys. Rev. A21, 1717 (1981). 

2 9 F. D. McDaniel, A. Toten, R. S. Peterson, J. L. Duggan, 

S. R. Wilson, J. D. Gressett, P. D. Miller, and G. 

Lapicki, Phys. Rev. A19, 1517 (1979). 

G. Lapicki, Bull. Am. Phys. Soc. 26, 1310 (1981). 

31 R. K. Rice, F. D. McDaniel, G. Basbas, and J. L. 



97 

Duggan, Phys. Rev. k2£, 758 (1981). 

3 2 R. Mehta, J. L. Duggan, F. D. McDaniel, M. C. Andrews, 

G. Lapicki, P. D. Miller, L. A. Rayburn, and A. R. 

Zander, Phys. Rev. A28, 2722 (1983). 

3 3 R. Mehta, J. L. Duggan, J. L. Price, P. M. Kocur, F. D. 

McDaniel, and G. Lapicki, Phys. Rev. A28, 3217 (1983). 

3 4 P. M. Kocur, J. L. Duggan, R. Mehta, J. Robbins, and 

F. D. McDaniel, IEEE Trans. Nucl. Sci. NS-30, 1580 

(1983) . 

3 5 H. D. Betz, Rev. Mod. Phys. 44/ 405 (1972). 

3 6 F. Hopkins, Phys. Rev. Lett. 15, 270 (1975). 

3^ K. 0. Groeneveld, B. Kolb, J. Schader, and K. D. 

Sevier, Z. Physik A277, 13 (1976); K. 0. Groeneveld, 

B. Kolb, J. Schader, and K. D. Sevier, Nucl. Instr. and 

Meth. 132, 497 (1976). 

3 8 F. D. McDaniel, J. L. Duggan, G. Basbas, P. D. Miller, 

and G. Lapicki, Phys. Rev. A16, 1375 (1977). 

3 9 Taken from R. Mehta, "M-shell X-ray Production of Gold, 

Lead, Bismuth, and Uranium for Incident Hydrogen, 

Helium, and Fluorine Ions", Ph.D. Dissertation, NTSU 

(1982) . 

4 0 FACELIFT is a least squares routine which fits several 

gaussian peaks plus a linear background simultaneously. 

It was obtained from R. Watson at the Physics 

Department, Texas A&M University. 

4 1 W. N. Lennard and D. Phillips, Nucl. Inst. & Meth. 166, 


