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Protons with energies ranging from 0.4 to 2.0 MeV were 

used to measure K-shell vacancy production cross sections 

(o^) for N2, CH4, C2H4, C2H6* and CO2 gas targets under 

single collision conditions. An electron—ion time-of—flight 

coincidence technique was used to determine the ratio of the 
EC 

K-K electron capture cross section, , to the K-vacancy 

production cross section, c^. These ratios were then combined 

with the measured values of to extract the K-K electron 

capture cross sections. Measurements were also made for pro-

tons of the same energy range but with regard to L-shell 

vacancy production and L-K electron capture for Ar targets. 

In addition, K-K electron capture cross sections were mea-
4 + 

sured for 1.0 to 2.0 MeV 2He ions on CH4. 

The agreement among the present measurements, previously 

published measurements, and the ECPSSR theory is excellent 

for protons incident on N2, Ar, and CH^. The proton measure-

ments of CH^ are unique to the literature. The ECPSSR is not 
4 + 

strictly suited for 2He ions since the ECPSSR is formulated 

for fully stripped projectiles. The ECPSSR is not found to be 



in agreement with the measurements for 2 H e + i o n s o n CH4» 

In addition, the ECPSSR predicts little or no variation in 

a E C for carbon when the carbon atom is contained in various 
K 

molecular compounds. 

The present measurements do indicate that there is a 

"molecular" dependence for the carbon atom K-K electron 

EC 
capture cross sections. The measured values of a for 

r. K e c 

C2H6, and CC>2 are all reduced in comparison with aK for CH4. 

The observed reductions are not found to be due to 

true chemical effects (target electron chemical shifts and 

occupation numbers). The reductions are best explained in 

terms of a model (exit effect) that calculates the probability 

that the neutralized (by electron capture) projectile re-

gains charge by intramolecular electron loss processes as 

it exits the molecule. The observed reductions are in very 

good agreement both in magnitude and in velocity dependence 

with the exit effect model calculations. 
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CHAPTER I 

INTRODUCTION 

Studies of atomic inner-shell vacancy production mech-

anisms and the subsequent de-excitation processes have 

provided physicists with a great deal of useful information 

about atomic structure during the past sixty years. The 

most common experimental technique for producing atomic 

inner-shell vacancies has been the use of energetic charged 

particle beams in collisions with target atoms. Ion-atom 

collisions are particularly useful in this regard because 

of the ease with which experimental conditions may be varied 

in a systematic manner. The development of charged particle 

accelerators and their widespread use in the fifties closely 

parallels the dramatic increase in the number of published 

articles related to inner-shell ionization (1)« 

Inner-shell vacancy production in ion-atom collisions 

occurs as a result of two vacancy producing mechanisms. 

The first is termed direct ionization (DI) and is simply 

the excitation or ionization of the inner-shell electron of 

the target atom due to the Coulombic interaction between the 

energetic ion and the target electron. The second vacancy 

production mechanism occurs when the target atom electron is 

captured into a vacant state of the projectile (EC)„ These 

two mechanisms are readily distinguished from each other 



in that the projectile charge is unaltered for DI but is 

reduced by one unit for EC. The experimental discrimintation 

between the two processes does not account for all the various 

ways in which a target inner-shell vacancy is observed simul-

taneously with a charge-neutralized (for H+, He+) projectile. 

For example, K-shell excitation followed by L-shell electron 

capture would still meet the initial and final state config-

EC 
urations but would obviously be indicate of aT rather than 
EC 

aK . The restrictions imposed by the Pauli exclusion prin-

ciple on the possible final states of the captured electron 

in the projectile may also be significant for some projec-

tiles. Reading (2), Becker et al. (3), and Reading et al. (4) 

have given elaborate theoretical calculations of such effects 

which, if significant, may affect the validity of the coin-

cidence technique for measuring true electron capture cross 

sections. However, some of the effects can be experimentally 

discriminated against as is the case for simultaneous K-shell 

excitation and L-shell capture. The use of sufficiently 

small enough energy resolution for the electron analyzer can 

eliminate this process by not allowing electrons from 

multiply-ionized satellite lines from entering the analyzer. 

In addition, the theoretical calculations mentioned (2 - 4) 

indicate no significant difference for proton impact when 

these various effects are considered. 

The subsequent de-excitation of the target atom proceeds, 

irrespective of the vacancy producing mechanism, by either 



radiative (X-ray) or non-radiative (Auger electron emission) 

processes. The fluorescence yield, o^, relates the proba-

bility for radiative vacancy filling to the sum of the 

radiative and non-radiative vacancy filling probabilities. 

Thus, cox is given in terms of the X-ray cross section, 

and the Auger electron cross section, O^, as follows: 

ax °x 
wx ~ a +cA - 7T • • • - D x A V 

where a i s the total vacancy production cross section. 

For the targets in this study 00 is of the order of 10-3 (5) , 
X 

therefore the decay of these vacancies is almost entirely 

due to the non-radiative Auger electron emission process. 

Measurements of Auger electron energy distributions are used 

to determine aA which is taken to be equal to av in light of 

the small values of <ox pertinent to this study. The measured 

values of (hereafter designated a^, a^, to denote specific 

shell cross sections) are used in another part of this study 

to extract electron capture cross sections (aEC, aEC). In 
K L 

addition the measured vacancy cross sections are compared to 

other published data and to the predictions of the relevant 

theories. 

The various theoretical treatments of vacancy production 

are mentioned here for completeness and are discussed in de-

tail in Chapter IV. These theories are for DI only and thus 

do not include contributions to vacancy production from EC. 

These theories are the classical binary encounter approximation 



(BEA) (6, 7), the semiclassical approximation (SCA) (8, 9), 

the quantum mechanical plane wave Born approximation (PWBA) 

(10), and the perturbed stationary state theory (ECPSSR) (11). 

These theories ignore the contribution to vacancy production 

due to EC and address only DI. The theories of DI predict 

vacancy cross sections which are proportional to (Z^/Z2)^ 

where Z^ and Z^ are the atomic numbers of the projectile and 

target atoms respectively. They also predict equal cross 

sections for equal velocity projectiles. These predictions 

are generally supported by the published data for Z << Z„. 
JL ^ 

However, for more symmetric collisions the theory under-

estimates the measurements. This fact that the measurements 

scale more rapidly than (Z-̂ /Ẑ )2 for more symmetric collisions 

led to the speculation that the failure of the (Z^/Z^ 2 pre-

diction might be due to the contribution of EC to the vacancy 

production. 

Theories of electron capture are discussed in detail in 

Chapter IV and will be briefly mentioned here. These theo-

ries are the Oppenheimer Brinkman Kramers (OBK) approximation 

(12), the modification of OBK by Nikolaev (OBKN) (13), and 

the reformulation of the OBKN in the PSS approach known as 

the ECPSSR (EC) (14). These theories predict that the EC 

contribution to vacancy production should be proportional 

to (Z^Z )5 so that for more symmetric collisions the EC 

process is not negligible in comparison with DI, In fact, 

the discrepancy between the DI theory and the experimental 



results was greatly reduced when the theoretical EC cross 

sections were added to the theoretical DI cross sections (15) 
O 

The implication that the failure of the (Z^/Z2) scaling 

observed in DI measurements might be due to the EC contri-

bution to vacancy production led to a renewed emphasis on 

experimental determinations of inner-shell electron capture 

cross sections. 

The first of these measurements was involved with the 

observed dependence of inner-shell X-ray production cross 

sections on the number of projectile K-shell vacancies. It 

was found in these experiments (16 - 25) that, under con-

ditions favorable to EC, the inner-shell X-ray production 

cross section was increased when the projectile brought one 

or more K-vacancies into the collision. Furthermore, the 

amount of the X-ray cross section increase was well repre-

sented by the theoretical electron capture cross section. 

Although it was reasonable to infer EC cross sections from 

the projectile charge state dependence of the X-ray pro-

duction cross sections it was not as compelling as a direct 

measurement of inner-shell electron capture. As mentioned 

previously, however, (2 - 4) for high projectile atomic 

numbers this method of infering EC cross sections may be 

more valid than the "direct" coincidence method. 

The first direct experimental determination of electron 

capture for a specific sub-shell was made by Macdonald et al. 

(26) for 2.5 to 12 MeV protons on argon. Vacancies were 



detected by observing characteristic x-rays, Vacancy pro-

duction cross sections were determined from the x-ray cross 

sections using experimental values for the fluorescence 

yeild, A time correlation between x-rays and charge-

exchange neutralized hydrogen atoms was obtained in a 

coincidence experiment. Although the resulting EC cross 

sections were in fair agreement with theory, the measured 

contributions of EC to vacancy production were less than 

0,4 per cent for all energies. Cocke et al, (27) used a 

similar technique to measure K—K electron capture cross 

sections for 0.75 to 5.0 MeV protons incident on C>2, N2, 

and Ne. For these collisions wx was small enough that nearly 

all vacancies were filled by the subsequent emission of 

Auger electrons. The values of a|C obtained were in good 

agreement with theory but were less than 3 per cent of 
K 

for all collisions studied. Rodbro et al, (28) also used an 

EC 

electron-ion coincidence technique to determine for 0.4 

to 3.0 meV/amu H+, He++, and Li3+ projectiles in collisions 

with CH^ and Ne. They also measured for the same pro-

jectiles in collisions with Ar. For these higher (Z1/Z2) 

ratios the contributions of electron capture to vacancy pro-

duction were found to be much larger with a maximum contri-

bution of 46 per cent for 0,27 MeV/amu 3He++ ions on CH4. 

The importance of the role of electron capture in inner-

shell ionization was thus firmly established. 



An electron-ion coincidence technique is also used in 

the present study to determine the ratio o^C/oi. The K-K 
xx IN. 

EC 

electron capture cross section, aK , is then determined from 

the ratio by multiplication with the value of obtained in 

a separate part of this work as mentioned previously. The 
EC 

measurements of c?K reported in this work fall into three 

categories: 

1. Collisions for which published data is available 

for comparison 
2. Collisions that are new to the literature 

3. Collisions with carbon as a target in various 

chemical forms. 

Of all the measurements to be reported in this work, 

those involving proton collisions with N2, Ar, and CH^ fall 

into category one. Values of a®c will be reported for 0.5 

to 2.0 MeV protons in collisions with N2 and for 0.4 to 1.75 

MeV protons in collisions with CH^. In addition, protons 

ranging in energy from 0.5 to 2.0 MeV were used in collisions 

with Ar to determine values of cE<--
L 

The measurements of a^C to be reported here for proton 

collisions with C^H^, an<^ as well as the measurements 

4 + • 

for 2^e ion collisions with CH^ are unique to the literature. 

The projectile energy ranges were 0.4 to 1.75 MeV for protons 

and 1.0 to 2.0 MeV for |He+ ions. 

Although much has been said about the interest in the 

collisions mentioned above, nothing has been said with regard 
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to interest in category three collisions. Interest in these 

types of collisions dates back to early attempts to determine 

quantities for molecules based on the associated quantities 

for the individual atoms. Perhaps the earliest example is 

the Bragg rule (29). The Bragg rule states that the stopping 

power of a compound is determined by the sum of stopping 

powers for its individual atoms. 

The Bragg rule does reasonably well for high-velocity 

projectiles but is violated at lower velocities (30). Simi-

lar additivity rules have also found only limited success in 

other fields. Deslattes (31) and Jackson (32) found additi-

vity failure in photoionization measurements. Other areas in 

which additivity failure has been observed are pion capture 

from complex molecules (33) , Auger electron and x-ray pro-

duction in inner-shell ionization (34), and in electron 

capture processes (35, 36). 

In the work of Toburen et al. (37), total electron 

capture and electron loss cross sections were measured for 

100 to 2500 keV protons on H2, CH4, C2H4, C2H6, C4H10, and 

other gases as well. In that work, total electron capture 

and electron loss cross sections for atomic carbon were 

determined using the additivity rule. The atomic carbon 

electron capture cross sections were not determined to be 

identical within the relative uncertainty of 10 per cent, 

for application of the additivity rule to different hydro-

carbon compound electron capture measurements. The values 



obtained for the total electron capture cross section for 

carbon by applying additivity to the various hydrocarbon 

compounds were different by amounts approaching 50 per cent 

at some velocities (37) . Consider the error bars in Figure 12 

of reference 37 which are indicative of the range of atomic 

carbon electron loss cross sections found by applying 

additivity to different carbon compounds, 

Bissinger et al. (36) measured the total electron cap-

ture cross sections for various hydrocarbon compounds with a 

smaller relative uncertainty of 2 per cent. They found that 

additivity failed to a degree dependent on the mean free path 

for the survival of the projectile-captured-electron neutral 

particle as it exited the molecule. The velocity depen-

dence of their measured total electron capture cross sections 

was supportive of this survival model ("intramolecular elec-

tron loss process-exit effect"). 

In the present work (for category 3 collisions), elec-

tron capture cross sections for the K-shell alone, aEC, have 
K 

been measured for single carbon atoms contained in CH4, C2H4, 

c2h6' a n d co2 gaseous compounds during collisions with 0,4 

to 1.75 MeV protons. It is reasonable to expect that the 

K-shell electron capture cross section should be virtually 

unaffected by valence shell chemical bonding. A reduction of 

EC 

oK averaging 16 per cent is observed for carbon in C02 com-

pared. to carbon in CH^* The additivity failure observed by 

Bissinger et al. for the total capture cross section is thus 
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unlikely to be due to L-shell electron rearrangements 

(entrance effect) since comparable changes in K-shell elec-

tron capture are observed in the present work. This supports 

Bissinger's conclusion that the additivity failure is due to 

the intramolecular electron loss exit effect and not due to 

L-shell electron redistribution during compound formation. 

It must be pointed out, however, that the exit effect model 

relies on the total electron loss cross sections for carbon 

as given by Toburen et al. These carbon loss cross sections 

were obtained using additivity and were uncertain by nearly 

50 per cent at some energies. The failure of additivity is 

certainly minimal for CH4 compared to other more complex 

carbon compounds. The exit effect model calculations out-

lined by Varghese et al. (36) were termed the geometrical 

outscattering model (GO) and were used in that work to 

determine atomic total electron capture cross sections from 

molecular total electron capture cross sections. Appli-

cation of the (GO) model to proton impact on carbon in CH4, 

C2H4' C2H6' a n d c02 Predicts reductions in the carbon a^c 

for all targets listed with respect to that of CH4. The 

(GO) model uses atomic carbon total electron loss cross 

sections obtained from Toburen et al. (37), In application 

of the (GO) model to the present results, the atomic carbon 

loss cross sections were determined by applying additivity 

to the and CH^ molecular total electron loss cross sections 

EC 
of reference 37. The present experimental aK results are in 
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very good agreement both in magnitude and in velocity 

dependence with the (GO) calculations. 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

The experimental results reported in this dissertation 

were obtained after a continuous evolution of the experi-

mental apparatus over a period of several years. In some 

sections of this chapter more detail will be given than is 

necessary to comprehend the experimental results. This 

additional detail is not included by accident, but rather in 

an attempt to document the specifics of construction and 

operation of all parts of the experiment. In this way the 

chapter may serve as a source of reference for future re-

searchers at North Texas State University who may wish to 

continue these experiments or modify the apparatus for some 

other purpose. The major experimental features to be de-

scribed in the various sections of this chapter are the 

following: 

1. Ion beam preparation and transport to target chamber, 

2. Detection of Auger electrons (details given in 

Appendix), 

3. Detection of neutral beam following charge exchange 

with target gas, 

4. Vacancy production cross section measurements 

(singles), 

5. Electron capture cross section measurements . 

15 
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Beam Preparation and Transport 

Singly ionized hydrogen and helium ions were formed by 

leaking hydrogen or helium gas into the evacuated ion source 

bottle of the 2.5 MV Van de Graaf accelerator at North 

Texas State University. A radio frequency (rf) oscillator 

was used to ionize the gas in the source bottle. The posi-

tive ions produced in this way were extracted from the 

source bottle (which is in a field-free region inside the 

accelerator terminal dome) by application of a positive 

potential to a probe electrode at the end of the source 

bottle. The maximum probe potential is 2300 volts. The 

kinetic energy imparted to the ion beam by the probe is 

sufficient to extract the ions from the source bottle into 

the accelerator tube. The tube consists of 55 glass seg-

ments separated by metal plates with field-defining aper-

tures which are electrically connected to the accelerator 

columns through which the accelerator dome potential is 

reduced to ground potential in 55 equal gradients. These 

gradients are accomplished by connecting the columns in 

series with a column resistor (R -1.2xl0^fi) between each pair 

of columns. The first column resistor is placed between 

the first and second columns rather than between the acceler^ 

ator dome and the first column. The series circuit is 

completed and column current established by connecting the 

dome to the first column through the focus power supply. 
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This supply maintains the first column at a lower potential 

with respect to the dome potential. The first column is 

connected to the focus electrode through which the ion beam 

must pass. The electrically attractive (for positive ions) 

focus electrode serves to produce a well defined ion beam 

with a small angular divergence. The level of the focus 

power supply is adjusted after observing the ion current 

striking an isolated metal ring located just beyond the end 

of the accelerator tube. The focus power supply is adjusted 

until this ring current is minimized thus indicating that 

most of the ion beam is passing through the center of the 

ring and hence down the center of the beam line. The energy 

of the ion beam is determined by the equilibrium dome 

potential and the ion charge state. The dome potential is 

brought to equilibrium by controlling the rate of charge 

transfer to the accelerator charging belt and by controlling 

the rate of charge leakage from the dome through a set of 

adjustable metal "corona" points. When the corona points 

are moved toward/away from the dome more/less charge is re-

moved from the dome resulting in a lower/higher equilibrium 

dome potential. 

The ion beam continues along the evacuated beam line 

until it passes through the High Voltage Engineering Corpor-

ation (HVEC) bending electromagnet. The magnetic 

field is varied by controlling the current through the use of 

a Hall effect probe. The ion beam energy is determined from 
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the Hall probe voltage by calibration to known nuclear 

reactions (p, y) resonances. The experimental work reported 

in this dissertation was performed on the 30 degree right 

exit portal of the HVEC magnet. 

The 30 degree right beam line (Auger electron beam line) 

was constructed from four inch outer diameter stainless 

steel pipe and is maintained at pressures on the order of 
_ 7 

10 Torr by two six inch diffusion pump stations. These 

pumps axe separated from the beam line by freon refriger— 

ated baffles. A Third six inch diffusion pump station 

housed under a Varian (Model #961-70050) target vacuum 

chamber is equipped with a liquid nitrogen cold trap and 

is able to maintain chamber pressure approaching 10~® Torr. 

All pumps are equipped with thermal cutoff protection and 

are cooled with chilled distilled water from a water chiller. 

electrostatic quadrupole lens and four electromagnetic 

beam steering coils are used to focus and steer the beam 

toward the Varian chamber entrance. The ion beam energy is 

stabilized through the action of the energy control slit 

located just before the chamber. The energy control slit is 

formed by two isolated metal plates which can be adjusted 

so as to produce a variable width slit between them. The 

metal plates are connected through an amplifier and feedback 

system to the corona point adjustment circuit of the acceler-

ator. The small dimension of the slit is in the direction in 

which the ion beam moves upon a change in the beam energy. 
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A large ion beam current on the low energy side plate causes 

a feedback signal to raise the corona points away from the 

dome thus increasing the dome potential and redirecting the 

ion beam toward the center of the energy control slit. 

After passing the energy control slit the ion beam is well 

collimated by two circular aperture collimators (labelled 

Cj and C2 in later figures, see Figure 10) that are separated 

by 1.0 m. These collimators can be varied without breaking 

the beam line vacuum. For the measurements of this work the 

diameters of C-̂  and C2 were 0.5 mm and 1.0 mm respectively. 

The collimated ion beam was then subjected to a horizontal 

(in the direction of beam movement upon change in beam energy) 

electrostatic deflection. The horizontal deflection plates 

are constructed of aluminum and are 6 inches in length. The 

distance between the plates can be varied without breaking 

chamber or beam line vacuum. The purpose of this deflection 

system is given in the section to follow on detection of 

the neutral beam formed following charge exchange with the 

target gas. The collimated and deflected beam is aligned to 

the center of a third collimator, C^. This clean-up collima-

tor is 2 mm in diameter and is positioned in the target cham-

ber immediately before the target gas cell. 

The target chamber arrangement and other details asso-

ciated with the detection of Auger electrons is given in 

the next section. The details of the electron analyzer 

and its electron-optics lens system have been given previously 

(1) and are also presented in Appendix I. 
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Detection of Auger Electrons 

Auger electrons are detected in the Varian target cham-

ber following collisions between the energetic ion beam and 

single target atoms located in a target gas cell. The 

specific features of the chamber are discussed next. 

A top view of the Varian chamber is shown in Figure 1. 

The features labelled 'A' - 'D' are 2 3/4 inch outer diameter 

Varian conflat flange portals with center axes perpendicular 

to the plane of the chamber bottom. Portal 'A' is used as 

a feedthrough for the static gas target cell. Portals 'B' 

through 1D' are also located on the chamber bottom on a 

4 1/2 inch radius circle centered at the chamber center. 

Portals 'C' and !D' are currently not being used while 

portal 'B' is used as a feedthrough for an externally 

rotatable electron analyzer platform which will be described 

in detail later. The angular readings represent the po-

sitions of the various conflat flange portals and a large 

pump-out area. The lines drawn at 330, 0, 30, 60, 120, 150, 

and 180 degrees represent 2 3/4 inch outer diameter conflat 

flange portals located on the sides of the chamber with their 

center axes directed radially along a plane parallel to the 

plane of the chamber bottom. These portals are used for beam 

entrance and exit, electrical feedthrough, and target gas 

feedthrough. The region from 240 degrees to 270 degrees is 

a pump-out area that can be separated from the chamber 
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Figure 1, Top view of the Varian target chamber. 
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diffusion pump by a butterfly valve. The gas cell, analyzer 

Platform and electron analyzer are surrounded by a 1/16 inch 

thick section of Perfection Mica Company Conetic magnetic 

shielding material. 

The purpose of the magnetic shielding is to prevent 

the distortion of the electron's trajectory due to unwanted 

magnetic fields. The Earth's magnetic field, for example, 

has horizontal and vertical components on the order of 

several hundred milliGauss in North America. Such magnetic 

fields, if allowed to influence the detected electrons, 

would produce undersirable distortions of the electron's 

momentum vector. For example, a 200 mG field deflects an 

100 eV electron in a circular path with a radius of curvature 

equal to 1.7 meters. In general, the radius of curvature 

is given by: 

r(meters) = 34 E (eV)/B(mG),..11-1 

where Eel is the electron energy in eV and B ds the magnetic 

field in milliGauss. 

The influence of the Earth's magnetic field has been 

reduced in the chamber region through use of commercially 

available Conetic magnetic shielding from Perfection Mica 

Company. A flat piece of 1/16 inch thick Conetic magnetic 

shielding material with a length of 47 1/8 inches and a 

width of 104 inches was cut and various holes were punched 

out. Eight holes of one inch diameter were punched to 



24 

coincide with the chamber side conflat flange portals. In 

addition, 55 holes of 3/4 inch diameter were cut into a 

region coinciding with the large pump-out hole of the cham-

ber. The large number of closely spaced holes was chosen to 

prevent a great reduction in the magnetic field annul-

ment properties of the shielding that would have occurred 

if a single large hole had been punched out for the pump-

out area. The flat piece of shielding was then rolled into 

a 15 inch diameter cylinder and the seam was HELIARC welded 

in place. A top and bottom cover piece was formed with no 

holes in the top and eight holes in the bottom. Three of 

the holes in the bottom were of one inch diameter and co-

incided with portals 1B1 - 1D1. The center bottom portal, 

'A', coincided with a l l / 4 inch diameter hole in the mag-

netic shielding. The four remaining holes were of 1/2 inch 

diameter and allowed for the fastening of the rotatable 

platform to the chamber bottom. 

The above mentioned physical shaping of the Conetic 

shielding was followed by a carefully controlled heat 

annealment process. The shielding was commercially heat 

treated in a pure hydrogen batch furnace to a temperature 

of 2100 degrees Fahrenheit for a period of three hours, A 

slow cool-down with the shielding in the hydrogen atmosphere 

proceeded at a rate of 400 degrees Fahrenheit each hour 

until 100 degrees Fahrenheit was reached. The shielding was 

then fast cooled in a non-oxidizing atmosphere until 600 
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degrees Fahrenheit was reached at which time it was removed 

from the furnace and fan cooled to room temperature. 

Measurements of the magnetic field inside the chamber 

were taken with and without magnetic shielding (before heat 

treatment) and with magnetic shielding after heat treatment. 

The results indicate that the shielding reduces the magnetic 

field by a factor of ^5 before heat treatment and by a factor 

of -15 after heat treatment. 

The electron analyzer was mounted on a rotatable plat-

form inside the chamber within the magnetic shielding. The 

primary purpose of the platform was to allow for angular 

distribution measurements. The platform is, however, useful 

in that it helps in making the proper positional alignment 

of the electron analyzer to the openings in the gas target 

cell. The details of the design and construction of the 

platform system is described next. 

A side view of the platform with shaft and gears is 

shown in Figure 2. A quick glance shows that the platform 

assembly actually consists of two platforms, one of which 

is fixed to the chamber bottom while the top platform is 

allowed to move above the bottom platform. The movement 

the top platform is facilitated by the non—magnetic 

steel balls which are constrained in a groove on each plat-

form. A common feature of all designs for apparati inside 

the chamber is the non-magnetic nature of all materials. An 

externa1 shaft extends through the bottom portal 'B', 
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Figure 2, Design drawing for the rotatable electron analyzer 
support platform. Rotation of the analyzer is 
accomplished without breaking the chamber vacuum. 
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The double '0' Ring feature maintains vacuum during external 

rotation of the shaft. The pump-out port is connected to the 

roughing line of the chamber pumping system and maintains 

roughing pressure in the shaft tolerance region between the 

two '0' Rings. The vertical positioning of the shaft is 

maintained by the column supports and the attached flange 

with the Teflon bushing. The feature at the far left in 

Figure 2 is the target gas cell structure. 

Gaseous targets were chosen since single collision 

conditions are easily met and target densities conveniently 

controlled. Also, much experimental work has been done by 

other workers on gaseous targets. And perhaps the best rea-

son for choosing gaseous targets is the avoidance of electron 

energy loss in the target which makes solid target mea-

surements difficult to interpret. 

target gas cell structures that were constructed 

are shown in Figure 3. The system consists of an inner and 

an outer cylinder and a support pipe structure. The support 

pipe structure is located at the center of conflat flange 'A' 

and is terminated by a double conflat flange structure. A 

four inch diffusion pump was attached to the bottom flange 

sealing surface to provide differential pumping of the gas 

cell region. The outer cylinder is adjusted to the beam 

line axis and fixed to the support pipe structure by three 

set screws. The various gas cell apertures are shown in 

the insert diagram. These apertures allow for ion beam 
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Figure 3. Differentially—pumped target gas cell structure. 
Target pressure is measured with the capacitance 
manometer. 
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entrance and exit, charged particle detection, and electron 

detection. For this experiment all electrons were detected 

at 90 degrees as shown in Figure 4. The target collision 

area is confined within the inner cylinder. Gas target inlet 

and gas cell pressure monitoring is accomplished through 1/4 

inch copper tubing inlets at the top of the inner cylinder. 

A thin layer of gold was vacuum deposited on the inside of 

the inner cylinder to prevent unwanted oxidation and the 

subsequent build-up of charge on the inside walls. The pre-

paration of the inner cylinder with a gold layer was 

necessitated by experimental observations of the shifting 

of electron peak energies as a function of target gas 

pressures. 

With the exception of the electron analyzer (see the 

Appendix) this concludes this section on the procedures for 

detecting electrons. 

The preceding sections on beam preparation and trans-

port, and electron detection contain all the background 

information necessary to understand the experimental pro-

cedures necessary for the vacancy production cross section 

measurements. There is, however, one additional concern 

that needs to be treated before an understanding of the 

experimental procedures for the coincidence experiment can 

be obtained. 

As mentioned previously in Chapter I, the production 

of target vacancies occurs as the result of either the 
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Figure 4, The vacancy and electron capture experimental 
arrangement, For vacancy measurements, the 
vertical dflection is zero and the Faraday 
cup is lowered to accept the beam and protect 
the SBD as well. 
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direct ionization (DI) mechanism or the electron capture 

(EC) mechanism. The DI process does not affect the pro-

jectile charge state. However, the EC process reduces 

the projectile charge state by one unit (for single electron 

capture) which for the case of the singly ionized projectiles 

of this experiment leaves the projectile electrically neutral. 

This neutralization of the ion beam occurs all along the beam 

line through charge exchange with the residual molecules 

found in the less than perfectly evacuated beam line. The 

greatest difficulty in this experiment has been found in 

trying to control the intensity of this neutral beam and in 

particular in trying to localize the region of neutral beam 

formation to target gas cell area. The procedures used to 

obtain this control are discussed in the next section. 

Detection of Neutral Beam 

The discrimination between the DI and EC vacancy 

producing modes was made experimentally according to the 

projectile charge state immediately following the collision 

area. This was accomplished by means of a pair of electro-

static deflection plates (vertical deflection, in other 

words, deflection perpendicular to the ion beam direction 

and perpendicular to the direction of ion beam movement 

upon change in the ion beam energy) located =5 cm. beyond 

the target center. The experimental arrangement is shown in 

Figure 4. Projectiles producing vacancies by DI retain 

their single unit of charge and are deflected vertically, 
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whereupon they are detected in a biased Faraday cup located 

—1.2 meter beyond the target chamber. Those projectile pro-

ducing vacancies by EC are neutralized and therefore unaffected 

by the vertical deflection plates. These projectiles, along 

with the neutral beam from areas other than the collision area, 

are detected in a 300 mm silicon surface barrier particle 

detector (SBD) located 1.2 meters from the target center. 

These neutral projectiles produce a signal in the charged par-

ticle detector since the neutral beam will readily become 

charged upon contact sith the detector sensitive surface. It 

is crucial to the coincidence experiment analysis that all col-

lisionally neutralized projectiles be detected in the particle 

detector. The ability of the SBD to produce individual signals 

for individual events is severely impaired at high count rates. 

When slow linear amplifiers are used this maximum count rate is 

on the order of 10^ Hz. The neutral count rate depends on 

the following factors: 

1. Beam line vacuum 

2. Ion beam current 

3. The nature of the target gas 

4. Target gas pressure 

5. Careful alignment of collimators. 

When this experiment was first attempted, the observed neu-

tral count rate for a 1 nA proton beam with no target gas 

was on the order of 8 - 10 kHz. The input of virtually 

any useable quantity of gas quickly ran the count rate 
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beyond the capabilities of the SBD and the linear ampli-

fier electronics. Many months were spent in efforts to 

reduce the neutral count rate. Small reductions in the count 

rate were seen when the beam line vacuum was slightly im-

proved. Careful choice of collimator arrangements were 

also of some help. It was noticed, however, that changes 

in the beam line vacuum between the bending magnet and the 

chamber were accompanied by significant changes in the 

neutral count rate. It was at this time that the horizontal 

deflection plates, mentioned previously, were placed in 

the beam line immediately after the second collimator and 

immediately before the target chamber entrance. These 

deflection plates insured that the beam directed to the 

target chamber had only a small neutral component from 

charge exhange with the residual molecules in the beam line 

from the magnet to the horizontal deflection plates. Pro-

jectiles neutralized by charge exchange with the residual 

molecules in the beam line between the magnet and the de-

flection plates and were allowed to pass unhindered through 

the deflection plates and were blocked from entering the 

target chamber. The charged ion beam was deflected and the 

remainder of the apparatus lined up to the new ion beam axis. 

Originally the use of horizontal deflection plates was 

deemed undesirable since the deflection voltage must be 

altered when the ion beam energy is changed. As it turned 
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out these changes were easily made. In addition, the hori-

zontal deflection was very useful in the alignment of the 

clean-up collimator, C3, and in the alignment of the gas 

cell apertures for the ion beam. In practice, the gas 

cell and clean-up collimator were aligned to the vertical 

position of the beam. Proper horizontal alignment was 

accomplished by varying the horizontal deflection and by 

observing the transmitted ion beam current and the shape of 

the neutral peak from the SBD. For misalignment, the ion 

beam scattered from the clean-up collimator and a low 

energy shoulder was observed on the neutral peak. This low 

energy shoulder was associated with scattered charged 

particles since it can be removed by use of an external 

magnet placed between the chamber and the particle detector. 

Electron energy distributions taken with and without the 

external magnet were essentially identical. The two neutral 

beam energy distributions shown in Figure 5 were taken with 

and without the external magnet. The lower of the two 

distributions was typical of the SBD output for the coinci-

dence experiment. 

The neutral particle detector (SBD) was energy cali-

brated using a standard 241Am radioactive alpha source. 

The calibration electronic schematic is given in Figure 6. 

In this way the ion beam energy could easily be verified 

by observing the channel number of the neutral peak and then 

reading the energy from an energy versus channel number 
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Figure 5, SBD energy distributions shown here with and 
without the large external magnet. 
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Figure 6, SBD energy calibration electronics, 
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calibration curve. The ion beam species could be verified 

by accumulating an energy distribution from projectiles 

scattered in the target gas at 90 degrees to the incident 

beam direction. A 100 mm2 SBD was positioned at 90 degrees 

for another experiment and was occasionally used to verify 

the beam species. Other factors such as the electron count 

rate and the neutral count rate offered quick verification of 

beam species. In all cases, the bending magnet selection 

parameters yielded the correct beam. The horizontal de-

flection before the chamber was further insurance against 

the transport of the wrong beam to the target area (see 

Figure 4). 

The major experimental difficulties associated with the 

general type of measurements have now been discussed in 

the preceding three sections. The final two sections of this 

chapter will be devoted to giving the detailed experimental 

procedures for the two experiments of this work. it is in 

these experiments that the vacancy production cross sections 

and the electron capture cross sections were measured. 

Vacancy Production Cross Section Measurements 

The targets studied in this work are all characterized 

by fluorescence yields on the order of 10-^, Therefore, 

the decay of vacancies proceeds almost exclusively by the 

non-radiative Auger electron emission process. This is true 

irrespective of whether the vacancy has been produced by DI 
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or EC. Therefore, one can measure the vacancy production 

cross section by obtaining an electron energy distribution 

curve. In order to obtain an absolute cross section the 

solid angle subtended by the electron analyzer and the 

analyzer efficiency must be determined. Absolute cross 

sections are not reported in this work. Instead the cross 

sections are normalized to the absolute measurements of 

Stolterfoht and Schneider (2) for 0.6 MeV protons incident 

on CH4 gas. The normalization procedure is described next. 

An electron energy distribution is obtained as described 

in the Appendix. Typical electron energy distributions 

are shown in Figure 7 for 0.6 MeV Jh+ ions and in Figure 8 

for 1 MeV |He+ ions incident on CH4. Recall that the 

electrons are accumulated in each channel (corresponding to 

electron energy) until a preset number of projectiles have 

passed through the target area. In addition, the electron 

analyzer is operated at a constant energy separation for 

all channels in the spectrum. The Auger electron group 

was integrated after background subtraction. The integrated 

yield per incident projectile for 0.6 MeV *H+ ions incident 

on CH4 was multiplied by a normalization factor so as to 

give a vacancy production cross section equal to 9.54 x 10~9 

2 

cm , the absolute value from Stolterfoht and Schneider (2), 

All measurements were taken with a constant gas pressure of 

3.0 m Torr as measured by the capacitance manometer, and 

typical beam currents were in the range of 100-200 nA. 
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Figure 7, Electron energy distribution obtained for 
0,6 MeV protons incident on CH., 
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Figure 8, Electron energy distribution obtained for 
1,0 MeV 2 H e + ions incident on CH4. 
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The same normalization factor was used to scale all measured 

integrated yields per incident projectile for other energies 

or both ^H+ and ^Ee+ projectiles. All measurements were 

taken with an instrumental energy separation of *4eV at FWHM. 

The manner in which electron background subtraction was 

accomplished will be described next. 

The continuous electron background profile on which 

the Auger peaks are superimposed was determined by a mathe-

matical fitting procedure. The procedure was in the form of 

a computer program called KIFIT. An electron energy spectrum 

is first stored in the computer and displayed in the computer 

terminal. Background regions on both sides of the Auger 

group are indicated by the placement of cursors on the ter-

minal. The program then generates a background curve by 

fitting the two background regions, through a least squares 

procedure, to a quadratic function, y, given by 

y = ax2 + bx + c ... II - 2 

The program returns the values of a, b, and c. The back-

ground fit may then be superimposed on the spectrum to 

verify that the generated function is indeed a good fit to 

the background. In general, the integrated yield per inci-

dent projectile is reproducable to within five to ten per 

cent when the background fit is visually checked on the 

terminal. An estimate of the quantitative precision of the 

fit was obtained by modifying the program so that it could 
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compare the fitted values of the background with the 

real background values. The overall chi-square was calculated 

by determining the difference between each fitted value and 

the associated real value. The difference is divided by the 

real value and the result is squared tfc form a component of 

the total chi-square associated with each channel. The over-

all chi-square parameter generated by KIFIT is the sum of 

the components from each channel in the two background 

regions. Mathematical fits with a large overall chi-square 

were rejected. The reproducibility of integrated yields 

obtained in this way was found to be - 2 - 3 per cent. A 

typical electron energy distribution is shown in Figure 9 

along with the fitted background curve. 

The electron capture cross section measurements were 

made using essentially the same experimental arrangement as 

for the vacancy measurements. The vertical deflection 

plates were used to provide the means to discriminate between 

the DI and EC vacancy producing mechanisms. The final 

section of this chapter will detail the electron capture cross 

section experimental procedures. 

Electron Capture Cross Section Measurements 

The experimental arrangement for the electron capture 

experiment is shown in Figure 10. The discrimination be-

tween the DI and EC vacancy mechanisms is accomplished by 

the vertical deflection plates. These plates are uncharged 
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Figure 9, Electron energy distribution obtained for 
0,6 MeV protons incident on CE.. The back-
ground curve generated by KIFIT is represented 
by the solid line. 
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Figure 10, Coincidence experimental arrangement and 
electronic schematic. 
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for the vacancy measurements and the biased Faraday cup was 

positioned to accept the primary ion beam for normali-

zation purposes. The Faraday cup also blocked particles 

from striking the sensitive SBD during vacancy measurements. 

The vertical dflection voltage necessary to raise the 

primary beam above the SBD was first empirically determined 

as a function of ion beam energy, A typical value of the 

vertical deflection voltage for a 1 MeV ion beam (singly 

ionized) was about 3 kV. The neutral beam energy distri-

butions were unaffected by the vertical deflection voltage 

so long as the deflection was sufficient to raise the pri-

mary beam above the SBD. The primary beam current in this 

experiment was typically less than 5 nA for protons and less 

than 1 nA for ^He+ ions. These small currents are sufficient 

to destroy the SBD if such beams are allowed to strike the 

detector sensitive surface. The primary beam must not strike 

the particle detector. 

All projectiles which have become neutralized prior to 

the vertical deflection are unaffected by the deflection 

Plates and therefore continue down the coincidence beam 

line. This is the section of beam line (hitherto unmentioned) 

between the target chamber and the particle detector. The 

particle detector is housed in a separate chamber which is 

maintained at a pressure of <lxl0"7 Torr by an additional 

six inch diffusion pump system located under the particle 

detector chamber. As mentioned previously, the neutral 
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beam intensity is dependent upon many factors. The neutral 

beam of interest is that produced in the target collision 

area through the capture of a target electron by the singly 

ionized projectile. The procedures used to minimize the 

unwanted neutral beam intensity have already been discussed 

in an earlier section of this chapter. The near simul-

taneous production of an Auger electron (indicating vacancy 

production) accompanied by a charge neutralized projectile 

is the signature of the electron capture event. The neutral 

beam flight time from the target center to the SBD (located 

1.2 meters away) is easily calculated as a function of the 

beam energy. A known time correlation then exists between 

the detection of an Auger electron and the subsequent de-

tection of a neutralized projectile. There is no time 

correlation between a detected Auger electron resulting 

from a vacancy created by the DI process and the detection 

of neutralized projectiles. Therefore, the discrimination 

between the two processes (DI and EC) may be obtained by 

looking for the known time correlation of the EC process. 

The schematic of the electronics is also shown in 

Figure 10. The electronics associated with the detection 

of electrons is discussed in the Appendix. The arrange-

ments that are required to generate and prepare output 

signals from the electron detector (channeltron) are not 

shown in Figure 10, but are also included in the Appendix. 

Vacancies produced by the ion beam in collisions with the 
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target gas atoms are subsequently filled primarily by the 

non-radiative Auger electron emission process. The detection 

of an Auger electron (of appropriate energy) thus signifies 

the decay of a vacancy whether that vacancy was created by 

DI o r Ec' The total number of electrons detected is 

therefore proportional to the vacancy production cross 

section, aV or av. 
K L 

Output pulses from the channeltron are shaped and ampli-

fied by an Ortec 142A preamplifier. The Ortec 142A has both 

energy information and timing information outputs. The 

energy output is of little concern since the electron energy 

is determined by the electron analyzer parameters and is 

well known. The timing output of the preamplifier is a 

fast unipolar negative signal with a rise time of less than 

5 ns and with a duration on the order of 20 ns, The ampli-

tudes of such signals are typically = one volt and no further 

amplification is necessary. These fast timing signals are 

input to an Ortec 463 Constant Fraction Discriminator (CFD) 

The CFD reduces the time jitter that is found in threshold 

discriminators. For a threshold discriminator the output 

pulse is mtiated when the input pulse rises in amplitude 

above the threshold setting. Therefore, input pulses of 

varying amplitudes will initiate output timing pulses at. 

different times depending on the size, shape, and rise time 

of the input pulses even when all input pulses are coincident 

to the discriminator. The CFD forms a bipolar signal from 
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the input pulses in such a way that all coincident input 

pulses produce CFD bipolar pulses that cross from negative 

to positive at the same point in time. The CFD produces a 

standard NIM 700 millivolt negative fast timing pulse for 

each signal crossover. A slow logic output counting signal 

is also generated although this output is not shown in 

Figure 10. The standard timing output signal is connected 

to the start input of an Ortec 437A Time to Amplitude Con-

verter (TAC). The TAC builds an output pulse at a constant 

rate beginning immediately after the receipt of a start 

signal and continuing until a stop signal is received. 

The stop signal to the TAC is initiated by the detection 

of a neutral particle at the SBD, The amplitudes of the 

pulses generated by the SBD are dependent on the neutral 

beam energy and are typically less than 20 millivolts. 

These signals are amplified and shaped by an Ortec 142B pre-

amplifier, The 142B preamplifier is designed for the rela-

tively high detector capacitance of -250 pF and was used 

with the SBD. By contrast the 142A is a low input capacitance 

preamplifier and is suitable for the very low capacitance 

associated with the channeltron, In fact, the 142B is 

unstable when used with the channeltron. The outputs of the 

142B have essentially the same characteristics as the 142A, 

The energy of the neutral particles is of great importance 

to the interpretation of the experimental results. Therefore, 

the energy output is sent to an Ortec 440A linear amplifier. 
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The energy output is positive with approximately 30 ns rise 

time and a slow (= 500 ns) return to zero. This is compatible 

with the linear amplifier whose output is directed to another 

MCA to display the energy distribution of the particles 

striking the detector. The energy distribution should be a 

single peak in a channel corresponding to the ion beam 

energy (which is the same as the neutral beam energy). The 

lower spectrum in Figure 5 is typical of the neutral energy 

distributions obtained in the coincidence experiment. 

The timing output of the 142B preamplifier is directed to 

the input of the Ortec 574 Fast Timing Amplifier. This 

amplifier actually consists of four separate amplifiers which 

may be connected together in series. Each separate ampli-

fier amplifies by a factor of 4,5. For most energies all 

four of the separate amplifiers were used to produce output 

pulses of sufficient amplitude for input to the Ortec 583 

Constant Fraction Discriminator. The standard timing signal 

output from the Ortec 583 is passed through a delay line (not 

shown in Figure 10) consisting of a 50 Q coaxial cable and 

through an adjustable calibrated 64 ns maximum delay box to 

the stop input of the TAC, 

A typical spectrum of time delays from the TAC is 

shown in Figure 11. 
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Figure 11, A typical spectrum of coincidence experiment 
T h l S sP e c t r u m was obtained for 

1,0 MeV protons incident on CH 
4 
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CHAPTER III 

Data Reduction And Analysis 

The previous chapter was concerned with the experimental 

configurations and with some of the problems associated with 

each aspect of the overall experiment. The vacancy production 

cross section measurements were made primarily so that the 

electron capture cross sections could be extracted from the 

physically measured quantities obtained in the coincidence 

experiment. The focus of this chapter will be on the electron 

capture cross section measurements. The first of the two 

sections of this chapter deals with the vacancy production 

measurements and will therefore be especially brief. 

Vacancy Production Cross Sections 

Most of the details of the procedures used to determine 

the c?K and values to be reported in Chapter V (Results 

and Discussion) have already been given, or are contained in 

the Appendix. The details of the design, construction, and 

operation of the electron analyzer are given in the Appendix. 

Vacancies produced in the target by either the DI or EC 

interaction with the projectile (^H+, 2 H e + ) a r e filled by 

the Auger electron emission process almost exclusively for 

the target/projectile combinations of this work. The filling 

of a K-shell vacancy by a non-radiative transition from the 

62 
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the L-shell by an electron accompanied by the ejection of 

another electron from the L-shell is the Auger effect (1). 

The particular transition just mentioned would result in a 

line in the energy distribution of Auger electrons emitted 

following the production of a K-shell vacancy, This line 

would be termed the KLL Auger line and would have, of course, 

an energy width related to its natural line width and the 

instrumental energy separation of the electron analyzer. For 

carbon, there are no subshell electrons so all carbon K-

shell vacancies filled by the Auger process would result in 

one of the following Auger lines; KI^L , KL-^L^, Kl>2
L2' T h e 

energies of these lines are essentially given by; 

EKL I L 2 = % - E L I -
 EL 2 ... Ill - 1 

where E^, EL_^'
 E

L^
 a^e the electron binding energies. 

Thus, the K-Auger production cross section, aA, can be 
K 

measured by integrating the regions in the electron energy 

distribution associated with the various K-Auger energies. 

Absolute values can be obtained only by knowing the solid 

angle and the efficiency of the electron analyzer. However, 

relative values can be obtained by normalization to 

previously published absolute values. The Auger group 

integration, background subtraction, and normalization pro-

cedures have been given in the previous chapter. It also 

was pointed out in the previous chapter that the aA values 
K 
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V 
'K 

obtained in this experiment are essentially equal to 0 

since the fluorescence yields are so small, 

The uncertainties associated with the values of cfV to 
K 

be given in Chapter V were determined from error consider-

ation listed in Table I, 

Electron Capture Cross Sections 

The experimental procedures for discriminating the EC 

process from the DI process as well as the details of the 

electronic signal processing used to arrive at the coinci-

dence TAC output spectra (like Figure 11) have also been 

given in the last chapter. The procedures used to obtain the 

coincidence data fall into two categories; 

1. Adjustmnets prior to coincidence data acquisition 

2, Procedures for coincidence data acquisition 

Adjustments Prior to Coincidence Data Acquisition 

A step-by—step detailed account of all activities 

conducted prior to data acquisition are given next. These 

activities were deemed necessary to insure the reliability 

and reproducibility of the coincidence data. 

An appropriate beam from the 2,5 MV Van de Graaff 

accelerator at North Texas State University was prepared and 

transported to the target gas cell as described in Chapter 

II. An electron energy distribution was obtained to verify 

that the electron analyzer and the electron signal processing 

system was functioning properly. The ion beam intensity was 
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reduced by closing the energy control slits in a symmetric 

fashion so as to keep the beam centered on the collimator 

system axis. Ion beam steering and focusing was adjusted 

to maximize the ion beam currents, iB, after each reduction 

in the width of the energy control slits. Usually they were 

brought so close together that ion beam steering and focusing 

were unable to increase the beam intensity significantly. 

The energy control slits were further closed until an ac-

ceptable ion beam current for a coincidence run was obtained. 

The ion beam current chosen for the coincidence run was 

influenced by a variety of factors. The most important of 

these are the neutral count rate (R ) striking the particle 

detector and the electron rate (R£) received by the electron 

analyzer. The neutral count rate was measured as a function 

of the pressure in the target gas cell and as a function of 

the ion beam current. Measurements of were first made 

with a beam current, iB# of about 1 nA, and for no target 

gas in the gas cell. The value of 1^ was read from the 

charge collected by the Faraday cup (FC) with no vertical 

deflection and the FC blocking the SBD, The ion beam was 

blocked, the appropriate vertical deflection voltage was 

applied, and the FC was raised to collect the vertically 

deflected singly ionized primary ion beam (of current, 

Ig)• The ion beam was then allowed to pass unhindered 

through to the FC (if charge unaltered) and to the SBD (if 

neutralized). The resulting energy distribution of neutral 

neutral particles striking the surface barrier detector 
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was observed with a mutli-channel analyzer (MCA) with input 

from the slow amplifier (Ortec 440A) as shown in Figure 10. 

The ion beam steering, focusing, and collimation were ad-

justed until the neutral energy distribution consisted of a 

clean single peak at an energy equal to the ion beam energy. 

Actually, the collimation was not changed as the gas cell 

and electron analyzer had been aligned to the vertical level 

of the ion beam. Horizontal deflection, vH, of the beam just 

before the chamber allowed for adjustment of the ion beam to 

the center of the clean-up collimator, c3. In most cases, 

beam steering and determination of the optimum value of V 
H 

were sufficient to produce a clean neutral peak. For some 

cases, there was a slight amount of collimator scattering 

producing a low energy distribution to the neutral spectrum. 

The use of a large (-100 Gauss) permanent magnet placed just 

beyond the Auger chamber well before the SBD resulted in very 

clean neutral spectra. Neutrals produced prior to the 

external magnet are unaffected by it but charged particles 

scattered from collimators, electron analyzer walls, etc., 

are deflected by it (in addition to the vertical deflection) 

and are removed from the solid angle seen by the SBD, The 

effect of the external magnet on the neutral energy distri-

bution was shown in Figure 5, Separate tests of the Auger 

electron energy distributions taken with and without the 

external magnet indicated no noticeable differences, The 

magnetic shielding surrounding the electron analyzer chamber 
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interior is apparently able to shield the analyzer region 

from the effects of the external magnet. The external magnet 

was used in all coincidence runs so that the neutral particle 

energy distributions obtained were as clean as possible. The 

ion beam current was varied by changing the size of the 

energy control slit and the neutral rate (Rn), measured. 

Various amounts of target gas were let into the target cham-

ber and the measurements repeated. Graphs of R V/S I for 
N B 

various target gas pressures are shown in Figure 12 for 
1. 

0 1.0 MeV ions incident on CH4 and in Figure 13 for 1, 

MeV | H e + ions also incident on CH4, An acceptable neutral 

count rate was determined and the beam current and target 

gas pressure appropriate to that rate was chosen to be used 

in the coincidence experiment. The coincidence experiment 

was performed if the electron count rate, R , was greater 
ill 

than ~2Hz for those conditions. Otherwise, the acceptable 

neutral rate was raised or the low count rate R£ accepted 

and the coincidence run was necessarily of a longer duration. 

The maximum value of R^ was determined by examining 

the dead time characteristics of the SBD and its preamp-

lifier. The electronic shematic used for the dead time 

measurements is shown in Figure 14. A precision pulser 

(60Hz) was input to the Ortec 142A electron leg preampli-

fier and the same pulser signal was passed through a known 

delay and then input to the Ortec 142B neutral leg preampli-

fier . Target gas was removed, vertical deflection applied, 
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Figure 12, Neutral particle count rate (R ) shown as a 
function of the ion beam current. I , and the 
target gas pressure. B 
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Figure 13. versus IB and target gas pressures (P,, P„, 
P3) for 1.0 MeV |He+ ions incident on CH4. 
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Figure 14, Dead time for SBD and preamplifier (DT) 
calibration electronics 
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and an energy distribution of neutral particles striking the 

SBD was taken with the precision pulser turned off, The 

ion beam was blocked and the pulser turned on, A coinci-

dence peak was observed in the coincidence MCA with a time 

resolution of -1 ns and with a coincidence rate of 60 Hz to 

within the frequency stability of the pulser. All signals 

were gated on simultaneously and were gated off simultaneously 

after a predetermined number of inciden projectiles had been 

collected in the FC. The ion beam was passed through the 

system and the R increased to values like those in Figures 
N 

12, 13 for no target gas. The coincidence count rate was 

determined for this value of Target gas was leaked 

into the gas cell in increments and the coincidence pulser 

rate was measured as a function of the average value of R^ 

obtained at each target gas pressure. The value of R̂ , 

increased slightly since the analyzer was set at the Auger 

electron group peak. The pulser coincidence count rates 

were corrected by subtracting the number of electrons 

counted beyond the 60Hz input by the pulser. It was 

determined from these measurements that the coincidence rate 

was reduced from 60Hz when large R^ rates were striking 

the same SBD. The ratio of the number of pulser input sig-

nals (60 times gate-on time) to the observed total number 

of coincidence counts was taken to be representative of 

the dead time associated with the SBD and its preamplifier. 

The graph of dead time v/s R^ shown in Figure 15 was to 
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Figure 15. DT versus R„ for proton impact. Solid line is a 
linear least squares fit to the measured DT 
values. 
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correct the coincidence yields in the electron capture 

experiment. The dead times were held to less than 12 per 

cent for proton impact and less than 30 per cent for 2 H e + 

impact. The dead time v/s curve for Ĥe4" Was inclined 

at a steeper angle than that shown in Figure 15 for protons. 

The complete data-taking procedures and the data analysis 

performed will be described in the next section. 

Procedures for Coincidence Data Acquisition 

The electron analyzer was set to admit electrons with 

energies equal to the peak in the Auger electron group. An 

ion beam was directed to the gas cell target. The necessary 

values of the horizontal (V ) and vertical (V) deflection 
ri V 

voltages were determined and applied. The suitable values of 

target gas pressure, 1^, were used and the value verified 

as being within acceptable limits as described in the pre-

vious section. The test pulser was removed from the system 

and data acquisition was gated on. The number of electron 

signals initiating true start TAC conversions were accumu-

lated in a counter. Meanwhile, the coincidence spectrum in 

the TAC MCA was accumulating counts. The beam current, 

target gas pressure, and neutral count rate were monitored 

throughout each measurement. After a coincidence peak was 

observed forming above the coincidence background data 

acquisition was temporarily halted so a background correction 

to the number of true start electron signals could be deter-

mined. The acquisition time and total number of true starts 
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in the counter were recorded and the counters reset to zero. 

The coincidence MCA was halted during the true start back-

ground correction determination. 

The true start background correction was determined 

under the same beam current, gas pressures, and neutral rate 

conditions as for coincidence data acquisition, A true start 

electron count rate was obtained with the electron analyzer 

set to admit electrons with energies within the instrumental 

resolution (~4eV) of the peak in the Auger electron group. 

The continuum background true start count rate under the 

peak was estimated by setting the analyzer voltage at a 

higher value to admit electrons at a rate equal to the 

background rate under the peak. This analyzer background 

voltage was determined by examining the vacancy production 

V V 

electron energy distributions used to obtain 

The analyzer background voltage was systematically 

determined as described next. The program KIFIT was used 

to obtain a background curve for the electron energy dis-

tributions already obtained for target, projectile, and 

energy combination. The number of counts in the background 

curve in the peak channel was used to estimate the background 

under the peak. The electron energy distribution was then 

scanned until a channel number (or average of several chan-

nel numbers) was found which contained a number of counts 

nearly equal to the estimated background under the peak. 

The analyzer voltage corresponding to this channel number 
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was taken to be the appropriate analyzer background 

voltage. The true start count rate obtained at the analyzer 

background voltage was then compared to the true start 

count rate found for the analyzer voltage corresponding to 

the peak in the Auger electron group. The ratio of the back-

ground true start count rate to the peak true start count 

rate was taken as the fraction (3) of total true start 

signals associated with the continuum background and not 

with the K-Auger electrons. The background corrected true 

start electron count, S, was determined from the measured 

yield of true start events, Y, by 

S = aY .,, III - 2 

where a = 1 - $. 

With a determined, coincidence data taking is restarted 

and the yield of true start events obtained thereafter is 

added to the total obtained during the first part of the 

run before data acquisition was stopped to determine a. 

The coincidence data acquisition then continued un-

interrupted (occasionally true start background checks were 

repeated during a single run) until the statistical uncer-

tainty associated with the total number of true coincidence 

and background coincidences was sufficiently small, The 

background correction to the number of coincidence events 

was determined later after data acquisition for another 

target was initiated, 
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The theory relating the true time-correlated coinci-

dence rate to the background or random coincidence rate 

has been discussed by Cocke et al. (2). The probability, 

p, that given a detected scattering into the SBD, an asso-

ciated Auger electron will be detected is given by 

p = P A 4tt /eAA^A , . . Ill - 3 

where P is the probability for ejection of electrons into 
A. 

all solid angles; e A is the efficiency of the electron 

analyzer; and AQ is the solid angle of the electron 
r\ 

analyzer seen from the target collision center» 

If there is no time structure in the beam current, then 

a spectrum of time delays, t, between electron and neutral 

particle detection will be composed of a background of ran-

dom coincidences centered about a time t , This time, t^ is 

given by the net delay of neutral particle detection, in-

cluding neutral flight time, differential response time for 

the channeltron and SBD, and differential delay in signal 

processing electronics. The rate of random background 

coincidences in each channel is given by 

^Random = (R R At) e t RN ... Ill - 4 
N A 

where At is the time interval of a single channel in the TAC 

spectrum 
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The true coincidence count rate is given by 

R = (R.t P) e~
toRN , . . Ill - 5 

True N 

For this experiment R„<< Rx, and, since t < the TAC dead 
A N o 

time, therefore the electron signal is used to start the TAC 

conversion. Unless R^ is very large compared to the delay 

time t then the exponential in equation V - 4 is nearly 

unity. Therefore, for low R count rates the random 
N 

coincidence rates should be flat and independent of the 

time channel. The ratio of true coincidences to random 

coincidences is given by 
R„ True 

= P/R T .,. Ill 
RRandom A 

where T is the time resolution or width of the coincidence 

peak in the time scale. 

Clearly, p should be as large as possible and T and R 
JLX 

as small as possible. R , of course, must be large enough 

to make data collection times reasonable. In general R 
A 

is made as large as possible while maintaining a suitable 

peak to background coincidence rate. For proton mea-

surements, RTrue^Random' W a S a-'-ways 9reater than five. For 

2 H e + i°ns> the ratio was less than two for some energies. 

Time structure in the beam current can also be a problem (3), 

expecially for low true to random coincidence ratios. 

The background correction to the coincidence hield was 

determined by applying the program KIFIT to both sides of 
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the true coincidence peak. Relative fitting errors were 

estimated by the overall chi-square value returned by the 

program. The corrected coincidence yield was determined 

by subtracting the integral of the background curve under 

the true coincidence peak from the uncorrected integral of 

the coincidence peak. The corrected coincidence yields 

for proton impact were further corrected by the dead time 

factors as given in Figure 15. The 2^e+ ^eac^ time cor-

rections are not shown but were considerably larger than 

the dead times for proton impact. The totally corrected 

coincidence yields, Y^, were divided by the corrected true 

start electron yields, Y^, to form the ration R(= Y^/Yg). 

For single target vacancies this ratio, R, is given by 

r = aEC/ aV . . , m _ 7 
K K 

The discrimination against the effects of multiple 

ionization of target atoms will be discussed next. Simul-

taneous K- and L-shell ionization could result in electron 

capture from the target L-shell. The projectile would 

still lose one electronic unit of charge but the EC event 

would be for the target L-shell and would not be experi-

mentally differentiated from the capture of the K-shell 

electron. However, multiple ionization events result in 

satellite Auger lines at characteristic energies different 

from the diagram lines (4). Multiple-ionization or double 

step (DS) processes are discriminated against in the present 
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work by using sufficiently instrumental energy separation 

to not admit satellite Auger lines into the analyzer detector. 

Coincidence runs were also performed with the analyzer set 

to the energy of the satellite line. The same ratio, R, was 

observed within relative uncertainties indicating that the 

DS process was not significant anyway. 

The R values were then multiplied by the measured 

values of found earlier in this work to determine gEC 

K K 

values. These values are reported in Chapter V. The un-

certainties given in Chapter V for aEC were determined from 
K 

the error considerations lsited in Table II. 
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CHAPTER IV 

THEORY 

The production of target vacancies in .ion-atom collisions 

is the result of either the direct ionization (DI) or the 

electron capture (EC) process. The vacancy production mea-

surements to be given in this work will be compared to the 

theories of DI only. These theories neglect the EC contri-

bution to vacancy production. The EC contribution is less 

than 10 per cent of the total vacancy production for all cases 

4 + 

studied here except for the 1 MeV 2^e ion impacet on CH^ 

case where the contribution was ^15 per cent. 

The vacancy production cross section measurements were 

undertaken primarily to allow for the extraction of the 

electron capture cross sections from the quantities measured 

in the coincidence experiment. The K-shell vacancy production 

cross section dependence on the incident proton energy for 

collisions with CH^ and ^ have been extensively studied in 

other works (1). The values of obtained in those experi-

ments will be compared to the current measurements of aY 

and to the most commonly used DI theories, the first Born (2), 

and the ECPSSR (3) in the next chapter. The current mea-

surements extend the projectile energy range in some cases, 

and are in good agreement with the ECPSSR theory, and with 

previous measurements for those energies where published 
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values of exist for CH^ and ^ , The same is true for 

for proton impact on argon. Thus, the extraction of electron 

capture cross sections according to the equation IV - 1 below: 

EC EC . V. . V Sipgles 

a = (a /a ) x (a ) , ,, (IV - 1) 
K,L K,L K,L K,L 

is considered reasonable for protons incident on carbon 

(in CH^), nitrogen, and argon. The DI theories are ill-

V 
equipped to calculate differences in av for carbon atoms 

JK 

contained in different molecular forms. The use of equation 

IV - 1 for protons incident on ^2^6' an<^ ^^2 "*"s S UP~ 

ported by arguments given in the next chapter. 

The aV values obtained in the singles experiments of 
K, L 

this work are thus believed to be reliable estimates of the 

EC 
singles factor used in equation IV - 1 to extract the a y H K, L 

values that are reported in Chapter V, The DI theories will 

be treated in less detail than the theories of EC since the 

main focus is on EC, and the vacancy results are in agreement 

with published results and with the ECPSSR theory. 

Direct Ionization Theory 

The classical Binary Encounter Approximation (BEA) (4, 5) 

and the Semi-Classical Approximation (SCA) (6, 7) will be 

only briefly discussed since they are generally valid only at 

high energies (Z^e^/R v^ >>1), In the BEA theory of DI, the 

electrons and the nucleus of each atomic system in the col-

lision act as independent scattering centers. The projectile 
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nucleus is considered to be bare and is assumed to scatter 

off the target nucleus independent of the interaction of 

the projectile and target electrons. Likewise, the projec-

tile nucleus scattering off the target electron is assumed 

to be independent of the projectile electron (if any) or 

target nucleus- The neglect of the mutual interactions is 

justifiable under situations whereby the energy transferred 

to the target electron is large compared to the electron 

binding energy. The SCA Theory employs a classical de-

scription of the projectile trajectory. Transition rates be-

tween the target atomic quantum states are calculated by 

determining quantum mechanical probabilities for the state 

transitions using first order perturbation theory. For 

large velocities the classical particle trajectory is a 

straight line. In this limit the SCA and the first Born 

approximation (PWBA) theories should predict equal ionization 

cross sections. Differences observed between the SCA and the 

PWBA for high energies have been suggested as being due to 

differences in the choice of the unperturbed atomic wave 

functions. At lower energies, the projectile trajectories 

deviate from straight lines and are represented in the SCA 

by hyperbolic orbits. Thus, the SCA takes some account of 

the Coulomb deflection of the projectile. The SCA does not 

consider perturbations on the atomic wave functions of the 

target electrons. The SCA framework led, however, ultimately 

to the highly successful ECPSSR Theory. 
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The first Born (PWBA) calculations and the ECPSSR 

calculations are used in the next chapter in comparisons of 

the present data and other data to relevant theory. The 

transition from the PWBA to the ECPSSR is discussed in the 

next two sections, 

First Born Approximation (PWBA) 

The Plane Wave Born Approximation (PWBA) assumes that 

the initial and final projectile states are given by plane 

waves, <Jk, The scattering amplitude, A, is given in the 

PWBA by 

A = r - r 2 < i vo i v ••• lIV - 2 ) 

2. tf h 

where m is the projectile mass, V is the scattering potential 
o 

treated as a perturbation on the target states, \p , and \p . 
i f 

The approximation of the projectile states by unperturbed 

plane waves is justified for high ion velocities, v , that is 

2 

if Z-̂ e /hvj >> 1 where Z^ is the projectile atomic number. 

The projectile plane wave approximation is also valid for 

Z-̂ /Ẑ  << 1 where 7*̂  is the atomic number of the target atom. 

For Coulombic interaction potentials, V , the cross 
o 

section for DI (which is proportional to the sguare of the 

scattering amplitude) is given by _ , 1 . 2 
a 
DT m 9 ~L -> . 

= (2nh^) ^Jf(r2) ' ̂ —=r_l<i,i(ri) ^i(r2)>} •--(IV - 3) 
ri"r2 1 

where 4>̂  (r^) = exp (i * r ) , (r^) = exp (i • r a r e 
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the initial and final states of the projectile treated as 
->• - > 

plane waves, and K are the momenta of the initial and 

final projectile states, (r^) and i|> (?2) are the initial 

and final target electron states, ? - r"2 is the vector 

separation of the target electron from the incident pro-

jectile. The initial target electron state ^ (r^) is chosen 

to be a non-relativistic screened hydrogenic wave function. 

The final target electron state {r2) is the orthogonal 

Coulomb wave function with origin at the target nucleus for 

an electron scattered from the target nucleus. 

The resultant direct ionization cross section, 

for the K-shell is given by 

PWBA _ oK -o | n / o 2> it\t /i \ 
K ~ ~0- FK ( V K (IV " 4) 

K. 

W h 6 r e °0K = Z1 (8,,a02)/Z2K' "K = < r V ) 2 a n d 

2K 0 

0
K =

 I
K
/ Z2 K

 ( R y d ) w h e r e Z2K = Z2 " °-3' ao a n d vo a r e t h e 

atomic units of length and velocity, and I is the observed 
K. 

electron binding energy. The universal function (n.7 0^) 
K K K 

has been tabulated and has a maximum value of 3/4 (3). 

The PWBA DI cross section is thus seen to be proportional 
2 

to . The cross section is the same for equal velocity 

Projectiles under conditions for which the energy transferred 

to the electron, Ac, is much less than the projectile energy 

E^. The PWBA does a reasonably good job of predicting observed 

K-shell ionization cross sections for v >> v_ where 
1 2K 
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v = Z v is the target electron velocity. For the lowest 
2K 2K o 

velocity proton impact on carbon the values of (ripr • 6^/ V]^V2K^ 

are given by (0.49, 0.63, 0.70). Since the last entry is more 

than twice the relative velocity when the PWBA begins to fail 

it is expected that the PWBA calculations should represent 

the ol (C) values reasonable well for proton impact. For 

1.0 MeV 2 H e + i mP a c t o n carbon the parameters are (0.31, 0.63, 

0.55); again the PWBA should give good agreement with ex-

periment although the velocity is approaching the point where 

the PWBA fails. In addition, the PWBA does not include con-
EC 

tributions to ionization from a and therefore the PWBA may 
K 

be expected to underestimate the data by the 15 per cent EC 

contribution to oY at 1.0 MeV for ^He+. 
K ^ 

Perturbed Stationary State Theory of PI (ECPSSR) 

As mentioned previously, the SCA theory attempted to 

account for the Coulomb deflection of the projectile by the 

target nucleus by replacing the PWBA straight line trajectory 

by a more realistic hyperbolic trajectory. This is comparable 

to removing the plane wave requirement for the initial and 

final projectile states. The SCA result was shown to be 

related to the PWBA result by a simple expression: 

a^CA = 9E1q (TTdq0) a£
WBA ... (IV ~ 5) 

where E is the exponential integral of order 10 the 
10 

distance of closest head-on approach is 2d, and q Q is the 
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K-shell binding energy divided by h For high enough ion 

velocities,, so that the actual trajectory is nearly a 

straight line, then the SCA results should equal the PWBA 

results since E, (irdq ) goes to unity for conditions where 
10 o 

little or no Coulomb deflection occurs. Thus we can represent 

the Coulomb deflection corrected PWBA result as 

0PWBA-C = 9 U d , PWBA ... (IV _ 6 ) 
K 10 o K 

The effects of the perturbation of the target electron 

atomic wave functions by the projectile nuclear charge was 

then incorporated into the formulation of the SCA with 

Coulomb deflection. The atomic target electron basis states 

were chosen to include the influence of a static external 

charge fixed at an arbitrary point in space. The dynamic 

interaction of the projectile and the target electron is then 

treated as a first order perturbation. This procedure re-

sults in the same form for the ionization cross section as 

had been found in the SCA for straight-line trajectories with 

unperturbed target atomic electron wave functions. The 

form is the same and the perturbed stationary state atomic 

target electron wave functions and perturbed energies simply 

appear in place of the unperturbed ones. In addition, the 

impact parameter is replaced by the distance of closest 

approach and the projectile velocity v^ is replaced by its 

value at the distance of closest approach. The resulting 

perturbed stationary states (PSS) are then determined by 
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replacing 0 in equation IV - 4 with eQ as follows; 
K K 

aPSS = (OJK., ^ ... (IV - 7) 

where e is the binding energy correction factor. The 

effects of Coulomb deflection can be incorporated into the 

PSS model since the relationship between the SCA and PWBA 

holds whether a hyperbolic trajectory or perturbed stationary 

states are used. Thus, 

0PSSC = 9 E i q (7Tdqoe) gPSS _ (IV ^ 8) 

the final transition to the ECPSSR was accomplished by the 

last entry in reference 3 by also including relativistic 

effects and by including the energy loss of the projectile in 

the target. 

Theory of Electron Capture 

The theories of electron capture described in this 

chapter are the first Born theories (OBK, OBKN) and the 

perturbed stationary state approach reformulation of the OBKN 

by Lapicki and co-workers (8, 9) termed the ECPSSR (EC). 

OBK, OBKN EC Theories 

The first study of the electron capture of target elec-

trons by incident ions was conducted by Oppenheimer (10). 

Brinkman and Kramers (10) calculated the first Born approxi-

mation cross section, based on Oppenheimer's work (OBK) (10), 

for capture of an electron from a hydrogen-like target atom 
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of charge Z e by an incident projectile with charge Z-̂ e, The 

OBK approximation neglects the interaction between the two 

nuclei (core-core term) in the "usual first Boran approxi-

mation matrix element for the transition, 

Early attempts to treat electron capture by rigorous 

quantum mechanical theory without using simplifying approxi-

mations were limited to collisions of protons with hydrogen 

or helium targets (11 - 14), These approaches were ex-

tremely complicated and bore little promise for extension 

to higher Z or Z systems. Indeed, even for proton impact, 
1 ^ 

the capture of electrons from targets with two or more 

electrons was calculated only in the OBK approach, However, 

Nikolaev (15) was able to calculate (in the simplest one-

electron variant of the OBK approximation) the electron capture 

cross sections for fast protons incident on hydrogen, helium 

lithium, nitrogen, argon, and krypton, using hydrogen-like 

target electron wave functions. The OBK formulas were gener-

alized to obtain values of OBK for arbitrary values of the 

internal and external screening parameters. The resulting 

cross section is given as cr̂ g* i n equation U) of reference 

8. This cross section might be more appropriately labeled 

as a°®KN. The ECPSSR theory of electron capture 
o o 

(ECPSSR (EC)) is obtained in the PSS approach in a manner 

analagous to that already mentioned for ECPSSR (DI). The 

ECPSSR (EC) theory is set up in terms of the formulas derived 

in the OBKN approach, but is viewed as more than just a 

modification of the OBKN. The details of this theory are 
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given in the next section. The general statement of the 

problem and nature of the OBK approximation are discussed 

first. 

ECPSSR (EC) Theory 

The electron capture process is necessary more compli-

cated that direct ionization since the latter is essentially 

a two-body problem while the former is a three-body (16) 

rearrangement collision. The exchange of an electron elimi-

nates the orthogonality of the target electron initial and 

final states since the wave functions are centered on the 

target and projectile nucleus, respectively, before and after 

the collision. This non-orthogonality of initial and final 

electron basis states will be of importance in understanding 

the role of the core-core term neglected in the OBK, The 

capture rearrangement collision is described by 

N 
1 

+ (N + e )-»N2 + (% + e )... (IV - 9) 

where N is the projectile nucleus of mass M^, and N 2 is the 

target nucleus of mass . The time independent Schrodinger 

equation for the rearrangement collision has been given 

previously (17, 18) as shown below in equation IV - 10) for 

prior to the collision and in equation IV - 11 for post col-

lision. The relationships between the various vectors in 

these two equations are illustrated in Figure 16. 

- - V2
 — V 2 + V (r ) + U (R) 

2M R 2|i r 2 2 
(IV -10) 
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Figure 16. Vector diagram for single electron capture to the 
fully-stripped projectile 
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mMo , .. . 
where m is the electron mass, yis given by a n d M 1 S 

M, (m+M„) 2 , . ̂  
given by — — after the collision all of the subscripts 

m+M^+M2 
one and two are interchanged. Then 

ztl- v 2 - V 2 + V (r ) + v (r„) + U (R) V = EV (IV _ 11) 
• 2M R 2y r 1 1 2 

where y = m^/ntf-M and M = M 2 (M + M1)/ m + + M 2 as seen 

in Figure 16, and ? 2 are the position vectors of the 

target electron measured with respect to Nx and N2, res-

pectively. Note that the projectile is assumed to be 

completely stripped of electrons, The separation between 

the two nuclear cores is given by the vector I<. The 

relative motion of the electron with respect to the center-

of-mass of the two nuclei system is determined by the time 

relation of the vector p drawn to the electron from the 

nuclear center-of-mass. The centers-of-mass for the 

and for the (N -e) systems are and C 2 respectively. The 

position of N 2 relative to is given by R 2 and the position 

of N relative to C is given by R . The Coulomb interactions 
1 2 1 

of the electron with the nuclear charges Z^ and Z^ are given 

by: 

V (r > = ^ and V (r ) = ̂  ••• (IV - 12) 1 \A\ lr2l 
The interaction between the two nuclei (the core-core term) 

is given by 

Zl Z2 e" U (R) = (IV - 13) 
\r| 
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The relations between the vectors shown in Figure 16 are 

determined by the center-of-mass defining equations and are 

given by 

R = R + (m r / m+M ) = R + (m r / m+M-) ... (IV - 14) 
1 2. £ £ -*- • 

r = r 2 + (M2R / M 1 + M2) = r 1 + (M^R / M 1 + M2) ••• (IV - 15) 

These coordinates (r, R) are referred to as the relative 

coordinates. The origin of r is the system center-of-mass 

and the origin of R is the nucleus of the projectile , N^. 

The Schrodinger time-independent equation can then be 

written in the separable form 

V2 - - - V 2 + V (r) + u (R) Y = EV... (IV - 16) 
2UN

 r 2m R J 

where \i = M,M_/(Mn + M0) . 
N 1 2 1 Z 

In the OBK approximation the core-core term U (£), was 

neglected. The question of which nuclear-electron interaction, 

V(r ) or V(r9), to use for V (r) above and in the transition 
1 ^ 

matrix element to follow is termed the post-prior discre-

pancy. Jackson and Schiff (19) in their analysis of the 

effects of inclusion of the core-core term, U (^), equation 

IV - 16, found that its inclusion reduced the OBK results by 

a factor of five for high energies. The surprisingly large 

reduction incurred by including the nuclear core—core term in 

the perturbation contradicted physical arguments (10) 

against any significant core-core term dependence. Never-

theless, the Jackson and Schiff calculations were in excellent 
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agreement with data from measurements on molecular hydrogen 

for protons in the 100 to 200 KeV range. Bates and Dalgarno 

(20, 21) demonstrated that the inclusion of the core-core term 

in the perturbation would have no effect on the calculations 

if the initial and final target electron wave functions were 

orthogonal. The Jackson and Schiff results were due to the 

nonorthogonality of those basis states and not due to the 

inclusion of the core-core term in the perturbation, Jackson 

and Schiff also demonstrated that the post-prior discre-

pancy did not affect the calculations for protons on hydrogen. 

The capture cross section for the capture of an electron 

I 

from an initial state, S, of the target to a final state, S , 

of the projectile was expressed (15) in terms of the inter-

action matrix element Vgg 1 as given below 

0 B ™ = <2„H2)-2 (!!lii2_)2 j <s j V | S1 > I 2 ... (IV - 17) 
SS' m1 + m2 v 1 1 1 1 

where v and v are the velocities of the incident and out-

going projectile as seen from the target nucleus. The inter-

action matrix element, V S S' is given by 

v s s ' 5 < s l v l s , > = Je l k^ lpi (?.} V (r) ip£ (?) e ik''R d?dR, , , (1V-18) 

where ^ is the ground state wave function for the electron 

in state s of target atom Z^, is the wave function for the 

electron in state S' of the projectile atom Z . 
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Lapicki and McDaniel (8) derived the ECPSSR (EC) by 

first considering the OBKN result. Recall that the OBKN 

calculations describe the target inner shells by nonrela-

tivistic screened hydrogenic wave functions, with observed 

binding energies, and represent cross sections for electron 

capture from the target to hydrogenic projectile states for 

fully-stripped projectiles. 

The OBKN cross section for capture from the target 

S-shell to the projectile S!-shell (22) with respective quantum 

number n , n is 

2 1 1 
OBKN = 2 ^ , ^ , 2 , ^ , 5 ^ 0 , •aJ(l;eS) 
SS 5 vi V2S

 ss' s [i+d-es>4'<es>J •••(iv - 19) 

w h e r e w v = v2s/ [ vi S.
+ 4s. •••<iv - 2o» 

The minimum momentum transfer is approximated by 

qss'(es' = 1 / 2 [V1 + (V2S VvlS')/vi]--- <IV "21> 

the observed binding energy (23) is given by 1/2 v2 

2 s 

with v2s = Z2S/'n2 an<^ V1S' = Zl//nl rePresenting the electron 

orbital velocities before (in target, v2g^ and after (in pro-

jectile, v-j_5 , ) the capture event. The form of the function 

$4 in equation IV - 19 is 

(t) 5 { 1- | (1+^)3 In (1+t) - (1+i)2 - 1/2 (l+l)_i/3j ... (IV-22) 

For t< 3, $4(t) can be approximated to within two per cent by 

> (t) = (1 + 0.3t) 1 ... (IV - 23) 
4 
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The transition from the OBKN to the complete ECPSSR (EC) 

theory was formulated in an analagous manner to the transi-

tion from the PWBA first Born to the ECPSSR (DI) theory 

already discussed in the first section of this chapter. 

The formulations of the ECPSSR (EC) theory are baeed on 

different ideas for the three velocity regimes; low, high, 

and intermediate. 

Low velocity regime, — The binding effect is introduced 

for low velocity ions by the factor e® (restricting ourselves 

to target K-shell capture) given by 

e
B U ; C =1.5) = 1 -i g (W,;C = 1.5) ... (IV -24) 
K KS' K Z2KeK K "KS K 

where g can be approximated (Brandt and Lapicki (3)) to 
K 

within one per cent by 

qv ( i ,;C =1.5) = 
K KS K 7 g 
(i+9 C +3i42+98 #+12^4+25 #+4.2r + 0.515 i) / (1+0 ...(IV - 25) 

The cutoff value of C =1.5 for the binding effect comes 

from the requirement that the binding effect due to the 

presence of the projectile ion occurs only at impact parameters 

which are less than the average radius of the electron < r > K, 

in the K-shell (24, 25) and Brandt and Lapicki . The 

Coulomb deflection factor is given 9, 26) as 

C = exp f-TTdq CeB0 )\ * * « (IV - 26) 
L KS! K KJ 
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o M M . 
where d - Z Z / Mv_ with M 1l'*2— beincj the reduced mass 

1 2 1 M1+M2 
of the scattering system approximates the half-distance of 

closest approach in a head—on collision, The cross section 

< 
for low-velocity ions, a , is 

Kb 

< ^ OBKN f,. , B Q ) C
B 

aKS' ~ * °KS' L. K S' K k K Kj 
(IV - 27) 

B 
where 0g in equation IV - 19 is replaced by 

High velocity regime, — In the high-velocity limit the 

cross section is labeled o> and is taken to be 
KS' 

a> = 1/3 a
0 B K N P r (q ) # g "1 ... (IV - 28) 

KS' KS' \_^s' K KJ 

The choice of the factor of 1/3 arises by considering the 

second Born result (9, 27, 28) in the high velocity limit. 

The ratio of the calculated second Born cross sections to 

those obtained only to first order is 0.295 (9, 27, 28). 

Furthermore, the calculation of the third Born result gives 

a ratio of 0.319 (29). Thus the high-velocity cross section 

is justifiably 1/3 of the OBKN. 

Intermediate velocity regime. - The intermediatevelocity 

regime is formed by joining the low-velocity result, i' 
> 

to the high-velocity result, aRS,, by a convenient inter-

polation formula. The intermediate-velocity cross section, 
a (, is given by the formula 
<> 

KS 

<> < OBKN . , OBKN < , , 9cn o = a a / (ct + 2 a - ( I V - 29) 
KS1 KS' KS' ' . KS' KS' 
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There is no physical justification for the interpolation 

formula given by equation IV - 29), The formula does predict 

cross sections within the experimental uncertainties for 

intermediate-velocity measurments„ Thus, the ECPSSR (EC) is 

only semiempirical in the intermediate-velocity regime. 

The final ECPSSR (EC) is finally obtained (9, 26) by incor-

porating relativistic effects and by accounting for the 

projectile energy loss in the target. 

The details of the first Born PWBA theory of DI and the 

details of the ECPSSR (DI) theory have been discussed in thi 

chapter. The emphasis is on verifying the relability of the 

measured aV values. These values are then used to extract 
K, L 

EC 
the c values to be reported in the next chapter. The first 

K, L 

Born theory of EC (OBKN) has been presented and its limita-

tions discussed. The ECPSSR (EC), theory was presented in 

great detail as questions related to the discussion of the 

results for the proton measurements on carbon in various 

molecules are to be brought forth in the next chapter. 

Other theories of EC exist (30 - 33) and are found to be 

consistent with the ECPSSR (EC) theory used predominately in 

this work. 
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CHAPTER V 

RESULTS AND CONCLUSIONS 

The experimental results for the vacancy production 

cross sections are presented in the first section. The 

discussion of these results will be primarily limited to 

comparison with other measurements and with the first Born 

PWBA (DI) theory as well as with the ECPSSR (DI) theory. 

Proton measurements are first discussed for collisions with 

nitrogen (aV ) and argon (a^). The effects of the chemical 
K L 

environment of carbon in CH^, C^E^, and CO^ on the 

values will be discussed at some length. The pie+ ion 

collisions with CH4 are presented for completeness. The final 

section of the chapter will be devoted to the main theme of 

the dissertation, that is, to the electron capture cross section 

measurements. In particular, the "chemical" effects seen in 

C-a*p values obtained for proton impact on CH^, ^2^6' an(^ 

CO2 are discussed at length and interpreted in terms of the 

geometrical outscattering model (GO)(1). 

Vacancy Production Cross Sections, 
K f Li 

V V 
The measured values of a for N„ and a for Ar for proton 

K 2 -L< 

impact are given in Table III along with the cross section 

predictions of the first Born and ECPSSR (DI) theories. The 

data contained in Table III is plotted as a function of the 

proton energy in Figure 17. The previously published results 
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V V 
F i g u r e 17. o (N ) and o (Ar) f o r proton impact. 

K 2 L 
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from other workers (2,3) are also shown in Figure 17. The 

agreement between this data, the data of others and the 

ECPSSR (DI) is very good. The first Born calculations also 

give good agreement (as expected for these target/projectile 

combinations - see Chapter IV). 

The measured values of C-c?Y for proton impact on CH , 
K. 

C2h6' an<^ C02 targets are given in Table IV. The CH^ 

results are plotted in Figure 18 along with the values of 

other workers (3,4,5,6) obtained with CH^ targets. The values 

of of Toburen (4) were only obtained at 1.0 and 2.0 MeV 

proton impact for CH^. These values appear to be consis-

tently above the majority of the measurements. Rodbro et al. 

(3) normalized to Toburen's results and therefore also appear 

somewhat larger than the bulk of the measurements. In addition 

the peak in the cross section for Toburen and for Rodbro et al. 

appear to be somewhere in the vicinity of 0,8 - 1,0 MeV, The 

first Born and ECPSSR (DI) calculations are also shown in 

Figure 18. These calculations are in good agreement with the 

present measurements. The calculations are nearly identical 

for the present experimental case with the first Born under-

estimating the ECPSSR (DI) values slightly. Both calculations 

appear to indicate maximum cross sections near 500 to 600 keV 

(7) contrary to both the Toburen and Rodbro results, but sup-

portive of the results of Bhalla et al. (6) and of this work. 

The present experimental carbon a V values for protons 

incident on C^H^, £2^5' an<^ C(~>2 ^as (^:'-ven ̂ -n Takle IV) are 



TABLE IV 

EXPERIMENTAL CARBON 0^ (x10"
19cm2) FOR PROTON IMPACT 

K. 

PROTON ENERGY c V 

K 
EXPERIMENTAL (THIS WORK) 

(MeV) C H4 C2H4 C H 
2 6 

1 

o
 
o
 

K)
 

0.4 9. 38+0.28 8.95+0.27 8.86+0.27 7. 56+0. 23 

0.5 9. 56+0.29 9.16+0.27 9.18+0.28 7. 69+0. 23 

0.6 9. 54+0.29 9.06+0.27 9.15+0.27 7. 74+0. 23 

0.7 9. 12+0.27 

0.8 8. 77+0. 26 8.40+0.25 8.43+0.25 7. 15+0. 21 

o
 • 

1—1 8. 28+0.25 7.81+0.23 7.70+0.23 6. 66+0. 20 

1.2 7. 91 + 0. 24 7.47+0.22 6. 46+0. 19 

1.4 7. 38+0. 22 7.11+0.21 5.90+0.18 

1.6 6. 84+0.20 6.48+0.19 5. 55+0. 17 

00 • 
1—1 6. 58+0.20 6.3 0+0.19 5. 26+0. 16 

2.0 6. 11+0.18 5.81+0.17 

2.2 5. 88+0.18 
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V 
Figure 18, (CĤ ) for proton inpact 
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plotted as a function of the proton energy in Figure 19. 

The solid line drawn in Figure 19 is representative of the 

present results for CH^ which were shown in Figure 18. 

The measurements of Q ̂  for CC>2 obtained by Toburen (4), and 

by Bhalla et al. (6) are also shown in Figure 19, The C2H4 

and C2H6 a ̂  values from Toburen are not shown since they were 

within 2-3 % of the average of the 0 3 values that Toburen 
IV 

found for CH^, C2H^, and C2Hg combined at each energy meas-

ured. The present measurements indicate a small and approxi-

mately equal reduction in the carbon for C0H, and C0H, 
K ^ 4 2 6 

compared to for CH^. This reduction is on average -5% at 

all energies measured. A larger reduction of -19% was ob-

served at all energies for (CC^) compared to (CH^). 

These results are in very good agreement with the average 

reduction of 22% seen by Bhalla et al. (6), Toburen (4) only 

found an ^12% reduction but mentioned in that paper that his 

CH^ and C O d a t a were taken under different conditions. 

Insertion of the different binding energies of the K-shell 

carbon electron in CH4 (290.3 eV) and C02(295,9 eV) into the 

ECPSSR (DI) calculations yields predicted changes, based only 

on the binding energy differences, of ^6% (8), The use of 

molecular wave functions in the ECPSSR (DI) has not yet been 

reported in the literature. Chemical effects are most likely 

to be observed when the valence electrons involved in chemical 

bonding are the L-shell electrons for carbon compounds. 

Since the process of K-shell x-ray emission follows from a 

direct transition of an L-shell electron (for carbon), it is 
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V 
F i g u r e 19. (carbon in CH^ C ^ , C02) f o r proton impact 
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reasonable to expect that the sensitivity of the partici-

pating L-shell electron to its chemical environment might 

lead to carbon K-shell x-ray production cross sections which 

are dependent to some degree on the chemical compound in 

which the carbon is contained. In fact, significant chemical 

effects were found in K-shell x-ray production by Harrison, 

Tawara, and DeHeer for electron impact (4), and by Bissinger 

et al, (4) for proton impact. These K-shell x-ray chemical 

effects were found to have a common dependence on the Pauling 

charge (4). In these models, the number of L—shell electrons 

associated with carbon decreases as the Pauling charge becomes 

more positive. 

The interpretation of the observed chemical dependence 

of K-Auger electron cross sections is not very clear. Some 

chemical effect is reasonable since the carbon L-shell elec-

trons are participants in both vacancy filling and electron 

ejection. Significant K-Auger chemical effects have been 

observed in this work, in Matthews and Hopkins (9), in Bhalla 

et al. (6), and in Toburen (4) for carbon-bearing compounds, 

Matthews and Hopkins interpreted their observed 35% decrease 

i n °K (C i n C C 14 ) comPared to (C in CH4) as being due to 

inelastic electron scattering from the surrounding chlorine 

atoms as the carbon Auger electron transits the molecule. 

Application of this model to the results of Bhalla et al, is 

not very successful (6). The Auger cross sections of Bhalla 

et al. appear to depend on the Pauling charge in a manner 
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. . n ^ 4-hat observed for K-shell x-rays in carbon com-simiiar to tii 

pounds by Bissinger et al, (4), The physical interpretation 

of this dependence is unclear especially in light of the near 

unity value for the carbon K-Auger fluorescence yields of 

this experiment. The presently obtained carbon for CH4, 

C H„, C^Hr, and C0o have essentially the same dependence on 
2 4 2 6 2 

Pauling charge as that observed by Bhalla et al, (6), Ad-

ditional theoretical calculations reflecting the differences 

between atomic and molecular wave functions in the matrix 
V 

elements may shed more light on the reason that the o^ values 

obtained by Bhalla et al. and in this work have the observed 
dependence on the Pauling charge, 

4 
2 

For completeness, the ^He+ ion collisions with CH^ are 

briefly mentioned here. The carbon values for 0,4 - 1,8 

MeV pie+ ions shown in Figure 20 have been previously re-

ported by Toten et al. (10), These values are in reasonable 

agreement with (3,5,11) those of the other workers cited in 

Figure 20. 

PC 
Electron Capture Cross Sections, o ̂  

EC EC 
The measured values of a for N and a for Ar for 

K 2 L 

proton impact are listed in Table V along with the theoretical 

values obtained from the first Born (OBKN) and from the 

ECPSSR (EC) calculations. The data from Table V is displayed 

in Figure 21 as a function of the incident proton energy. 

The data from Rodbro et al, (3) is also shown in Figure 21, 

The agreement between all the measurements and the ECPSSR (EC) 

is very good at all energies investigated. 
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Figure 20, a V ( CH ) for ̂ He+ ion iirpact 
K 2 
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EC EC 
Figure 21. ^2 ando (Ar) for proton impact. 
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The measured values of a^C for ^He+ ion impact on CH , 

are shown in Figure 22 and have been reported previously by 

Toten et al, (10). Comparison with theory and experiment is 

hindered by the fact that this data is unique to the litera-

ture. The differential K-shell EC results of Rodbro et al. 

(3) were obtained for 3'^He++ ions. The present measurements 

do not agree with those of Rodbro et al, even when Rodbro1s 

cross sections are divided by two to roughly account for the 

EC dependence on the number of projectile vacancy states. 

Barring systematic unaccounted—for experimental errors in the 

4 + 

present ^He measurements, these results indicate a real need 

for theoretical treatment of the role of the projectile 

electron present in He~*~ but absent in He"'""'" collisions. The 

first Born (OBKN) and ECPSSR (EC) are derived for fully-

stripped projectiles and are not ideally suited for He+ ions. 

The ECPSSR (EC) was performed for He++ and then again for He+ 

by considering only the change in the number of projectile 

vacancy states. As expected, intuitively, the ratio of the 

ECPSSR (EC) for He+ divided by the ECPSSR (EC) value for He++ 

ranged from 0.52 to 0.58 from 0.2 to 2.5 MeV respectively (10) 

Therefore, in terms of the formulation of the ECPSSR (EC), it 

is likely that projectile charge screening could account for 

the lack of agreement between the present data and that of 

Rodbro et al. divided by two. That is, the ECPSSR (EC) does 

not predict the observed He+ cross sections (based only on the 

change in projectile K-occupation number); the ECPSSR (EC) 
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0 0 4 4. 
Figure 22. for ̂ ie ion inpact 
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does not incorporate any projectile nuclear screening effects 

since the projectile electron is represented after capture by 

an unscreened hydrogenic wave function. In view of the 

measured He+ capture cross sections, it is reasonable to 

expect that a reformulation of the ECPSSR (EC) to include 

projectile nuclear screening would produce cross sections in 

agreement with the measured ones. Clearly, theoretical 

treatment of the role of projectile electron screening 

(removing the fully-stripped ion requirement from the theories) 

would be of considerable interest, In addition, measurements 

taken with He and He ions at the same laboratory might 

expose any hitherto undetected errors that might explain the 

observed discrepancy for He+ ions incident on CH4, The final 

discussion of the electron capture results will center on the 

"chemical" effect observed in comparing the measured a
E C 

K 
values for carbon in C ^ , c ^ , and C02 compared to the 

EC 
measured â . values for carbon in CH^, The measured values 

EC 

of aR for proton impact on CH^ C ^ , c ^ , and C02 are given 

in Table VI. 

Bissinger et al. (1) also found ''chemical" effects for 

electron capture from all target shells (total electron 

capture) of carbon contained in various hydrocarbon mole-

cules. They pointed out that the ECPSSR (EC) calculations 

varied ky less thaa 2% when the different population numbers 

and binding energies (chemical shifts) vary by <2% for CH^ 

and C02, and by <0.2% for CH^ and C ^ (1), The effects of 



TABLE VI 

EXPERIMENTAL CARBON a E C (xlO 20cm2) FOR PROTON IMPACT 
K 

PROTON ENERGY c 
EC . , - 2 0 2 

f (x lO cm 
K. 

) T H I S WORK 

(MeV) CH 4 C 2 H 4 C H 
2 6 C°2 

O
 • 

o 8 . 4 3 + 0 . 3 4 8 . 0 8 + 0 . 4 0 7 . 8 4 + 0 . 5 5 7 . 1 0 + 0 . 4 5 

o L
T

) 

O
 6 . 6 0 + 0 . 2 6 6 . 3 2 + 0 . 3 8 6 . 1 8 + 0 . 2 6 5 . 4 1 + 0 . 2 8 

0 . 6 0 4 . 9 8 + 0 . 1 5 4 . 8 4 + 0 . 2 5 4 . 6 9 + 0 . 1 9 4 . 2 4 + 0 . 2 4 

O
 

00 
o 3 . 1 8 + 0 . 1 3 3 . 0 6 + 0 . 1 5 2 . 7 3 + 0 . 1 6 

C
O
 

00 • 
o 2 . 7 3 + 0 . 0 8 

o o • 
1—1 1 . 9 4 + 0 . 1 0 1 . 8 8 + 0 . 1 1 1 . 8 6 + 0 . 0 7 1 . 6 4 + 0 . 0 9 

1 . 25 1 . 0 9 + 0 . 0 8 1 . 0 7 + 0 . 0 6 1 . 0 5 + 0 . 0 6 0 . 9 4 + 0 . 0 7 

1 . 5 0 0 . 6 3 + 0 . 0 5 0 . 6 2 + 0 . 0 4 0 . 6 1 + 0 . 0 4 0 . 5 4 + 0 . 0 3 

1 . 75 0 . 4 4 + 0 . 0 3 0 . 4 3 + 0 . 0 2 0 . 4 3 + 0 . 0 3 0 . 3 8 + 0 . 0 2 

2 . 0 0 0 . 4 4 + 0 . 0 3 0 . 4 3 + 0 . 0 2 

i 

0 . 4 3 + 0 . 0 3 
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these electron redistributions and changing electron binding 

energies were termed the "entrance effect" and were subse-

quently discounted due to the above arguments. Furthermore, 

Bissinger et al. (1) formulated a theoretical description 

whereby the observed "chemical1' effects were explained in 

terms of an effect associated with the projectile as it exits 

the molecule ("exit effect"). The neutral hydrogen atom 

formed when a proton projectile captures an electron may not 

remain neutral in traversing the rest of the molecule. The 

exit effect was formulated in terms of the probability of 

the neutral hydrogen atom undergoing electron loss ("intra-

molecular electron loss process") in leaving the molecule. 

This model used simple assumptions regarding the geometry of 

the hydrocarbon molecules and employed the total electron loss 

cross sections of Toburen et al, (12). Bissinger et al. were 

able to successfully apply additivity when their measured 

molecular electron capture cross sections were corrected for 

the neutral transmission fractions calculated in the intra-

molecular electron loss model. 

A new exit effect model known as the geometrical out-

scattering (GO) model was developed by Varghese et al, (1) 

utilizing the intramolecular electron loss mechanism but which 

was applicable to any molecule with any geometry. In this 

model, the loss cross section subtends a solid angle of ^, 

where the loss cross section, OQJI/ is seen as a disk of area 

OQ-̂ , at an interatomic distance d. . t These loss solid angles 
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are summed over the whole molecule and are divided by 4tt sr. 

The average of these numbers obtained for all possible contri-

butors of a specific atomic species gave the probability, P, 

that electron loss from would occur while leaving the 

molecule. P was given by Varghese et al. (1) as 

P= 0.5 1-d. ./(d?, + 1.05 o )̂ 2 ... V-l ij IJ 01 

For CH , P for carbon could be determined as well as P for H. 
4 

The neutral transmission fraction, T, is defined to be equal 

to 1-P, Transmission fractions were calculated for various 

hydrocarbons, oxides, fluorocarbons, and for SF , Once again, 

additivity was successful when the above molecular total 

electron capture cross sections were corrected by the cal-

culated values of T. The calculated values of T were reported 

only at 0.8, 1.5, and 2.0 MeV and did not include values for 

C2H4" 

T is calculated in the present work from equation V-l 

using interatomic distances, d^ , as given by Snyder and Basch 

(13). The electron loss cross sections, for atomic 

carbon were taken from Toburen et al. (12) by applying addi-

tivity to their CHmeasurements and using their loss 

measurements. Additivity is clearly most likely to be obeyed 

for CH as compared to additivity applied to more complex 
4 

hydrocarbons. The transmission fractions calculated presently 

for carbon in CH , C H . and CC> are given in Table VII 
4 2 4 2 

along with the interatomic distances used (d^j) and the 

values used for a wide range of proton energies. The values 
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obtained here for carbon in CH , C H , and CO at 0,8, 
4 z 6 2 

1.5, and 2.0 MeV proton impact energies are in very close 

agreement with those given in the initial paper on the GO 

model, Varghese et al. (1). Values of T for carbon in C H. 
2 4 

were not given in (1). 

The present differential K-shell EC measurements are 

subject ot the exit effect since the experimental analysis 

assumes that all charge-neutralized-by-electron-capture 

projectiles be detected .in the particle (neutral) detector. 

The theoretical ratios obtained in the GO model for T(com-

pound)/ T(CH^) for carbon are shown in Figure 23, The 

measured values of the carbon a E C (compound)/ aEC(CH ) ratios 
K K, 4 

are also shown in Figure 23, The symbol R T in Figure 23 is 

given by Rt(compound)5 T(compound) / T(CH^).,,V-2, The ratio, 
R , is given by 
E EC PC 

R (compound) E C-a (compound) /C-n (CH.).,,V-3 
E K K 4 

The typical experimental uncertainties are shown at several 

energy points for each target. These uncertainties reflect 

the contribution of the uncertainty in C-aEC (CHj during 
J\ rt 

the division operation. 

Clearly, from Figure 23, there is excellent agreement 

between R (CO ) and R (CO ). The agreement between Rm(C„H ) 1 ^ E Z T z 6 

and R (C H ) is good with the experimental R (C0H ) values 
E z o E Z 6 

being systematically above the Rm(C0H,.) values by -2%, The 
T z 6 u ' 

agreement between R (C2H4) and R£ ( C ^ ) is also good although 

once again R (C2H^) is systematically above R (C„H ) by -2%. 
JL ^ rt 
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F i g u r e 23. R ( T(conpound/T (CHj)and 
T 4 

EC EC \ 
Rg ( OR (C in ccrrrpoimd)/ (C in CH^)j as a funct ion 

of proton energy 



R (unitless) 
T, E 
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In view of the relative uncertainties the agreement is quite 

good. It is viewed as a coincidence that R (C_H ) nearly 
-L ~ r 

exactly predicts R (C0H ). It should be pointed out that 
E 6 

true chemical effects (entrance effect) although small could 

be sufficient to further improve the already good agreement. 

Furthermore, the systematic velocity dependence of the ratios 

given in the GO calculations appears to be obtained in the 

present results. (Note; the solid horizontal line drawn at 

R=1 represents R (CH ) which is defined to be 1 for all 
E,T 4 

energies). 

The present measurements obtained for the K-shell Eg 

offer further evidence in support of the exit effect inter-

pretation of "chemical" effects on total electron capture 

cross sections. If by some mistake in reasoning, the "chemi-

cal" effects seen by Bissinger et al. and by Varghese et al. 

for total electron capture could be attributed to a true 

chemical effect (entrance effect) then this true chemical 

effect would clearly be largest for the outer shell EC. In 

that case, the present inner-shell (K) EC measurements would 

not likely be subject to the true chemical effect. The fact 

that the "chemical" effect seen for total electron capture is 

observed here for K-shell electron capture qualitatively 

supports the conclusions already drawn supporting the exit 

effect GO model. As already seen, the GO model does very well 

at predicting both the magnitude and the velocity dependence 

of the present measurements. These points indicate that the 
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procedures developed by Bissinger et al, (1) and Varghese et 

al. (1) for deriving atomic EC cross sections from molecu-

lar EC cross sections are strongly supported by the present 

work. 

Additional differential K-shell (and for that matter, 

L-shell.) EC cross section measurements for systems where T 

is small and the correspondingly larger effects more reliably 

measured are clearly indicated. 
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APPENDIX 

THE ELECTRON ENERGY ANALYZER 

A simple parallel plate electrostatic electron energy-

analyzer was designed, constructed, and put into operation, 

A schematic diagram of a parallel plate analyzer operated 

in the simplest mode is shown in Figure 24, Electrons enter 

through slit in the front plate, follow a parabolic 

trajectory due to the negative potential of the back plate 

with respect to the front plate, and exit through slit S . 
2 

Harrower (1) has shown that the condition essential for 

focusing and the condition for best resolution are identical 

and are given by electrons incident at an angle of 45 degrees 

with respect to the front plate (as shown in Figure 24). 

Under this condition the resolution, R, of the analyzer is a 

function of the geometery of the analyzer and is given by 

R = a e / et = v ^ r ••• (A - 1 1 

where AE is the instrumental energy separation at full-width 

half maximum (FWHM), ET is the transmission energy or ana-

lyzing energy (the incident electron energy) Ax is the 

separation along the front plate between S, and S0 and X 
1 z G 

is the slit width. Equation A — 1 is inadequate for enetering 

electrons which have a range of incident angles around 45 

140 
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Figure 24. Simple operating mode for parallel-plate electron 
energy analyzer 
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degrees. In general the electron analyzer accepts a beam 

of electrons that is diverging in two dimensions at the 

entrance slit. Angles a in the plane of the analyzer and 

3 in the perpendicular plane are measured from the central 

ray of the bundle. The resolution function, R, for an ana-

lyzer accepting electrons entering with a range of angles 

a, 3 is given by Sevier (2) as 

2X 9 9 
R = AE/E = -—O + 2a + g , , , (A - 2) 

T Ax 

2 2 
The a and 3 terms in A-2 are known as the aberration terms, 

For unequal slit widths X and X_, R is given by 
1 2 

R = xj + x 2 + 2 a 2 + g 2 . . . (A - 3 ) 
o 

where has been replaced by the sum of the unequal slit 

widths, and the slit separation Ax has been renamed 1 for 
o 

consistency with the notation used by Sevier (2). Table II 

of reference 2 gives an excellent summary of most 

pertinent information for parallel-plate, spherical, and 

cylindrical electrostatic analyzers. 

In the simple mode of operation shown in Figure 24, the 

front plate is grounded and the back plate is at a negative 

potential, -VD, which is proportional to the transmission 

energy, e t. The proportionality constant, a, shown in Fig-

ure 24 is not the same as the divergence angle mentioned 

previously. The proportionality constant is known as the 

analyzer constant and is equal to twice the plate separation, 
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d, divided by the distance between S1 and S (1 ) This 
1 2 o * " 

constant determines the value of V D that will allow an elec-

tron of energy Et to be focused at S , 

This simple operating mode is not altogether satis-

factory, A serious difficulty arises in the taking of an 

electron energy distribution separation (AE) on the trans-

mission energy (Et). in the simple mode of Figure 24 the 

electron energy is scanned by varying the deflecting po-

tential Vp. Since this voltage is proportional to the 

transmission energy, electrons of increasing transmission 

energy reach S^ as is made more negative. Even for a 

central ray ( a = 3 = 0) the instrumental energy separation 

must increase as E increases so that R (a function only 

of the geometry for a = 3= 0) remains constant. The ob-

served instrumental FWHM then is different for every energy 

region of a given spectrum. This is clearly an undesirable 

mode of operation since the varying dispersion must be dealt 

with by the operator. 

An improved operating mode is shown schematically in 

Figure 25. A six-element double-Eizel lens system is shown 

along with the power supplies and required electronics. The 

lens system has three major advantages over the simple front 

plate configuration of Figure 24, These advantages are listed 

on the next page: 
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Figure 25. six element double Eizel lens system and associated 
dynamic potential schematic 
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1. The transmission energy, E , is not scanned but is 

held constant for a given spectrum 

2. The grids between elements 3 and 4 retard the 

electrons resulting in smaller values of AE, and 

3. The lenses are focusing which results in improved 

electron detection efficiency. 

Qualitatively, lens I brings a diverging beam of elec-

trons to a beam parallel to the lens axis. The parallel 

beam is retarded by the potential difference between the 

grids. The axially moving and slower moving electrons are 

then focused onto the analyzer entrance slit by the action 

of lens II. 

The first advantage of this system (constant E ) is 

accomplished by sweeping the retarding potential between 

the two grids to scan the electron energy. The energy of an 

electron at the analyzer entrance slit is equal to its 

original kinetic energy minus the magnitude of the retarding 

scanning potential, V r a m p. The electron energy is unaffected 

by the Einzel lens II and therefore the energy of the electron 

at is E,p and is given by 

E = E - eV ... (A - 4) 
T el ramp ' 

where E ^ is the incident electron energy in electron volts, 

and e is the electron charge. As V r a m p is increased, only 

higher energy electrons make it to the analyzer entrance 

slit with energy equal to the preset value of E . The 
T 
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front plate is at potential V r a m p and the back plate is at 

a more negative potential by an amount equal to the anlyzer 

constant, a, times E^, Electrons incident at with 

energies different from ET are not focused at S 2 into the 

electron detector (channeltron), So in practical operation, 

one sets a value of Et and the energy scan is mady by vary-

ing the retardation between the grids while dynamically 

varying the Einzel lenses parameters to selectively direct 

electrons with incident energy E £ 1 to the entrance slit so 

that all incident electrons of various energies during an 

energy scan reach S1 with energy E ^ This constant trans-

mission energy results in a constant AE for all energy re-

gions of a spectrum. The action of the retardation potential 

allows one to choose as small a AE as is practical. Of course, 

the improved energy separation is accompanied by a reduced 

intensity. The lens axis direction is at 45 degrees and 

therefore the focusing action of lens II necessarily results 

in a range of incident angles (a ,g^) centered about 45 degrees. 

The loss of intensity due to these aberration terms is com-

pounded by the fundamental requirement of conservation of 

phase space. This results in an additional divergence of 

the beam as it is retarded in energy between the grids. The 

additional divergence forces one to operate lens II as a 

stronger lens and also results in a larger aberration (or 

angular) term. For large retardation relative to incident 

energy the additional aberration can result in an additional 
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o 

loss of intensity (particularly if Q >10 ), 

The Einzel lens systems were designed based on the 

electron-optical cardinal point calculations of Read et al. 

(3) and of Adams and Read (4), Computer simultations of 

electron trajectories were performed at Oak Ridge National 

Laboratory using the Hermannsfeldt computer program (5), 

The program computes for the various potential distributions, 

electric fields and particle trajectories in two- and three-

dimensional electrode configurations. Discrete point bound-

ary data is input to specify the exact electrode shapes, 

positions, and boundary conditions of the problem. After 

compiling the boundary input data the program generates the 

finite difference equations for the system. The program 

then finds a self-consistent solution to the finite differ-

ence form of Poisson's equation (V2<J) = -p/E ), where <f> is the 

potential, p is the charge density and Eq is the permittivity 

of free space. The effect of the electric fields on the 

motion of charged particles is then computed. These studies 

indicated that the design chosen did indeed correspond to 

the qualitative description given in the last paragraph. 

The use of pre-analysis retardation and electron-optical 

lens systems in atomic collision studies was first limited 

to coaxial cylinder lenses with two elements, Matthews (6) 

described a two-element cylindrical lens system that re-

sulted in better resolution, However, that system required 

the physical interchange of lense elements depending on 
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the spectral energy range and the amount of decleration, The 

system used by Stolterfoht et al, (7) was similar to that 

of Matthews and was used to decelerate electrons to a trans-

mission energy as small as 3eV, Indeed, the computer 

simulations suggested that a two-element lens would be just 

as effective as the three-element Einzel lens I for some 

electron energy and retardation parameters. However, the 

change to a two—element lens I is not effective for all 

electron energy/retardation parameters used in the pre-

sent experiment. In addition, the energy separation is 

constant for the system here but is not for the two-element 

systems mentioned. 

Further details regarding the Einzel lens systems have 

been given previously by Toten et al, (8), The electrons 

that are selectively (by energy) focused at the exit slit are 

directed to the electron detector. The electron detector 

used was a Galileo Electro Optics Spiraltron Electron Multi-

plier Model # SCM 4219. The electron detector is hereafter 

referred to as the channeltron. The final discussion of the 

Appendix centers on the specific manner in which channeltron 

signals were processed, counted, and controlled to produce 

electron energy distributions like those shown in Figures 

7, 8, 9, 

The electronic schematic used for processing channeltron 

signals is shown in Figure 26, A high voltage power supply 

was used to apply a channeltron bias voltage which was 
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Figure 26. Channeltron signal processing electronics and 
electronics for generating electron energy distributions 
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typically +2750 volts. This voltage was applied to the end 

of the channeltron and the channeltron funnel was grounded. 

The channeltron collector cap was biased by the 100 volt 

battery to be 100 volts more positive than the channeltron 

bias voltage. The AC signal generated at the collector was 

output to an Ortec 142A preamplifier through a capacitor. 

The capacitor filters the DC collector voltage (= 2850 volts) 

from the preamplifier input. The timing output of the 142A 

was connected to the Ortec 463 constant fraction discriminator 

(CFD). The standard NIM fast negative logic signals generated 

by the CFD were used only in the coincidence experiment (to 

start a TAC conversion), The CFD also generates a slow 

(y sec) logic signal that is suitable for pulse counters. 

This signal is input to the multichannel analyzer (MCA), 

The MCA was operated in the multichannel scaling (MCS) mode 

for electron energy distribution measurements. In this mode, 

the MCA places all input counts into a single channel until 

an external channel advance signal is received. The channel 

advance signal was generated by integrating the incident 

beam current. A voltage to frequency converter sent signals 

to the Channel Advance Control Module (built at NTSU) with a 

frequency proporational to the instantaneous incident beam 

current. The Channel Advance Control Module accepts these 

pulses until a preset number of them are received. During 

this time the MCA is gated on to accept electron signals 

from the channeltron. Upon receipt of the preset number of 
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pulses, the Channel Advance Control Module gates the MCA 

off momentarily and sends a signal to the Einzel lens power 

supplies to advance the electron analyzer voltage by a pre-

set amount. During this gate-off period the MCA is also 

advanced to the next channel. Counting continues in this 

channel until the same preset number of pulses from the ion 

beam Faraday cup (through the V to F converter on the current 

integrator) is received by the Channel Advance Module. The 

preset number of pulses is easily related to the number of 

incident projectiles if the projectile charge state is known 

and if total charge integrated during the gate-on period is 

known. Therefore, the MCA counts electrons in a given 

channel corresponding to a certain incident electron energy 

(analyzer voltage) for a preset number of incident projectiles. 

The resulting electron energy distribution is thus normalized 

so that the number of electrons detected at each energy is 

accumulated for the same number of incident projectiles. 
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