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114 pp., 6 tables, 21 illustrations, bibliography, 156 titles.

The charge state dependence of M-shell x-ray production cross sections of
¢7Ho bombarded by 2-12 MeV carbon ions with and without K-vacancies are
reported. The experiment was performed using an NEC 9SDH-2 tandem
accelerator at the Ion Beam Modification and Analysis Laboratory of the
University of North Texas. The high charge state carbon ions were produced by a
post-accelerator stripping gas cell. Ultra-clean holmium targets were used in ion-
atom collision to generate M-shell x rays at energies from 1.05 to 1.58 keV. The
x-ray measurements were made with a windowless Si(Li) x-ray detector that was
calibrated using radiative sources, particle induced x-ray emission (PIXE), and the
atomic field bremsstrahlung (AFB) techniques.

Experimental results are compared to the predictions of the first Born and
ECPSSR theories using single-hole fluorescence yields. The theories include two
ionization mechanisms, direct ionization (DI) of the target electron to the
continuum and electron capture (EC) from the target to the projectile. The first
Born theory describes the DI by the plane wave Born approximation (PWBA) and
electron capture (EC) by the Oppenheimer-Brinkman-Kramers treatment of
Nikolaev (OBKN). The ECPSSR theory accounts for the energy loss (E) and
Coulomb deflection (C) of the projectile while passing the target atom as well as
the perturbed stationary states (PSS) and the relativistic effects of the target

electron during interaction with the projectile.



The electron capture cross sections as well as direction ionization cross
sections can be extracted from the charge state dependence of the x-ray
production cross section. The first Born theory overpredicts all the data for the
total M-shell x-ray production cross sections and the electron capture cross
sections while giving a fair agreement to the direct ionization cross sections. The
first Born theory overpredicts the electron capture measurements by at least a
factor of 16. The ECPSSR theory agrees well with the total M-shell x-ray
production cross sections for 6-12 MeV carbon ions with charge state 3+ and 4+,
but overpredicts the results of charge state 5+ and 6+ and all of the data at
energies 2 and 4 MeV. The ECPSSR theory also overpredicts all the electron
capture cross sections by a factor of 4-10 while it underestimates all the direct

ionization cross sections by 20% to 76%.
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CHAPTER 1

INTRODUCTION

Atomic inner-shell ionization of target atoms caused by the impact of
charged particles has been the subject of extensive studies for the past decades.
These studies not only have proven important in understanding the fundamental
processes behind the often complicated mechanics involved in ion-atom collisions,
but they also have applications in astrophysics, plasma physics, solid state physics,
and chemical reactions [1]. Inner-shell ionization studies also provide a powerful
tool for quantitative analysis of elemental, chemical, and structural composition of
bulk and surface materials [2].

X-rays that are generated by inner-shell ionization are conventionally
measured with Si(Li) x-ray detectors. These detectors classically have beryllium
entrance windows that preclude the measurement of x-rays below 1 keV. For this
reason, a search of the literature will reveal that very few ion-atom collision
studies have been made in this 1 keV binding energy region. Several years ago a
windowless Si(Li) x-ray detector was installed on the x-ray chamber beam line of 3
MYV tandem accelerator at the University of North Texas. With this windowless
detector it is possible to measure x-ray energies down to 185 eV. For the present
study this detector was used to measure M-shell x rays (1.05 to 1.58 keV) from
holmium targets that were bombarded with carbon ions. The purpose of this

work is to test the current inner-shell ionization theories for this projectile-target



pair. In particular the projectile charge state dependence was studied for carbon
ions with charge states 3+ to 6+. These measurements were made for a wide
variety of holmium target thickness to establish the single collision realm. From
the experimental measurements it was possible to extract the electron capture
contribution to the interaction and compare these measurements to the theory.

In the ion-atom collision process, swift heavy ions excite and ionize the
electrons of target atoms and generate vacancies. When filling these vacancies by
electron transitions from higher atomic levels, characteristic x-rays (radiative) and
Auger electrons (non-radiative) are generated. By measuring either the x-rays or
the emitted Auger electrons, many details of the atomic excitation can be studied.
The inner-shell ionization cross sections, defined as the ratio of the x-ray
production cross section to the fluorescence yield that is the probability of an x-
ray being emitted per vacancy, can be easily determined with high resolution
Si(Li) x-ray detector measurements. In relating the inner-shell ionization to the x-
ray production, single-hole fluorescence yields [3] are mostly used instead of
multiple ionization fluorescence yields [4]. The Ion Beam Modification and
Analysis Laboratory (IBMAL) at the University of North Texas (UNT) has, in
fact, been one of the main contributors in this field.

From a theoretical point of view, three basic mechanisms may cause
vacancies to be produced in the target atom during ion-atom collisions. The first
one is direct ionization (DI) which occurs when projectile ions directly knock out
the inner-shell electrons of the target into the continuum. This mechanism is
dominant at high ion velocity, v,>>v,,, and for Z,< <Z,, where Z, and Z, are the
atomic numbers of the projectile and target atom, and v, and v,, are the

velocities of projectile ion and target inner-shell electron, respectively [5, 6]. The



second mechanism is electron capture (EC), in which an inner-shell electron is
captured from the target atom into a vacant bound state of the incident ion. This
process becomes important at lower ion velocity, v,<v,,, and for Z,<7Z, [7, 8]. In
the third mechanism for slow symmetrical ion-atom collisions where v,<<v,, and
Z,=7,, the vacancy production is caused primarily by electron promotion. In this
process, electronic excitations are due to the formation of quasi-molecular orbitals
caused by the inter-penetrating electron clouds of the projectile ions and the
target atoms [9-14].

Numerous experiments over the past few years have given rise to acute
interest on the part of atomic theorists. At this point in time the theory, in
general, is fairly well understood for some collision systems. For the DI, early
theoretical calculations of direct Coulomb ionization cross sections were made
through the binary-encounter approximation (BEA) [15-17], the semiclassical
approximation (SCA) [18], and the plane-wave Born approximation (PWBA) [S, 6,
19].

In the BEA, ionization cross sections are obtained by treating the colliding
particles classically. The BEA has evolved from the "impulse approximation”
developed by Bohr [20, 21} to describe ionization occurring by the direct exchange
of energy in the collision of a charged particle with the bound electron. This
model gives a qualitative description of the experimental data, but has proven to
be insufficient for quantitative comparison {1].

The SCA model was first formulated by Bang and Hansteen [18] to
describe the inner-shell ionization processes caused by light ion impact. In the
SCA model the projectile is assumed to move along a classical trajectory while the

electron transition is treated quantum-mechanically. The deflection of the



projectile by the Coulomb field of the target nucleus has also been considered in
the calculation of K-shell ionization of atoms [22].

By using the plane wave Born approximation (PWBA), Bethe [19] was the
first to give a quantum-mechanical description of the excitation and ionization
processes. Later, Merzbacher [5] extended this model and gave a complete
picture of this process. In the PWBA, both the projectile and target electrons are
expressed quantum-mechanically, and the Coulomb interaction between the
projectile and target electrons is assumed to produce a small perturbation of
target-atomic states. The PWBA is equivalent to the time-dependent SCA under
assumption of a straight-line trajectory and small energy loss of the projectile. As
long as their atomic wave functions are identical, both methods give the same DI
cross sections. These methods have been fairly successful for high relative velocity
colliding systems with Z,/Z,< <1.

At low projectile velocities, the simple first-order Born theories, such as the
SCA and the PWBA, become invalid. In order to modify these theories, one
needs to take the following phenomena into account. (1) The increase in the
binding energy of the inner-shell electrons due to penetration of the projectile
inside the inner-shell during the collision reduces the probability for ionization.
(2) The deflection of the projectile by the Coulomb field of the target atom
increases the distance from projectile to the target electron and therefore reduces
the ionization probability. (3) The polarization of the inner-shell electron wave
function due to the projectile, which keeps the projectile and target electron in
contact longer, increases the ionization probability. (4) The energy loss of the
projectile reduces the ionization probability if the v,<v,,. (5) The relativistic

effect of the target electron increases the mass of the electron and reduces the



ionization probability. Brandt, Basbas, Lapicki, and others |7, 8, 23-27]
incorporated all these effects to the ionization process to develop the so-called
ECPSSR theory, where the (E) stands for the energy loss effect [23, 28], the (C)
Coulomb deflection effect [29], the (PSS) for the binding energy and polarization
effects caused by the perturbed stationary state [29], and the (R) is the relativistic
effect [23, 28]. For these modification, the screened non-relativistic hydrogenic
wavefunctions are used for calculation.

In the ECPSSR theory, the inner-shell ionization can be obtained by
multiplying data from the existing universal function for the PWBA cross sections
[30] by appropriate correction factors as mentioned above. The ECPSSR theory
has been widely used to calculate K-shell ionization cross sections for light ions
and has proved to be in good agreement with the experimental results for the
region, Z,=1 and 2, 6<7,<92, and 0.05<v,/v, <5 [31-33].

At the present time, the inner-shell ionization caused by the impact of swift
light ions appears to be fairly well established for asymmetric collisions [31].
However, there is still a lack of experimental results for heavy ion-atom collisions
where electron capture (EC) becomes more important.

The projectile electron capture and the contributions to the target vacancy
production were first studied by Oppenheimer [34]. Brinkman and Kramers
(OBK) [35] then applied quantum mechanics to EC. The OBK approximation
describes the transition of an electron from a hydrogenic target to hydrogenic
states of a fully stripped ion. A maximum in the EC cross section is predicted
when the velocity of the ion matches the velocity of the target electron during the
collision. Nikolaev (OBKN) [36] extended this model to calculate EC cross

sections by utilitizing non-relativistic screened hydrogenic wavefunctions. The



PWBA together with the OBKN is referred in the present work as the first Born
theory. It is this theory that is used for one comparison with the present
experimental data.

Lapicki and Losonsky [7] and Lapicki and McDaniel [8] improved the
OBKN formalism by incorporating the Coulomb defiection and perturbed-
stationary state to low velocity ions, the second-order Born approximation to high-
velocity ions, and relativistic effect term for electron capture. Thus, the prediction
of the ECPSSR theory including DI and EC has been extended to the low velocity
range where Z,/Z,<1, and v,/v,,<1. This theory has been shown to give good
agreement with the measured K and L inner-shell ionization cross sections [31-33,
37, 38]). However, due to the lack of M-shell ionization measurements, the theory
has yet to be tested thoroughly for the M-shell.

Fano and Lichten were the first to propose using a molecular orbital
(MO) model to explain inner-shell excitation produced in heavy ion-atom
collisions [9]. In this model, if the relative motion of two nuclei is much slower
than the orbiting velocity of the electrons and if the perturbation potential can be
comparable to the corresponding binding and the interaction energy, then the two
atomic particles may be viewed as a quasi-molecule transiently formed during
collision. The colliding atoms are treated as a diatomic molecule whose
internuclear separation varies during the collision. An electron originally in an
atomic orbital having a low principal quantum number may, when the nuclei
approach, be pushed into a molecular orbital having a higher principal quantum
number. Furthermore, it is possible for the electron to be left in a new excited
atomic level when the nuclei separate. The pre-collision levels of these "promoted

electrons" thus leave vacancies. The MO model has been confirmed



experimentally to be a major contributor to inner-shell ionization mechanisms in
low velocity atomic collisions [12, 13].

Few studies have been directed to inner-shell ionization for the M-shell.
The major reason for the lack of M-shell data relative to the more abundant K-
and L-shell measurements is the experimental difficulty associated with these
measurements. The M-shell x-rays, for ,U, are only 3 keV in energy and are
lower in energy as the atomic number decreases. As was mentioned above, the
conventional Si(Li) x-ray detector has a beryllium window that precludes
measurements in the low energy region, hence the lack of data in the literature.
The UNT laboratory has been able to resolve this experimental problem by
installing a windowless Si(Li) x-ray detector in an UHV chamber. With this
arrangement, x-ray energies as low as 282 eV (4C-K,) can be measured {32, 33].
These measurements would not have been possible without the advent of the
windowless Si(Li) detector.

As was explained earlier, the primary mechanisms involved in inner-shell
vacancy production in energetic heavy ion-atom collisions are direct ionization
(DI) and electron capture (EC). Most of the experimental measurements
obtained for K-, L-, and M-shell ionization have been compared to the DI theory.
This is due to the experimental difficulty in extracting the contribution of DI and
EC. As a result total ionization measurement were always used to compared with
the theories. By virtue of their higher energy x-rays, which are easier to measure,
there is a wealth of experiments in the literature for K- and L-shell studies, for
which EC contributions are considered [39-54]. The only definitive measurements
for EC for the M-shell ionization were performed by our group at Oak Ridge

National laboratory [43, 55-58]. The EC contribution to the ionization cross



sections can be determined by making a comprehensive study of the projectile
charge state dependence of the cross sections for targets in which the single
collision realm can be approximated. Our laboratory first studied the charge state
dependence of inner-shell ionization cross sections for thin solid targets in 1977.
For K-shell ionization, McDaniel et al. [39] presented a paper on 3;Si%* ions
incident on ,Sc, ,,Ti, ,Cu, and ;,Ge targets. This work was followed by a series
of others on K- and L-shell ionization measurements for a wide variety of targets
and projectile charge states [40-43]. Earlier studies on charge state dependence of
x-ray production were by Hopkins in 1975 [59], Gray ef a/. in 1976 [60], and
Gardner et al. in 1977 [61]. Later studies were conducted by Tawara ez al. in 1978
[62], Schmiedekamp et al. in 1979 [63], and Gray ef al. in 1979 [64].

For the work in this thesis, ';C? ions (q=2+-6+) in the energy range from
2 to 12 MeV were used to bombard a thin Ho target. This ;Ho target was 0.34
pg/em? which makes it thin enough to be in the single collision realm which is
necessary for the extraction of EC cross sections. As was mentioned above
measurements in this thesis are the first to fest the EC theory as well as the DI
theory for M-shell ionization in the range, Z,/Z,=0.09 and 0.17<v,/v,,<0.42.

In addition to tﬁe present work, two papers [65, 66] have already been
published by the author of this thesis on the energy dependence of M-shell
ionization for incident protons and alpha particles bombarding eleven rare-earth
targets. In these papers, the techniques for producing contaminant free rare-earth
targets were discussed [67-69]. Considerable experience was obtained in
producing thin rare-earth targets suitable for measurement of 0.6 to 1.8 keV x-
rays.

In chapter 2, a review of the quantum and classical mechanical scattering



theories for DI as well as EC will be given. Details of the experimental
procedures including a windowless Si(Li) x-ray detector efficiency determination
and target preparation are given in chapter 3. In chapters 4 and 5, experimental
measurements will be analyzed and the results will be presented and discussed,
respectively. In the last chapter, conclusions concerning M-shell direct ionization

as well as electron capture will be drawn from proceeding chapters.



CHAPTER 2

THEORY

The theoretical models for inner-shell ionization has been developed by
using classical- and quantum-mechanical methods. In this chapter, the quantum
mechanical scattering theories, such as the first Born and the ECPSSR, are
described. Within the first Born approximation, the PWBA (Plane Wave Bomn
Approximation) is used to calculate direct ionization (DI), and the OBKN
(Oppenheimer-Brinkman-Kramers-Nikolaev) approximation is described for
electron capture (EC). The ECPSSR theory is described chronologically and
improves the first Born approximation by including the modifications for energy
loss (E) of the projectile, Coulomb deflection (C) of projectile path, binding-
polarization effects in the perturbed stationary states (PSS) of the target electron,
and relativistic (R) effect of the target electron. Also mentioned in this section
are the classical methods that include the SCA (semi-classical approximation),
which is used for a correction factor in the ECPSSR theory, and the BEA (binary-
encounter approximation). Finally, some views for improving the electron capture

theory will be presented.

2.1 Quantum Mechanical Scattering Theory
The quantum method is used to evaluate the transition matrix elements by

using the appropriate set of Hamiltonians and wave functions for the physical

10
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system [70-72]. For example, the Hamiltonian of the colliding ion-atom system

can be described by the form

H=Hy o+ Hyp Y,

atom

2.1)

where H,, and H,,, are the respective Hamiltonians of ion and atom, and V is
their interaction potential. The initial wave function, '¥;, and final wave function,

¥, of the system are used to define the transition matrix as

T,=(¥,|V|¥,)

(2.2)
The differential cross section (in barns) can then be written as [5]
v
do = |-E_ | 1T 1240,
2ant}) V; (2.3)

where v; and v, are the initial and final velocity of the incident particle,
respectively; p is the reduced mass { in amu) of the interacting particles in the

system and d() is the element of solid angle into which the projectile is scattered.

2.2 The First Born Theory - PWBA and Direct Ionization
In the plane wave Born approximation (PWBA), the velocity of the
projectile is assumed to be high enough that distortion of its wave function by the
target electron can be neglected. Similarly, external perturbations on the target
electron are comparatively weak and the only interaction responsible for inner-
shell vacancy production (jonization) is assumed to be the Coulomb potential
between the target electron and the incident projectile [5]. Therefore, by

neglecting the excitation of the electron to unoccupied orbitals, the initial and
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final states of the atom are described in terms of the transition of a electron from
its initia] bound state to the continuum state [5].

Direct ionization is applicable to a projectile incident upon an electron that
is bound in the § state of an atomic system. The projectile of mass M, and charge
Z, is assumed to be an incident plane wave while the electron is in a target atom
of mass M, and charge Z,. This interaction potential is given as

_ &€
CR-r| (24)

where r is the position vector of the relevant atomic electron and R is the position
vector pointing from the atom to the projectile. The transition matrix defined in

equation (2.2) can be written as

&2
T = [ 4 g (Rp)drd
where W (R, r) is the Initial state of the system, given as
¥ (Rn) = oy,
(2.6)
and YR, r) is the final state, given as
¥ (RD) = e * o, (n);
(2.7)

®; and ; are the respective initial and final wavefunctions for the target electron;
within the incident and scattered plane waves, the wave numbers &, and k; are
related to the initial and final momenta of the projectile by P,=+ k; and P,=% k;.

After taking the total wavefunctions into account, the transition matrix can be
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written as

Zet kiR

;7 = [[oxn ® () driR

| R-1] (2.8)
The momentum transfer is given as
ap = hq = h(k-kp).
_ (2.9)
After replacing (k;-k,) by ¢ and performing the integration over R, equation (2.8)
becomes
4z, e .
;7% = - D;(He TP (r)dr
i [T 210)
By defining the "atomic form factor" as
Fy(g) = [RUDT @ (n)dr = (@ (1) e | D)),
(2.11)
the differential cross section given in the equation (2.3) can be written as
2
dagwm _ YAET Ye Fy(q) 2m’
) v,| ¢ (2.12)
where
L M
(M, +M) (2.13)

The scattering angle, 8, is related to the momentum transfer in the

following way:
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G* = q-q = K +K;-2k:k. = K +k; -2k .k, cosf.

(2.14)
Differentiating equation (2.14) gives
gdg = k. k,sinfdd.
(2.15)
Using equations (2.15) and (2.12) and knowing the differential solid angle
(dQk=sinfd0d¢), the differential cross section then becomes
2
22| |F (gl
PWEA _ i
dog = = [ », ] = dgd¢ . 2.16)

The complete expression for the ionization cross section can be obtained by
summing over all initially filled substates. To account for the double occupancy of
each orbital substates, equation (2.16) is necessarily multiplied by 2. This is done
because the spin enters as a statistical factor, 2j+1, where j is the total angular
momentum of the S-shell electron. The spin generally plays no dynamic role in

heavy ion collisions. Thus, the cross section may be expressed as

1672 et
dof"™ - —Z1_ |F(g)P dq.
32 ,}2 g (2.17)
Using a hydrogenic wave function for the electron in the initial state, S,
and a continuum wave function for the final state of the electron, the form factor

may be evaluated for an energy transfer between ¢ and e+de, and the cross

section becomes
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16w Ze?
—-—a—zm |F, s(q)|? dgde.
Wrg? (2.18)

PWRA
do, ¢ =
The energy transfer, ¢, is given as

(2.19)
where E, is the observed ionization potential (the observed binding energy) of
the electron in the initial state, S, (subscript 2 represents the target atom) and T is
the kinetic energy of the ejected electron.

The PWBA calculation of the cross section depends upon the exact wave
functions used for the form factor. Thus, non-relativistic hydrogenic wave
functions are used with screened atomic nuclei [5, 73-75]. The screening by inner-
shell electrons reduces the target charge, Z,, to the effective charge, Z,,, seen by
an electron in the S state. The atomic number, Z,, has been modified by Slater
[76] to give the following Z,:

Zy=2,-03, for the K-shell state;
Z, =2Z,-415, for the L-shell state;
Zye = Z,-11.25, for the Ml-, M2-, and M3-subshell states;
Zyy = Z,-21.15, for the M4- and M5-subshell states.
By integrating equation (2.18) over all possible momentum and energy

transfer, the ionization cross section becomes

16w Ziet = 4,
o= —2— [ [de|F (g).
qminq Cmin

2.2
7

(2.20)

The limits of the momentum transfer integration may be judged from equation
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(2.14) as g, =k;-k; and q,,,.=k;+k;. These limits may be expressed as

7. =g Byt Wy
A (A (2.21)

and
qmax = *.
(2.22)
In order to free the electron from the iritial state to a continuum state, the
transferred energy must be greater than the electronic binding energy, E,.
Assuming T=0, this gives a limit to the minimum energy transfer given as
ZXR
E . = E2 s = __.............—Z

min ’

i (2.23)
where R, (=mvj /2 = 13.6 eV) is the Rydberg constant and n, is the principal
quantum number for the target electron in the § state. When the kinetic energy
of the ejected electron is very large compared to the observed ionization potential,
the maximum energy transfer may be taken to be infinity.

The following reduced (dimensionless) parameters for the energy and

momentum transfer are introduced:

Zs R, 2.24)

and
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2 2
s 30]
———— ’

Zys

— 292 _ 2
Q g a5 q ( (2.25)
where a, is the target electronic radius in the § state, a, (=%"/me? =0.529x10®
cm) is the hydrogenic Bohr radius, m, is the electron mass, e is the electron
charge, and v, (=e*/h =2.19x10° cm/sec) is the hydrogen Bohr velocity. The

ionization cross section becomes

8ma Zze d
Y N def Qles(Q)lz
zzsﬁ%ﬂ (2.26)
where
_ Cmin DUy
Z;S Ry ng Ry (227)
and
® 1122 a,)
_ 2 2 | Pashsd
Omirl = Gnines [ P:‘ 223 ]‘ (2.28)
Similarly the reduced velocity is given by
2
poo L (V,- _ mE 403 E(MeV)
LY T T Al - - ’
Zzzs C ﬂZzzsRy Zfs My(amu) (2.29)

where E| is the kinetic energy of the incident projectile. The ionization cross

section for the S-shell electron becomes
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Zns 230)

where

2 | Fus(Q)P

10, W) - |
w (231)
4n,

is the excitation function for an electron receiving a reduced energy between W

and W+dW,
The ratio of the true binding energy to the energy calculated by treating

the atom as hydrogenic atom is defined as a reduced binding energy given by

’hmzs ”zs
Z R (232)

Using equation (2.32), the ionization cross section can be written as

8mwaiZ!
PWEA 041 Tos
o5 = ——1L(05.19) = —1£(85.15),
Zysmg Ns (2.33)

where

f05m) = [1(n,, W)dW,

05
% (2.34)
s

and
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_ 8wz a;
Z (2.35)

Oy

And, the direct Coulomb ionization cross section is proportional to a universal
function, g, which, to a good approximation, depends only on 7¢/6? [26). The

cross section is then expressed as

2
o, o
agwm _ 0.5'9}["?5, GSJ _ Bs ﬁs*grs(gs’ 0,),

5. 0@ 20, (2.36)
where
85 = L2 2‘/1?:,
9s Osvg O @37)
and
y{:—g, es] - z—jé(ns: 0s)- (2.38)

2.3 The First Born Theory - OBKN and Electron Capture
The electron capture process becomes important for slowly moving ions
colliding with target atoms. Oppenheimer [34] was the first to study electron
capture (EC) as a three body problem. By neglecting the internuclear interaction
between two nuclei, he derived an analytic expression for the electron transfer
between the proton-hydrogen system. Later, Brinkman and Kramers [35] used the

first Born approximation to calculate this effect. They considered the Coulomb
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Figure 2.1  Electron capture in the OBKN approximation. The point C,
represents the center-of-mass for the atom-electron system prior to
the collision. Similarly, C, is the center-of-mass for the ion-electron
system after capture.

attraction (i) between the target atom and its electron (before capture), and (ii)

between the incident ion and the target electron (after capture). The three body

problem is depicted in figure 2.1, where r, is the position of the electron relative

to the ion, r, is the position of the electron relative to the target atom, and R,

denotes the position vector between the ion and the center of mass, C,, of the

target nucleus-electron system prior to electron capture. After capture, R, is the
position vector to the target nucleus from the center of mass, C,, of the ion-
electron system. Similarly to DI, the EC process has been evaluated using the

Born approximation formalism.

Jackson and Schiff [77] have shown by perturbation theory that to first
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order the nucleus-electron interaction potential can be approximated by either the
interaction of the target nucleus-electron or that of the ion nucleus-electron. In
the OBK approximation, the nucleus-nucleus interaction term was neglected. The
Hamiltonian for this system may be expressed as in the case for direct ionization
and similar to equation (2.1) where V' is the ion-electron interaction potential

given by

n (2.39)

The initial state of the system includes a projectile of charge Z, and mass M, and
an electron in the § shell of the target atom. The initial and final wave functions
are defined as

Y. = C“}.Rz (b;(r?.)s
(2.40)

and

v, =R, (n),

(2.41)
where ®,(r,) and ®4r,) are the fespective hydrogenic wave functions of the
electron in the target and the projectile atoms; the exponential terms are the
plane waves for the ion with the initial momentum, % &, = yv,, and for the ion-
electron system with the momentum, % k; = uyv,, after the collision. The reduced

masses, g; and p,, of the ion before and after the collision are given by
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o Mo
Y ma MM, (2.42)
and
o Mgt
T mq MM, (2.43)
Substituting the wave functions into equation (2.2), the transition matrix
becomes
T = [[e% @'(r)—&fﬁ@.(r) e™* R dr,
g Py TN (2.44)
From the figure 2.1,
| M
& - {m;jv[z E (2.45)
and
o [ M
PPy 7 (2.46)

Inserting equations (2.45) and (2.46) into equation (2.44), the transition matrix

becomes

TP < e @)

2162 iA-r
ar, e 2 P .(r ,
1'1 1 f .r( 2)0'6 (2‘47)



where
A=k M1y
T maM [T (248)
and
M,
B-= ‘_ |k - k..
[m; A ’ (2.49)

(2.50)

where ¢; is the observable energy of the electron in the ion. Substituting equation

(2.50) into (2.47) and integrating by parts twice yields

" g? B ¥ in:
T - ‘( 2 +Et'ch v 1¢f(ﬁ)d’ife 2 ®,(5)dn,.

ey (2.51)
Noting the Fourier transforms of the above equation, the transition matrix
becomes |
ZBZ
T - -2 | 2 e, | ©,(A)D}(B).
7 - (el @i s

The OBK result [35] will be obtained when the transition matrix in

equation (2.52) is substituted into the equation (2.3). This calculation is valid for



a single electron transfer to a particular shell of the ion. Nikolaev [36]
generalized the OBK calculation to all projectile-target combinations (Zy, Z,21).
He used non-relativistic screened hydrogenic wave functions and observed
electron binding energies for the OBKN approximation to calculate the EC
contribution. By summing over all initial and final quantum states in equation
(2.52), Nikolaev obtained the fd]lowing scattering amplitude

| T 22):(2@”[ +e,«] L TN

For a given principal quantum number, ng, using hydrogenic wave functions
for the summation over orbital and magnetic quantum numbers, the following

expression was obtained earlier by May [78]:

-

-

; ZGW(HZ; T
Y. Y [@um(@f = LA
D s |z 2 (2.54)
7 +[”s"”o]

Substituting equation (2.54) into equation (2.53) and performing the appropriate

summations for the probability of an electron transition from the S shell of the

target atom to the §° shell of the ion, the scattering amplitude becomes

5 b
21252 ﬂgsﬂlzs { le ] { Z ” WB Gf]z
’Tgmlz - -4 ). 4,

2
fy - a

NPT I
Led,
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where nyg and #,5- are the principal quantum numbers of the S shell in the target
atom and the S~ shell in the ion, respectively. The binding energy of a hydrogenic

electron in the ion can be given as
2
my.  mZ.et

R R
205 (2.56)

where v, is the orbital velocity of the electron in the ion. After inserting

equation (2.55) into (2.3), the differential cross section for EC is expressed as

o (peaf g ) )
2an J\ Vi

M)\ Ihs-3,)\ Is5dy

et

589
The momenta in equation (2.48) and (2.49) may be expanded to give

* 2.57)

(Bys-—Eys) mY; sinf
A? = + ) quty? ,
W, 2 | T (2.58)
and
(Bis-—E,5) mpy, sin%g
B? = e R P
W, T R (2.59)

Substituting equations (2.58)-(2.59) and the relation 1/a,=m e*/’=v;m /%
into equation (2.57), the OBKN cross section for an electron transition from the
initial state, S, in the target atom to a final bound state, S, in the incident ion is

given as
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f, Y25

o OFKN _ 2 1730{”25”13 Jz{vl ']5 £9.0,) @,[(1-05)E55-(85)]
Tgc-ss- 5 L v, [1+(1 os)E.SS' (95)]3 (260)

where

£ 8,) = 25
Hs+qss {89 (2.61)

and

(2.62)

The quantity qg- is an approximation to the minimum momentum transferred by

the capture process. The function ®,(x) is given by

o 13 563

Equation (2.63) can be approximated to within 2% by (1+0.3x)" for x<3, i.e., for

@[] = %{1i

X

}- (2.63)

the values of x which are available in experiments.

The cross section calculated for equation (2.60) was found to be greater
than the experimental cross sections by a large factor. Briggs [79] mentioned that
the first-order Born approximations does not provide the correct limit for the
high-energy behavior of charge transfer. In particular, for ground state to ground

state charge transfers the asymptotic first-order cross section is
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= de (a_ u.)
Syl2 (2.64)

Op;

The leading terms of the second Born approximation however provide a different

limit

Sy,

S+ —m—— 1
2 Z 42, S)] (2.65)

Ops = Opy

Drisko [80] and Shakeshaft and Spruch [81] show that the second Bomn term
dominates over the first Born term (the OBK approximation {34, 35]) at
asymptotically high impact velocities. Belkié ez al. [82] have discussed the various
second order theories for charge transfer and the comparison with second Born

term at asymptotically high velocities.

2.4 The ECPSSR Theory and Direct Ionization
The PWBA has been found to be fairly successful in predicting direct
ionization cross sections for high projectile velocities [83]. However, the PWBA
generally overpredicts the inner-shell ionization by heavy charged particles with
smaller velocity (v;). This discrepancy is caused by a number of effects that are
not considered for high velocity ions. During the slow collision, the low velocity
ion feels the effects of the target charge while the target electrons have time to
adjust their orbits adiabatically to the presence of the ion. The ECPSSR theory

was developed to include those several factors by using PWBA calculations as the

basis [23-27].
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Increasing Binding Energy Effects

When the projectile velocity is low, the initial state of the target electron is
distorted by the presence of the projectile. In slow collisions, this effect can be
thought as an effective increase in the projectile-target nuclear charge and
therefore also in the binding energy of the target electron. This effect has the
consequence that the electrons are temporarily more tightly-bound to the target
atom, thus reducing the inner-shell ionization cross section. This binding energy
effect has been treated in the perturbed stationary state (PSS) approach [26, 27].

The binding energy can be taken into account by replacing the reduced

binding energy, 8, by €58;. The total binding energy factor is defined as

B sE g

625 = 1"'

E, (2.66)

where E, is the observed S-shell binding energy and aE, is the average change in
the S-shell binding energy during the collision.
In first order perturbation theory, the change in the binding energy is

given as

Z,e*

|R-, |

sk = <‘1>;(f) ‘I’,-(F)>s

(2.67)
where R is the position vector to the target atom from the projectile and r, is the
position of the electron relative to the target atom (see figure 2.1).

Using non-relativistic hydrogenic wavefunction, equation (2.67) can be
written analytically as a function of y=R/a,; for the S-shell. If the projectile

moves along a straight line with an impact parameter b, the average binding
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energy change, aE,, can be evaluated at the closest internuclear distance, R,,,=b,

and y can be written as y=>b/a,,. The average value of aF is therefore defined as

> dog
{ s [ Z\Z,R
AE,; = s &5,
7[“’"‘]
5 de,

where (day / dey), is the S-shell ionization cross section for the impact parameter b
and & is the energy of the electron in the final state. The impact parameter
dependent ionization cross section and a weighting function, g,(y), can be obtained
from the SCA [18, 84] scattering amplitude for the S-shell ionization probability

function. .

Using the dimensionless quantity, £, of equation (2.37), equation (2.66)

can be written as

2Z,
B
€yg = 14]——n .
25 [oszzs 2585 2.69)
When the binding effect is included, the cross section then becomes
ag = T g €0505) -
(2.70)

Polarization Effects
When the projectile is outside of the orbital radius of the target inner-shell
electron, the positive charge of the projectile tends to draw the target electron

away from its nucleus. This process is referred to as the polarization effect. The
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polarization effect is important for medium and high energy projectiles, where
collisions with large impact parameters play a dominant role. The polarization
effect increase the ionization cross section because the electron and the ion are in
contact longer.

Basbas ez al. [27, 29] estimated the polarization effect in the PSS
approximation. The unperturbed initial electron state is expressed by an isotropic
harmonic oscillator and the energy transfer is calculated as a function of impact
parameter, using classical {85] and quantum-mechanical methods [86]. The
potential between the ion and the electron is given and expanded in a Taylor

series as

ze eJl rR(t) 1

o =- vmof'41m03m)z

3Rt P ] }
R(t) R (2.71)

The Hamiltonian of the system can be defined as

H = Hyp V¥,
pt RO

4er

P(r-R)|+ RB(rR)|, @7

[ -Z,e*r
R3

where H is the unperturbed harmonic oscillator Hamiltonian; V, and V, are the
respective dipole and quadrupole terms of equation (2.71) for the perturbation to
the Hamiltonian, which can be expressed in terms of spherical polar coordinates
and the Legendre polynomials, P(r-R) and P,(r-R).

The transition amplitude from the ground state to a state designated by

quantum number #n/m is then given by
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Tm=~§ [ dt(nim| v~ (2)|000ye =’

o !
Liafa ¥ @mvniatmx e7)
-0 - 2l m’
@ 1m | V() | nlm) e na 7" o,

where V- (5)=V +V, and %@, ;- =E - E, 1

The transition probability, IT,,, P, caused by the perturbation is limited by
the selection rules for the dipole and quadrupole transitions. Similarly to the
PWBA method for calculating the jonization cross section, the dipole transition
will yield a probability proportional to Z2. The dipole-quadruple interference
term related to the oscillator model will be proportional to Z2.

After correcting for the polarization effect [27), the cross section may be
written as

a5 = o [ dw s, (w,0)|2m [P(0,58) bdbl
0

n(Z, e2)3I[ 0y, H @2.74)

PWERA
O +fdmsk(m23) T
v,

e’i ¢

where ho is the energy transferred, s,(w,) is the differential oscillator strength,
P3(w,s, b) is the ionization probability, and I(x) is the polarization function [85].
a, =(W2m,w,5)", a harmonic oscillator radius limiting the collision to distant
impact parameters [27].

Similarly to the definition of the binding energy factor, the polarization

factor is defined as
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, 22, ]
£l ) = 1-|——— |8 (E;C
€5( sV s) [%Zzs s( s s)

1_[ 22, {2n, ,(csnzs] (2.75)
052, GE?; Es

where cs=bg/a, is a cutoff constant limiting the binding energy correction to low

ion energy and the polarization correction to high ion energy. The value of the
cutoff impact parameter is chosen to be bg=<r>, equal to the mean radial
distance of the S-shell electron from the target nucleus.

The binding energy and polarization effects are combined together to form

the binding-polarization factor, {, given as

27,
Z,0;

[85(8 53 €5)-i5(& 53 )]

=1
CS(ES) +[ (2.76)
After including the increasing binding and polarization effect, the cross
section becomes
oEWBAPS a?m(ns, 9.
(2.77)
where PSS stands for perturbed stationary state calculation including increased

binding and polarization effects.

Coulomb Deflection Effect
At low velocity, the influence of the Coulomb deflection by the target
nucleus slows down the projectile and deflects its trajectory. Both effects tend to

reduce the inner-shell ionization cross section. Basbas ef al. [23, 26, 87] extracted



33
a factor from the SCA [18, 88] by comparing the cross section calculated with a
hyperbolic trajectory caused by the Coulomb deflection to the cross section
calculated with a straight line trajectory,
do \¥?
(%)

H

[ do )" (2.78)

C=-e -

de,

where g, is the minimum momentum transfer defined in equation (2.21) and 4 is
the half distance of closest approach in a head-on collision, d=Z,2,e*/2E,. In the
slow collision limit, the leading term of the differential ionization cross section is

given by

b

sl
[da] . g0

de, 2.79)

where /, is the orbital angular momentum of the S-shell electron.

Inserting equation (2.79)- into equation (2.78) gives the Coulomb deflection

factor as
Cs(rdq) = 9+20)& .5, (7dqy),
(2.80)
where
Z x) = [0 -xtge - _C M »
104-25( ) ‘[ 9 +212 +x (2.8 1)

and
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x =awdg, = (

w&.mc) 0-2 15‘ _%
(2.82)

21 d 0?5‘

When the correction fo_r_ Coulomb deflection is taken into account, the

cross section becomes |
o5 Y = Colmdg({s)] o5 (s s85)-
: (2.83)

where C stands for Coulomb deflection and PSS was defined in equation (2.77).

For Cg <1, the Coulomb deflection term approaches unity as v; approaches
infinity. Thus, in the high energy limit, the Coulomb deflection as well as the
binding energy effect become minimal, so that the ionization cross section
becomes close to the PWBA. The Coulomb deflection factor lowers the cross
section at low ion velocities. Furthermore, the dg, introduces a dependence upon
the mass of the incident particle. The presence of Coulomb deflection explains

the isotopic effect, and it also improves the theory at low ion velocity.

Relativistic Effects

The electronic relativistic effect becomes important in two regions: heavy
target elements and low projectile velocity. For heavy elements it is necessary to
use the relativistic wave function for the target electrons. Also, when the
projectile energy is low, the collision takes place at a position near the target
nucleus. Since the relativistic wave function for the target electron is larger than
the non-relativistic one, the relativistic calculation has a larger momentum
component than the non-relativistic one [1]. This fact indicates that the

probability of the momentum transfer from the projectile to the target electron
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during the interaction is larger for the relativistic wave function. Thus, the
relativistic effect increases the ionization probability.

Since the PWBA calculation with relativistic wave functions is tedious,
Brandt and Lapicki [23] developed a simple relativistic correction to the PWBA in
the manner similar to the method used for the increased binding energy
modification. The electron’s mass in a central potential Z,¢/r at a distance r from
the target nucleus is replaced by a effective mass that accounts for the relativistic

speed. The relativistic mass takes the form

Ry - . Zys Y
m(r) mc{l [Zrcz]

The term 1/r represents the mean value of the inverse of the projectile distance to

1
2+ Zzs

208 (2:84)

the target nucleus, R(f). The mean value is related to the impact parameter by
1, <__1_.> -1
r \R/ ab’ (2.85)

where a=sinh1=1.1752.
The relativistic mass averaged over all impact parameters with weighting

functions W(bg,) [23, 87], derivable from the SCA, becomes

m(Ey) = f m ®(ad) W(bgy) bg, d(bg,)- (2.86)

The relativistic correction can be found by replacing 75 by ming in the non-

relativistic PWBA cross section. The ionization cross section becomes
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o= a?”(msRnssfs" g = Cilmrdg ()] ggm(msR’!?s {59 (2.87)

Energy Loss Effect
For low energy ions, the energy loss of the projectile during a collision
becomes significant and hence should be considered in the theory. A simple
correction method for this energy loss effect was developed by Brandt and Lapicki

[29]. From the low velocity formulae for the SCA, the differential cross section

v+l v+l
( %) (4%
qmin qmax

where v is equal to g+2/, and qq, gy, and g,,,, are the momentum transfers

including energy loss yields

PWEBA
dog

&

das

de, - ' (2.88)

]E—PWRA

corresponding to the approximate @, the exact Q ., and the exact @,
respectively.
Integrating over all possible final states, equation (2.88) yields the following

ionization cross section:

PWEA _ vay 1 \/1 A _1-/(1-4) da
pARL A (2.89)

where ag=hw,(M,/Eu) is the minimum kinetic energy loss. After extracting the

integral, equation (2.89) becomes

E-PWBA PWBA
Os = Iz 05,

(2.90)

where fy(zs) is the energy loss correction, given by
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1
2'(v-1)

fi(z9 = (v 1)(1+25) +(vz 1)(1-2,)"),

(2.91)

and zg=(1-a5)=(1-EMyuE; )"
The energy loss also affects the Coulomb deflection term. Multiplying the
argument of equation (2.80) by 2/[zg(1+z;)] gives

CSE - ¢, 2rdqys
z.(1+2y

(2.92)

With the above corrections, the ECPSSR theory for ionization gives the

following result

ECPSSR _ CE[ 2mrdgy(Cs)

PWEBA R
T zs(cs)[hzs(csn]’f‘[z*‘“s)]"f (m5 05 Cs0) (5 95

2.5 The ECPSSR Theory and Electron Capture

Although the OBKN theory provides a convenient way to calculate the EC
contribution to the inner-shell ionization cross section, the calculation yield results
larger than the experimental results by a substantial factor. Actually, there is no
model that can predict the EC at all velocities [89]. Nikolaev introduced a
correction factor to the OBKN approximation to scale down the prediction [36].
Also, Gray et al. [63, 64, 90] have suggested the use of various empirical scaling
factors with the OBKN in order to accurately describe experimental data. In
developing the ECPSSR theory, Lapicki and Losonsky [7] argued against the use
of these empirical scaling factors, but used instead the OBKN approach as the
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mathematical framework to account for EC and include the increased binding
energy, the Coulomb deflection, and the relativistic effects.

To correct for the increased binding energy effect, the parameter
multiplied by the reduced binding energy, 85, was given as
22,

€5 (g3 Cg) = 1+[—Jgs(5$.: ¢y,

0.2, (2.94)

where ¢ is a cut off value based on the fact that the binding increase only occurs
for impact parameters less than the mean radius of the S-shell electron.

For low energy ions, the Coulomb deflection factor, given as

Cy. = o~ ¥9ss-(<585)

s

(2.95)
can be multiplied by the OBKN cross section to give the EC cross section,
< OBKN, B
05c = Cs- g [Egs-(€50),€50,]-
(2.96)
For high energy ions, the EC cross section is given as [7]
> 1 oBxw,
Opr=— O RCAN'AN
7o = 5 0585 (09),05) 29

where the 1/3 factor was obtained from the second Born approximation for
arbitrary Z, and Z, by the Eikonal calculations of Eichler ez al. [91] and Reading

et al. [92). Equation (2.97) has also been suggested by Shevelko [93) and by
Shakeshaft [94).

Lapicki and McDaniel [8] also noted that the two formulae (2.96) and
(2.97) may be connected through the use of the following:
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< _OBKN
o _ Opc Tgc
EC T T e
< OBKN "~
20EC‘+UEC : (2.98)

When the incident projectile velocity, v, is slower than the orbital electron
velocity, vy, the EC cross section from OBKN, o255, is larger than the EC cross
section after modification for increased binding and Coulomb deflection, oSESS.
However, when v;>>v,, 622" is close to oS5 if €8—1 and Cg.—»1.

Referring to equation (2.86), the relativistic effect can also be taken into

account giving the following EC cross section:

Tpe o = Cyp 0o MER:-(€20,), €50,
(2.99)

where

Essests) = Ess (8050 msTE (50 )] (2.100)

Thus, using a modified OBKN approach, Lapicki and Losonsky (7] and Lapicki
and McDaniel [8] developed a more suitable theory that predicts the experimental

data without the need for a multitude of empirical scaling factors.

2.6 Semi-Classical Approximation (SCA)

In the SCA, Bang and Hansteen [18] have approximately treated the
effects of nuclear repulsion for atomic collision models involving the use of a
classical trajectory. The major effects are due to (i) the change in the path of the
incident particle, which is almost always negligible for heavy particles; and (ii) the
decrease in kinetic energy of the incident particlé, which becomes important near

threshold. They carried out their approximation by means of an impact
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parameter formulation in which they inserted appropriate deflection corrections.
The resulting changes are negligible for high velocity ions. Without these
corrections, the SCA result is identical to the Born approximation.

In the SCA calculation, the total ionization cross section is obtained by

integrating a suitable ionization probability I(b) over all impact parameters. Thus,

A =
o® { 1(b)2wbdb, 2101)

where I(b) is given by

L
(%) = { %i_)daf' (2.102)
Here, the differential ionization probability, dI(b)/de,, is found by squaring the
transition amplitade. The transition amplitude can be defined in a similar way to
the first Born transition amplitude, and the interaction potential between the ion
and the target electron is taken as the time-dependent term, V() = Z,e/|[r—R(t)|,
where R(7) represents the radius vector to the projectile. Either using a standard
multipole expansion of the potential or its Fourier transform [70] leads to a useful

factorization of the SCA transition amplitude into a classical trajectory factor [95].

2.7 Binary Encounter Approximation (BEA)
The BEA, a classical method for ionization, arises from the "impulse
approximation” [20, 21] that exactly treats the interaction between the incident
particle and the bound electron. On the other hand, the Born approximation

treats the interaction between the incident particle and the target atom as a
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perturbation. The derivation of the BEA is based upon an energy transfer
process in which a projectile with energy E, collides with an inner-shell electron
having binding energy E,q {15-17, 96-100]. By integrating over all allowed energy-
transfers and considering a weighting function of the distribution of the bound

electron momenta, the ionization cross section is defined by

B . 12225212{{ E, ]
£, \AEs (2.103)

where A is ratio of the projectile mass to the target electron mass and f(E,/AE,) is
a universal function, the dynamics of which can be expressed in terms of the

following scaled-velocity parameter:

= Ihy

E, [V,-z

AE, \w,
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1
?J = 70589 (2.104)

If A»1, and the universal function f(E,/AE) is nearly independent of A, then the
universal function for the BEA is analogous to the function fg(fg, n;) of the

PWBA.

2.8 Other Views Related to Electron Capture
The dynamics of electron capture are actually still not well understood.
Since the EC and ionization require a three body Coulomb description, these
processes are much harder to treat theoretically than the elastic and excitation
problem. Fragmentary results, mainly at low velocity in nearly symmetric
collisions where a molecular representation provides an adequate framework and

at asymptotically high velocities where the Thomas double-collision mechanism
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dominates, exist but no comprehensive pictures émerged [101].

Several theoretical models have been developed to predict EC for high
velocity ions [102]. Shakeshaft and Spruch [81] discuss three different
mechanisms for capture of an electron from a heavy nucleus by another bare
heavy nucleus which is incident with a very high relative velocity. The first
mechanism is knock-on capture [103], where the two nuclei have equal masses and
simply switch places in the lab frame (in which the target nucleus is initially at
rest). The incident nucleus gives up all of its kinetic energy to the target nucleus,
which is therefore knocked forward, but the electron remains behind and becomes
bound to the incident nucleus, which has come to rest. The second mechanism is
radiative capture, which occurs with the emission of a photon while the target
nucleus plays no role. This mechanism was first analyzed by Oppenheimer [34],
and the cross section was caiculated by the impulse approximation [104]. The
third mechanism is the double collision mechanism, first suggested within the
framework of classical mechanics by Thomas in 1927 [105] and later analyzed by
Drisko [80] within the framework of quantum mechanics. In this mechanism the
target electron undergoes two collisions, first with the incident nucleus, and then
with the target nucleus; as a result, the electron finally attains almost the same
velocity as the incident ion and, therefore, has a reasonable probability of being
captured. This double oollision. mechan.ism is the dominant mechanism at high
velocities for non-radiative electron capture [77, 106]. It corresponds to a second
Born term. Hence at least a second order theory is required to describe
nonradiative electron capture at high velocities. The first Born, or any theory
based upon the first Born, will fail adequately to describe electron capture at high

velocity. The second Born approximation behaves as v;'! at asymptotically high
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velocities which is the correct behavior. However, the first Born behaves as v, at
asymptotically high velocities. Both the'impulse approximation and the strong
potential Born tend to the second Born at asymptotically high velocities [79].

Lin and Tunell {107-109] developed a two-state atomic-expansion method
for electron capture, which is useful in the intermediate velocity region v,~v,.
Retaining only the two states that are relevant to the capture process, the initial
state of the target and the final state of the projectile, they expanded the time-
dependent electronic eigenfunctions in terms of the traveling eigenstates of the
two collision partners. Capture occurs primarily at large impact parameters,
comparable to or greater than the typical orbital radius of the electron in the
initial state, for which the wave functions can easily be approximated by a two-
state atomic expansion.

Recently, Fritsch and Lin [110] gave a review of the semiclassical close-
coupling description of atomic collision in an energy range of roughly 0.1 up to a
few hundred keV per nucleon of the projectile, \-vith emphasis in its application to

a wide range of electron transition phenomena.



CHAPTER 3
EXPERIMENT

3.1 Experimental Process

Figure 3.1 shows a schematic of the accelerator, magnets, beamline, and
target chamber that were used for the experiments in this thesis. The SNICS
(Source of Negative Ion by Cesium Sputtering) produces negative ions at 69 keV.
These ions are first analyzed for momentum/charge by 30° and 90° magnets and
then injected into the tandem accelerator. The negative ions are accelerated to
the terminal at the center of the tandem where the voltage can be as high as 3
MV. At the accelerator terminal the ions enter a gas stripping canal and are
stripped to a positive charge states. The positive ions are then accelerated back
down to ground potential and gain an additional energy qV where q is the charge
state of the ion that leaves the stripping canal, and V is the terminal voltage of
the accelerator. The charge state distribution of ions that pass through a foil or
gas stripper depends on the initial energy of the ion [102, 111]. In general, high
energy ions can be stripped to higher charge states. The graph in the publication
of Marion and Young [112} shows the calculated equilibrium charge state
fractions for the carbon ion beam passing through a carbon foil. The charge state
fraction for the carbon ions as a function of ion velocity helps determine the
available charge states in the gas canal and in the post-accelerator gas cell. But,

carbon ions do not reach equilibrium in the gas stripper. The actual processes

44
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involved in stripping calculations are still subject to debate [102]. At the
maximum terminal voltage, 3 MV, of the UNT tandem accelerator, it is not
possible to produce usable quantities of the charge state 5+ and 6+ carbon ions
from stripping in the gas canal inside the accelerator. In this experiment it was
desirous to obtain x-ray cross section data for all charge states (3+, 4+, 5+ and
6+) for carbon energies between 2 and 12 MeV. The only way that this was
possible was to place a post accelerator gas cell stripper after the jons had been

accelerated to high velocities (see figure 3.1). The detailed description of this gas

SNICS

NEC 95SDH-2
3 MV Tandem

M Gas
Cell Analyzing
N Quad. | Magnet
B | hd I

TEE=R =] =g ;r\ '

L Siits Sma\{_)
Stripping FC !

Canal

- [

Target \

Figure 3.1  Schematic diagram of the experimental apparatus used for Ion-Atom
collision measurements. The apparatus includes the SNICS (Source
of Negative Jon by Cesium Sputtering), FC (Faraday Cup), 30° and
90° magnets, slits, NEC 9SDH-2 3 MV tandem accelerator with its
gas stripping canal inside, Quadruple focus lens, gas cell, high
resolution magnetic spectrometer, and target chamber.
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cell can be found in the literature [113]. Before installing the gas cell, carbon foil
strippers were tried in the same location on figure 3.1 as the gas cell. Figure 3.2
shows the diagram of the carbon stripper designed by Marble [67]. The carbon
foils were self supported and about 15 ug/cm® thick. The two major problems
with the carbon foils were: (i) The foils gradually became weakened and
eventually would break under beam bombardment. Many of the experimental
data points took in excess of ten hours; renormalizing with a new foil was very
time consuming. (ii) The solid foils produced an energy loss aE that would be
different from foil to foil and also time dependent as the foil thinned under beam
bombardment. The installation of the gas cell tended to solve most of the
problems. A diagram of this gas cell, which was designed by Kim [113], is shown
in figure 3.3. In the figure the ions are stripped in region P,. The nitrogen
stripping gas is introduced into the region P, through a precision metering valve
1. The pressure in the region P, is constantly monitored with a capacitance
manometer. The system is pumped by a turbopump that is just below the
stripping canal. The dilute stripper gas produced very little AE for even the low
energy *C ions, and hence the renormalization problem was also solved. After
the stripping gas cell, the beam was analyzed with the 40° HVEC magnet and
directed into the analysis chamber. Figure 3.4 shows a magnet scan of typical *C
beams that are produced with the post-accelerator gas stripper. The labeled
beams are all ?C beams. In the figure the notation (1,4) means the beam came
into the stripping gas cell with charge 1+ and left with 4+. With the aid of scans
like these it was possible to select the proper charge state and energy of the
carbon ions that were used for the experiment. Table 3.1 shows the typical beam

currents that were produced at various energies and charge states. In the table,
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Figure 3.2  Drawing of the post-acceleration stripping chamber that was
designed for solid stripper foils (ref: [61]).
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Figure 33  Schematic diagram of the differentially pumped gas cell placed
between the tandem accelerator and analyzing magnet to increase
the production yield of highly charged ions (ref: [109]).
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magnet for carbon ions. The terminal voltage of the accelerator is
1.983 MV for accelerating ion beam of charge q,. The ion beam of
charge qg;,.cq is selected by the 40° HVEC magnet after the
stripping in the gas cell.
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Table 3.1 The beam currents that were produced with the post-accelerator gas
stripper and the tandem accelerator gas stripper. In the table V is
the tandem accelerator terminal voltage and p is pressure near the
post-accelerator stripper.

EMeV) V,(MV) q  p(Tor) I(g)
nA

+.0010
2 0.6445 2+ 1.5%x107 3.90
2 0.6445 3+ 7.5x107 1.60
2 0.6445 4+ 1.0x10 1.10
2 0.6445 54 >1.0x10% ...
4 0.9832 3+ 1.4x107 8.80
4 0.9834 4+ 7.6x107 5.90
4 0.9834 5+ 7.6x107 022
4 0.9834 6+ 7.7x107 0.1
6 1.4830 3+ 9.8x10°  240.00
6 1.4835 4+ 7.1x107  139.00
6 1.483S 5+ 7.1x107  11.50
6 1.4835 6+ 7.1x107 0.30
8 1.9830 3+ 1.2x107  720.00
8 1.9834 4+ 59%107  400.00
8 1.9834 5+ 6.0x107  48.00
8 1.9834 6+ 6.0x107 1.95
10 2.4830 3+ 1.3x107  600.00
10 2.4850 4+ 6.3x107  270.00
10 2.4849 5+ 6.4x107  40.00
10 2.4849 6+ 6.4x107 2.20
12 2.3865 4+ 1.3x107  135.00
12 2.3865 5+ 50%x107 11.90
12 2.3865 6+ 1.1x10° 1.00
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V; is the tandem terminal voltage in MV, q is the measured charge state, p is the
pressure reading of the capacitance manometer. From the table, it can be seen
that it was not possible to produce usable quantities of q=5+ and 6+ at 2 MeV
and q=3+ at 12 MeV. All charge states 3+, 44, 5+ and 6+ were obtained at

the rest of the energies used in this work.

The Target Chamber
Figure 3.5 shows the schematic diagram of multi-functional target chamber
used for the x-ray measurements. In front of the chamber, the beam was

collimated by two sets of slits 40 cm apart. The first group of slits with a width of

Target _,
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Figure 3.5  Schematic diagram of the ultra-high-vacuum target chamber that was
used for the x-ray measurements.
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1.5 mm was used for selecting the desired beam, and the second group with a
width 0.5-1.5 mm was used to define the beam spot on the target. The target
chamber was maintained at a pressure below 4x10*® Torr by a cryopump, and had
an interlock for target insertion. The target holder was perpendicular to the beam
direction. The targets were made by evaporating the target element onto 5
pg/em? thick carbon backing foils. The technique developed by the UNT group
for preparing contaminant-free targets has been described in the literature, [42,
58, 67-69]. The Link Analytical windowless Si(Li) x-ray detector was mounted at
135° with respect to the beam direction. A deflecting magnet with a collimator
was mounted in front of x-ray detector to eliminate scattered charged particles
[114}. A Rutherford backscattering (RBS) particle detector was mounted at 169°
with respect to the beam direction. The solid angle, aQ=A /R?>=6.77x 107 sr, of
the RBS detector was calculated from the area of the defining aperture A, and
the distance R to target and was confirmed by using an National Institute of
Standard and Technology calibrated **Am source. The x-ray cross section can be
measured, independent of target thickness and beam fluctuations, by
simultaneously measuring x-rays and scattered particles for each case. The x-ray
cross section is given by

. LA 4

J, e
S W 3.1)

where Yy and Y, are the number of measured x rays and scattered particles,
respectively, oy is the theoretical Rutherford cross section, ¢, is dead time for the
measurement of x rays, ey is the calibrated efficiency (intrinsic+solid angle) of x-

ray detector, and Ay is target x-ray attenuation factor [115] for self absorption.
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Because the heavy ions traveling through target may not be in their
equilibrium charge states, the charge collected from the current integrator at the
post target chamber cannot be used to determine the number of incident ions
interacting with the target. In order to reduce the instrumental dead time of the
windowless x-ray detector for measuring high yields of low-energy carbon x rays
and bremsstrahlung, the carbon ion beam current was kept below 0.5 nA. For
some of the measurements described, it took over 10 hours to get good statistics
for the backscattered projectiles. This is mainly because of the 1/E* dependence
of the Rutherford backscattering cross section and the fact that the charge state
dependence measurements can only be done with vanishingly thin targets. In
order to overcome the low counting statistics for the back angle RBS detector, a
separate gold scattering chamber was added (see fig. 3.5) after the main scattering
chamber. In this post chamber, a 200 ug/em?® gold foil was used as a scattering
foil that produced a large RBS yield. A second RBS detector was used to count
RC* jons scattered from Au at 90° with respect to the beam direction. The ratio
of the backangle RBS yield is always proportional to the gold scattering yield at
90°. The backangle RBS at 169° and the gold scattering RBS were measured once
for each carbon energy to obtain good counting statistics. Therefore, for the high
energy carbon ions, this ratio could be used to renormalize the backangle
scattering where the statistics are poor.

Figure 3.6 shows the electronic set up that was used for the experiments in
this thesis. The signals from x rays and Rutherford backscattered carbon ions
from the target were stored in different quadrants of the same multi-channel
analyzer (MCA). Pulse generators were used in both quadrants to establish the

dead time corrections. As was mentioned above, for the high energy data, good
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Figure 3.6  Electronics that were used to simultaneously measure x rays and
Rutherford scattering particles from the target and the gold foil
beam monitor.

counting statistics in the RBS detector were difficult to obtain. A second
scattering chamber was added so that the beam would pass through the holmium
target and then enter this gold scattering foil chamber. These scattered ions from
the gold target were counted by the second RBS detector and MCA shown in
figure 3.6.

3.2 The Windowless Si(Li) X-ray Detector and Its Efficiency Calibration
The windowless Si(Li) x-ray detector was important to the success of these
experiments. These detectors, which are manufactured by Link Analytical Inc.,

are used primarily for Scanning Electron Microscopy (SEM). The quoted system
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resolution for the Mn K, line was 135 eV. The system used standard NIM
electronics and hence if an electronic problem developed, it could be readily fixed
in our laboratory. The advantage of the detector is that since it does not have a
beryllium window, it can measure low energy x rays down to the boron K, line at
185 eV. In general, Si(Li) x-ray detectors have a 7.6um thick beryllium window
that precludes measurements below photo energies of 1 keV. Figure 3.7 shows
carbon K, oxygen K,, fluorine K, and Ho M x-ray peaks from HoF; target on an
oxidized carbon foil. It should also be pointed out that the FWHM (resolution)
of 76 eV for the (C K, peak at 0.282 keV is probably a "state of the art"
resolution figure, at least according to the manufacturer of the detector. The

resolution of the ,;Ho M, , peak was approximately 95 eV. The excellent
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Figure 3.7  X-ray spectrum of 2 MeV protons on a HoF; target with a 5 pg/cm?®
carbon foil backing. The spectrum shows that the detector
resolution of carbon K x-ray is 76 eV,
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resolution, along with the x-ray fitting routines (GUPIX} [116], allowed us to
measure the individual cross sections for the ,,;Ho M,, M, 4, and M, x-ray
transitions. In order to get better resolution, a crystal spectrometer would have to
be used, however, this would be impractical for the very thin targets that had to
be used for the experiments since the efficiencies of these units are at best 10% of
that of a Si(Li) detector. This would give an acquisition time of 3 days per
spectrum in figure 3.7.

The most difficult problem associated with the detector was in determining
the efficiency of the detector as a function of photo energy. The efficiency of a
Si(Li) detector depends upon the numbers of x rays absorbed by the window, if
there is a window, the gold contact layer, the detector dead layer, and upon the
number of photons stopped in the active region of the detector. Most Si(Li)
detectors are supplied with a beryllium window. Low energy x-ray absorption by
the window, the gold electrode, the Si dead layer, and depletion depth of the
crystal alter the efficiency of the detector. These effects can be calculated using
I/, = e®W® where I/]; is the fraction of X-rays transmitted through a given
material having a thickness ¢, u/p is the mass absorption coefficient of the material
and p is the mass density of the material. The formula for calculating the absolute
efficiency relative to the corresponding number of photons emitted into 4=

steradians from the x-ray source is given by Campbell and McGhee [117]:

¢ - Z%[exp(—zl:#;fﬂ)]fg[l‘e"p("”Sf'D)]’ (3:2)

where i denotes the window itself, a possible ice layer, the gold electrode, and the

silicon dead layer where charge collection is not complete; the d,'s are the
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thicknesses of these absorbers, and the u, are their linear attenuation coefficients;
(} is the solid angle of the detector. The factor f; corrects for loss of events
occurring near the front surface of the crystal in which a silicon K x-ray escapes;
the ug and D are the attenuation coefficient and thickness of silicon, respectively.

There are three major techniques for measuring the efficiency of a Si(Li) x-
ray detector. They are (i) standard radioactive sources for the 3.3-100 keV region
[117-122], (ii) PIXE (Particle-Induced X-ray Emission) cross sections for the
region below 3 keV region [123], and (iii) AFB (atomic-field bremsstrahlung)
from 0.6 to 8.2 keV [124].

By the first method the efficiency is calculated from the measured ratio of
the number of photons, N,,, of a characteristic x-rays to the number of photon, N,

P2

emitted from a source during the measuring time t. The relation is

"N, DIt (33)
where ¢ is the measured efficiency of detector, D is the activity of the source at
the time of the measurement, and [ is the relative intensity (photons per decay).
In figure 3.8 it can be seen that this method gives results that are consistent with
the other methods. The data point at 3.3 keV, which comes from the *'Am
source, is obviously low. This x-ray comes from the M-shell internal conversion in
the daughter ®'Np. The source is made by electro-depositing *'Am onto a
platinum blank. The point is probably low because of the self absorption of the
3.3 keV photon in the deposited *'Am layer. As is shown in table 3.2 there are
no radioactive sources with photon energies less than 3.3 keV that are practical to
use. Therefore below 3.3 keV the efficiency has to be determined by the PIXE
method or the Atomic Field Bremsstrahlung (AFB) method.
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Table 3.2  The radioactive sources and their photon intensities per decay at
different x-ray energies which were used for efficiency calibration of
the x-ray detector. The half life of sources is given (d is days and y
is years) [117-122].

Sources Half Life Emission Energy Photons References
T, type (keV) per Decay
S1Cr 27.71d K, 4.952 0.1988 [117]
K, 5.427 0.027 [117]
Mn 312.12d K. 5.414 0.2234 {117]
K, 5.414 0.2213 [118]
K, 5.946 0.0305 {117]
K, 5.946 0.0294 [118]
*Fe 273y K, 5.898 0.245 [118]
K, 6.49 0.033 [118]
Co 271.8 d K, 6.403 0.5020 (117]
K, 6.403 0.494 [118]
K, 7.057 0.0691 [117]
K, 7.057 0.0663 [118]
Y 14.41 0.093 (117}
Y 14.41 0.0954 [118]
%Zn 2438 d K. 8.047 0.3439 [117]
K, 8.047 0.3347 [117]
K, 8.904 0.0479 [117]
K, 8.904 0.0462 [117]
B1Cs 30.17y L.p 4.47+4.83  0.00815 [119]
SEu 471y L 6.06 0.08 [118]
1 Am 4327y M 33 0.0634 [120]
M 33 0.048 [121]
L 11.88 0.0086 [122]
| D 13.95+13.76 0.133 [117]
L,g 15,87+17.74 0.1946 [122]
L, 20.774 0.0485 [122]
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The PIXE method was originally developed by Lennard and Phillips of
Western Ontario University [123]. The method involves the measurement of the
K x-ray production cross sections for 1 to 2 MeV alpha-particles and protons for
low Z elements and comparing these measurements with the theory. The
ECPSSR theory [23-27} were used for comparison for efficiency calibration. The
theoretical calculations [31] gives results that seem to be within 10-20% of the
measured values from the Ge-K, peak at 9.89 keV down to the Na-K, peak at
1.04 keV. The triangles on the efficiency curve of figure 3.8 show the data for
seven elements in this range. Below 1 keV the efficiency can not be determined
by the PIXE method because of uncertainty in the fluorescence yield and photon
attenuation in the target. The method that seem to be valid in this region below
3 keV is the AFB method (see fig. 3.8).

The AFB method was suggested by Dr. C.A. Quarles of Texas Christian
University (TCU) and has been proven to provide the necessary data to determine
the efficiency for the low energy region [125-128]. Theoretical predictions of the
AFB cross section are in agreement with existing measured values down to 3 keV
[128]. The theoretical calculations of differential AFB cross sections as a function
of photon energy have been made, and are available in tabulated form [129]. This
calculated AFB cross sections are expected to be accurate to within 11% for the
lower photon energy range down to 200 eV [129]. A detector’s efficiency function
can be determined by comparing measured bremsstrahlung spectra with the
calculated spectral distributions. In order to make these measurements, an
experiment was done by Weathers et al. [124] at TCU using a 300 kV Cockeroft-
Walton accelerator. Figure 3.9 shows the experimental arrangement from

reference [124]. The collimated electron beam with an energy of 66.5 keV energy
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Figure 3.9  Schematic diagram of the AFB experimental configuration at Texas
Christian University (ref: [124]).

was used to bombard self-supporting targets of Ag, Au, and Al mounted at a 45°
angle to the beam direction to produce the bremsstrahlung spectra. To prevent
scattered electrons from entering the detector, permanent magnets were mounted
adjacent to the flight path between the detector and target chamber. The
windowless Si(Li) x-ray detector was used to measure the energy dependence of
the bremsstrahlung distribution. The experimental results were then compared
with the known theory.

For this experiment [124], the measured net photon yield per incident

electron, corrected for background, is approximated by

4 2
. ~u(kyxeoty| _d°o
Y pet G(k)aﬂak‘i‘e # (dﬂ dk]d‘r,

(34)
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where k is the photon energy; e(k) is the detector efficiency; af) is the detector
solid angle; ak is the energy width of each MCA channel; h is equal to t/cosy
where t is the target thickness (atoms/cm?);  is the angle between the target
normal and the beam axis (nominally 45°), d°0/d{dk is the doubly-differential
cross section for bremsstrahlung; and p(k) is the total photon attenuation cross
section for the target material (cm?/atom).

If the target is thin enough to allow the energy loss of the electron to be
neglected, then the differential bremsstrahlung cross section can be treated as a
constant. The integral in equation (3.5) may then be evaluated. Integrating over
the effective target thickness, the resulting expression can be solved for the

detector efficiency e(k) to give
E(k) - yne: ’

d*o
aQak ( o0 dk)b 7(k) (3.5)

where T(k) is the average photon transmission from all depths in the target:

- L)
Ty = —5 ",

To evaluate T(k), tabulated values can be used for u(k), or alternatively, the
product u(k)t can be determined from attenuation measurements. For each of
the thin targets, the measured background-corrected bremsstrahlung spectrum was
substituted in equation (3.6) along with the appropriate curve for the differential
AFB cross section and the experimentally determined average photon

transmission, T(k), to evaluate the detector efficiency. Note that the efficiency
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could only be extracted from the regions of each spectrum where no characteristic
x-ray lines were present. The circles of figure 3.8 show the intrinsic efficiency
curve calculated by this AFB method.

These bremsstrahlung measurements gave the relative efficiency of the
detector, which was then normalized to the PIXE data and radioactive source
results. Table 3.3 shows the tabulation of these results. Once the intrinsic
efficiency is determined, the absolute efficiency for the experimental arrangement
of the detector may be determined. Using a calibrated radioactive source of *’Co
to measure the absolute efficiency for 6.4 keV for the K, x-ray, the relative
efficiency curve can be normalized to this point to get the absolute efficiency. For
the present experiment, the region of interest is from the M, (1.576 keV) x ray
down to M, (1.045keV) x ray for (;Ho. It is estimated that the uncertainty in the

absolute efficiency in this region should be at least to +12-16%.

3.3 Target Preparation

Thin holmium targets were made by evaporating HoF; onto 5-10 ug/em’
self-supporting carbon foils. In order to reduce the bremsstrahlung background, 5
pglem? carbon foils were used. The targets were as thin as possible for three
reasons, (i) the energy loss of the ion as it passes through the target is minimized,
(ii) self-attenuation of the x rays produced below the surface of the target is also
minimized, and (iii) most importantly, the alteration of the charge state of the
incoming ion is minimized so that the charge state dependence measurements are
possible.

The carbon backing foils were prepared by a method [42, 58, 67-69]

developed at UNT to avoid interference of K or L x-rays from impurity elements



Table 3.3.  The relative efficiency data table of the windowless Si(Li) x-ray
detector.

E (keV) Efficiency E (keV) Efficiency E (keV) Efficiency

0.55 0.573 1.00 0.822 1.45 1.019
0.56 0.577 1.01 0.829 1.46 1.020
Q.57 0.581 1.02 0.837 1.47 1.022
0.58 0.585 1.03 0.844 1.48 1.024
0.59 (.589 1.04 0.851 1.49 1.026
0.60 0.594 1.05 0.857 1.50 1.027
0.61 0.598 1.06 0.864 1.51 1.029
0.62 0.602 1.07 0.870 1.52 1.030
0.63 0.607 1.08 0.877 1.53 1.032
0.64 0.611 1.09 0.883 1.54 1.033
0.65 0.616 1.10 0.889 1.55 1.034
0.66 0.621 1.11 0.894 1.56 1.035
0.67 0.625 1.12 0.900 1.57 1.036
0.68 0.630 1.13 0.906 1.58 1.037
0.69 0.635 1.14 0.911 1.59 1.038
0.70 0.640 1.15 0.916 1.60 1.039
0.71 0.644 116 0.921 1.61 1.040
0.72 0.649 1.17 0.926 1.62 1.041
0.73 0.654 1.18 0.931 1.63 1.042
0.74 0.659 1.19 0.936 1.64 1.043
0.75 0.665 1.20 0.940 1.65 1.043
0.76 0.670 1.21 0.945 1.66 1.044
0.77 0.675 1.22 0.949 1.67 1.045
0.78 0.680 1.23 0.953 1.68 1.045
0.79 0.636 1.24 0.958 1.69 1.046
0.80 0.691 1.25 0.962 1.70 1.046
0.81 0.696 1.26 0.965 1.71 1.047
0.82 0.702 1.27 0.969 1.72 1.047
0.83 0.707 1.28 0.973 1.73 1.048
0.84 0.713 1.29 0.976 1.74 1.048
0.85 0.719 1.30 (0.980 1.75 0.938
0.86 0.725 1.31 0.983 1.76 0.938
0.87 0.730 1.32 0.986 1.77 0.939
0.88 0.736 1.33 0.989 1.78 (.939
0.89 0.742 1.34 0.992 1.79 0.939
0.90 0.748 1.35 0.995 1.80 0.939
091 0.754 1.36 0.998 1.81 0.939
0.92 0.760 1.37 1.000 1.82 0.939
0.93 0.766 1.38 1.003 1.83 0.939
0.94 0.774 1.39 1.006 1.84 0.939
0.95 0.783 1.40 1.008 1.85 0.940
0.96 0.791 1.41 1.010 1.86 0.940
0.97 0.799 1.42 1.012 1.87 0.940
0.98 0.807 1.43 1.015 1.88 0.940
0.99 0.815 1.44 1.017 1.89 0.940
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in the M x-ray region of interest. Since the targets were very thin, impurities on
the target foil, especially sodium and silicon, became a concern. The self-
supported carbon substrate was obtained from a commercial manufacturer, who
arc-evaporated carbon onto a glass slide that had been treated with a parting
agent. The parting agent will dissolve in water, freeing the carbon from the glass
slide and allowing the foil to be transferred to an aluminum frame. The parting
agent and the water used to dissolve this agent have been considered to be the
major source of impurities. When evaporated in this manner, the carbon foil is a
chemically active surface, which readily adsorbs impurities. To reduce the
impurity level, a procedure described by Weathers et al. [68] was followed. The
parting agent was dissolved in deionized water at ~50°C, freeing the carbon foil.
A cleaning procedure to reduce these impurity was then undertaken. First, the
foils were floated onto a 5 % acetic acid solution, and placed into an ultrasonic
bath for 4 minutes. The foil was then transferred to a fresh solution using a clean
glass slide, and the ultrasonic bath treatment was repeated twice. Finally, the foil
was transferred to a deionized water solution before being picked up on the target
frame. The carbon foil was then placed in the evaporator and sputter-cleaned for
1 minute in a 40 mTorr argon atmosphere.

To remove the majority of the contaminants, carbon foils were washed in
an ultrasonic cleaner filled with ultrapure water spiked with acetic acid. However,
the survival rate of the foils in the ultrasonic cleaner was less than 25% (42]. By
coating the carbon foil with collodion before floating the foil off the glass slide,
the survival rate was increased in the ultrasonic cleaner to almost 100%.
Collodion is cellulose dissolved in amylacetate. Because the collodion evaporates

rapidly from the spot where the ion beam strikes the target, the volatile
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contaminants in the collodion were also removed. Carbon foils as thin as 1
pg/cm? may be processed in this manner.

The effectiveness of this cleaning process was then analyzed by using PIXE.
Blank carbon foils that had been floated in deionized water were compared to
foils that had been cleaned with the procedure described above. Figure 3.10
shows the x-ray spectra of (a) uncleaned and (b) cleaned carbon foils bombarded
by 2 MeV protons. Figure 3.11 shows the comparison of results of this cleaning
procedure. As can be seen, this procedure reduced the concentration of light

element impurities substantially.
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CHAPTER 4

DATA ANALYSIS AND REDUCTION

4.1 X-ray Spectrum Analysis

Figure 4.1 shows a diagram of the primary electronic transitions to the M-
shell from higher atomic orbitals. Some of these transitions can not be separated
in energy because of the limited resolution of the Si(Li) detector. Figure 4.2(a)
shows the measured pulse height spectrum obtained from our previously published
work [65] for 2 MeV protons on a thin HoF, target. The (C-K (282 eV) and {O-
K (523 eV) x-ray peaks are from the oxidized carbon foil and the |F-K (677 ¢V) x
ray are from the HoF; target. The ,Si-K (1.74 keV) peak results from the Si(Li)
x-ray detector being fluorescenced by either back scattered protons that managed
to evade the deflection magnet in front of the x-ray detector (see fig. 3.5) or
photons with energy greater than the Si K binding energy (1.84 keV). The three
eHo M x rays of interest are the M,, M5, and M, peaks. With the non-linear
least square curve fitting program, GUPIX [116], the area beneath the three M x-
ray peaks can be easily extracted from the x-ray spectrum given in figure 4.3(a).
The situation becomes more complex when the projectiles are carbon ions as is
seen in figure 4.2(b). There are several effects that take place that tend to mask
the peaks of interest. The most pronounced of these effects is the carbon-ion-
induced bremsstrahlung produced by the target backing. This background is seen

for all of the energies of interest in present work.
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Figure 4.1  Diagram of all the possible electron transitions for the M shell.

Bremsstrahlung

For x-ray measurements,. Folkman [131] mentioned that the characteristic
x-ray peaks are always superimposed on a continuous background of
electromagnetic radiation which is either (1) bremsstrahlung from secondary
electrons, (2) bremsstrahlung from the projectiles, (3) Compton scattering of y-
rays, or (4) from contaminant characteristic x-ray peaks. The secondary electron
bremsstrahlung causes the largest contribution to the background. The higher the
atomic mass and energy of the incident projectile ions, the higher the level of
bremsstrahtung in the x-ray spectrum. This high yield of bremsstrahlung produced
by heavy ion collisions gives a problem for the detector system. When the

counting rate were too high, the dead time for the x-ray measurement became
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large, and the pulse pile-up effects gave high background in x-ray spectrum. For
the present experiment, reducing the beam current on the target decreased the
total count rate which in turn lowered the background in the x-ray spectrum.
However, reducing the beam current had the disadvantage of prolonging the time
needed in getting a good counting statistics in the RBS spectrum from vanishingly
thin target. In order to reduce the background further, it was necessary to
measure the background spectrum produced by the carbon foil to subtract it from
the target x-ray spectrum.

Figure 4.4 shows the measured bremsstrahlung background for a thin
carbon foil as a function of incident carbon energy. From the figure, it can be
seen that the bremsstrahlung spectrum extends out to about 1.3 keV for 2 MeV
carbon ions and to almost 2.1 keV for 12 MeV carbon ions. There is obviously
some bremsstrahlung produced by the HoF; part of the target but for the charge
state dependence studies, with 0.34 ug/cm® Ho targets, this background
bremsstrahlung was certainly minimized.

The other effects that tend to complicate the ;Ho pulse height spectrum
shown in figure 4.2(b) and 4.3(b) are the long x-ray tails from the carbon backing
and the broadening and shifting of the peaks to higher energies, probably due to
some small amount of multiple ionization. In order to account for the tailing and
bremsstrahlung effects, the appropriate carbon foil spectrum shown in figure 4.4
was subtracted from the pulse height spectrum for the carbon plus HoF, foil in
figure 4.2(b) to give the result shown in figure 4.2(c) and 4.3(c). The resultant
pulse height spectrum shows a pronounced M, peak and, with the GUPIX x-ray

stripping program, M, , and M, could be extracted.
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Multiple Ionization and Energy Shifts

Multiple ionization can be explained as simultaneous loss of several target
electrons via direct ionization and electron capture processes by the incident
projectiles. This implies an additional change of the electron configuration and as
a consequence, a possible change of the fluorescence yield. Benka [132] and
Czuchlewski et al. [133] explained that additional inner-shell vacancies may
increase the fluorescence yield by reducing the probability for Auger transitions.
The single hole fluorescence yield is inadequate when a large amount of multiple
ionization of the target atom is caused by heavy ion impact. Multiple ionization
may influence the chemical binding effect since it reduces the screening of the
nuclear charge by electrons and generates specific energy levels. Oslen et al. [134]
showed that the multiple inner-shell vacancies produced by heavy ion-atom
collisions can cause the energy shift of the emitted x rays. The energy shifts
increase with atomic number and the energy of the projectile.

As can be seen from figure 4.3, the M, ; peak goes from a FWHM of 95
eV for incident protons to 104 eV for 8 MeV carbon ions. It is also observed that
the M, , peak is shifted by ~30 eV to higher energies when bombarded by carbon
ions. Both of these phenomena indicate that there is some small amount of
multiple ionization that is taking place. The main question to be answered is
whether this degree of multiple ionization changes the effective fluorescence yield,
which would in turn give a different value for the inner-shell ionization cross
section, oy, since ox=wo;, where oy is the x-ray production cross section and  is
the x-ray fluorescence yield. As it turns out, there is no exhaustive set of data in
the literature to make the case either way [135, 136]. Multiple ionization as well

as the x-ray fluorescence yield vary with the type of primary ion and depend on its
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charge state and energy. Tawara ef al. [{137] showed that the K-shell fluorescence
yield was fairly constant for a solid *Si target but did show variation for SiH, gas
targets for incident °F** jons. A host of other studies have been made [89, 135,
138, 139] but the most convincing set of experimental data for the current case
was presented by Tunnell ez al. [140]. In this study, they showed the energy
dependence of the fluorescence yield of a solid Ti target for incident ions \H
through ,,Cl with projectile energies 0.5 through 4.5 MeV/u. It was observed that
for incident **C ions, w varied from 0.225 to 0.243. This is only an 8% variation
and hence not a serious problem. But it is obvious that further study is required
to gain deeper insight for the observed variations of fluorescence yields.

In the experiment, when the measured x-ray cross sections are reduced to
inner-shell ionization cross sections, the uncertainty of the fluorescence yields
should be taken into account if it is well known. For the M-shell x-ray
production, the M-shell fluorescence yields are more complicated than the ones of
K and L shells and are still not well measured for each projectile-target pair. In
this thesis, single-hole fluorescence yields [3] were used to reduce x-ray production

cross sections to ionization cross sections.
4.2 X-ray Production Cross Section Calculation

The x-ray production cross section, oy, can be experimentally calculated

using the relation

X NNeA’
: (1)

where Yy is x-ray yield; iy is the dead time correction (real time/live time) for the
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x-ray measurement; € is the absolute efficiency that includes the intrinsic
efficiency and the solid angle as mentioned in section 3.2 of the x-ray detector; N,
is the number of incident ions that can be determined from the integrated charge
in the Faraday cup (see fig. 3.5) if the entering charge state fractions are well
known; N, is target thickness (atoms/cm?) that represents the number of target
atoms; and Ay is correction factor for self-absorption of target x rays, which
depends on the target thickness. Since the target thickness must be exactly
measured and the equilibrium charge state of the ion beam entering the Faraday
cup must be well known, the usefulness of equation (4.1) is limited to a
normalization role.

An alternative approach for determining the x-ray production cross section
exists when the scattering of the incident ion by the target atom is known to obey
the Rutherford scattering law. The experimental Rutherford scattering cross
section is given as

o -k
R NN’ (4.2)

where Yy is backscattering particle yield, {} is solid angle of the particle detector,
and 1, is the dead time correction for the RBS measurement. By simultaneously
measuring x-rays and scattered particles and taking ¢;=1 because of very low
counting rate, the x-ray production cross section is calculated using equation (3.1),

Y. o AQtX

R
sAX

a. =
X
| Yo &

If equation (4.1) and (4.2) are combined and the term NN, can be eliminated.
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This simultaneous measurement minimized nonuniform target thicknesses as well
as charge integration uncertainties because of charge state changes of the ion in

passing through the HoF, and carbon foil.

Anisotropy Property of X Rays

The assumption of isotropic x ray emission may not be true for the present
M-shell measurement. The anisotropy of x rays resulted from the ion-induced
inner-shell alignment. Both direct ionization and electron capture gave
contributions to the inner-shell alignment. Jitschin [141] reviewed the alignment
studies in inner-shell processes. For heavy projectile ions, he pointed out that the
alignment effects became monotonously small in the high impact velocity region,
v/v,.>0.1, where v; and v,, denoted the projectile velocity and target inner-shell
electron velocity, respectively.

Until now, no detailed experimental study has been performed for heavy-
ion induced M-sheli alignment for both DI and EC. In order to prove whether
M-shell x rays are emitted isotropically, the angular dependence of M-shell x-ray

emission yield need to be studied in future experiments.

Normalization Methods for the RBS Detector
As was mentioned earlier, the combination of vanishingly thin targets and
low Rutherford backscattering for the high energy data gave long run times for
each data point. Sometimes as much as a ten hour measurement period was
required to obtain adequate statistics in the RBS peak. In order to overcome this
problem, a small gold foil scattering chamber (see fig. 3.5) was placed in a

position following the holminm+carbon target. The carbon ions therefore passed
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through the holmium+carbon foil and then through the 200 pg/em’ gold foil
before entering the Faraday cup. Since the holmium target and its carbon
backing foil were very thin, the beam did not show an appreciable increase in
diameter at the gold foil. Carbon ions that scattered from the gold foil were
measured at 90° with a surface barrier detector with a fairly large solid angle.

The “C scattering is Rutherford for all of the energies used for both holmium and
gold, and hence the ratio of scattered ions in the holmium peak at 169° is always
proportional to the gold Rutherford peak at 90°. The backangle RBS scattering
of carbon ions at 169° and the gold RBS scattering of carbon ions at 90° were
measured once for each carbon energy to obtain good counting statistics. Then,
for the high energy carbon ions, this ratio could be used to renormalize the

backangle scattering where statistics are poor.

Rutherford Scattering Cross section Calculation
The Rutherford backscattering cross section (in barns per sr) used in
equation (3.1) can be calculated as a function of the laboratory scattering angle

of the ion and its incident energy E, (in MeV) in the laboratory from [142]

2

2 2 2
44e 4 1- ﬁsin(ﬂ) +C08(B)
do _ | 4E ) sin'@) M,

dQ ’ (4.3)

]
1-1—=sin(8)
M,

where M; and Z, are the respective mass and atomic number of incident ion, and

0x(8) =

M, and Z, are the target mass and atomic number.



78

The derivation of the Rutherford scattering cross section is based on a
Coulomb interaction potential between the projectile Z, and the target atom Z,.
For the experiment, scattering is due to the repulsion of two positively charged
nuclei of atomic number Z; and Z,. This may have deviations from the following
two sources: (i) screening effects due to the surrounding electrons at low energy
bombardment, or (ii) resonant nuclear scattering at high energy bombardment. In
order to use the Rutherford scattering cross section shown in equation (4.3), it
was necessary to estimate whether the RBS measurements are Rutherford
scattering without interference.

For low energy heavy ion collisions, if the incident ion does not completely
penetrate through the target electron shells, the innermost electrons screen the
charge Z, of target atom and change the interaction potential. The scattering is
then not Rutherford. Using an analytic approximation as a function of Eqy, the
center-of-mass energy for the incident ion, by Andersen et al. [143], the screening

effects can be included to give the scattering cross section

1+y]
OSQREE"’ = O'R [ y] ) 2’
1+2p+— L »
_ em] (44)
sSin| ——
2

where 8 is the center-of-mass scattering angle and y=V /E,, where

2.2 45)
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At high energies, when the energy of the ion is greater than the Coulomb
barrier, which would generate nuclear resonances, the elastic scattering is non-
Rutherford. The use of the Rutherford scattering cross section for x-ray
normalization is then inadequate. Bozion ef al. [144, 145] have developed a
formula that predicts the energy where the scattering cross section begins to
deviate significantly (>6%) from the Rutherford scattering cross section. The

formula is given by

X

o)

Zf]’r (4.6)

200 2

2R, ln} a .

where E,; and ) are the projectile kinetic energy and scattering angle in the
center-of-mass frame, respectively, Ry=r,A,"® with 1,=1.3 fm, a.=1.44 Z,Z, MeV-
fm, ay=390 MeV-fm, and x=Z,/Z,. Here, A, and A, are the mass numbers of the

two nuclei involved in the collision.

4.3 X-ray Production Cross Section Produced by Electron Capture to the Ion
Electron capture contributions to the holmium M-shell x-ray production
cross sections were calculated using the charge state dependence of the data for
vanishingly thin targets approximating single collision conditions (<1ug/cm?).
Electron capture to the n-th (K-, L-, M-, ...} shell of an incident ion can only
occur if the ion has a vacancy in that shell. In this case, the M-shell x-ray
production cross section due to direct ionization (DI) plus electron capture (EC)

for the carbon ionr with charge state g is given by



&0

TOTAL(CY DI EC(c?
Opx ( )=am+aﬁﬂ$ >

%)
Since the direct ionization contribution are the same for carbon ions with
different charge states assuming that the electron correlation effect between the
projectile electron and the target electron is small, the M-shell x-ray production

cross section due to electron capture to double K-vacancies in the carbon ion is

given by

EC(K-shelly _ _EC (K-, L-,M-.sheltsy'DI __EC (L~ M-..shell)+DI
Tmx = Opmx T Oax

(4.8)
and the M-shell x-ray production cross section due to electron capture to one K-

vacancy is given by

EC (3K-shell) BC (K-, L-, M-...shellsy+ DI

EC (L, M-...sholls)+DI
T pix O My < Opx

' (4.9)

where V2K and K represent a half vacant and completely vacant K-shell for the
incident carbon ion, respectively. This assumes the DI is the same and

independent of the number of electrons on the ions.

Metastable States
A helium-like ion with one K-vacancy, which is at 1s2s metastable state,
can be formed after passing through the post-accelerator stripper {146, 147]. If
the metastable ion’s lifetime is longer than its transient time to bombard the
target, then this metastable ion with charge state q (=Z,-2) may give some
electron capture contributions similar to that of the =1+ ion during collision.

Depending on the gas target thickness, the percentage of ions left in a metastable
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state can be 10-20% [39].

Electron Correlation

Electron-correlation effects refers to ionization of a target atom by a
projectile carrying electrons. Usually, the incident electrons play a passive role in
screening the projectile nuclear charge and, thus, decreases the ionization
probability. However, an incident electron may also participate actively in the
collision by ejecting a target electron in a binary electron-electron collision [148-
150]. The effect of the electron carried by the projectile ion incident on the
target electron, which corresponds to an increase in the ionization probability,
may be considered as electron-correlation process. This process has been studied
and proven by experiment. [151-155).

The inner-shell ionization probability due to direct Coulomb ionization for
different charge state ions with same atomic mass may be different because of
electron correlation. However, the contribution from the interaction between
electrons is not comparable to that between projectile nucleus and target electron.

Therefore, the electron-correlation effect is neglected in this study.



CHAPTER 5

RESULTS AND DISCUSSION

When a highly charged ion, such as a fully stripped carbon ion, enters a
thick target it will lose or gain electrons until the rates are equal and the ion will
continue through the target with an equilibrium charge state [156]. For the
electron capture measurements discussed earlier, it is important that the incident
ion be essentially in the single collision realm. This phenomenon can be studied
by measuring the effective cross section of holmium target M-shell x-ray
production for various charge states as a function of target thickness. Figure 5.1
shows the result for 8 MeV “C? jons (q = 3+ to 6+) incident on Ho targets of
thickness varying from 0.34 to 41 ug/cm®. From figure 5.1, it can be seen that at a
thickness of approximately 14 pg/cm? the cross section for all incident ions is
constant (at about 40 kilobarns). Therefore, for targets thicker than 14 ug/cm? all
incident '*C’*~** jons reach an average equilibrium charge state. The most
mportant region of figure 5.1 is the portion that shows the plateau for each
charge state. From figure 5.1, it can be seen that for targets with thicknesses
below ~2 pg/cm’ the single collision condition is reached. To be certain of single
collision conditions, all of the electron capture data reported in the present thesis
were done for i;Ho target of 0.34 ug/cm? thickness. This thickness gives an areal
density of 1.24x10" atoms/cm?, which is between 1 and 2 atomic layers.

The x-ray yield is a strong function of the target thickness. This fact was
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not included in most of the publications reported prior to 1976 or even in some
papers published after 1976 [156]. The target thickness effect as a function of
charge state was reported by Gray ef al. [60] and McDaniel ef al. [39] when they
measured K-shell x-ray yields as a function of target thickness for projectiles with
zero, one and two K-shell vacancies. They found that the variation in target x-ray
production with its thickness could be explained in terms of the number of K-
vacancies in the projectile. Hence, charge state dependence of the x-ray
production cross section can be extracted in the limit of zero target thickness
[156].

Figure 5.1 shows that the x-ray production at ~zero thickness depends on
the charge state of the incident jon. Since direct ionization doesn’t depend
appreciably on the charge state of the ion if one neglects electron correlation
effect (*note: electrons on the ion also produce a small amount of ionization as
mentioned in chapter 4), this effect must be due to the electron capture process.
As discussed in chapter 2, when the ion goes through the target, it is possible for
the target electron to be captured to a bound state of the ion if a vacancy exists in
the ion. When the ion velocity approximately matches the target electron velocity,
the capture probability is near maximum. The probability that such a transfer
occurs depends on the number of vacancies in the ion and the energy levels
involved.

Table 5.1 contains a comprehensive summary of all of the data measured
for this thesis. It includes the M,, M, ;, and M, x-ray contributions and the total
M-shell x-ray production cross sections. The experimental uncertainties were
computed from all terms related to the experiment. For the measured efficiency

of the x-ray detector, the error was estimated to be 12-16% after calibration by
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Table 5.1  M-shell x-ray production cross sections (in kilobarn) of ,Ho by '2C¢
ions with energies, E;, from 2 to 12 MeV, in charge state q. oy,
Ompy a0d Oy, are experimental x-ray production cross sections of
M, M,,, and M,, respectively, which were extracied from x-ray
spectrum after GUPIX program [116] curve fitting. oy is the
measured M-shell x-ray production cross section and of,$™>F and
axes the theoretical calculation of M-shell x-ray production cross
sections for the ECPSSR theory and the first Born approximation,
respectively. The inner-shell ionization cross section of the M-shell,
omp can be calculated by oy =0yx/Wyx, With @y =0.011 [3] as an
effective M-shell x-ray fluorescence yield in ,Ho.

E, q oy OMwp) Omey) Tnx OMx/Ovx OmxlONx

2 2 043007 255+037 0.12+0.03 3.10x038 0.29 4.07

2 3 046008 2.62+x038 (.12+0.04 320+039 0.8 4.11

2 4 057£0.09 268x037 0.11+x0.04 3.36+x038 0.28 4.24

4 2 155+020 9.03+1.04 044+0.08 11.0x1.1 0.29 141

4 3 184x028 921+1.19 059+0.12 11.6x1.2 0.29 1.44

4 4 189+034 9.26+1.20 0.60+0.15 11.7x13 0.27 1.41

4 5 337049 143+159 0.86+0.17 18.6+1.7 076 0.40

4 6 553129 225+423 133+049 294+44 066 0.35

6 3 3.55+0.54 159x197 159+030 21.0+2.1 0.32 1.00

6 4 394+051 16.1x2.08 1.62+032 21.7+2.2 0.31 1.00

6 5 596081 24.3+2.68 2.88+0.37 32.6+28 0.12 0.47

6 6 834x1.13 33.3+3.57 3.27+0.69 45.0+3.8 097 0.38

8 3 6.68+0.83 258x3.41 287+047 35435 0.43 1.06

8 4 681095 268+3.65 3.02+0.67 36.6+3.8 0.43 1.07

8 5 878x159 35.1+£511 3.69+082 47.6+54 0.18 0.56

8 6 114+159 425+5.77 4.67+092 58.6+6.1 0.13 0.43

10 3 943+£140 304395 324051 43.1+4.2 0.46 0.96

10 4 103x1.52 32.0+422 350+£0.70 458x4.5 0.47 0.95

105 12.0+1.81 364+480 4.32+084 52.7+5.2 0.20 0.56

10 6 16.0+x241 458+6.22 516+1.19 67.0+6.8 0.16 0.47

12 4 105x191 405+5.76 4.25+0.68 55.2+6.1 0.52 0.97

12 5 105+3.04 455+6.37 4.75+073 60.7+7.1 0.23 0.59

12 6 158+396 S1.1+£957 7.54+166 745+10.5 0.18 0.51
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several methods. The solid angle of the particle detector was measured by *'Am
source with a 1.3% uncertainty. Since the current studies are considerably below
the Coulomb barrier at 205 MeV calculated from equation (4.6), the scattering is
assumed to be surely Rutherford in nature. The screening effect at 2 MeV was
estimated from equation (4.4) as 0.5%. The error in the backscattering cross
section is below 2% after considering the beam energy fluctuation. The
uncertainty in the number of backscattered particles increased with the projectile
energy from 3% to 7% due to counting statistics. The curve fitting procedure for
the x-ray spectra was the major source of uncertainties. To minimize the
uncertainties, the following precautions were taken. The long tail of the carbon K
x-ray peak was subtracted from the M, peak. Similarly, the M, peak had to be
stripped from the pronounced M, ; peak. The Si K, peak was also subtracted
from the M, region. Hence, as shown in table 5.1, the uncertainties associated
with each x-ray, ranged from 14 to 37%. The uncertainty from M-shell x-ray
isotropy which is not clear at this impact velocity range for carbon ion was not
estimated. Also shown in table 5.1 are the ratios of experimental M-shell x-ray
production cross sections to the theoretical calculations of the first Born and
ECPSSR theories for Ct (q = 2+ to 6+) and carbon ion energies between 2 and
12 MeV.

Figure 5.2 shows the projectile charge state dependence of the total M-
shell x-ray production cross sections of ;Ho for 2 to 12 MeV carbon ions. The
cross sections for q=2+ to 4+ are almost flat, indicating that the electron capture
contribution for carbon ions without K vacancies is small. For carbon ions with K
vacancies {q=5+ and 6+) the M-shell x-ray production cross section jumps from

10% (at 12 MeV q=5+) to 150% (at 4 MeV q=6+) compared to the data for



W D Oy =2
1
HEM—E>—
2 —
S =D
ls

F <

ol

M-shell x—ray production cross section (kilobarn)

- E (MeV)]

B 0 12

dF A 10 p

O 8 ]

1 " T % & b ]

i X 4 i

| I ! Vo2

2 “ 1 f ! | : | ; !
% 3 4 5| 6

Charge state of carbon ion

Figure 5.2 Charge state dependence of M-shell x-ray production in a 0.34

pg/em® Ho target for 2-12 MeV carbon ions in charge state from
2+ to 6+,

87



88
q=4+.

Figure 5.3 shows a plot of the M-shell x-ray production cross section as a
function of energy for four charge states used in this study. Also shown in the
figure are the theoretical predictions of the first Born and ECPSSR theories. It
can be seen that the ECPSSR theory fits the charge state 3+ and 4+ data
(DI+EC) quite well for the carbon energies of from 6 to 12 MeV and
overpredicts the data at lower energies. However, it overpredicts the charge state
5+ and 6+ data at all energies by 170-290%. The first Born approximation is
seen to overpredict all the experimental data at all energies by a significant
amount up to 15 times.

In the appendix, M-shell ionization and x-ray production cross sections of
s7HO bombarded by carbon ions with charge state from 2+ to 6+ are tabulated
for the first Born approximation and the ECPSSR theory that include the
contribution of both direct ionization and electron capture.

Table 5.2 shows a tabulation of all the measured M-shell x-ray production
cross sections for electron capture and the corresponding ECPSSR and first Born
theories. In table 5.2, the M-shell x-ray production cross sections for all the
q=4+ data of 2 to 12 MeV and for all the =3+ data of 2 to 10 MeV were used
for subtraction. These electron capture contributions were obtained by
subtracting the M-shell x-ray production cross sections for g=3+ or 4+ from
those of q=5+ and 6+ as mentioned in section 4.2 using equations (4.8) and
(4.9). This difference should give the contribution of electron capture into the
hydrogen-like (q=5+) or bare (q=6+) carbon ions. Figure 5.4 shows the
extracted electron capture cross sections for carbon ions with charge states 5+

and 6+. The results with q=4+ subtracted from the data may be lower than the
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Table 52  Contribution of electron capture to M-shell x-ray production cross
sections (in kilobarn} in Ho by carbon ions with K vacancies (q=5+
and 6+) at energies, E;=4-12 MeV. The experimental M-shell x-
ray production cross sections due to electron capture, oyy, were
calculated from the difference of Ho total M-shell X-Tay Cross
sections for carbon ions with and without K vacancies. o g PSSR
and oy " are the theoretical contributions of electron capture from
the ECPSSR theory and the first Born approximation, respectively.

E, q omx(q)= O'MX(‘I)/ o FB(Q) onx(Q)/omg TR (q)
Onx(Q)-Onx(4+)
4 S+ 69+2.1 0.030 0.17
4 6+ 17.7x4.6 0.041 0.22
6 5+ 10.9+3.6 0.045 0.19
6 6+ 23.3+4.4 0.053 0.22
8 5+ 11.0x6.6 0.048 0.18
8 6+ 22.0x7.2 0.053 0.20
10 5+ 6.9+6.9 0.032 0.11
10 6+ 21.2+8.2 0.056 0.19
12 S5+ 5.5+9.36 0.028 0.10
12 6+ 19.3+x12.1 0.055 0.19
E, q UMX(Q) = UMX(Q)/ oMY w(‘l) UMX(Q)/ OMx ECPSSR(‘I)
Ovx(q)-oux(3+)
4 5+ 7.0x2.1 0.030 0.17
4 6+ 17.8+4.6 0.041 0.23
6 S+ 11.6+3.5 0.048 0.21
6 6+ 24.0+4.3 0.055 0.23
8 5+ 122+64 0.053 0.20
8 6+ 23.2+7.0 0.056 0.21
10 5+ 9.6+6.7 0.044 0.17

10 6+ 23.9+8.0 0.063 0.22
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results with q=3+ subtracted from the data (see table 5.2) because the
experimental cross sections of q=4+ might be slightly higher than that of q=3+,
when He-like carbon ion is in a metastable state with one electron in the Is state
and another one in the 2s state. This metastable state condition of a helium-like
carbon ion (q=4+) may contribute a small enhancement to the x-ray production
cross section due to electron capture. Also shown in figure 5.4 are the theoretical
predictions of the first Born and ECPSSR theories. The ECPSSR theory is seen
to overpredict the measurements by a factor of 4-10 while the first Born
calculations are at least a factor of 16 higher than the experimental results.

Table 5.3 shows a tabulation of all the measured M-shell x-ray production
cross sections for direct jonization of q=3+ and 4+ and the corresponding
ECPSSR and fisst Born theories. Table 5.1 shows that the data of g= 3+ and 4+
are close to the data of q=2+ and 3+ (at 2 and 4 MeV) and much lower than
the data of =5+ and 6+ (at 4 to 12 MeV). It is shown that DI gives most of
the contribution to q=2+ to 4+ data that include both DI and EC to the L-, M-
,... shells. Thus, the q=2+ to 4+ data of the M-shell x-ray production cross
sections can be used for comparison with the theories for direct ionization.

Figure 5.5 shows the experimental data and the first Born and ECPSSR
theoretical calculation curves of the direct ionization contribution to the M-shell
x-ray production cross sections. As seen in the figure, the first Born theory
overestimates the data by a small factor at low energies while it gives agreement

at high energies. The ECPSSR theory underestimates all the data about by 20-
76%.

For the direct ionization, the first Born theory overestimates the data by a

factor of from 6% to 40%. The first Born approximation was originally calculated
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Table 5.3 Contribution of direct ionization to M-shell x-ray production cross
sections (in kilobarn} in Ho by carbon ions without K vacancies
(q=3+ and 4+) at energies, E;=2-12 MeV. The experimental M-
shell x-ray production cross sections due to direct ionization, oy,
were measured for the Ho total M-shell x-ray cross sections for the
carbon ions without K vacancy (q=3+ and 4+), which were
assumed without electron capture contribution. oL F**® and ops
FB are the theoretical contributions of direct ionization from the

ECPSSR theory and the first Born approximation, respectively.

E. q o9 oux(@/oux (@) omx(a)omx "TNq)
2 2+ 3.10+0.03 0.60 5.00
2 3+  320+0.04 0.62 5.16
2 4+  3.36+0.08 0.65 5.42
4 2+ 11013 0.72 1.99
4 3+ 11616 0.75 2.09
4 4+ 11717 0.76 2.11
6 3+ 21028 0.79 1.57
6 4+ 217229 0.82 1.62
8 3+ 354235 0.93 1.54
8 4+ 36638 0.96 1.60
10 3+ 431242 0.88 1.30
10 4+ 45845 0.94 1.38

12 4+ 55.2+6.1 0.94 1.27
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for high velocity jon-atom collisions. At an impact range 0.17<v/v,,,<0.42, the
carbon ion velocity is less than the M-shell electron velocity, hence it is reasonable
for the first Born theory to give an overestimation in this velocity range.

However, the ECPSSR theory seems to underestimate all the data. As mentioned
in chapter 2, the ECPSSR theory includes several modifications, particularly in the
low ion velocity region, which reduce the cross sections from the first Born theory.
The lower value predicted by the ECPSSR theory may be accounted for by its
overcorrection of the M-shell ionization cross section of electron correlation
effects which are not accounted for in the theory.

In figure 5.4 for the electron capture, however, the ECPSSR theory
overestimates all the data at least a factor of five although the modifications were
considered for low ion velocities. The first Born theory predictions overestimate
the data by at least a factor of twenty-two.

In figure 5.3, the ECPSSR theory shows fortuitously good agreement to the
sum of direct Ionization and electron capture obtained from the total M-shell x-
ray production cross sections for q=3+ and 4+ at energies 6 to 12 MeV because
the overestimation of EC makes up for the underestimation of DI. The ECPSSR
theory still underestimates the data at 2 and 4 MeV. This may be caused by: (1)
the correction factors reduces the cross section too much in this low energy
region, (2) some multiple ionization at slow heavy ion bombardment [4], or (3)
quasi-molecular orbit effects exist at this region, Z,/Z,=0.09 and 0.17<v//v,, <0.42.

Similarly to the EC cross sections, the ECPSSR theory overpredicts all the q=5+

and 6+ data for the total M-shell x-ray cross sections.
For the first Born theory, the OBKN approximation overpredicts all the

data for the EC cross sections for this thesis as well as elsewhere [39-43, 55-58]
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and the PWBA theory overpredicts most of the data for the DI cross sections at
low impact velocity. The ECPSSR theory shows good agreement to the DI cross
sections of K- and L-shell for light ions that do not have a comparable amount of
EC [31-33 37, 38] and gives good agreement to the EC cross sections for the K-
and L-shell [39, 40, 43], but overpredicts the K-shell measurement of McDaniel ef
al {42]. For M-shell measurements, the ECPSSR theory overpredicts the EC cross
section measurements of Andrew ez al. [43, 55] and has no consistency in the
measurement of Mehta ez al. [56-58], but gives agreement to the total M-shell x-
ray production that contains the DI+EC cross sections for all the measurements.

The M-shell ionization measurements are more complicated than the K-
and L-shell measurements for several reasons. For example, the fluorescence
yield may not be well known and is affected by multiple ionization, which depends
on the type of projectile ion and energy as mentioned in chapter 4. The
experimental difficulty, such as producing high charge state ions, measuring low
energy M-shell x rays, and making thin and contaminant-free targets, may give
higher uncertainties for the results. The electron correlation effects for different
charge state ions were not considered. The M-shell x-ray isotropy was not
measured although both DI and EC may cause the alignment for M-shell
ionization. Actually, there are too few M-shell measurements, particularly for
electron capture, for a complete comparison with the ECPSSR theory. It is hard
to judge whether the ECPSSR theory can give good predictions to the direct
jonization and electron capture cross sections for heavy ion collision over a large

energy range.



CHAPTER 6

CONCLUSION

The effective cross sections of target Ho M-shell x-ray production for
various charge states as a function of target thicknesses were measured. It is clear
from these studies that single collision conditions exist for target thickness less
than 2 pg/em®. To be certain of single collision conditions, all of the cross section
measurements for charge state dependence of the M-shell x-ray production
reported in this study were done with a Ho target that was 0.34 ug/cm? thick,
which is approximately 1-2 atomic layers. The data were found to be
reproducible for these thin targets, which implies that the targets were fairly
uniform in thickness. The x-ray production cross section was then measured in
this single collision regime for *C% (q=2+ to 6+) ions from 2 to 12 MeV (see fig.
5.2). It was not possible to reach charge states 5+ and 6+ for the 2 MeV data
since the stripping cross sections are simply too low. The cross sections for q=2+
to 4+ (no K vacancy) are seen to be significantly lower than those for q=5+ and
6+, indicating in the latter cases contributions to the inner-shell ionization from
electron capture into the K-shell of **C.

The numerical value of the measured electron capture cross section was
determined by subtracting the q=3+ or 4+ data from the q= 5+ and q= 6+
data for vanishingly thin targets. The electron capture cross sections were then

compared fo the theoretical calculations of the first Born and ECPSSR theories
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(see fig. 5.4). The ECPSSR theory seems to be on average about a factor of 4-10
higher than the experimental results while the first Born theory gave results that
were at least about a factor of 16 higher than the measured resulis.

The direct jonization cross sections was determined from the M-shell x-ray
production cross section for q=3+ and 4+. The first Born theory overpredicts
the data by a small factor at 2 to 6 MeV and gives agreement to the data at 8 to
12 MeV while the ECPSSR theory underestimates the data by about 20-76%.

For the total M-shell x-ray production cross sections, the ECPSSR theory
gives a good fit to the experimental data for average charge states near the
equilibrium value (see fig. 5.3) at 6 to 12 MeV due to compensation of
overestimation of EC to underestimation of DI. It still underestimates the data at
2 and 4 MeV. In the low energy region, the molecular orbit (MO) effect and
multiple ionization may become important and should contribute to higher
ionization cross section. The first Born theory, however, overpredicts the
experimental data by about a factor of 5 over most of the energy range.

In this thesis, it has been shown that electron capture (EC) is a major
contributor to the M-shell ionization in addition to direct Coulomb ionization
(DI). Here, the theories give a close prediction to the DI cross sections, but do
not give an accurate prediction to EC for the region Z,/Z,=0.09 and
0.17sv/v,,<0.42. Inner-shell ionization is a very complicated process which is
related to several mechanisms and varies for different collision systems. Further
study for M-shell ionization by heavy ions is required for those unknown terms
which include the MO effect at low energy, the electron correlation contribution
to both DI and EC, the multiple ionization and all the parameters related to

fluorescence yields, and the M-shell x-ray isotropy.



APPENDIX
M-shell ionization cross sections (DI+EC) and x-ray production cross

sections (X-RAY) of the first Born approximation and the ECPSSR theory.
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Z1=6 Z2=67 Al=12 A2=164.9 q=06

Fluorescence yields (w):.00108 .00185 .00145 .0067 .0106

S12 S13 523 S14 824 S834 S15 S25 S35 S45
266 527 106 061 667 145  9.000001E-02 .12 751 408
M-SHELL IONIZATION CROSS SECTIONS AND

X-RAY PRODUCTION CROSS SECTIONS (bam)

The Tirst Born Approximation The ECPSSR Theory

E DI EC DI+EC X-RAY DI EC DI+EC X-RAY
1.00+0 9.99+4 5.97+6 6.07+6 6.52+4 2.93+3 3.95+4 4.24+4 4.64+2
2.00+0 4.76+5 2.44+7 2.48+7 2.67+5 5.72+4 1.09+6 1.15+6 1.24+4
3.0040 93045 3.57+7 3.66+7 3.94+5 23345 48346 5.06+6 5.44+4
4.00+0 1.4146 4.00+7 4.144+7 447+5 5.08+5 730+6 7.80+6 54144
5.00+0 1.914+6 4.07+7 4.26+7 4.61+5 8.43+5 9.02+6 9.87+6 1.87+5
6.00+0 2.43+6 4.05+7 4.29+7 4.65+5 1.23+6 9.67+6 1.09+7 1.18+5
7.00+0 2.96+6 3.93+7 4.23+7 4.60+5 1.65+6 1.02+46 1.1847 12845
8.00+0 3.48+6 3.80+7 4.15+7 45245 2.10+6 1.03+7 1.24+7 1.35+5
1.00+1 4.47+6 3.50+7 395+7 4.31+5 3.04+6 1.01+7 13147 14345
1.20+1 5.36+6 3.22+7 3.76+7 4.12+5 3.99+6 93946 1.34+7 1.46+5
1.40+1 6.15+46 2.96+7 3.58+7 3.93+5 4.88+6 883+6 1.37+7 1.50+5
1.60+1 6.8446 2.75+7 3.43+7 3.7745 5.68+6 7.71+6 1.34+7 1.46+5
1.80+1 7.41+6 2.57+7 3.31+7 3.64+5 64046 733+6 1.37+7 15045
2.00+1 7.88+6 2.41+7 3.19+7 3.52+5 70146 6.77+6 13847 1.51+5
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1.09-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2



Z1=1 Z2=67 Al=12 A2=164.9 q=5
Fluorescence yields («):.00108 00185 .00145 .0067 .0106

S12 S13 823 S14  S24 S15 S25
266 527 106 061  .667 9.006001E-0  2.12

M-SHELL IONIZATION CROSS SECTIONS AND
X-RAY PRODUCTION CROSS SECTIONS (barn)

The First Born Approximation

E, DI

1.00+0 9.99+4
20040 4.76+5
3.00+0 9.30+5
4.00+0 1.41+6
5.00+0 1.91+6
6.00+0 2.43+6
70040 2.96+6
8.00+0 3.48+6
1.00+1 44746
12041 5.36+6
14041 6.15+6
1.60+1 684+6
1.80+1 7.4146
2.00+1 7.88+6

EC DI+EC X-RAY

3.01+6 3.11+6
1.25+7 1.30+7
1.86+7 1.96+7
2.13+7 22747
2.2047 2.40+7
2.22+7 2.46+7
2.184+7 2.48+7
21247 24747
1.98+7 24247
1.83+7 23747
1.69+7 231+7
1.58+7 2.26+7
1.47+7 22147
138+7 2.17+7

335+4
1.40+5
2.11+5
2.45+5
25945
2.67+5
2.69+5
2.69+5
2.65+5
2.59+5
2.53+5
2.48+5
243+5
2.39+5

The ECPSSR Theory

DI EC DI+EC
2.93+3 2.01+4 230+4
5.72+4 55545 6.12+5
23345 2.46+6 2.69+6
5.08+5 3.78+6 4.2946
8.43+5 48046 5.65+6
1.23+6 5.22+6 6.45+6
1.65+6 5.55+6 7.20+6
2.10+6 5.68+6 7.7846
3.04+6 56446 8.68+6
3.99+6 5.31+6 9.30+6
4.884+6 5.03+6 9.90+6
5.68+6 446+6 1.01+7
6.40+6 4.22+6 1.06+7
7.01+6 391+6 1.09+7

S35
751

X-RAY

2.51+2
6.60+3
2.89+4
4.62+4
6.10+4
6.98+4
7.81+4
8.45+4
9.47+4
L02+35
1.08+5
1.11+5
1.16+5
1.19+5
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w

1.09-2
1.08-2
1.08.2
1.08-2
1.08-2
1.08-2
1.08-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2



Z1=6 22=67

A2=164.9 q=4

Fluorescence yields (w):.00108 00185 .00145 .0067 .0106

S12 S13 523 S14
266 527 106 061

Al=12
524 $34
667 145

S15 S25
9.000001E-02 .12

M-SHELL IONIZATION CROSS SECTIONS AND
X-RAY PRODUCTION CROSS SECTIONS (barn)

The First Born Approximation

E, Di EC DI+EC X-RAY

1.004+0 9.99+4 5.98+4 1.60+5
2.004+0 4.76+5 6.35+5 1.11+6
3.0040 9.30+5 1.61+6 2.54+6
4.00+0 1.41+6 2.59+6 3.99+6
50040 1.91+6 3.38+6 5.29+6
6.00+0 2.43+6 3.94+6 6.36+6
7.004+0 2.96+6 4.26+6 7.22+6
8.0040 3.48+6 4.45+6 7.92+6
1.00+1 4.47+6 4.53+6 9.00+6
1.20+1 53646 4.39+6 9.76+6
1.40+1 6.15+6 4.22+6 1.04+7
1:60+1 6.84+6 4.00+6 1.08+7
1.80+1 741+6 3.79+6 1.124+7
2.00+1 7.88+6 3.61+6 1.15+7

1.73+43
1.20+4
2.744+4
4.31+4
5.72+4
6.89+4
7.82+4
8.60+4
9.719+4
1.06+5
1.13+5
1.18+5
1.22+5
1.26+5

The ECPSSR Theory

§35
751

545
408

Di EC DI+EC X_RAY

29343 6.17+2 3.5443
572+4 158+4 730+4
2.33+5 8.89+4 3.22+5
5.08+5 2.61+5 7.69+5
8.43+5 5.82+5 1.4246
1.23+6 7.79+5 2.00+6
1.65+6 3.20+5 2.57+6
2.10+6 1.06+6 3.1646
3.04+6 1.19+6 4.2446
3.99+6 1.23+6 5.22+6
4.88+6 1.22+6 6.10+6
5.68+6 1.20+6 6.88+6
6.40+6 1.11+6 7.52+6
7.01+6 1.05+6 8.07+6

3.90+1
7.9342
3.49+3
831+3
1.54+4
217+4
2.78+4
343+4
4.61+4
5.68+4
6.64+4
7.51+4
8.20+4
8.80+4
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A

1.10-2
1.09-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2



Z1=6 22=67

A2=164.9 q=3

Fluorescence yields (w):.00108 .00185 .00145 .0067 .0106

S12 813 S23 Sl4
266 527 106 061

Al=12
S24 S34
667 145

S15 §25
9.000001E-02 .12

M-SHELL IONIZATION CROSS SECTIONS AND
X-RAY PRODUCTION CROSS SECTIONS (barn)

The First Born Approximation

E, DI EC DI+EC X RAY

1.00+0 99944 5.43+4 1.54+5
2.00+0 4.76+5 5.80+5 1.06+6
3.00+0 9.30+5 14746 2.404+6
40040 1.41+6 23746 3.7846
5.00+0 1.91+6 3.10+6 5.01+6
6.00+0 2.43+6 3.61+6 6.04+6
7.00+0 2.96+6 3.92+6 6.87+6
8.00+0 3.48+6 4.09+6 7.56+6
1.00+1 447+6 4.16+6 8.64+6
1.20+1 5.36+6 4.04+6 9.41+6
1.40+1 6.15+6 3.88+6 1.00+7
1.60+1 6.84+6 3.68+6 1.05+7
1.80+1 7.41+6 3.49+6 1.09+7
2.00+1 7.88+6 3.32+6 1.12+7

1.67+3
1.14+4
2.59+4
4.07+4
54144
6.54+4
7.45+4
8.21+4
9.40+4
1.03+5
1.10+5
1.15+5
1.19+5
1.23+5

The ECPSSR Theory

S35
751

S45
408

DI EC  DI+EC X RAY

29343 5.62+2 3.49+3
5.72+4 1.44+4 7.16+4
2.33+5 8.18+4 3.14+5
5.08+5 2.38+5 7.46+5
8.43+5 5.34+5 13846
1.23+6 7.14+5 1.94+6
1.65+6 8.454+5 24946
21046 9.75+5 3.07+6
3.04+46 1.10+6 4.14+6
3.9946 1.13+6 5.12+6
4.88+6 1.12+6 6.00+6
5.68+6 1.11+6 6.79+6
6.40+6 1.034+6 7.43+6
70146 9.70+5 7.98+6

3.84+1
7.718+2
3.40+3
8.07+3
1.49+4
2.10+4
2.70+4
333+4
4.50+4
5.58+4
6.54+4
7.40+4
8.10+4
8.70+4
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)

1.10-2
1.09-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2



Zi=6 Z22=67

A2=164.9 q=2

Fluorescence yields (w):.00108 .00185 .00145 .0067 .0106

S12 S13 523 Si4
266 827 106 061

Al=12
S24 S34
667 145

S15 §25
9.000001E-02 .12

M-SHELL JONIZATION CROSS SECTIONS AND
X-RAY PRODUCTION CROSS SECTIONS (barn)

The First Born Approximation

E, DI EC DI+ECX RAY

1.00+0 9.99+4 4.89+4 1.49+45
2.004+0 4.76+5 5.25+5 1.00+6
3.004+0 9.30+5 1.33+6 2.26+6
4.00+0 1.41+6 2.15+6 3.56+6
5.00+0 1.91+6 2.82+6 4.73+6
6.00+0 2.43+6 3.29+6 5.71+6
7.00+0 2.96+6 3.57+6 652+6
8.00+0 3.48+6 3.72+6 7.20+6
1.00+1 447+6 3.80+6 8.27+6
1.20+1 5.36+6 3.69+6 9.05+6
1.40+1 6.15+6 3.55+6 9.70+6
1.60+1 6.8446 3.36+6 1.02+7
1.80+1 7.41+6 3.19+6 1.06+7
2.00+1 7.88+6 3.04+6 1.09+7

1.61+3
1.08+4
2.44+4
3.84+4
5.11+4
6.18+4
7.07+4
7.824+4
9.00+4
9.87+4
1.06+5
1.11+5
1.16+5
1.19+5

The ECPSSR Theory

S35
751

DI EC DI+EC X-RAY

2.93+3 5.08+2 3.43+43
5.72+4 1.30+4 7.02+4
2.33+5 7.38+4 3.06+5
5.0845 2.16+5 7.24+5
8.43+5 4.86+5 1.33+6
1.23+6 6.50+5 1.88+6
1.65+6 7.70+5 2.42+6
2.10+6 8.88+5 2.98+6
3.04+6 1.00+6 4.05+6
3.994+6 1.03+6 5.02+46
4.88+6 1.03+6 5.90+6
5.68+6 1.01+6 6.69+6
6.40+6 9.38+5 7.34+6
7.01+6 8.85+5 7.90+6

3.78+1
7.624+2
3.32+3
7.82+3
1.44+4
2.03+4
2.62+4
324+4
4.40+4
5.47+4
6.43+4
7.30+4
8.01+4
8.61+4

S45
408
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©

1.10-2
1.09-2
1.08-2
1.08-2
1.08-2
1.08-2
1.08-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
1.09-2
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