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I. INTRODUCTION

State-Resolved Studies in Ion-Atom Collisions

The fundamental atomic processes of ionization, electron excitation, and elec-
tron capture resulting from highly-charged fast ion-atom collisions are investigated
in this dissertation. These subjects have been studied extensively over the last
two decades,’ due to the availability of particle accelerators capable of producing
highly charged ions with energies typically in the range of a few tens of thousands
of electron volts per atomic mass unit (keV/u) to a few million electron volts per
atomic mass unit (MeV /u). Particle accelerators allow one to studj.r individual
collision systems over a wide range of charge siates of the projectile in addition to
a wide range of particle velocities. The projectile charge can be varied typically
from singly ionized up to fully stripped ion species and the velocities can be varied
from values below to several times above a given bound electron’s orbital velocity

depending on the system studied.

Atomic processes involving predominantly the interaction of the projectile
with the target electrons have been explored using the accelerated ion method. For
example, inner shell ionization of the K-shell of the target by a highly charged ion
has been extensively studied by measuring the total and differential cross sections

for K x-ray’~?

and K Auger electron’®* production. When the resolution of
the x-ray or K Auger electron spectrometer is sufficiently high to resolve the
final states, the study is typically referred to as state-selective or state-resolved
spectroscopy. Obtaining completely resolved final states is sometimes impossible
because of the high level density of final states in the residual target after collision.

In some cases, however, it is possible to separate the final states into groups of

states defined by the electron configuration (e.g., a configuration consisting of
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one I -shell and 4 L-shell electrons, K'L*, which couple to form many closely
spaced final states). Another etample is the study of electron capture or ionization
by measuring the final charge change of the projectile after the collision. These
studies become more powerful when combined with coincidence measurements of

the recoil ion and the projectile ion.
/

As another important subject using the accelerated ion method, electron cap-
ture, excitation, or ionization of the projectile ion has been explored by high-
resolution (state-resolved) x-ray or Auger spectroscopy measuring their production
cross sections.’~'® The studies of projectile atomic state evolution during and after
the collision are particularly useful when the target is atomic hydrogen or helium.
Because of ease molecular hydrogen is often used as a target. These studies are of
main interests in this dissertation and are performed extensively, In the collision
systems of few-electron projectiles incident on a He or Hy target, the density of
final states of the projectile is usually such that individual final states can be re-
solved. Projectile collisions with these light targets thus allow one to observe and
investigate predominantly one- and two-electron processes as a function of the ion
charge and/or ion velocity, which typically gives the type of results amenable to

comparisons with theory.

Dynamic Electron—Electron Interactions.

In typical ion-atom collisions, the nucleus of the target plays a dominant role

in changing the atomic state of the incoming projectiles. However, using a simple

‘target such as He or H, and employing few electron projectiles such as 0** or F7¥,

it has been found that the target electrons give rise to a unique and sometimes
dominant contribution in projectile state formation in which projectile K -shell ex-

citation is involved, and thus the target electron contribution can be distinguished

2
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fram the target nucleus contribution particnlarly in the case of fast collisions. The
electron contribution, originating from the dynamic electron-electron interaction?®
(so-called correlated two-electron processes,'” scattering correlation,'® or dynamic
correlation'®) has been manifested in the recent observations of resonant transfer-
excitation (RTE),?? electron-electron excitation (eeE),’ and electron-electron ion-
ization (eel),2'** which consolidates the strong evidences for the electron-electron
‘nteractions during ion-atom collisions. The problems of RTE, single inner-shell
excitation, and single inner-shell ionization of the projectile by a target electron
are of current interest in heavy ion-atom collision physics and are focused and
addressed in this dissertation using high-resolution, state-resolved Auger electron
spectroscopy.

The major emphasis in this work is the study of transfer exatation (TE)
cross sections. TE is a process in which two electrons are rearranged during the
ion-atom collision. One electron is transferred from the target to the projectile
and simultaneously one of the projectile electrons is excited (e.g., from the K-
shell to the L-shell). This process can proceed via either a resonant, RTE, or
a non-resonant, NTE,?* mode. RTE is a correlated process which occurs when
the projectile electron excitation is mediated by the transferred electron.?? NTE
is an uncorrelated process in which the projectile electron excitation is mediated
by the Coulomb field of the target nucleus. The study of TE, and in particular
of RTE, has received considerable attention in the last several years, since it can
provide direct information on electron correlation phenomena as a strong and
unique electron—electron interaction presently of great interest in atomic physics.

For fast ion-atom collisions, where the orbital velocity of the active target
electron is much smaller than the incoming velocity of the projectile, the target

gas can be viewed as a composite beam of electrons and nuclei in the projectile-rest

3
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frame as far as their coherent action is negligible for certain collision phenomena.
In particular, if the target electron is loosely bound to the target nucleus, it can
be treated as an incoming “quasi-free” particle with its orbital momentum distri-
bution (Compton profile). Thus, RTE is related to the dielectronic recombination
{[]‘R}25 process which occurs in free-electron—ion collisions,*® and has been suc-
cessfully described by an Impulse Approximation (IA)?" in which the Compton
profile of the target electrons are folded with the DR cross section.”® The RTE
process, in particular, RTEA (RTE followed by Auger decay) will be discussed
in detail in Chapter VI where our experimental results are compared with the
IA calculation. Alignment®**® of the doubly excited state formed by RTE also
will be discussed together with the interference®®*? effect between the RTE Auger

31,32

electron and the binary-encounter electrons which are target electrons quasi-

elastically scattered by the projectile.

An electron colliding with a highly charged ion is of prime interest in atomic

collision processes® of high temperature plasmas/in/astrophysical environments

i

or proposed thermonuclear fusion reactors.’® For example, in the case of DR,
an impurity ion in the fusion plasmas is frequently doubly-excited by capturing
an electron at a high temperature and emitting a photon of radiation through
deexcitation. Thus, the thermal energy of the electron is eventually transformed
to the radiation, resulting in cooling the plasmas unless the emitted photon is
re-absorbed by the plasmas. Therefore, cross section measurements in heavy ion-
atom collisions can be used for exploiting and complementing some electron-ion
collision processes. This can be one application of fast heavy jon-atom collisions,
where the highly charged projectile is used as a “moving laboratory”. As another
application using this moving laboratory, the collision data from spectroscopic

studies, identifying the excited states and their lifetimes and energy levels, are

4



necessary for the development of the x-ray laser’® where highly charged heavy-ion
plasmas can be used in principle.

The motivation for studying inner-shell excitation and ionization is to investi-
gate the effects of so-called screening and antiscreening as a function of projectile
charge. The dominant mechanism for these processes is the Coulomb interaction
between the target nucleus and the projectile electron which is excited or ionized.
In this work I will refer to the processes of excitation and ionization by the nuclear
Coulomb field of the target as “enE” and “enl”, respectively. Screeningis a process
where the spectator electrons shield the active electron during the collision and
generally reduces the cross section. This effect can be calculated from a screened
potential model.*® Antiscreening is a term which refers to an enhancement of the
cross section as opposed to a reduction of the cross section as is the case for screen-
ing (i.e., screening reduces the charge of the exciting specie which in turn reduces

‘the interaction strength). Antiscreening is in fact the result of electron-electron
interactions during the collision which leads to an additional term in the cross
section. For example, in the case of projectile excitation or ionization by H,, an-
tiscreening refers to the excitation or ionization of one of the projectile electrons
by one of the H; electrons.

Prior to this work there existed no direct evidence of the effect of antiscreen-
ing. In this work [ will refer to antiscreening as another kind of electron—electron
interaction in ion-atom collisions and will use the abbreviations “eeE” and “eel”
to refer to projectile electron excitation and ionization by a target electron, respec-
tively. The eeE and eel will have a threshold at a relatively high projectile energy
due to the small electron to ion mass ratio. The threshold for an inelastic exci-
tation requiring an energy E will occur at a projectile energy Ep = %E, where

M is the projectile to electron mass ratio. For example, 05" 15—2p excitation, ~

5
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560 eV, will have a threshold energy of approximately 16 MeV projectile energy
assuming the electron moves with the same velocity as the projectile. The pro-
cesses of eeE and eel will be discussed in Chapter VII. We will compare the results
of the measurements to an IA model which allows one to take into account the
distribution of the target electron velocity distribution. This model conveniently
casts the theory in terms of the Compton profiles of the target electrons, which are
well known quantities, and the cross sections for free-electron—ion collisions, which
are also readily calculated. The free-electron—ion process of excitation and ion-
ization will be referred to by the abbreviations “elE” (electron impact excitation)

and “ell” (electron impact ionization), respectively.

Zero-Degree Projectile Auger Electron Spectroscopy

The motivation for the work presented in this dissertation was to obtain
improved results on the state-resolved spectroscopy of 09T and F?7 incident on
H; and He targets. Previous measurements using this technique were limited by
the kinematic (Doppler) broadening in the projectile Auger electron spectroscopy

or by limited efficiency of the high resolution x-ray spectrometer in general.

The kinematic (Doppler) broadening of projectile electrons for large angle
observations relative to the projectile beam axis is formidable. However, when
projectile Auger electrons are observed at zero degrees with respect to the beam
direction, the kinematic broadening is minimized and substantially reduced. Thus,
this zero-degree projectile electron spectroscopy”®’ has been an excellent technique
used to investigate the collisionally-produced atomic states in the projectile. For
non-zero degree observatit-}ns such as Auger measurements, for example, using
the cylindrical mirror analyzer (CMA) in which the projectile Auger electrons

are detected at 42° from the beam direction, high-resolution Auger spectroscopy

6
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practically failed in the case of fast projectiles at velocities larger than about

1 MeV/u due to this strong kinematic broadening.®

The plan was implemented by building a new improved high-resolution Auger
electron spectrometer. A tandem 45° parallel-plate electron spectrometer, first
used by the Berlin group,’® was designed and constructed® together with a colli-
sion gas cell and a scattering chamber. The spectrometer is a double pass geometry
which allows one to observe electrons at zero degrees with respect to the beam di-
rection. The kinematic broadening of the projectile K Auger electrons was found
to be practically negligible for this spectrometer, even for fast projectiles at a ve-
locity of 2 MeV/u. A type of tandem (double) spectrometer was chosen in which
the first analyzer serves as a deflector to separate the projectile electrons from the
moving projectiles and the second analyzer functions to analyze the energies of the
electrons with energy retardation giving rise to a high resolving power required in
the final state selection. The spectrometer system is discussed in more detail in

Chapter II. The kinematics of the projectile Auger electrons is also described in

Chapter II.

Binary Encounter Electrons

In projectile Auger cross section measurements for fast collisions, a strong in-
tensity of binary encounter electrons®'*? (BEe) is detected. BEe are the electrons
originating from the target ionization by quasi-elastic scattering due to projectile
impact on the weakly-bound target electrons. In the case of forward angle obser-
vation, BEe produces the strong background with a broad peak structure which
represents the orbital momentum distribution of the target electron. Employing
the fast, bare projectiles of F, O, N, C, and protons and the simple targets of H

and He, the production cross sections of BEe were measured and compared with
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a semi-classical calculation which was developed®? in this work. The calculation
was done by treating the 0° BEe in the laboratory frame as electrons scattered
through 180° in the projectile frame. This quasi-elastic scattering process was
effected using the Rutherford formula and the Compton profiles of the He or H,
target electrons through the [A. An excellent agreement between the measurement
and IA calculation was observed and the IA prediction was found to be better than
the available PWBA*! prediction.

A detailed study of the BEe production is very valuable for the following rea-
sons: First, BEe is found to be a strong background for the projectile A-Auger
electrons at projectile energies around resonance of the RTE and around thresh-
old of the eeE process. Both BEe and RTE Auger electrons are produced as the
result of quasi-elastic scattering with the only difference being the intermediate
atomic states, so that these two kinds of electrons are not distinguishable and thus
interfere with each other. This presents a good opportunity to study the quan-
tal interference effect between two outgoing waves of the electrons with different
phases. In addition, the same treatment of IA can be applied for both binary-
encounter scattering and RTEA processes, giving a stringent test of IA. Lastly,
the Auger cross sections can be normalized to the BEe production cross sections.
This is a very useful technique as described below.

Spectrometer efficiency normalization is one of the most important procedures
for absolute cross section measurements. Since the efficiency may vary with labo-
ratory electron energy, a new method was employed in which the BEe production
cross sections with “bare” projectiles at various energies was normalized to the
corresponding [A calculation to determine the spectrometer efficiency at the BEe
peak electron energy. This was also compared to a normalization using known Ne

K-Auger production cross sections in collisions of 3 MeV H* with Ne. This Ne K



Auger normalization may be only valid around a Ne K Auger electron energy of
800 eV. Considering the simplicity of the collision system of the bare projectiles
with quasi-free target electrons and the excellent agreement between the theory
and experiment, BEe-IA normalization has been used for absolute Auger cross

section measurements in this study.

Impulse Approximation (IA)

Theoretically, atomic collision studies have provided an excellent testing
ground for the application of quantum mechanics and semi-classical physics. Since
the Coulomb interaction, which governs all the atomic phenomena, is well under-
stood among the four natural forces, atomic collisions are used to investigate the
many-body dynamics by systematically controlling various collision parameters
such as projectile velocity, projectile charge state, atomic numbers of both projec-
tile and target, and so on. However, approximations are requisite in many cases of
the atomic collision and atomic structure calculations due to the unsolubility of the
many-body problem. As a semi-classical approach, the dynamic electron-electron
interactions such as those involved in RTE have been investigated through the IA,
whose treatment was previously mentioned for the theoretical description of RTE,
eeE, eel, and BEe, relating the ion-atom collision cross sections to the ion—electron
collision cross sections. In the projectile ion frame, the loosely-bound target elec-
tron can be treated as an incoming quasi-free particle moving toward the ion while
conserving its momentum distribution until it leaves its parental nucleus or nuclei
and then can interact with the collision partner. This could be an assumption to
be verified, but, in the spirit of the approximation, can be valid. Besides identify-
ing the contributions due to the electron-electron interaction, the nuclear—electron

interaction for a process such as projectile 1s=+2p excitation by the target nucleus
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can be tested by the theory of the plane-wave Born-approximation (PWBA),*? as
far as both the target electron and the nucleus do not excite or ionize the projectile
with a strong coherence.

In this work, the IA treatment will be consistently applied in the same way
for the description of the ion-electron binary-encounter interaction (BEe), and for
the dynamic electron-electron interactions in RTE, eeE, and eel. As in the IA
treatment in Ref. 28 for RTE, as long as the velocity of the incoming ion projectile

is much larger than the orbital velocity of the target eleciron, any ion-atomic

collision cross section originated from an electron-electron interaction, ¢7_,, can

be related to an ion—free-electron collision cross section, or_., as follows:

o an_,-lws(pinzd’p,-, (1)

where ¥;(pi) is the momentum wave function of the i-th electron of the target.
The BEe is also related to the Rutherford elastic scattering in the same manner.

These relationships are summarized as follows, for the physics we are going to deal

with:
TABLE 1
g?—.ﬁl T[—e
o[RTEA] — A — o|RES]
oleeE] —IA— clelE]
oleel] —IA— olell]
o(BEe| —IA— o[Rutherford]

RES stands for resonant excitation scattering in electron—ion collisions.*® RES is
also abbreviated as RE (resonant excitation).’'® For a given channel, the RES

cross section is related to the DR cross section as follows:

OCRES = 0DR~ ;r {Ej
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where £ and w are the Anger and x-ray yield for a given x-ray and Auger de-
excitation channel, respectively. Since the acronym RES has the meaning of the
completed sequence of the atomic process (as does DR), I will use RES rather

than RE in this dissertation.

Scope of Study.

The scope of this dissertation is to search for and to address the dynamic

electron-electron interactions in ion-atom collisions by applying zero-degree pro-

jectile K-Auger electron spectroscopy and measuring the absolute, state-resolved
Auger cross sections to confirm the theoretical ca.lcula.tions-predicted with a vali-
dated IA calculation. To perform this task, a spectrometer system was designed
and constructed. Then, ion-electron binary-encounter interactions were investi-
gated in an extended order, resulting in the relevence of the IA and thus giving
rise to a spectrometer efficiency normalization procedure. For zero-degree K LL
high-resolution Auger spectroscopy, collisions of 0.25-2 MeV/u Ot F** F'T,
and O*" with He and H, targets were investigated. For zero-degree BEe mea-
surements, various bare and highly-charged, high velocity (mostly 1-2 MeV /u)
projectile ions of F, O, N, C and protons were employed in collisions with He and
H, targets.

For the theoretical description, an improved [A treatment was used for the
description of BEe, RTE, eeE, and eel rather than the model of Brandt given
in Ref. 28. The associated electron—ion cross sections for RES, elE, and ell are
adopted or calculated using the available information in the literature. When an
estimation of the contribution due to enE or enl is needed, the PWBA model is

used.
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I1II. ZERO-DEGREE ELECTRON SPECTROMETER SYSTEM

A. Kinematics of Projectile Auger Electrons

When an Auger electron is emitted from a moving projectile, the measured
kinetic energy of the electron in the laboratory frame is varied with the observation
angle. Using the geometry of the velocity addition diagram shown in Fig. 1, the

laboratory electron energy F is expressed as:

Ey = (Vicosd + / E' — tsin26)?, (3)

where @ is the observation angle with respect to the projectile beam direction and
E' is the electron energy in the projectile “rest” frame, i.e., the Auger energy. ¢

is the so-called cusp electron energy (or sometimes called reduced electron energy)

which is given by

= %EF — 548.58 - Ep(in MeV/u)eV, (4)

where Ep is the projectile energy and m /M is the electron-to-projectile mass ratio.
The + sign in Eq. (3) refers to high and low branch laboratory electron energy,
respectively, for the geometry shown in Fig. 1, where ¢ is larger than E'. If t is
smaller than E', only the high energy branch (4) electrons will be detected. For
zero-degree observation, where electrons are observed in the beam direction, the

laboratory electron energy is given by
Ei=(Vi£VE'). (5)

From the geometry of Fig. 1 or Eq. (3), we see that in order to observe the
projectile electron whose Auger energy E' is smaller than ¢, the observation angle

should be smaller than a critical angle which is given by

[
chsin*lﬁT. (6)
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FIGURE 1. Velocity addition diagram of a projectile Auger electron. The
radius of the circle is the velocity, v', of the ejected Auger electron in the projectile
frame. In the units of \/E,.I"_m, o' = VE', AO = Vp = /1 is the projectile velocity,
and AP = \/_E__ and AC = \/,_E‘: are electron velocities measured at # in the
laboratory frame (see text). Using these velocity quantities, Eq. (3) is easily

obtained.
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Theretore, in order for the projectile Auger electrons to be detected, the
observation angle should be smaller than the critical angle #.. For large angle
observation (e.g., 42° in the case of a cylindrical mirror analyzer), only Auger
electrons which fulfill this condition can be detected. This is a crucial limitation
for non-zero, large-angle projectile Auger spectroscopy. This imitation is demon-
strated in Fig. 2 using Eq. (6). For example, when the projectile Auger electron is
measured at § = 45° for 1 MeV /u projectile velocity, any electron whose energy E'
is smaller than 274 eV in the moving projectile frame cannot be detected. In other
words, all the low energy projectile electrons are ejected to the forward laboratory
angles, in particular for fast projectiles. At zero degrees, the projectile electrons
in the whole energy range from the cusp (E'=0), field-ionized high-n Rydberg,
Coster-Kronig, -« - - - L, to K Auger electrons can be observed. In addition, a
large number of continuum and binary encounter electrons (BEe) are observed. In
particular, measuring BEe will be a good opportunity to understand the binary
encounter process and to obtain the spectrometer efficiency.

Kinematic (Doppler) broadening is a difficulty in non-zero degree high reso-

lution Auger spectroscopy and can be evaluated through a Taylor expansion:

3!1
AB(G) =Y SR (80, )

T

where A# is the acceptance angle of the electron spectrometer in radians. To first
order, AE(8) can be given using Eq. (3):

2E sinfl
— A 8
costl — /E/t 8)

For zero-degree observation, this first order term vanishes, so that the second order

AE(§) =

term of Eq. (7) is dominant and the broadening is given to the second order by:

AE(8=10%) = :E—E—ﬁ{&ﬁjz. (9)



e LTy | T e T T e y—

8
!

—

OBSERVABLE ANGLE RANGE

800

600

400

200

PROJECTILE-FRAME ELECTRON ENERGY E' (eV)

He o538 Ba HF 08 19 1.3 14 L% 1.54[ 2.0

PROJECTILE ENERGY Ep (MeV/u) fe

FIGURE 2. Observahle angle range for a given energy of the projectile and

projectile electron (see text).
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In Eqgs. (8) and (9), the + branch of the laboratory energy E in Eq. (2) is used.
If we compare AFE(# = 0°) with AE(6) by defining a factor y as follows:

[AE/Elg=o: _ 4/1 —(tsin?8/E')
[AE/Ele — 2stnd i (10)

X

This ratio y is very small for the typical spectrometer acceptance angle Ad. For
instance, in the case of 0.25-2 MeV /u fluorine K Auger electron measurements,
the kinematic broadening at zero degrees is about 100 times smaller than that at
42° [42° is the observation angle in the KSU cylindrical mirror analyzer (CMA)] if
the acceptance angle is about 1° for both measurements. [When the fluorine KLL
Auger electrons ( E'=525-595 eV) are measured from the moving F9*+ projectile at
a velocity of 1 MeV/u, the kinematic broadening AE/E is about 3% for the CMA
with acceptance angle of 1°.] Therefore for the zero degree measurements, the
kinematic broadening is substantially reduced for typical X' Auger measurements

and the relative broadening in the laboratory frame can be expressed as (at §=0°)

..

This value is negligible, for example, for the measurements of fluorine K Auger

using Eqs. (5) and (9):

electrons emitted from about 0.25-2 MeV /u projectile for a typical acceptance
angle of 1°. However, in the case of Rydberg electrons at small energies (e.g., E’
~ 0.1-10 eV), the broadening is usually not negligible.

The kinematic broadening is geometrically illustrated in Fig. 3-(a). It is easily
understood that the kinematic broadening which originates from the finite accep-
tance angle in the electron detection, has a minimum at # = 0°, and increases with
decreasing projectile electron energy E'. In Fig. 3-(b), the kinematic broadening
is represented with the function of the projectile electron energy E' for various

projectile velocities in units of MeV /u or keV/u.

16



FIGURE 3. Kinematic (Doppler) broadening of a projectile Auger electron.

(a). Graphical demonstration of the origin of the kinematic broadening. Vp is the
projectile velocity. The circles correspond to the various projectile K, L, M,
«- - Auger electrons. The kinematic broadening is seen to originate from the

finite acceptance angle A@ of the electron spectrometer and to be a minimum

it the zero-degree measurements.

(b). Kinematic broadening as a function of Auger electron energy for the accep-

tance angle Af of 1.5° for the various projectile energies.
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B. Zero-Degree Tandem Electron Spectrometer

An electron spectrometer system consisting of a tandem 45° parallel-plate
spectrometer was designed and constructed together with a suitable scattering
chamber.*® The basic arrangement of the tandem spectrometer was modeled after
one built and used by the Berlin group for 0° projectile high-resolution
spectroscopy.®® Figs. 4 and 5 show a horizontal view (bottom view from the
ground) and a vertical view, respectively, of the overall system including a dif-
ferentially pumped gas cell. In this section, some design parameters are described
together with some results of the system performances.

The general properties of the various electrostatic electron spectrometers
(electron energy analyzers) have been reviewed by Sevier.** The principle of the
parallel plate spectrometer was described by Yarnold and Bolton*® for the first
time, by Harrowerm®® for the 45° entrance angle, and by Steckelmacher and
Lucus* for the 30° entrance angle. Fig. 6 shows a typical eleciron trajectory
through a parallel-plate spectrometer. As shown in Fig. 6, when an electron with
energy E enters at an angle 9 the uniform electric field between the two plates from
the source position at (0,h), the z-coordinate (or so-called spectrometer equation)

is given by:*’
2dsin24d
f

where d is the separation of the plates where voltage V' is applied, and spectrometer

= (h+y)cotd + j (12)

constant f is defined as:

f= — = —sin2d, (13)

where [, is the distance between the entrance and exit slits. Thus, the spectrometer
constant can be geometrically determined and is 2d/ly for the ¥=45".

Now d must be made greater than ym, the maximum height of the parabolic

19



FIGURE 4. Zero-degree tandem electron spectrometer system for projectile
electron studies in ion-atom collisions (horizontal bottom view). (A) target gas
cell, (B) deflector, (C) Rydberg analyzer, (D) first spectrometer, (E) lens and
retarding grids, (F) second spectrometer, (G) electron detector, (H) Faraday cup,
and (I) p-metal shield.
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FIGURE 5. Zero-degree tandem electron spectrometer system for projectile
electron studies in ion-atom collisions (vertical view). The doubly differentially
pumped gas cell assembly (GS) and the first spectrometer (SP1) are mainly shown
with two ion gauge ports (IG1, IG2).
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FIGURE 8. Electron trajectory diagram for a parallel-plate spectrometer (see
1 text).
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path of the electron trajectory inside the spectrometer (see Fig. 6.), so that the
electrons which enter with larger angles than ¥ can be deflected without hitting the
top plate. When 9#=45"+3", Ym=(0.254+0.025)l. Therefore, the choice of d=0.3!
will be adequate for a #=45° spectrometer.

Focusing conditions can be obtained using Eq. (12). The first order focusing

condition is given by:

9z _—(h+y) 3 4dcos®?
80 sin?d f

=0. (14)
For the case of a 45° parallel-plate spectrometer, h + y = 0. In other words, if
the object point is located at A=0 (entrance slit position), the focal point will be
located at y=0. However, in the electron spectroscopy in this work, the object
point is located at A > 0 so that the focal point will be inside the spectrometer,
which means we will have a “virtual” image at y = —h. This concept of the
virtual image will be used later when the geometrical solid angle is evaluated with
electron trajectory tracing. For the second order focusing, dz/89=0%z/89°=0.
This results in 9=30°, and a 30° spectrometer also has been widely used with

better focal properties. However, a 45° spectrometer was chosen in this work.

The instrumental resolution, R, of the 45° spectrometer can be given by:**

_&E_w"+w"

R
E. 2,

+2(A9)" +(A9), (15)

where w' and w? are the widths of the entrance and exit slits. Ad and A¢ are the
spectrometer acceptance angles in the dispersion plane (z-y plane in Fig. 6) and
in the plane perpendicular to the dispersion plane, respectively. These values are
negligibly small compared to (w'+w?)/2ly so that the instrumental resolution is
determined mainly by the first term of Eq. (15).

In order to obtain a uniform analyzing field between the two plates of the

spectrometer, fringing field reducers were inserted as partially shown in Fig. 4.
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The voltage V' is equally divided by connecting 20 mega-Ohm resistances hetween
the fringing field reducers.
In the following table, some important design parameters are listed for the

first and second analyzer of the present tandem 45° spectrometer.

TABLE 2
Physical quantity Symbol First analyzer Second analyzer
slit separation ly 68.7T mm 68.7T mm
entrance slit width w' 3.31 mm 2.52 mm
entrance slit length t! 4.73 mm 9.90 mm
exit slit width w? 4.72 mm 1.32 mm
exit slit length i 10.0 mm 9.75 mm
field plate separation d 21.78 mm 21.21 mm
spectrometer constant f 0.634 0.614
instrumental resolution R 6.8% 2.8%

The first and second spectrometers have the same dimensions but different
size slits. The geometrical FWHM energy resolution, R, is estimated to be 6.8%
and 2.8% using Eq. (15) for the first and second spectrometers, respectively. The
resolution R is reasonably confirmed using a 1.5-2.5 keV electron beam obtained
from the typical electron gun which was installed before the collision chamber for
the testing. This result is shown in Fig. 7-(a), where the spectrometer response
function also can be obtained if the electron beam is truly monocromatic.

The geometrical spectrometer constants f, which are obtained by Eq. (13),
are 0.634 and 0.614 for the first and second spectrometers, respectively. The “con-
stant” value of 0.614 is well confirmed using electron beams at various energies.
This test was done by finding the optimum analyzing voltages for the various

electron beam energies which are known by applied voltages to the electron gun.
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FIGURE 7. Test of the spectrometer response function and spectrometer con-

stant.

(b).

. Spectrometer response function for three different energies E of an electron

beam. This was tested by inserting a small Faraday cup between the two
spectrometers (at the position of the einzel lens—see Fig. 4) and by mea-
suring the electron currents with the cup for the various voltages V' applied
at the top plate of the first spectrometer. Solid lines are Gaussian func-
tions with AE[FWHM]=2.7% and the measured spectrometer constant is
Vae/E = 0.613+.001 for all three cases, where V4 is the optimum analyz-
ing voltage. For the test purpose different sized slits, which results in the
instrumental resolution R = 2.2% [see Eq. (15)], were used. The measured
resolution 2.7% was larger than 2.2% due possibly to the electron energy

spread of the electron beam.

Analyzing voltage V), versus electron beam energy E. The slope of the mea-
sured data points is the spectrometer constant and well agreed with the geo-
metrical constant which is determined by Eq. (13).
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This result is given in Fig. T-(h).

The first and second spectrometers were assembled in the tandem arrange-
ment as shown in Fig. 4. Both spectrometers were installed with several adjust-
ments for easy alignment.

The most important experimental requirement in this study is obtaining high
resolution electron spectra, since without this the state-resolved Auger electron
studies are not allowed. The technique of the high energy resolution was facili-
tated by electron energy retardation between the two spectrometers. This energy
retardation was effected by inserting two parallel high-transmission grids between
the two spectrometers. The overall energy resolution for high resolution spectra

is determined by the pass energy, E,., after the retarding potential between the

two grids and R, the energy resolution of the second spectrometer, as follows:

AE _E,-R R

E E F'

(16)

where we define the retarding factor, F = E/E,,.

A simple einzel lens was placed between the two spectrometers to focus the
outgoing electrons from the first spectrometer and thus increase the transmission.
The optimum einzel lens voltage is determined empirically. With the lens, the
transmission (thus the total efficiency) of the system has been observed to increase
by a factor of about 2 (for the retarding factor=15) without any change in the
structure or shape of the electron spectra. This is illustrated in Fig. 8.

During the early stage of the system development a strong peak due to spec-

48,49

trometer field ionized high-n Rydberg electrons was observed around the con-

tinuum cusp peak for 0.5-1.5 MeV/u 07%, F17 + He, Ne collisions.*” A Rydberg
electron analyzer®® was also constructed and installed before the first spectrometer

to study the production of high-n Rydberg states in ion-atom collisions (see
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FIGURE 8. Einzel lens performance for a high-resolution electron spectrum.
The pass energy E,, is 150eV and the average laboratory Auger energy is 1600 eV.
Thus, the overall retarding factor F' is about 10.7. The lens power was observed
to be about 2.5 from the measured eleciron yields, which means an increase of the

counting rate by this factor.
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Fig. 4). The radii of inner and outer cylinders are 15 mm and 60 mm nm.l the
beam entrance and exit holes are 3.0 mm in diameter. In order to reduce field
fringing, 5 thin brass cylindrical frames were inserted between the two cylinders.
Some results concerning field-ionized high-n Rydberg electrons were obtained and
reported in the literature.*® However, this topic was not extensively studied and
not included in this dissertation.

A channel electron multiplier (CEM) (Galileo Model 4010, cone diameter
10 mm) was installed for electron detection as shown in Fig. 4

A secondary electron suppressor voltage on the outer cylinder of a shielded
coaxial Faraday cup was designed and constructed as shown in Fig. 4. This system
insured accurate collection of the beam charge.

Since magnetic field-free regions are essential for electron spectroscopy par-
ticularly with low energy electrons, high permeability y-metal is used to shield
all ambient magnetic fields including the earth’s magnetic field (~ 540 mGauss at
this location). The p-metal shielding for the inner volume of both the scattering
chamber and the housing of the second spectrometer was also consiructed and
installed after being annealed. Even with this shielding, a weak magnetic field of
20-40 mGauss was still observed to remain inside the shield. In order to reduce
further the rema,ilju'ng magnetic field, a pair of Helmholtz coils whose diameters
are 1.2 m was constructed and installed around the chamber. The test of these
Helmholtz coils will be discussed later (see Fig. 18).

A doubly differentially pumped 10 cm long gas cell also was designed and
constructed as shown in Figs. 4 and 5. Since the differential region is pumped
by a turbomolecular pump, the chamber pressure is increased by a small amount.
The ratio of the increased chamber pressure to the target gas pressure has been

observed to be about 2.0x107% to 2.5x10~* (1/50000-1/4000) depending on the
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target gas species and on the size of the beam entrance and exit apertures of the
gas cell and gas cell differential region. The differential pumping performance of
the gas cell is demonstrated in Fig. 9. With 1.6-2.4-2.4-2.5 mm apertures for

beam entrance and exit as seen in Fig. 5 (see A, B, C, and D), the gas cell can be

run up to 100 mTorr (0.1 mmHg) of neon increasing the chamber pressure by only
2x107° mmHg. The base (background) pressure of the chamber has been observed
to be about 1x10~° mmHg during all the experiments. The chamber pressure was
measured with the ion gauge located on the top of the chamber (see Fig. 5). In
the following table, the ratio of the increased chamber pressure to the target gas

cell pressure is tabulated with a different set of apertures and for different target

I gases. These results were obtained in all the accelerator beam times in this work.
The target pressure range was 2.5 to 50 mTorr insuring single collision conditions.
‘ The target gas cell pressure was measured with an MKS Baratron capacitance
‘ manometer (type 270B) and was maintained by an MKS pressure controller (type
250B).
' TABLE 3
: Ratio of increased chamber pressure to target pressure
[ Target gas  1.6-2.4-2.4-2.5 mm apertures 1.6-2.4-2.4-4.0 mm apertures
] He 1.5-3x107° 4-T7 x1073
H, 6-8 x107° 20-30x10~5
I Ne 2.0 x10~3 ~8x10
I The scattering chamber, which is made from a 1-inch thick aluminum plate,

was designed and constructed as sketched in Figs. 4 and 5. This chamberis

i /

I f,;f:ﬁ@?u'll pumped by Bf{ 4-inch oil diffusion pump and is installed on a platform making it f’
I " possible to align the chamber to the beam direction. ;ﬁ

/
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FIGURE 9. Double Differential pumping performance of the target gas cell.
For the performance test, the pressures of the chamber and the gas-cell differential
region were measured with two ion gauges (see Fig. 5) for the various pressures of

Neon gas in the target gas cell.
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The geometrical solid angle of the present tandemn spectrometer can he eval-
uated by a simple electron-ray tracing shown in Fig. 10 with the assumption of
a uniform analyzing electric field inside each spectrometer. Without any electron
energy retarding and any focusing (as discussed later, the absolute cross sections
are measured under these these conditions.), the detector subtends angles Af in
the dispersion plane (z-y plane) and A¢ in the plane perpendicular to the disper-
sion plane. These angles can be calculated using the geometrical factors. For a
point source located in the collision region of the gas cell with ion projectiles, A

and A¢ are given by:

_w3/V2

Af 17
y+ 9 A7e)
and
5
= , 176
ae y+ S+ L+ Ly (178}

where w$ and § (the values listed in Table 2) are the width and length, respec-
tively, of the exit slit of the second spectrometer which has the smallest subtending
angles for the channeltron detector among the four slits of the two spectrometers
in the present system, y is the distance from the source point to the entrance
slit of the first spectrometer, § is the distance between the exit slit of the first
spectrometer and the entrance slit of the second spectrometer, and L, and L, are
electron parabolic-path lengths in each spectrometer. In the evaluation of Af, L,
and L, are not included in the denominator, since elecirons are not diverging in
the dispersion plane inside the spectrometer as illustrated in the Fig. 10 using the
concept of a virtual image. However, in the A¢ direction the electron continuously
diverges until it is detected by the channeltron. Therefore, the solid angle of the

present tandem spectrometer system can be evaluated by treating the extended
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FIGURE 10. Electron ray trajectory in the tandem spectrometer. The trajec-
tory is illustrated in the z — y dispersion plane. In this plane, C'D represents a
virtual image of the line source AB for the first spectrometer. The projectile beam
1s collimated by an 1.6mm-diameter collimator. With an ideal lens and retarding

grids, the trajectory for the second spectrometer is shown as short-dashed lines.
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sonrce as a line sonrce as follows:

1 ye+i/2
AQ = - f A8 - Addy, (18)
L Jy—tp2

where y. is the distance from the center of the gas cell to the entrance of the first
spectrometer and [ is the gas cell length. By this way of estimation, the solid
angle is about 5-6x10~° sr depending on the position of the gas cell. The solid
angle, assuming that all of the source is located at the gas cell center (point source
approximation), was calculated to be about 2% smaller than the value above for
the gas cell and spectrometer arrangement.

In the following table, some geometrical factors are summarized for the present
tandem spectrometer. The geometrical factors (design parameters) for an individ-
ual spectrometer were already listed in the Table 3. The physical quantities are

explained in the text above,

TABLE 4

Physical quantity Symbol Values I Values II
spectrometer separation 5 120 mm 120 mm
gas cell distance Ye 228 mm 202 mm
gas cell length l 100 mm 100 mm
acceptance angle Ad 0.18°-0.13° 0.20°-0.14°
acceptance angle A 1.2°-1.0° 1.3°=1.1°
solid angle Afl 5.2x107% 6.0x10~°

Values [ were used in the first half of the experiment of this work. Values
II were used in the second half of the experiment after taking out the Rydberg

analyzer and the deflector (see Fig. 4) to increase the solid angle Afl.
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III. EXPERIMENT

A. Projectile Ions

Fig. 11 shows a schematic diagram of a fast ion-atom collision of interest in
this work. As discussed earlier, studying atomic states formed in highly-charged
heavy projectile ions (e.g., He-like F'*) colliding with gas target atoms was ac-
complished by measuring the electrons emitted from projectile autoionization at
0° with respect to the beam direction. Since I concentrated on inner-shell pro-
cesses, projectile ' Auger electrons were measured. Binary encounter electrons
produced from target direct ionization also were observed as a strong background
resulting in a good opportunity to understand ion-electron binary encounter pro-
cess in ion-atom collisions.

One important aspect in the fast ion collisions with the light targets of H,
and He is that the effects from the projectile Rutherford scattering by the tar-
get atom or nuclear reaction between the two nuclei is negligible in the present
measurements of atomic processes. If some incoming projectiles are scattered
out considerably from the original beam direction while passing the gas targets,
this scattering probability would result in an erroneous beam integration. As the
worst case senario of the projectile scattering in the present study, let us consider
0.25 MeV/u F** + He?* collisions. The cross section for the projectile scattering
to laboratory angle larger than 0.2°, the minimum diverging angle of the present
aperture arrangement (see Fig. 10), is estimated to be ¢=2x10""" cm® by in-
tegrating the Rutherford formula. This gives the probability of P=nis=0.0013
for 40 mTorr target gas pressure, where n=3.22x10'*/cm® is the gas cell number
density per 1 mTorr pressure at 300 °K and [,=10 cm is the gas cell length.

Besides, the projectile momentum change during any collision event of RTE,
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FIGURE 11. C(ollision schematic and zero-degree measnrement. All the mea-
sureable projectile states are schematically shown and can be studied by measuring

the ejected electrons from these states at zero-degrees. The binary-encounter elec-

trons which originate from target ionization are also observed at zero-degrees.
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Bﬁc, eeE, and eel in the present study is not considered either, since any de-
tectable evidence resulting from these phenomena was not observed in the present
experimental studies of fast ion-atom collisions. In other words, any change in the
projectile energy and its scattering angle during the collision was not accounted
for in the measurements of the Auger energy and cross sections.

All measurements were performed at the James R. Macdonald Laboratory
at Kansas State University (KSU). The highly charged projectile ions were ob-
tained from the EN tandem Van de Graaff accelerator. The maximum terminal
voltage available from the accelerator is 6 MV. A schematic diagram of the main
accelerator facilities is shown in Fig. 12. Two ion sources, two analyzing mag-
nets (primary and secondary), and several beam lines of experimental stations
are shown schematically in Fig. 12. (This accelerator also will be used as the
ion beam injector of a superconducting linear accelerator, which has been under
construction for the period of the present work.)

Singly-charged, negative ions, were extracted from either the diode ion source
(plasma-arc type) or the sputter ion source (cesium-sputter type) depending on its
capability of producing a high intensity of the negative ions. F~ for a F9* beam,
CN~ for N** and C?* beams, and H™ for a proton beam were extracted from the
diode ion source, while O~ for a 09" beam was extracted from the sputter ion
source. The negative ions of energy, about 50 keV, were then analyzed by the 20°
inflection magnet as shown in Fig. 12.

These negative ions were then injected into the accelerator, accelerated to an
energy of Ve, where V is the highly positive voltage (1-6 MeV) of the terminal
halfway inside the accelerator, stripped to become positive ions of charge state g
by a low density oxygen gas or a thin carbon foil (5ug/cm?), and accelerated again

away from the terminal. The final energy of the accelerated ions is (1 + q)Ve,
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FIGURE 12. Schematic of the 6 MV tandem Van de Graaff accelerator at the
J.R. Macdonald Laboratory at Kansas State University.
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where g is the charge state of ions produced by the stripping (ionization) process
inside the terminal. In other words, the stripping process produces a charge-
state distribution of the projectile ions centered around some value ¢m and, thus,
the resulting ion beam is composed of different intensities as well as different
energies depending on the g-distribution.’ Therefore, in order to select out the
desired velocity and charge state, the ion beam must be momentum-analyzed by
the primary analyzing-magnet (90° bending) as shown in Fig. 12.

In reality, the terminal voltage and the analyzing magnet NMR frequency
(the calibrated value of the NMR device) are initially set for & desired projectile
energy and charge state ¢nm. The charge state g,,, which has maximum intensity
in the g-distribution of the stripping process, is estimated at given a projectile
energy using Marion and Young's Nuclear Reaction Analysis Table®® when the
method of terminal foil stripping is used. However, when the oxygen gas stripping
is used, the maximum g, is usually reduced by one charge state from the maxi-
mum charge state estimated for the foil stripping. Since the projectile energy is
determined by the NMR frequency, the final terminal voltage sometimes needs to
be manually tuned to find the beam of desired charge state ¢, and energy when
the initially terminal voltage is offset from the actually required terminal voltage
to be automatically adjusted by the terminal voltage regulator. After the desired
beam is obtained, the beam energy is kept constant. Any possible perturbation of
terminal voltage, possibly resulting in a small change in the beam energy, is au-
tomatically adjusted with good precision by the feedback system of the terminal
voltage regulator.

When the charge state g, for maximum beam intensity is too low to acquire
sufficient amounts of the highly-charged projectile ions which are required for the

experiment, a lower ¢ value is selected and then the ions are further stripped by
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a post-stripping foil (5 or 10 ug/cm?® carbon foil) located hetween the primary
and secondary analyzing magnet. Thus, the beam of higher charge states ¢' > gq,
whose intensity distribution may be centered around some values ¢/, is obtained.
Finally, the projectile ion beam with the required charge state is selected by the t/he
secondary analyzing (switching) magnet and injected into beam line R-2 tm;a-.rd
the scattering chamber.

When the beam was obtained by posi-stripping, the beam current measured
by the Faraday cup in the collision chamber was usually observed to decrease with
time due to the apparent deposition of the carbon-oxide material from the vacuum
system. This means the beam centroid energy is slightly decreased. In this case,
tuning the switching magnet is not desirable to increase or to retrieve the projectile
beam intensity, since this leads to a possibility of injecting the beam at a slightly
different energy which shifts the projectile electron spectrum. Instead, the foil
position is moved to an unused part of the foil or the foil should be replaced with
a new foil of the original thickness. This turned out to be a crucially important
step, in particular, for the projectile high resolution electron spectroscopy of main
interest in this study. Experience shows that the analyzing fields of the magnets
rarely drifted. Maintaining a very constant projectile energy is required when high
resolution spectra are obtained by multiple scans of the electron energy. In other
words, if the beam energy is changed during a spectrum scan, where the electron
energy is multiply swept, the laboratory Auger electron energy will be changed for
a given Auger transition and thus the measured Auger lines will be broadened or
mixed with the adjacent Auger transition which were recorded for the time of the
previous sweeps.

Since the projectile beam is highly collimated by the 1.6 mm diameter col-

limator before the differential region of the gas cell (see Figs. 4 and 10), a beam
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which is well focused with a good para-axial property is necessary in order to ob-
tain as high as possible electron counting rate. This is done by utilizing a pair of
quadrupole lens in the beam line shown in Fig. 13. Ion pumps on the beam line
were all decommissioned by removing all the permanent magnets, since it was ob-
served that both the high voltage (5 keV) inside the pumps and the strong magnet
field outside the pumps deflect and defocus the projectile ion beam, in particular,
for low energy and high charge states. In addition, the quadrupole lens were care-
fully aligned to the beam axis in order to get proper focusing properties during
the test experiments for the spectrometer system development and the beam line
refinement.

After obtaining a good beam trajectory with a high intensity, the beam is
focused by the beam-line quadrupole lens by monitoring the focused beam spot
on a quartz located just before the scattering chamber (see Fig. 13). Finally,
the projectile beam is retuned by using all the adjustments mentioned above by
monitoring the beam current at the Faraday cup after the gas cell. The typical
beam charge current used for the experiment was 50-800 nA depending on the

charge state and energy of the projectile beam.

B. Electron Spectrum Acquisition

The experimental procedures of obtaining raw electron spectra are described
in this section. The purpose of the present electron spectroscopy is to measure
electron “energy” and to count the “number” of electrons for each electron en-
ergy for a given collision condition, thus extracting the electron production cross
sections of interest.

The electrons are first energy-analyzed by the tandem electron spectrometer.
Suppose an electron with energy E in eV enters the first specirometer.
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The electron is then deflected out from the projectile beam by some potential
Vi and its energy is retarded for high resolution if needed, before it enters the -
second spectrometer. The higher retardation the lower the pass energy, E,,, which
is analyzed within the second spectrometer. This results in higher resolution,
since resolution is determined by AE=E,, - R, where R is intrinsic instrumental
resolution [see also Egs. (15) and (16)]. Therefore, for a given pass energy E,,
in eV which is determined by a desired energy resolution, the required analyzing
voltages in Volt for the first spectrometer (V;), for the retarding grids (Vg), and

for the second spectrometer (V2 ) are given, respectively, by:

Vi=-fi-E, (19— a)
Va = —(E - Epa), (19— b)

and
Vi EVH'_fI'Epm (19—1:]

where f,=0.634 and f,=0.614 are the spectrometer constants for the first and
second spectrometers. As mentioned earlier, these spectrometer constants were
determined from Eq. (13) using the geometrical values and confirmed using an
electron beam from an electron gun as discussed in Chapter II. In addition, these
values also were confirmed easily using the strong cusp electrons.

As seen in Fig. 14, the bottom plate of the first spectrometer and one side
of the retarding grids are always grounded. In the case of the retarding mode
for high resolution, the second retarding grid and the bottom plate of the second
spectrometer are at the retarding potential Vg. In order to increase electron
counting efficiency, an optimum einzel lens voltage Vi, is empirically determined

for a given electron energy by maximizing the electron counting rate.

48



Ve = —(E — E,q)
Vo =Vr — fa: Epa

«Veca

«~ VecEM

To pulse counting

| electronics (see Fig. 15)

FIGURE 14. Schematic diagram of electron analyzing voltages of the tandem

I electron spectrometer.
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This Vi shows little electron energy dependence within the typical energy range
of KLL Auger electrons in this work. Therefore, the optimum V; is set to be
constant for the typical range of a high resolution spectrum. :

The three potentials of Eq. (19) are applied by three voltage supplies which
are controlled by a u-VAX computer. A data acquisition program, SCANN, was
developed for this purpose by T.J.M. Zouros. Incorporated with the present data-
taking program XSYS, SCANN supplies three voltages and records the number
of detected electrons for each electron energy channel E. In the retarding mode,
these three voltages are applied to obtain a high resolution spectrum. In the
non-retarding mode, Va=0 thus E,u=E. So, only V; and V; are scanned by the
SCANN program with Vg and Vy, grounded. In this case the overall spectrometer
resolution is determined to be R,=2.8%. The first spectrometer has F;=6.9% and
works just as the electron deflector from the projectile axis in either the retarding
or the non-retarding mode.

A field (electric and magnetic) free region should be present from the gas cell
to the bottom plate of the first spectrometer in order that the original electron
momentum is not disturbed in the cross section measurements. The electron
energy can however be retarded or increased by applying some voltage at the gas

cell assembly if desired (see Fig. 4).

Processing the electron signal and supplying the spectrometer voltage were
carried out through some electronics. Fig. 15 shows electronies used in the present
electron spectroscopy. An electron analyzed by the tandem spectrometer is de-
tected by a channel electron multiplier®? (channeltron) (CEM). Its principle and
operation are described in Ref. 52. The channeltron, Galileo model 4039C, was
used for all the electron measurements in this work. The diameter of the cone

entrance was 10 mm. Some negative voltage (Vg in Fig. 14), usually —50 Volts,
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FIGURE 15. Block diagram of the supporting electronics for spectrnm acqui-
sition. CEM: Channel electron multiplier, PA: Preamplifier, TFA: Timing filter
amplifier, CFD: Constant fraction discriminator, HS: Hex scaler, UDS: Up-down
scaler, DAC: Digital-analog converter, HVPS: High voltage power supplies, and

CI: Current intergator.
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was applied to the CEM entrance cone and CEM housing in order to repel any
stray, low energy electrons which may have come from the outside of the gas cell.
The Veog cuts off detection of all the low energy electrons smaller than 50 eV. At
any rate, these low energy electrons are not of interest and the present residual
small magnetic field or unwanted electric field interfere in properly analyzing them.

The channeltron voltage, Voga, is applied through a preamplifier (e.g., OR-
TEC 109PC model) as seen Fig. 14. Optimum operation voltage, Vepyr — Voo
in Fig. 14, started with 1800 Volts and gradually increased to 2200 Volts when
it had been used for approximately 15 accelerator beam times (about 600 hours
electron collecting time). Dark counts, virtual counts without any true electron
detection, have been observed to be smaller than 0.1 /sec. This has been frequently
checked during the normal operation simply by cutting the projectile beam before
the chamber. CEM efficiency will be discussed in detail later in the procedure of
the spectrometer efficiency normalization.

The CEM-detected electron signals were then processed by a preamplifier.
The preamplified signals were sent through a timing filter amplier (TFA, e.g., OR-
TEC model 454) to a constant fraction discriminator (CFD, e.g., ORTEC model
583), where a threshold was set to discriminate all the electronic background sig-
nals. These background signals, which originate from the electronics, were easily
identified by cutting the projectile beam. It was observed to be very small com-
pared to true electron signals.

The discriminated true electron signals were then sent to a micro-Vax com-
puter system after being processed through a CAMAC interface (Hex scaler, e.g,
kinetic systems model 3513). The digital information was then processed using
the data analysis program XSYS and recorded by the data acquisition procedure

of the SCANN program for each electron energy channel. The period of electron
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connting for each electron energy channel was determined by the amount of the
projectile charge accumulation which was preset by the program SCANN.

As shown in Fig. 15, the projectile charge was collected by a Faraday cup
and sent to the computer through a current integrator (BIC model 1000), where
a pulse is generated for each accumulated charge in some units, and a CAMAC
interface (up-down scaler, e.g., Bi Ri systems model 2204 DPR), where the pulses
are processed into digital numbers. When the accumulated projectile charge for
an electron energy channel becomes the preset value by the SCANN program, the
electron energy channel proceeds to the next channel and thus the new digital
signals for the spectrometer voltages of Eq. (19) for the next electron energy are
issued by the program. These digital signals are converted to voltages (0-10 Volts)
through 12-bit digital analog converter (DAC, e.g., kinetic systems model 3112)
and then amplified by the computer controlled power supplies (TENNELEC model
952) to create the analyzing voltages of Eq. (19).

In this way, the electron energy channels are stepped from a starting value
Es to an ending value Eg by stepping all the spectrometer analyzing voltages and
thus completing one scan and making an electron spectrum. When better counting
statistics are required, multiple scans were made by repeating the procedure above.
All of these are controlled by the program SCANN. Finally, this acquired electron
spectrum is stored on a 70 Mega-byte hard disk through the data analysis program
XSYS.

Considerable care was taken in reducing the heam-induced background elec-
trons by strongly collimating the beam and carefully aligning all the apertures
and slits for the beam passage. Such background electrons are produced mainly
by electrons scattered by the beam at the edges of the spectrometer slits and gas

cell apertures and can be a large source of error at zero degree observation. The
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beam collimation and all the aperture and slit alignments were diagnosed by mea-
suring charge currents at each part of the beam passage as shown in Fig. 16. Strong
background was produced by the beam collimator before the gas cell differential
region so that the beam current at the collimator was reduced by blocking the
uncollimated beam with the most downstream 4-jaw slit just before the chamber
(see Fig. 13). In addition, some positive voltage (~300 Volts) was applied at the
collimator to absorb any stray background electrons. The measured currents at
all the other apertures and slits were observed to be very small, typically smaller
than 0.1% of the beam current measured at the Faraday cup. The Rydberg ana-
lyzer was in place just for the first half of this work (This had been installed for
the study of the field ionized hign-n Rydberg electron), and then was replaced
by a short nozzle. The alignment and collimation were further checked by apply-
ing some voltages at the small electro-static deflector just before the chamber as
shown in Fig. 16. This was originally installed for the adjustment of the electron
beam from an electron gun.

This beam-induced electron background was directly determined by taking
an electron spectrum without gas in the target cell. Around the BEe peak and K
Auger electrons, this background could be reduced to less than a few percent of
the true counts and was subtracted with negligible error. However, for projectile
velocities higher than 1.5 MeV /u the background was sometimes observed to be
considerable as compared to K-Auger electron yields. This considerable back-
ground turned out to be from the collimator contamination due to the deposition
of the carbon-oxide materials which apparently originated from the diffusion pump

oil. But an exact reason for this buildup remains unknown.
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FIGURE 16. Beam passage diagnosis through the target gas cell and spectrom-
eter. The beam passage can be carefully checked by measuring currents at all the

apertures.
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In Fig. 17, a typical heam-induced background is compared to true electrons
produced in the typical ion-atom collisions of this work. As will be discussed
in the next sections, the background subtraction error will be accounted for in
the electron production cross section measurements. In the measurements of the
BEe production cross sections, the beam-induced background is straightfowardly
subtracted with small error. However, in the measurements of the KLL Auger
production cross sections, a spectrum for the &' Auger region (see horizontal arrows
in Fig. 17) is obtained and then both BEe and beam-induced electron background
are subtracted together by finding a polynomial fit to the wings of the K Auger
spectra.

The residual magnetic field inside the p-metal shield was observed to be 20-
40 mGauss depending on the position. A possible uncertainty in the electron
yield measurements, due to this magnetic field, was tested by installing a pair
of Helmholts coils around the scattering chamber. It was found that the field
has negligible effect for the electrons whose laboratory energies are larger than ~
200 V. These results are illustrated in Fig. 18.

In Fig. 19, some sample spectra of the state-resolved Auger electrons are
displayed for the various collision systems of interest in this dissertation. All the
line identifications, their state production mechanisms, and their production cross
sections will be discusssed in Chapters V, VI, and VII, after studying the BEe in

an extended order in the next Chapter.
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FIGURE 17. Comparison hetween the truly collisionally produced electrons
and the beam-induced background electrons in the overall electron spectra.
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Cusp 9.5 MeV F%+ + He

0: I[H-coils]=0 Amp.—0 Gauss
2: I[H-coils]=2 Amp.—0.5 Gauss
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COUNTS

K-AUGER

10+

S TR

T

1000 | 1500 2000 2500

LABORATORY ELECTRON ENERGY (eV)

FIGURE 18. Magnetic shielding performance test with a pair of [Telmholtz
coils. Several electron spectra were taken for the various magnetic fields which
were obtained by simply varying the running current. The numbers 0, 2, and 6
refer to the currents in Ampere which induced the magnetic fields of 0, 0.5, and
1.5 Gauss to the opposite direction of the earth magnetic field of ~ 0.5 Gauss.
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FIGURE 19. Sample of high-resolution projectile K or KLL Auger electron
spectra for the various collision systems. For the Auger line identification see
Tables 19, 22, and 23. All the spectra are background-subtracted and fitted with
the spectrometer response function except (a).
(a). State-resolved K Auger electron spectrum for 9.5 MeV F'* + He collisions
with a pass energy of 75 eV. The *P peak, not shown in its full height, observed
to be 8.5 times higher than the *P, peak.

(b). State-resolved K LL Auger electron spectrum for 21.38 MeV F'* + He colli-

sions with a pass energy of 75 eV.

(¢). State-resolved K LL Auger electron spectrum for 19 MeV F** + He collisions
with a pass energy of 150 eV.

(d). State-resolved K LL Auger electron spectrum for 21 MeV O°% + H, collisions
with a pass energy of 100 eV.

(e). State-resolved K LL Auger electron spectrum for 9.5 MeV O** + H; collisions
with a pass energy of 50 eV.
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IV. ZERO-DEGREE BINARY-ENCDﬁNTER ELECTRONS

A. Background and Motivation

In collisions of fast projectiles with light targets, which are of interest in
this dissertation, the projectile K-Auger electrons are accompanied by high inten-
sity binary encounter electrons®**** (BEe), which are target electrons ionized
through direct, hard collisions with energetic projectiles, giving rise to a broad en-
ergy distribution. Fig. 20 shows two sample spectra of electrons, observed at zero
degrees, in collisions of 0.5 and 1.5 MeV/u F?* with He. For the higher energies
of projectiles, K-Auger electrons are located around the strong BEe peak. [see
also Fig. 17-(b) and (c)|.

Based on classical two-body collision dynamics for heavy ion impact on a free
electron, the energy of the recoiling electron can be shown to equal 4tcos®fr,; and

is known as the BEe peak energy.®?"*

, where the cusp electron energy ¢ is given
by Eq. (4) and f1,4 is the laboratory electron observation angle with respect to
the beam direction. Thus for zero-degree measurements (A5 = 0°) the BEe peak
energy should be at 4¢. In the case of the quasifree target electrons of He or H,,
the BEe peak energy can be expected to be at 4t or predicted to be slightly smaller
than 4¢ when considering the binding energy of the target electron. In addition,
the BEe distribution could be understood to be the Compton profile of the target
electron(s) with its centroid velocity to be approximately 4. However, all these
simple predictions did not work with the measured BEe energy distribution. So,
we needed more theoretical and systematic studies. This was the starting point
and motivation of the BEe studies.

The production of BEe has been studied using H and He projectiles,® %

however, to my knowledge, only a few measurements using heavy ion projectiles
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| FIGURE 20. Overall electron spectra for two different collision systems. K
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on the projectile beam energy (see also Fig. 17).
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have been reported?!®¥ and none at zero degrees. A detailed understanding of BEe
can be useful in the study of characteristic K-Auger electron spectra in heavy ion-
atom collisions, since BEe production is often the dominant component of such
spectra and can interfere with the coherent Auger electrons, as for example, in
resonant transfer excitation (RTEA).***® Thus, it is important to have a good
quantitative model of BEe production, that can give the correct projectile E, and

54,84,85

Z, dependences, as well as a good description of projectile screening and

target electron binding effects.

In this chapter, the production of binary encounter electrons is studied at zero
degrees with respect to the beam direction in energetic 1-2 MeV /u collisions of bare
and highly-charged ions with H, and He targets. First, by utilizing bare projectiles

we eliminate complications due to possible screening effects,>***

and by using two
electron targets we focus on the BEe production for only the K-shell. At the
rather high collision energies involved in this study, the impulse approximation®®
(IA) as well as the plane-wave Born approximation*' (PWBA) should provide a
good description of BEe production. Thus, by measuring double differential cross
sections (DDCS) of electron production, in both electron energy and solid angle,
we can provide a stringent test of both the IA and PWBA treatments of energetic
ion-atom collisions. Secondly, after understanding BEe production with a variety
of bare projectiles, the projectile charge g-dependence of the BEe production was
also studied. This subject has a more practical application, since all RTE Auger
electrons at resonance have the same electron energy as the BEe peak.

In particular, [ have developed an 1A model in which BEe production at zero
degrees can be viewed from the projectile frame, essentially as 180° Rutherford

scattering of a “quasifree” target electron by the projectile ion. :Upﬁﬂ integrating

the Rutherford cross section over the incoming electron’s momentum distribution
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due to its orhital motion around the targrtlﬂllriﬂllﬂ (Compton profile) and carrectly
accounting for its binding energy, it is found that the predicted DDCS are in
excellent agreement with the experimental data, particularly in the case of the H;
targets, over the whole range of collision energies and projectile species studied
here. The PWBA DDCS are also found to be in overall agreement with the
results of [A calculations and experiments for H, targets. However, the BEe peak,
observed to be shifted towards lower electron energies (see Fig. 22) from 4t, is in
better agreement with my IA formula than with the PWBA.

Based on the excellent systematic agreément between the IA and the measured
DDCS for projectiles ranging from protons to F**, it was decided that my IA
formula for BEe production could be used to provide a direct and accurate in
situ absolute efficiency normalization (calibration) of our electron spectrometer
in the electron energy range of 1-5 keV. This eliminates the extrapolation of the
efficiency derived from the normalization to known Ne target K-Auger electron
cross sections®®®7 (Auger energy about 0.8 keV) produced by proton impact.

In addition, BEe studies of this kind lay the foundation for the investigation of
more complicated multi-electron ion-atom collision systems®® and possibly provide
an alternative way (other than the more direct but difficult electron-ion crossed
beam experiments) to study multi-electron ion-electron scattering.

The measurements were carried out using a tandem 45° parallel plate elec-
tron spectrometer which is described in Chapter II. The BEe spectra were obtained
with 2.8% FWIIM energy resolution without any electron energy retardation. The
acceptance angles were estimated, using the geometrical factors of the spectrome-
ter, to be 1.07° perpendicular to the dispersion plane and 0.16° in the dispersion
plane as shown in Table 4. The gas cell was doubly differentially pumped so

that the chamber pressure could be maintained below 0.01 mTorr at typical gas

70



cell pressures of 40 mTorr as mentioned in Table 3. The projectile heam, which
was collected in a shielded Faraday cup with voltage suppression to insure proper
beam integration, was used to normalize the electron count for each electron en-
ergy channel. Partial charge neutralization of the projectile beam due to electron
capture in passing through the target gas, which could give rise to erroneous beam
integration, was found to be negligible for the collision systems studied here. In
one case using the 19 MeV F*T + He capture cross section from Ref. 69, the gas
cell length of 10 cm, and a target gas pressure of 40 mTorr, the capture probability
is 7%. Neutralization from such capture would change the integrated current by
less than 1%.

The binary encounter electrons were recorded under single collision conditions
which were found to be valid for target gas pressures less than 80 mTorr in a 10
cm long gas cell. As shown in Fig. 21, the pressure dependence of the BEe yield
was tested at 9 different pressures between 0 (background) and 80 mTorr for
19 MeV F%* on Hy. The yield was found to be linear with pressure confirming
the correctness of the beam integration and single collision conditions. All other
BEe data were taken at pressures of 0, 20, and 40 mTorr and were also found to
be linear with pressure.

Considerable care was taken in reducing the beam-induced background by
carefully collimating the beam. Such a background is produced mainly by elec-
trons scattered by the beam at the edges of the spectrometer slits and gas cell
apertures and can be a large source of error at zero degree observation. This
beam-induced electron background was directly determined by taking an electron
spectrum without gas in the target cell. Around the BEe peak, this background
could be reduced to less than a few percent of the true counts and was subtracted

with small error.
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FIGURE 21. Target pressure dependence of the binary encounter electron pro-
duction, (a); electron yield versus pressure, and (b); cross section versus pressure.

| Both figures show good single collision conditions.
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shown in its full height, at energy ¢ is about 5.5 times higher than the binary

encounter peak. The maximum of the binary encounter peak appears at an energy
slightly lower than 4t (arrow).
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Fig. 22 shows a representative electron spectrum for a collision of 19 MeV
F°t + H,. The BEe peak is the broad structure at the high energy side of the
spectrum. We note that for this relatively high collision energy, the BEe peak is

well separated from the cusp.

B. Binary Encounter Impulse Approximation

Fig. 23 shows a schematic diagram of the relevant kinematic quantities asso-
ciated with the production of BEe in the “projectile” frame. In this figure, the
z-axis is defined along the projectile velocity Vp, s is the cusp momentum (mVp)
and p; is the target electron’s orbital momentum. The BEe production cross sec-
tion can be evaluated in the projectile frame within the impulse approximation

t2% a5 follows:

do Al |
<E)BE Zf [IEE'zsm‘ T A (20)

The expression within the brackets in Eq. (20) is the Rutherford scattering cross

section of a free electron by a bare projectile ion. (Zpe is the projectile nuclear

treatmen

charge for the case of a bare projectile. For the projectile which has orbital elec-
trons, Z p;f might be an effective -:ha,rgell.‘lin general at an arbitrary scattering angle
#'. For the zero-degree BEe measurcmeilt, the electron scattering angle is ' = 180°
in the projectile frame. The target electron momentum wave function is given by
i(p;) where the subscript i refers to the i — th target electron. E' is the electron
energy in the projectile frame.

Including the target ionization energy E;, from energy conservation consid-

erations, E' is assumed to be expressed as:

E'=(s+pi)/2m - E;
(21)
= (s* + 2spi; + pL. + P}, +pi.)/2m — Ey.
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FIGURE 23. Schematic diagram of the kinematics of a target electron in a
binary encounter collision with a projectile as seen from the projectile frame.
s = mV, is the cusp momentum, where m is the electron mass and —Vp is the
projectile velocity. p; and p;; are the target electron’s orbital momentum and its
component along the beam-axis (z-axis), respectively. In this reference frame the
target electrons undergo 180° Rutherford scattering from the projectile nucleus

and give rise to the BEe observed at 0° in the laboratory frame.
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The component of p; perpendienlar to the ensp momentnm s is neglected, since
(piz/s)® < 1 and (piy/s)® « 1 for fast collisions. For example, in 1 MeV/u
projectile ion impact, (piz/s)* ~ .03 and .07 for the most probable value of p;
set equal to p;; for Hy and He targets, respectively. We note that (p;./s)® is also
small for most momentum components and could be neglected, however it is not
necessary to do so for the separation of variables required in the utilization of the
Compton profile J(p.) [see Eq. (24) below|. This differs from Brandt’s “linearized”
RTE-IA treatment®® where all quadratic terms and E; are neglected. It is thus
expected that the present quadratic model will give improved agreement with the
observed BEe spectrum at the low energy wing of the BEe peak, where the large
momentum components play an increasingly important role. This effect will be
more pronounced for atoms with broader Compton profiles, as in the case of He
as compared to H,.

Defining the cusp energy t = s°/2m, the reduced momentum r = p;./s, and
the reduced ionization energy A = E;/t, the electron energy E' is given within the

approximation above by:

E' =1+ =) (22)

Introducing the Compton profile J(p.) and using Eq. (22), one obtains

dea : Z?:E4JJ'[P2:| '
(ﬁ)ag,_fﬂt*[(lmﬂ BV (23)
where

J{PE} = Zf/dP;zdFiyfﬁ*i{Pi]|2~ {24}

Experimentally determined®® Compton profiles were used for both H, and He
target electrons in the ground state. The experimental Compton profile for He

target electrons showed an excellent agreement with the calculated Hartree-Fock
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Compton profile in Ref. 70, Thus, the integrand in Eq. (23) is the DDCS for BEe

production at 180° in the projectile frame. Therefore,

( d*o ) V223 (p.)ad

dE'dY ) gp. ~ 3260t25[(1 + 72 = AF(1+7)’ (25)

where t and p. are now in atomic units, and ay and €; are the Bohr radius and
the atomic unit of energy. This expression can also be written in terms of the

Rutherford cross section as

( d'o ) _(_‘E’L) ) (25 1)
dE'dfY! BE.‘:_ QY Ruther ford VP+P="rlm.

In order to compare with theory, the experimental DDCS and electron energies

are transformed from the laboratory to the projectile frame, using:*!
d*a d*a )Lab E (26)
dEdQ ) pp. ~ \dEdQ ) gV Er

E' = (/Er - Vi), (27)

Er, being the laboratory electron energy.

and for #' = 180°

C. Data Analysis and Spectrometer Efficiency Normalization

C-1. Determination of the cusp energy ¢

The cusp energy t, required in Egs. (25) and (27), was determined experimen-
tally by directly measuring its value in the electron spectrum. This determination
of t has been found to be a convenient and reliable way'’ of measuring the actual
projectile velocities to within 0.1%, particularly for highly charged ions obtained
by post-stripping projectile ions of a lower charge state, a process which results in

a small but observable energy loss of the beam as it traverses the stripper foil
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TABLE 5

Measured cusp energies ¢ and observed energy shifts AE; = 4t — E[**% (see text),

for various projectile and target species. Ep is the projectile energy determined

from the accelerator calibration, ty is the cusp energy derived from Ep, and

E*** is the laboratory electron energy at the maximum of the BEe peak. Exper-

imental uncertainty on t is about + 2 eV and on AEy about + 8 eV.

Projectile Ep(MeV/u) to(eV) t(eV) AEr[Haj(eV) AEL[He|(eV)

F9+

Q8+
NT+
s+
H+

1.00 549 545 96 186
1.25 636 682 94 178
1.50 823 820 93 174
1.75 960 957 92 171
2.00 1097 1097 92 169
1.50 823 820 93 -
1.50 823 823 93 -
1.50 823 823 93 -

~ 1.5%) ~ 820%  800% 37 82
2.00 1097 1085 19 68

) Projectile energy was only approximately known.
5 1.7% larger values of ¢t were required in the [A and PWBA calculations

in order to get agreement with data.



(~ 10pg/em?). The experimentally determined values of f are listed in Table 5
together with o, the cusp energy derived from Ep as determined by the accelerator

calibration.

C-2. Determination of the DDCS and the spectrometer efficiency

The experimental DDCS for electron production in ion-atom collisions, in

general, can be obtained from the following well-known expression:**"

dzﬂ' Lﬂﬁ Z
( - ; : (28)
dEd0 N-n-1-A0-E2 -n(Er)

ezp

where Z and N are respectively the number of electrons and projectiles counted
per electron energy, n is the target number density, [ is the lengih of the gas
cell, Af) is the effective solid angle evaluated by Eq. (18), AE] is specirometer
acceptance energy at electron energy Er, and 5(Ep) is the overall spectrometer
efficiency.

The efficiency n(Er) is the product of the spectrometer transmission, the
channeltron detection efficiency, and other possible factors. Channeltron detection
efficiencies have been found to range,”*~"% depending on the experimental setup,
from 20% to 100% over the 1-5 keV electron energy range of interest in this study.
In view of these difficulties, n(Er) is determined using our measured electron
yields [see Eq. (28)] and the calculated IA-DDCS [see Egs. (25) and (26)], at the
BEe peak, at each collision energy of the F** + H, system. The values of n( Eg)
determined by this method are given in Fig. 24. Also shown in [lig. 24 is the value
of n(Ep ~ 800 eV) determined from the measured 3 MeV H* + Ne K-Auger
yvields normalized to the published®® cross section. In view of the simple nature of
the BEe process, we have selected and used the BEe-IA normalization to test the

systematics of BEe production given below.
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of Ref. 76. The open circle is the efficiency measured using the known Ne target
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bars are calculated from statistics alone. The Ne K-Auger data have an overall
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D. Results and Discussion with Bare lons

Fig. 25 shows the projectile frame DDCS for collisions of F** with H, and
He for three different collision energies. Only the electron yields whose laboratory
energies are greater than the cusp electron energy (see Fig. 22) are transformed
into the projectile frame, since elecirons whose laboratory energies are smaller than
the cusp energy are not included in the IA model. The spectrum reflects primarily
the underlying Compton profile of the target electrons. We compare these data
to the the IA model [see Eq. (25)] (solid line) and the PWBA calculation (dashed
line}.

The overall agreement between the data and the IA is good except in the
very low electron energy region, corresponding to electrons with p;. nearly equal
and opposite to the cusp momentum, s, for which the impulse approximation
approaches the limit of its validity. The combination of the Compton profile and
the E'~* energy dependence of the Rutherford cross section results in an electron
energy distribution asymmetrically skewed to lower electron energies. The binding
energy of the target electron further shifts the energy distribution to even lower
energies. These shifts are more pronounced in He than in H, targets due to the
broader Compton profile and the larger binding energy of He. Therefore, as seen
in Fig. 25, the BEe peak is not found at ¢ in the projectile frame (4¢ in the
laboratory frame), as it would if it arose from collisions with truly free electrons
(see the vertical arrows in Figs. 22 and 25).

The origin of the BEe energy shift and its asymmetry is investigaied in more
detail in Fig. 26, where we compare four different calculations with our measure-
ments. The dot-dashed line is the Compton profile®® for either Hy or He targets
centered at ({ — E;) in the projectile frame. The solid line is the [A calculation

with E; = 15.5 and 24.5 eV for the H, and He targets, respectively.
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laboratory frame). Solid lines are the result of the impulse approximation (IA)
as given by Eq. (25) in text. Also included for comparison (dashed lines) are the

results of a plane-wave Born calculation®® (PWBA).
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FIGURE 28. Comparison of four different calculations to the measured BEe
DDGS (projectile frame). Dot-dashed line: Compton profile J(p,) scaled to the
[A BEe peak with p. (= p;,) related to E via Eq. (22). Dotted line: IA without
target electron binding energy correction [ie. Eqs. (22) and (25) with A = 0],
Solid line: IA with the proper binding energy (see text). Dashed line: PWBA %
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The dotted line is the IA calculation with Ey = 0. The dashed line is the PWBA
calculation.*? As observed, around the BEe peak, the PWBA calculation is seen
to give the same result as the [A with E;f =0 for 1-2 MeV/u F?* + H, collisions.
The BEe energy shift below 4¢, defined as AE; = 4t — E[***, was found to
vary between ~ 92-96 eV for H; and ~ 169-186 eV for He targets, in collisions
with heavy projectiles (see Table 4 for details). E7'*® is the laboratory energy
at the maximum of the BEe energy distribution, and was extracted by fitting the
data by the IA [see Eq. (25)]. The energy shift AE; becomes smaller at higher
projectile energies due to the Rutherford scattering E'"? energy dependence. It
is interesting to note that the energy shift for protons was smaller than that for
the heavy projectiles and could not be fully accounted for, by either the IA or the
PWBA treatments, for reasons not yet understood.

The PWBA DDCS were obtained by integrating the analytic expression given
by Rudd and Macek*! over the momentum transfer. In this formulation, the initial
state of the target is described by hydrogenic 1s wave functions with an effective
charge equal to the square root of the binding energy in atomic units.*' This
expression, valid for ionization of a target atom by protons, was generalized to
treat other bare ions by multiplying the proton results by Z}. In Fig. 27 we
compare results from 1.5 MeV/u H* on H; and He. Included as an insert is a
comparison of the data for 1.5 MeV/u H* and F?* on He. The dashed line is the
H* data multiplied by Z} (=81). As seen, the Z} scaling works well only around
the BEe peak. The same Z§ scaling trend was observed for the 2 MeV/u data.

We see that the agreement between the data and the PWBA is also good
around the BEe peak for F** collisions with H,, but becomes worse for collisions
with He (see Fig. 25). In Fig. 25 the energy shift of the BEe peak is not as well

accounted for by the PWBA as it is by the IA model.
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FIGURE 27. BEe DDCS (laboratory frame) measured for 1.5 MeV H* + H,
and He collisions. Solid line: full IA. Dashed lines: PWBA.*® Insert: Comparison
of 1.5 MeV/u DDCS (same units) for H* and F** + He, where the dot-dashed
line is the H* data multiplied by Z} (=81).
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Nevertheless, hoth TA and PWBA give similar results once the DDCS are inte-
grated over the range of the BEe peak.

In order to test the Zp dependence of the BEe production more systematically,
various bare ions, F®*, 0% N7+ and C®", as well as protons were used as
projectiles in collisions with H, targets at 1.5 MeV /u. The BEe DDCS for each
projectile is compared to the full A (solid lines) in Fig. 28. The absolute single
differential cross section do/dQ)' at 8 = 180° (fp.s = 0°) was extracted for each
projectile by fitting the experimental DDCS with the [A and then integrating over
the BEe peak. The resulting cross sections divided by Z} are plotted in Fig. 29
together with the results of the [A. Shown also are the data and IA results for 2
MeV/u F** and H* + H, collisions. The Z} dependence of the BEe production
is thus confirmed over this range of Zp.

In Fig. 30, we compare theoretical and experimental DDCS evaluated at E =
E7® for F** on H; and He for various projectile energies. As discussed earlier,
the experimental DDCS have been normalized to the IA DDCS at ET*** for each
Ep for F®* 4+ H;. It is seen that the He data show a similar projectile energy
dependence as the H; data. The extracted exponential fit to the projeciile energy
dependence shown in-Fig. 30 was found to be ~ Ez** for H; and ~ Ef*" for
He targets, respectively, with 5% uncertainty. As seen from Eq. {‘.25}, &n Eg*?
dependence is predicted in the limit where A and r — 0.

Finally, we consider the possibility of electron capture and its effect on the BEe
DDCS. Total capture for these collision systems is quite large (e.g. ~ 5-0.3x10~*®
cm? for 1-2 MeV/u F** + He),*® however, the impact parameter relationship
between capture and BEe production processes has yet to be established. In any
event, any effect of capture on the BEe DDCS would manifest itself as a deviation

from the observed Z} scaling, since capture at these collision energies
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FIGURE 28. BEe spectra (projectile frame) for five different hare projectiles.
Typical statistical error bars are shown for the case of C**. The large error bars
at the lower energies are primarily due to beam-induced background subtraction
(see text) from decreasing BEe DDCS. Solid lines: full IA for each projectile. In
the case of protons, both data and IA have been multiphed by 20.
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is known®®77=™ to vary as ~ Z}. The strong confirmation of the Z3 sealing of
the BEe DDCS, as shown in Fig. 29, suggests that capture can be neglected in
the collision systems studied here. A similar argument can also be made about

the Ep dependence of capture™™ (~ Ep*®) compared to that of BEe production

(N E;z.ﬁ}.

E. Projectile g-Dependence

The projectile charge state dependence of the BEe production at 0° was also
studied for collisions of 19 and 28.5 MeV F?* with H, and He targets. The charge
state ¢ was varied from 3 to 9 for 19 MeV and 5 to 9 for 28.5 MeV projectiles.
Previous measurements of BEe production, performed at non-zero observation
angles,’!%? showed that the addition of electrons to a bare projectile acted to
screen the nuclear charge of the projectile, giving rise to a net effective charge Zp,
which depended on the ejected laboratory electron energy Er,’®**®® and thus
influenced the overall BEe production.

Basic screening ideas dictate that processes occurring outside the electron
cloud surrounding the projectile nucleus should be screened to some extent, while
processes occurring well within the cloud should experience negligible screening.
A more quantitative screening model based on this idea was developed by Toburen
et al*’ using the Massey criter‘i;}ﬂ: R.4 = Vp/AEr (all quantities in atomic units)
relating AEr, the energy transferred between the impinging ion and the ionized
electron, to an adiabatic interaction distance H.., where Vp is the projectile ve-
locity and AEr = Ep + E7, E; is the ionization energy of the target electron. If
R.. is found to be smaller than the average radius, K, of the projectile electron
of interest, no screening is expected. Alternatively, if Rag > R then the projectile

electrons should be expected to provide effective screening. In this model, Zp was
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a]w'a}rs found to he smaller than or equal to the projectile nuclear charge Zp. Fair
agreement with available (non-zero degree) BEe experimental data was found.?!
For the collision systems investigated here, 19 and 28.5 MeV F? + He or H;
and fr.p = 0°, AE7 = 4t around the BEe peak corresponding to R.q =~ 0.08 and
0.06 a.u. for 19 and 28.5 MeV collisions, respectively. Thus, H,e < Bg = 1/9 a.u,,
Ry being the K-shell radius of the fluorine ion and therefore negligible screening is
expected, i.e. Zp = Zp. This result is also consistent with the [A approach to BEe
production mentioned previously. Rutherford electron scattering through 180° (0°
laboratory observation) corresponds to impact parameters between the scattered
electron and the projectile nucleus that are essentially zero, i.e. close-encounter
collisions well within Ry for which minimal screening can be expected. Even
if screening effects were important in such 0° measurements, this model would
predict that BEe production should decrease with decreasing ¢ [as verified in the
case of non-zero angle observation measurements in Ref. 29]. In our present zero
degree measurements, the opposite g-dependence was observed. BEe production
was found to increase steadily with each electron added to the projectile giving rise
to a net anti-screening effect totally unpredicted by the above screening model.
The enhancement of the BEe peak can be directly observed in Fig. 31, as
the number of projectile electrons is increased. The solid lines are the calculated
TA-DDCS [see Eq. (25)] for bare projectiles (Zp =9 for all g as discussed above)
scaled to the experimental BEe spectra near and above the BEe peak energy
by multiplying by the scaling factors shown within parentheses in Fig. 31. The
ratios of the BEe DDCS for FI* (g=3-9) to that of F*% were determined using
the scaling factors shown in Fig. 31. These are plotted in Fig. 32 for the various
collision systems investigated. The enhancement of the BEe DDCS with increasing

number of projectile electrons, is clearly observed. Similar enhancements were
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FIGURE 31. Data: Measured BEe spectra (projectile frame) for collisions of
28.5 MeV F'*73)* with H,. Solid lines: [A calculation for bare F*+ BEe pro-
duction scaled to data by multiplying by numbers in parentheses. We note that
electrons with zero kinetic energy in the projectile frame correspond to the cusp
electrons. For F°* BEe production, the observed K LL-Auger electrons result
from projectile K-shell ionization and/or excitation followed by autoionization.
The projectile electron loss to the continuum (ELC) is seen to contribute mainly

to the cusp.
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FIGURE 32. Projectile charge state dependence of BEe production relative to
bare ion for collisions of 19 MeV F{*~*)* and 28.5 MeV F*~®)* with H, and He
targets. Experimental errors were estimated to be smaller than 7%. All the file
names of the electron spectrum, in terms of DDCS in the laboratory frame for

each collision system, are summarized in Table Al in Appendix A.
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also ohserved hetween 1.5 MeV /u O** and O**+: N+ and N**; and C*t and C*F
in collisions with a H, target (not shown in figures). Several plausible mechanisms
that could give rise to such an enhancement are considered next.

Binary encounters between a tightly bound projectile K -shell electron and a
target electron might contribute to the BEe peak, but such a contribution is ex-
pected within the [A model to be small, down by a factor of Zp? to at most a few
percent of the ion nucleus-electron interaction. Similarly, projectile electron ion-
ization (ELC- electron loss to continuum) also contributes to the BEe peak, but
negligibly in the vicinity of the BEe peak for the present fast ion-atom collisions,
since the cusp and the BEe peak are well separated (see Fig. 12). This was inde-
pendently confirmed in coincidence measurements for collisions of 9.5 MeV FI7 +
H, in which BEe produced by pure target ionization were directly determined.®!
This was accomplished by counting the number of BEe emitted at zero degrees in
coincidence with the projectile ion of unaltered q. The BEe production by pure tar-
get ionization showed almost the same g-dependence as that found in the present
measurements shown in Fig. 32. Thus, any projectile charge changing collision is
seen to be effectively eliminated as the cause of the anomalous g-dependence.

The observed enhancement could also be viewed as a net suppression of BEe
yields, the suppression increasing with increasing projectile g due to ~ ¢ depen-
dence of total electron capture.®®77=7 It should be pointed out, however, that the
BEe study using the bare projectiles in the previous section demonstrated that
the ohserved Z} dependence agreed very well with the [A and PWBA (plane-wave
Born approximation) calculations for collisions of 1.5 MeV /u Fo+, O, N7+ CtF
and Ht with H, targets. If electron capture considerably affected the BEe pro-
duction for these fast bare projectiles, some deviation from the Z% dependence

would be observed.

99



Finally, another possihle mechanism for this enhancement is one in which a
secondary electron scattering occurs as a cooperative action of the projecile elec-
trons with their nucleus. In such a process, the projectile electrons alter the tra-
jectory of the BEe during the binary encounter collision. In this classical picture,
a target electron is scattered by the projectile nucleus at some angle other than
180° and then deflected by a collision with a projectile electron to produce a net
180° scattering event. This enhancement would primarily come from small impact
parameter scattering between the target electron and the projectile nucleus.

During the writing of this dissertation three theoretical papers®®®* have been
written on the anomalous ¢-dependence of BEe and demonstrated that the anoma-
lous cross section is obtained directly from a screened Coulomb model for back

angle electron scattering. This will be discussed in the Chapter of conclusions.
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V. ZERO-DFGREE AUGER CROSS SECTION ANALYSIS

A detailed analysis of state-resolved (state-selective) Auger electron produc-
tion measurements at #=0° is carried out. In particular, a large portion of this
chapter is dedicated to the discussion of cross section determinations for the
metastable 152s2p P state. Extensive attention has been paid by both theorists
and experimentalists to the study of the lifetime and production cross section for

the *P state. This state has been observed in the present work and has revealed

a variety of different atomic collision processes, for example, projectile 15—2p ex-
citation by target electrons (eeE)!?. In general, when a collisionally produced,
excited state of the projectile has a long lifetime compared to the time period
for the projectile to pass t;he collision region of the gas cell, this lifetime should } j
be properly accnuuted;‘i Inﬂ .tii].ﬂ determination of cross sections. In addition, when / /

Auger production cross sections are measured for an ion-atom collision process,

any other dominant process, for example, electron capture should be taken into

account. For instance, in collisions of 0.25 MeV/u F®* with He targets of areal #
density of 40 mTorrx10 cm, a strong beam neutralization after passing these gas

targets was observed. These projectile charge neturalization effects should be

considered.

A. Differential Cross Sections and Effective Solid Angle Calculation

In this section, I will present the formula developed for the analysis of the
double differential cross sections (DDCS) for zero degree Auger production cross
sections. The approach is to derive a formula which includes the effects of 1). an
extended gas target region, 2). the charge neutralization of the beam, and 3). the
lifitime of the interm/dia,te projectile Auger state. &

As seen in Fig. 33, dI9, the number of projectiles excited into the 7+ L;
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FIGURE 33. A schematic diagram for the measurement of the Auger produc-
tion cross sections. z is the distance from the gas cell entrance to the target source
clement dz and y is the distance from dz to the Auger-decaying source element
dy for a metastable state of a moving projectile. For a prompt state of a moving
projectile or for an excited state of a stationary target, dz is the Auger electron
production source i.e., y = 0 in this case. L is the distance from the entrance
of the gas cell to the entrance of the spectrometer. L, and L, are the parabolic
path lengths of the electron trajectory in the analyzing field of the first and second
analyzer, respectively. A is the distance between the exit of the first analyzer and
the entrance of the second analyzer. B= A+ Ly + Ly is defined. a and b are the
width and length of the exit slit of the second spectrometer. All the geometrical
factors are listed in Tables 2 and 4. Z, number of electrons for each charge Q* is

counted and recorded by the spectrum acquisition program SCANN.
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state by a eollision with the linear element dz of the target gas is given hy:
dI§ = Ny(z) -n0s - dz, (29)

where o is the production cross section of the (?3*1)L; state and n is the target
number density, which is 3.54 x lﬂis%p (¢cm™?), where T is the target gas tem-
perature in K and Ty = 273.15 K and p is the target gas pressure in mTorr. Nq(z)

is the number of incident projectiles at z and given by:
Ny(z) = N:e'"”‘"z, (30)

where N] is the number of projectiles which entered the gas cell at z = 0 with
charge state g. IV ;' is determined by measuring (g with the Faraday cup without
target gas in the gas cell. o, is the cross section of single capture, a dominant
projectile charge changing process, particularly for the lower collision energy region
of this work. Ideally nog,z < 1.

Shown in Fig. 34 are single capture cross sections recommended®® and eval-
uated using the Schlachter™ ™ empirical scaling rule for collisions of Li-like (0
with He and H, targets. The values of o,, used in this work were obtained by mul-
tiplying Schlachter’s single-capture cross sections with & normalization factor,*®
which is an average ratio of the recommended data to Schlachter’s values between
the collision energies of 2-40 MeV.

Another charge change effect on the projectile ions is projectile ionization.
The cross section, say ¢,,, might need to be considered in order to account cor-
rectly for the number of projectiles N,(z). For the lower collision energy region of
this study, o, is much smaller®” than o,, even in the case of O°F + He collisions,
where 25 electron ionization is dominant. Even though o, is comparable to or
even larger than o, for higher collision energies in this work, it was not found

necessary to take 7, into account.
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FIGURE 34. Total single capture cross sections for 0°* +He/Il, collisions as
a function of impact energy. Data are from Ref. 85. Solid lines: Schlachter’s

empirical cross sections.”®" Qur region of interest is designated by a horizontal

arrow, (+—).
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If the (25+U [ ; state has a long lifetime (i.e., mefastable state), it is nesessary
to take into account the deexcitation behavior along the projectile irajectory in
front of the spectrometer entrance. Shown in Table 6 is a list of lifetime 7 and
Auger yield £ of the various Auger states of interest in this study. Definitely the
metastable states, 152s2p*P; have a long lifetime compared to the other states
which are so called “prompt” states.

After time ¢ following excitation of the metastable state, the number of the

excited states which are left is:
dI_;{t}:dIﬂ-e‘””, (31)

where 7, is the lifetime of the J-state. Since t = y/V, and defining Vo5 = Ay,

dI;(t) is now expressed as a function of y:
dl;(y) = dI5-e7¥/™ (32)

which is the number of remaining excited states at y.

In order to illustrate all the effects described so far, variations of Ny(z) for
given target gas pressures and dI;(y) particulary for metastable 1s252p *P; states
are shown in Fig. 35 together with the pure geometrical solid angle AQ(y) [see
Eq. (36) below with z=0]. For the prompt states dI; = dI$ and dI;(y #0) =0,
i.e., the collision region is itself the linear emission source of the Auger electrons
for the collision energies in this work. As discussed, ogp, 1, and 7 are important
factors for cross section measurements at zero degrees.

The number of decayed projectile ions in the excited J-state, dZ, resulting
in radiative and Auger decay for the moving source element dy located at y 1s

given by
1 0*(dls(y))

Pl= SR
e

(dy)*. (33)
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TABLE 6

Lifetimes v and Auger yields £, of interest in this work, for various doubly ex-
cited states of (1s2120') of Li-like O°* and F** ions and of (1s2s2p*) *"'D state of
Be-like O** and F°F ions. £ =Y ;as- £ is J-averaged value for all the prompt
states. For [1s252p|*P; metastable states, £; for each J-state is shown and thus
£=0.8947 and 0.7932 for O°t and F®" ions, respectively, are estimated. For a
given [15(232p)*P)|*P~ or [1s(2s2p)'P)]*P* state in this Table, v; and {; for
each J-value are found to be very nearly the same®’ with only a few % difference
for different J-states,and £ = Y ;ay-éyand r = 3 ;as-7s are J-averaged (statis-
tically weighted) values. v for prompt states were evaluated by r = (Ca+Tx)™2,
where I' 4 and 'y are Auger and x-ray transition rates found in the specified ref-
erences. Typical lifetimes of autoionizing prompt states can be deduced from the

Auger line widths of about 0.1 eV as follows:

A 6.58 x 107 1%V - see Jg=14
T=== ] sec
I 0D.1eV
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TABLE 6: Lifetimes and Auger yields

state ion T (nsec) Eoréy Reference
[1525%] S 0% 1.49x10°° 1.000 Ref. 88
Fe+t 1.25 x 10~? 0.9971 Ref. 89
[15232p] %Py , R 5 | 0.967 Ref. 90
0.57 0.928 Ref. 90
[15232p| *Py 0% 3.4 0.701 Ref. 90
Fo+ 184 0.416 Ref. 90
[15252p] *Ps 5 O 2787 0.9998 Ref. 90
F* 1590 0.9997 Ref. 90
[1s(2s2p)°P]?P_ 0O°F 944 x 107° 0.739 Ref. 91
phe .08 x 10~° 0.618 Ref. 91
(1s(252p)'P]?P,  O%*  1.36 x 1073 0.996 Ref. 91
Fo+ 12T = 107° 0.993 Ref. 91
[1s2p%] D ) g
F**  097x107° 0.9785 Ref. 88
[(1s2s)°S2p*|°D O*F 0.899 Ref. 9
FS+  3.96 x 10~° 0.89 Ref, 13/88
| [(1s25)'S2p%]'D O* 0.409 Ref. 9
FS+  2.29x10°° 0.50 Ref. 13/88
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FIGURE 35. Variations of projectile flux, the number of 1s2s2p*P; states,
and the pure geometrical solid angle along the beam direction for (a}; 4-32 MeV
0% + He (40 mTorr) collisions, and for (b); 4.75-35.63 MeV F'* + He (various
pressures, see Table 11). The projectile flux variation for each collision energy,
Ny(z)/N7 = e™"?w®, which is obtained from Eq. (30), is drawn in the gas cell
range of 2=0-10 cm. The designated numbers to the variation curves correspond
to the order of the projectile energies in Tables 7 and 11. The decay curve of the
4P; states for each J and each projectile energy, e ¥/, which is obtained from
Eq. (32), is drawn for the states which are produced at the center of the gas cell.
The decay curves from the lowest to highest are given in the order of the collision
energies for each J group. Also drawn in the dashed line is the variation of the
pure geometrical solid angle Af)(y) [see Eq. (36) below with = = 0] as a function

of y from y = z = 0 to y = L, spectrometer entrance.
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For sufficiently small dy/); and neglecting all the higher terms with k& 2 2,

E_y'.l'rj"..l'

AJ

2% = dI% dy. (34)

Therefore, Z9, the number of the Auger electrons from the J-state emitted into
the solid angle AQ(y) [see Eq. (36) below] at laboratory angle § = 0° with respect

to the beam direction is evaluated by:

i = -
z d yfAs
j:f dzf dy.j\r:,ﬂ—na"z_n._ﬂ,ﬂ . _&.&ﬂ{x,y}, (35]
0 ¥

where

ab/\/2

&ﬂ{x,y}z{Ldz__y+,1](L—m—y+BJ1

(36)

which is the differential solid angle for the moving source element dy at y, which
was originally produced at z, in the present tandem spectrometer, {; is the Auger
yield for the J-state, and dos/d(} is used instead of o in Eq. (35), since Z] is a
differential quantity measured for a given solid angle.

In typical high-resolution electron spectroscopy, each J-state is not usually
resolved for a given (*5+V [ state. Assuming the statistical distribution for all J-
states, oy = ay - o, where o is the total production cross section (for all J states)

of the (23+1 [ state with
2T ¥1

RS e

ar

Hence, Z°, the total number of the Auger electrons produced from the source
of 25+1[ states into an effective solid angle AN®/S [see Eq. (40) below]| of the

spectrometer can be expressed:

li state g
z“:w;‘-n‘f-(d-%) DPCITITN i (38)
of

where do/df) is the single differential cross section (SDCS) for the production of

the atomic state 2*! [ which emits Auger electrons into the solid angle AQeT [see
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Eq. (43) below]. Therefare, Z, the number of electrons for each electron energy E

at the laboratory angle 8 = 0°, can be given by:

o iRy
e GEdD

Z{E):Nf-n-bZu_p-{;a&ﬂjfij (¢) - fle — E)de, (39)
J L3

where d*c /d Ed() is the double differential cross section (DDCS) for the production
of any atomic state which can result in electron emission with energy of E at angle
g (#=0° in our case), f(e — E) is a normalized spectrometer response function, 7
is spectrometer efficiency, in general, a function of the laboratory electron energy
E but practically a constant value for the peak range of f(e — E), and ﬂ.ﬂj‘ff is

given by (1). for metastable states:
£ 1 i L== :
'&nf?—fmzf“ % ﬂ ] f £ &ﬂ(tﬂ y] 2 e“wl de ; CEI* '[4':' — 1]
J =0 Jy=0

and by (ii). for prompt states {ﬂﬂj” is J-independent and y=0):

i
ApEL 2t f AQ(z) - e " dz, (40 — 2)
o

prompt I

where AQ(z) is given by Eq. (36). Therefore, the DDCS for Auger or state produc-

tion at zero degrees can he determined by detecting the number of Auger electrons

7 as follows:!2:13:14

do Z(E)
dEdQ ~ N -n-1-AE-AQeff.q’

(41)

where AFE is the electron acceptance energy, which is AE = E - R and is the
so-called FWHM of spectrometer response function, R = 2.8% being the present
spectrometer resolution in the case of a non-retarding mode. Z for each electron
energy E is counted by stepping E for each accumulated charge Q*, which is

measured by the Faraday cup and preset in the data acquisition program. However,
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@y measured by the Faraday cup (FC in Fig. 35) without a gas target shounld he
used for the determination of DDCS, i.e., NJ = Qo/qge, where ge is the incoming
projectile clr;a.rgtn The effective solid angle AQ¢ff (for all J) for Auger or state
production measurements will be given and discussed later.

The derivation of Eq (41) from Eq. (39) was done in the ideal case where
fle — E) is treated as a rectangular-shape delta function located at ¢ = E with
a width of AE (i.e., infinite spectrometer resolution.) Eq. (41) has been used as
a well-known formuala™?*?3 in typical electron spectrocopy in ion-atom collision
experiments. A simple numerical simulation was carried out where double and
single differential cross sections, DDCS {&%] and SDCS [:—5}, were evaluated
using a theoretical electron spectrum of a group of narrow K LL Auger lines (the
natural line width is typically of ~ 0.1 eV— see Table 6) and a broad binary
encounter electron peak. As a model of the response function of the spectrometer

in this simulation, the following Gaussian function was used:
fle—B) = ¢~ Xte=EY (42),

where K = 4in2/(AE)? in order to make the FWHM AE = E - R and its height
=1,

The K LL Auger SDCS obtained by simulating electron spectra with Eq. (39)
and then by summing all DDCS of Eq. (41) were found to be independent of/(fflur
values of R smaller than about 10 %. In the case of the BEe, both the simulfated
DDCS and SDCS were nearly independent on the choice of R values smaller than
several %. All the simulated SDCS for K LL Auger, and the DDCS and SDCS5 for
BEe peak for various R were about 6.5 % larger than the corresponding values of
the theoretical K LL Auger and BEe spectruimn. This may be just due to the fact
/.gkf/f:f;c fle — E)de = 1.0644 - AE for the chosen spectrometer response function

. I._-II I1 ri- 1 1 4



of Fq. (42).
The effective solid angle AN/ in Eq. (41) for the measurements of state
production cross sections is given by [see also Eq. (39)]: (i). for a metastable

state;

ARyee = Y a6 A0 .., (43-1)
3
while (ii). for a prompt state;

ﬁﬂ;j:ri:ﬂ . Z ay- £y &H;Hmpi e &ﬂ;gﬂ‘ll" gL ] Sl
J

Since the Auger production cross section, o[Auger|, is related to the state

production cross section, o[state], by:
o|Auger| = z £y og|state] = Z €1 ay - olstate] = £ - o[state], (44)
J J

where £ = 3 ;aj-£is the J-averaged Auger yield (assuming a J-statistical distri-
bution as mentioned earlier), any Auger cross section, double or single differential,
can be obtained by multiplying the corresponding state production cross section
with the appropriate £, which are listed in Table 6 for all (**!)L states of interest
in this work. Therefore, the effective solid angle for the measurements of Auger

production cross sections can be given by: (i). for a metastable state;

AR = 2+ Yo 6 A0, (45-1)
7
while (ii). for a prompt state;
ARy = AR (45-2)
which is given by Eq (40-2).
13,92,93

In Eq. (39), the electron absorption effect, a post-collision effect, by

which Auger electrons (or any other ionized electrons) can be deflected from their
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original trajectory (zero degrees in our case) due to elastic collisions or can lose
some of their energy due to inelastic collisions with target gas, may need to be
accounted for. This can be done, in principle, as follows; In the case of a prompt
state, the correction factor of e ™?+(!=%) should be multiplied by Eq. (40-2) [see
Eq. (35) to figure out this factor|, where o, is the absorption cross section which
depends on the laboratory electron energy E. In the case of a metastable state,
the correction factor of e~™+{!==¥) should be multiplied by Eq. (40-1) with the
condition of (z +y) < L.

From Refs. 92 and 93, the experimental absorption coefficient, o, an effective
area (cm®) of collisions for all the target gas in a unit volume (cm®) at unit
pressure (Torr), is found to be approximately 0.4 for He targets and 0.7 for H,
targets for an electron energy of ~ 1 keV, the lowest laboratory energy of K-Auger
electrons at zero degrees for 4 MeV O°* collisions. The absorption cross section
o, can be obtained by dividing a by 3.22 x 10'® . p{in Torr) at 300 K. In the
worst case scenario, using these values of @, p = .04 Torr, and [ = 10 cm of gas
cell, a-p-1/2 = 7, -n-1/2 is estimated as 14% for H; and 8% for the He target,
respectively. Although these values are not negligible, the absorption effect is not
considered for the following reasons:

When the spectrometer éfficiency n was obtained using binary encounter elec-
tron (BEe) production for the collision of 9.5-38 MeV F*F with a H; target at
40 mTorr, the electron absorption effect was not taken into account either, since
it was assumed that the absorption effect was negligible for 1-4 keV electrons
of BEe peak. Therefore, the absorption effect is approximately canceled out in
the Auger cross section measurements as long as its target and pressures are the
same. For a different target (He) and/or at different pressures this effect can be

canceled out with some uncertainty but at most several % even for the worst case
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in this study. Therefore, this absorption effect was not taken into account in the
present study of 1-3 keV electron spectroscopy with the light targets of Hy and
He, and the uncertainty from this effect can be taken into consideration as an
experimental uncertainty. Definitely, for low energy electron spectroscopy with a
thick and/or heavy target (e.g., Ne or Ar), the absorption effect will be a very
important factor particularly for zero-degree measurements. For example, in the
measurement of the Ne K Auger electron production cross section for 3 MeV HT
+ Ne collisions, the absorption coefficient a = 4 had to be accounted for. This
was done in the spectrometer efficiency normalization using the known®® Ne K
Auger electron production cross section. The normalization results are shown in
Fig. 24, and in Fig. Al in Appendix A.

From Eq. (41), the DDCS for Auger electron production can be expressed in

terms of the experimental quantities involved in the cross section measurements

as follows:
(fa“w_ Z Ny A,
d*yY
== oy B
igdn o fo
where
d*Y Z
= 47
dEdf} N;+n-I-&E-ﬁﬂu-q (47)
with
ab/v2 [ dz 1[‘
Ay = = = Afdz)d 48
i l ﬂqL—m+A}(L-z+B} L Jo (5)d2 )

and ¥ stands for the normalized yields for the present experimental set-up. The

factor F is defined:

s A ! (49)



since NJ = Qn/qe and N7 = Q*/qe. Fg is mensnred typically to be 1 except
the case of low energy collisions with a thick target (see Tables 7-14). The beam
charge neutralization factor Fg is measured for a given collision system of collision

energy and target gas pressure. Fp for Auger cross sections is defined:

Afly

Fo= fl_-—_ﬂ‘d‘“g"" (50)
which is an effective solid angle factor for Auger production cross section. AQA*7T

[Eq. (45-1)] or &ﬂ::f,:;t [Eq. (45-2)] should be used for the measurements of Auger
cross sections from the metastable or prompt state, respectively.

Eq. (47) along with Eq. (48) is the DDCS of Auger electrons from prompt
states and BEe from direct target ionization when no appreciable projectile cap-
ture is involved. (i.e., nog,l < 1). In these cases, both Fg and Fyy are 1 and thus
Y = o as seen in Eq. (46). Eq. (48), which is identical to Eq. (18), is the pure "ge-
ometrical” solid angle for any kind of electron production from the prompt states
of either target or projectile line source of the length [ at zero-degree observation
with the present tandem spectrometer.

Shown in Tables 7-14 are the measured Fg values and the solid angle factors
Fq for Auger cross sections, FE™™"* and F, °P evaluated for the prompt states and
for the metastable 152s2p*P state, respectively. These Fyy factors were calculated
for collisions of ~0.25-2 MeV /amu 0**, 05* ,F%*, and F'* with He and H; targets
of 10 cm length at given pressures. As mentioned earlier, the empirical Schlachter
vlaues of o, used in the Fiy calculations are also tabulated. The lifetimes r and

Auger yields £ and ¢ for the 1s2s2p *P; Sta.te/tahulated in Table ﬁl.'llwem used for
f

this calculation. : J

B s

A
o
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TABLES 7-14

Calculated factors of effective solid angles for the measurements of Auger produc-
tion cross sections, F&i ™" [see Eqgs. (50) and (45-2)] for prompt states and FF
see Egs. (50) and (45-1)] and H.F [see Eq. (60) and text] for metastable 1s252p *P
state, and measured projectile charge neutralization factors Fg for given target
pressures and collision systems of O**, O°*, F**, and F'™ + He and H,. Also
tabulated are the empirically scaled Schlachter capture cross sections o, (see
text) used in the calculation of the effective solid angle factors. The ag,’s have
uncertainties of +25% and +40% for He and H, targets, respectively, which are
deduced from the comparison with the recommended capture data®®, and these
uncertanities result in the + uncertainties in Fn. Uncertainties smaller than 0.01

are not tabulated.
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TABLE 7: O°" + He

2(MeV)  ogp(cm?) p (mTorr) FE™" Fi;P HF Fq
4 1.27 x 10°1% 40 51 il M B 2.66 0.80
475 8.90 x 10~17 1765 14408 2.24  0.86
5.5 6.25 x 10~17 LR 1.98  0.93
7 3.05 x 10~V 123708 LesT 5 1.69 1
8.5 1.50 x 10~V 13 ot 1.57 1
10 7.75 x 10718 10820 o.05td: 1.54 1
11 5.21 x 10718 1.04191 094t 153 1
12 3.62 x 1018 Loaty 004ty 184 i
14 1.90 % 10~1# 1.01 0.94 L .
16 1.09 x 10°!# 1.01 0.96 157 1
175 7.49 x 1071 1.01 0.97 1.59 1
19 5.31 x 10~1¢ 1.00 0.97 161 1
21 3.49 x 101 1.00 0.98 168 |
23 2.39 x 1019 1.00 0.99 1.65 1
25 1.69 x 10-1° 1.00 1.00 167 1
26.75 127 x 1974 1.00 1.01 1.69 1
28.5 9.75 x 1072 1.00 1.01 Tt tod
30.25 7.60 x 1072 1.00 1.02 172 1
32 6.01 x 10~2° 1.00 1.03 1.74 1
TABLE 8: 0°F + H,
E,(MeV) og(cm?)  p(mTorr) FE™™ FF HF Fq
4 4.22 % 1077 40 13300 1ot 1.68  0.88
5.5 112 % 1074 10808 [0.91% 3% 145 0.99
7 4.09 x 1013 1.03490  0.89% 1.43  0.99
8.5 1,82 x 10~1® 1.01 0.90 145 1
10 9.20 x 10°1° 1.01 0.91 147 1
11 6.18 x 1071 1.00 0.92 149 1
12 4.30 x 1071° 1.00 0.92 150 11
14 2.26 x 10719 1.00 0.94 154 1
16 1.29 x 1071* 1.00 0.95 156 1
17.5 8.87 x 10720 1.00 0.96 158 1
19 6.29 x 10~%° 1.00 0.97 1.60 1
21 4.14 x 1072 1.00 0.98 168 1
23 2.83 x 10720 1.00 0.99 1880 1
25 2.00 x 1072° 1.00 1.00 1er 1
26.75 1.5 010722 1.00 1.01 1.69 1
28.5 1.16 x 10~2° 1.00 1.01 170 1
30.25 9.01 x 10~ 1.00 1.02 102 1
32 T2 H-H 1.00 1.03 1.74 1
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TABLE 9: F°* + He

Ey(MeV) oggp(cm?) p (mTorr) FE™o™P FF HP Fq
4.75 173 x 10710 49 26873 19977 289 075
6 1.08 x 10~18 196739  1.46%22 2.22 0.86
7125 7.18 x 10°7 159%1e 12073 189 0.94
9.5 2.99 x 107V 1290% o095t 1.54  0.99
11.875 1.28 x 10~V 100%2° 08T Y 144 1
14.25 6.02 x 10~ 10477 084I5, 142 1
16.625  3.16 x m-: 10t esty 14 )
19 1.81 x 10™ 1.01 0.85 144 1
21.375 1.11 x 10718 1.01 0.86 146 1
23.75 7.12 % 1071* 1.01 0.87 148 1
26.125 4.78 x 1071 1.00 0.88 1.50 1
28.5 3.3x 1070 1.00 0.89 )
30.875 2:38 % 10~ 1.00 0.90 156 -1
33.25 1.95 % 17 1.00 0.91 1.56 1
35.625 1.30 % 10—* 1.00 0.92 i8r 1
38 9.99 x 10-%° 1.00 0.92 1.59 1
TABLE 10: F°* + H,

E,(MeV) ogp(cm?) p (mTorr) Fg'“mpt F;,P H;IP Fg
4.75 6.92 x 10717 40 b B 1.75  0.80
7.125 1.30 x 10°Y7 LOgt Y et 1.33  0.97
9.5 3.80 x 10~'8 TasTEs  aRT |
11.875 1.53 x 10~18 1.01 0.81 134 1
14.25 7.14 x 10~1® 1.00 0.82 1.37 1
16.625 375 x 1070 1.00 0.83 140 1
19 2.15 x 10712 1.00 0.84 143 . 1
20.25 1.65 x 1071 1.00 0.85 144 1
21.375 131 x e 1.00 0.85 145 1
23.75 8.45 x 10~2¢ 1.00 0.85 148 1
26.125 567 x 1072 1.00 0.88 158 1
28.5 3.94 x 10720 1.00 0.89 158 1
30.875 2.82 x 10~%° 1.00 0.90 1.54 1
33.25 207 = 16722 1.00 0.91 L5861
35.625 1.55 x 10732 1.00 0.92 150 1
38 1.18 x 10-%0 1.00 0.92 150 1
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TABLE 11: F™* 4+ He

Ep(MeV) ogp(em?®)  p(mTorr) FF™ FF B Py
4.75 2.17 x 10716 2 16853 ‘osely aam A
7.125 9.67 x 10°'7 5 1.097 92 .88t il 1 i
9.5 433 x 10717 5 Ledatd pastl] 0%, 3 SO §
11.875 1.94 x 10717 7.5 LaaEa gartie 134 1
14.25 9.25 %107 10 1.02 0.88 137 1
16.625 486 x 1071% 15 1.01 0.90 1.40 1
19 2.78 x 107 20 1.01 0.91 1.42 1
21.375 1.70 x 10~ 30 1.01 0.92 1 1 s |
23.75 1.10 x 107 40 1.01 0.94 147 1
26.125 7.35 x 1071?40 1.01 0.95 149 1
28.5 511 x 1071 40 1.00 0.96 E&G: 1
30.875 3.66 x 10°1* 50 1.00 0.97 152 1
43 9% 2.68 x 10°1* 50 1.00 0.98 1.54 1
35.625 2.01 x 1071 50 1.00 0.99 1.55 1
TABLE 12: F'* + H,
E,(MeV) agp(em?)  p(mTorr) EE™™* FFP HFY Fy
4.75 1.04 x 1071% 4 1081 pgst % 132 1
7.125 1.99 x10°1" 1.5 10370 nsgtel 104" §
9.5 5.98 x 10718 20 ozt 08T 199 . 1
11.875 2.35 x 10~ 25 1.01 0.86 132 1
14.25 1.10% 1871 4 1.01 0.87 138 1
16.625 577 x 10717 40 1.00 0.89 138 1
19 3.30 x 10°1* 40 1.00 0.90 0
21.375 2.02 x 1071 40 1.00 0.92 144 1
23.75 1.30 x 10~** 49 1.00 0.93 145 © 1
26.125 8.72 x. 1072 40 1.00 0.94 1.48 1
28.5 6.06 x 10°2° 40 1.00 0.96 1.56 1
30.875 4.34 x 1073 50 1.00 0.97 1.52 1
33.25 3.18 x 1072 50 1.00 0.98 1.54 1
35.625 2.38 x 10°%* 50 1.00 0.99 1.55 1
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TABLE 13: O*t 4 He

E,(MeV) oqp(cm?) p (mTorr) FZm?* F;]P H;P Fo
0 417 x 10-1% 20 1.02 0.98 146 1
14 1.02 x 1078 10 1.00 1.00 1.52 1
17.5 4.02 x 107 15 1.00 1.03 1581
21 1.87T % 167 20 1.00 1.05 1.61 1
25 9.04 x 107%° 10 1.00 1.07 1656 1
28.5 5.23 x 1072 20 1.00 1.08 168 1
TABLE 14: O*" 4+ H,
E,(MeV)  oggp(cm?) p (mTorr) FE°™P* FF HF Fq
10 4.94 x 1071 20 1.00 0.96 145 1
14 1:21 =10~ 10 1.00 1.00 185 1
17.5 4.76 x 1072° 15 1.00 1.03 1.56 1
21 2.22 % 1072 20 1.00 1.06 161 1
25 1.07 x 1072 10 1.00 1.07 1656 1
28.5 6.20 x 10~2! 20 1.00 1.08 1.68 1
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B. State-Resolved and Total K LL Auger Cross Sections

After transforming the electron energy E and DDCS from the laboratory
frame to the projectile rest frame, SDCS for the Auger production cross sections
are determined by intergrating DDCS for the corresponding electron energy range
of the Auger line in an electron spectrum. First, the measured laboratory DDCS
and energy E are transformed into the corresponding quantities in the projectile-

rest frame as follows:

E' = (VE - Vi) (51)

and
&y 2y (B
dE'dQY ~ dEdQ V E’

(52)

where E' and (' refer to electron energy and solid angle in the projectile-rest
frame.

An example of the procedure of analysis of the Auger production cross section
measurements in this work is as follows: Shown in Fig. 36-(a) are a pair of typ-
ical electron spectra with its yields measured in the laboratory frame for 8 MeV
0% + He collisions; one for the K-Auger electrons obtained in the non-retarding
mode where the electrons are energy-analyzed without any energy retardation, and
the other one for K LL Auger electrons obtained thlr:i; retarding, high-resolution
mode where the electron energies are retarded th1;5 increasing the energy reso- |
lution. After subtraction of the continuous electron background with a suitable
polynomial, the double differential yield (DDY) is determined from the spectrum
in the non-retarding mode. The background electrons consist predominantly of the
binary encounter electrons (BEe) from the target ionization. Some beam-induced

electrons from beam scattering with the apertures of the gas cell and spectrometer

also contribute to the background but in small amounts.
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FIGURE 36-(a). Auger electron spectra in the low (non-retarding mode) and
high (highly retarding mode) resolution in the laboratory frame for 8 MeV O°* +
He collisions. Smooth solid lines: Polynomial functions for the background which

mainly consists of binary encounter electrons.

FIGURE 36-(b). Analyzed Spectra of Fig. 36-(a) above. This was done by
transforming from the laboratory frame to the projectile-rest frame after back-
ground subtraction. The high resolution spectrum was fitted with a spectrometer
response function, thus giving the area fraction for each Augef line, while the
low resolution (non-retarded) spectrum gives normalized Auger yields and thus

electron production cross sections.
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Shown in Fig. 36-(h) is the low-resolution spectrum withont retardation and
the high-resolution spectrum with large retardation. Both are background sub-
tracted and transformed to the projectile-rest frame. In particular, the DDY in
the low-resolution spectrum is normalized and the area under all the DDY would
be the single differential yield (SDY) for KLL Auger production. However, the
SDY should be corrected to result in SDCS for total K LL Auger electron produc-
tion. These cross sections will be determined as given in Eq. (53) and Eq. (58)
below for each prompt or metastable state, and Eq. (60) below for the total KLL
Auger lines. Solid lines in the high-resolution spectrum are the fitted individual
Auger lines with an experimental response function of the spectrometer. The ex-
perimental response function has been determined using the *P Auger line which is
strong, particularly, in F"*(1525%S) + He collisions. The shape of the experimental
response function is shown Fig. 37.

In the high-resolution spectrum, only the fraction of each Auger line can
be obtained rather than the SDCS of the Auger line. Therefore, the SDCS for
production of any Auger line from the excited state, |[d >, can be obtained by a
fractional method as follows:

(%):“"={Fﬂ)d'FQ5h- (%)xu‘ (53)

where fy is the fraction of d-th Auger line in the high-resolution K LL Auger
spectrum (> fg = 1). The f; for each Auger line in collisions of O**, O3+, F&*,
and F'* with He and H, targets were extracted from the fitted high-resolution
spectra. {%};{LL is the normalized SDY of the non-retarding spectrum in the

projectile-rest frame which is measured by:
Aunger 2
(dY,) =f ( e ,)JE' (54)
dV ) perr kLp \AE'dQ
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FIGURE 37. Shape of the spectrometer response function for a high-resolution
spectrum which was obtained in a highly retarding mode. In the non-retarding
mode (low resolution), the response function was observed to have a Gaussian

shape [see Fig. 7-(a)].
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and these were obtained by measuring K Auger electrons in the non-retarding
mode.

The Auger electron production cross section for each prompt state was thus
obtained by Eq. (53) above. However, in the case of the metastable 1s232p*P state,
a strong discrepancy was observed between the measured Auger electron yields and
the effective solid angle calculation which was done in the previous section of this
chapter. In this calculation it was assumed that for a given laboratory electron
energy, the spectrometer efficiency of the electron detection is constant regardless
of the position of the electron production. This assumption may be valid only
for cross section measurements of Auger electrons from the prompt states, where
the efficiency is obtained from the binary encounter electrons. This normalization
procedure was discussed in the previous Chapter. In the case of mneasurements of
the *P electrons this assumption is apparently not valid.

This discrepancy is demonstrated in Fig. 38, where the *P electrons, which
are produced inside and outside the gas cell, are separated from each other by
applying a voltage to the gas cell assembly. Peak A and B represent the electrons
produced outside and inside the gas cell assembly, respectively. If the efficiency
is constant, the measured yield ratio of Z;, to Zyyy, which is determined by the
effective solid angle for each region, would be 1.6. However, the measured yields
ratio was observed to be 0.60. A similar discrepancy was observed for the *P
electron measurements in collisions of 4.75 MeV 0°%, 9.5 MeV F'*, and 19 MeV
0%t with He targets. These results may indicate the assumption that the overall
efficiency for the detection of electrons produced outside the gas cell is much larger
(e.g., 1.6/0.6=2.7 for the case above) than for those produced inside, therefore, it
implies that the solid angle calculation for the metastable state is not valid for the

region between the gas cell and the entrance of the spectrometer.
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FIGURE 38. Separation of the metastable 152s2p*P electron yields produced
inside (peak B) and outside (peak A) of the gas cell (see text).
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At any rate, since the observed electron yield is proportional to the solid angle
and the efficiency, the counting enhancement for the electrons produced outside
the region of the gas cell should include any enhancement of the true solid angle
and/or the true efficiency for the detection of the P electrons produced outside
of the gas cell.

Due to this counting problem, only the yield of *P electrons produced inside
of the gas cell was used for the cross section measurements, since the spectrometer
efficiency was determined by the binary encounter electrons and this efficiency was
used for the Auger cross section measurements for all the prompt states. In this
way, the complication of *P electrons emitted outside the gas cell can be ruled out.

The SDCS of the *P electron can be expressed from Eq. (41) as follows:

(d_U)Auger hy d“)nute ¥ ‘f ziﬂ {55]
) p ¢"\dn TONgon-l-AQE -7

where AQ{} and Z,P are the effective solid angles and the measured Auger yields

produced inside the gas cell assembly. This can be written and related to Eq. (46)

as follows:
(d_ﬂ') Auger & Z‘toml N* ﬂﬂn &ﬁtainl :;
dQ TNy on-lARpm N“ \CAfmR) ARz

(56)

1l

dY
(d_ﬂ).;Fq -Fﬂ -Ra - Rz,

where Fg and F;IP are defined in Eqs. (49) and (50), respectively, and Rq and Rz

are the ratios between the two solid angles and the two electron counts as follows:

ﬂntu:ui
Rq = 57
"= TAnn (57)
and
Rz Zt;fai’ {58}



where AQI2'! and Z{g'! are the effective solid angles and the measured Auger
yields for the total observable decay region prior to the spectrometer entrance.
All the AQ in Eqs. (45), (46), and (47) refer to the effective solid angle for the
4P state production cross sections and AQ{2®! is calculated by Eq. (43-1). After
transforming the SDY of (dY/d2)«p from the laboratory frame to the projectile-

rest frame, the *P Auger SDCS is given by

liﬂ' )Auger -lP (dY)
s =Gq -Fo fe | 55 ; (59)
(d‘ﬂ ip ﬂ d' / gepy
where
GP =FF -Ra-Rz=H{ Rs. (60)

The factor H :-,P , which is defined as F&P - R, is easily seen from Eq. (55) to be

wr - A

= A b (61).

Thus, Hef is determined by ealculating AQ™ by Eqgs. (43-1) and (40-1) with
value of the upper limit of the y integration in Eq. (40-1) is taken to be the length
of the gas cell and its differential region (see Fig. 35). The values of H;]P are
included in Tables T-14.

By comparing Egs. (59) and (60) with Eq. (53), two more factors should be
included in terms of Ry and Rz for the Auger cross section estimation of the *P
state than for the prompt states. The product of these two factors is observed
to be 0.49-0.54 for collisions of O** with He/H,. In the recent paper!? about
the *P cross sections, these two factors were not taken into account and therefore
the reported cross sections should be multiplied by these factors resulting in ~0.5
times sm'.ﬂler cross sections. The measured factors Rz vary from 0.41 to 0.30

for the *P produced in collisions of He- or Li-like 0.30-1.20 MeV /u oxygen and
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fluorine projectiles, and 0.30+0.04 for 0.63-1.78 MeV/u O** collisions which will
be discussed later in Chapter VII section B. The different variation of Rz with
different projectile energy and projectile species may be expected. However, for
the collision systems in this study Rz is fairly constant, so the average, 0.32+0.04,
of the measured value will be used for the Auger or state production cross section
measurements involved with the *P state.

The zero-degree SDCS for total K LL Auger electron production is therefore:

(d_ﬂ_)flugﬂ-z(dd)ﬂuger
d¥ /it - dft' / ,
dY

B

df) KLL

dY
7o () oy

where (F)x = FA™™ and T, fi = 1 — fp are used for the case of all the prompt

g ] (62)

fio -G + Z fie - (Fa )k
k

(B~ fo (R - 63,

k states.

It may be noted that when the intensity from the metastable * P state is
strong in the K LL Auger spectra, this can affect considerably the determination
of total K LL Auger cross sections. In addition, when projectile charge neutraliza-
tion (capture) is large especially for lower projectile velocities and thick targets,
consideration of this effect is crucial in the Auger cross section measurements
for both prompt and metastable states. All these effects are, in principle, taken
into account through the factors Fyy, Fg, and Gq. If these factors are neghgi-
ble, i.e, neither projectile charge change nor metastable states are involved, then
Fp =G = Fg =1, and thus = }ﬁ}ﬂfr = (45 )kLL as expected in Eq. (62).

The A LL Auger cross sections, which were detﬁrmlned b}' Eq [52} for all the

collision systems studied in this work r;ilspla Hersus the projectile energy

in Figs. 39-42. Overall electron-electron interactions of RTE and eeE are
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well manifested in the case of Li-like O** and F®* ions colliding with H, targets.
The RTE contribution for He-like F'* + H; is also seen in Fig. 41. The eel
is not well distinguished for the Be-like O*" ion cases, however, in the case of
H, targets, eel and eeE can be seen as some increase of the cross section with
increasing projectile energy. All these dynamic electron—electron Interactions will

be discussed state-selectively in the following chapters.

C. Error Analysis

The experimental uncertainty in the present cross section measurements can
be determined from Egs. (53), (54), (59), and (47) using the usual method of
error propagation®® for uncorrelated variables. Letting §(do/d2') be the absolute

error, the relative error for a measured cross section of an Auger line, §(do/dfl'):

§(de/dRY')
. e T T 35
do /dSY' (35)
is obtained by Eqs. (53) and (63):
Ao = [A] + 8%+ Agpr + 8%, (64)
where
AvrLr = [ﬁ,z? - &EKLL + ﬂ.; + &%ﬂg]% (ﬁﬁ}

arise from Eq. (47) and the gas cell number density n = E‘E’:-ﬁ, Kp and T, being

the Boltzmann's constant and the gas cell temperature, respectively, and
2 1
Dsa = [A7na + AZagrc)? (66)

and fg = dez;?ﬂ, Zq4 and Z;’;Ei being the number of electrons counted for
each corresponding Auger line and total K LL-Auger lines in the high-resolution
spectrum, respectively. Each of the subscripts in Eqs. (64), (65), and (66) stand

for each independently measured variable, i.e., ? means(—) FE™™" for prompt
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states and the factors of H,_;P and Rz for the *P metastable state, Q—Fg, fd— fy

for prompt states and fsp for the *P metastable state; }’KLL—r(j—E}KLL, ZKLL

and ZhK LL refer to number of total K LL-Auger electrons in non-retarding mode

and high-resolution mode, respectively, Zhd is the number of Auger electrons of

the corresponding Auger line in the high-resolution mode, p — gascell pressure,

T'g — gas cell temperature, and n—n(E) [see Fig. 24]. All A's refer to the relative
error as in Eq. (59), i.e., Apg = §(fa)/fa --.., and ete.

(a).

//

A detailed error estimation for each variable follows:

Aq are listed in Tables 7-14 as + values, which are estimated by Eq. (45-2)
and Eq. (45-1) for the prompt and *P state, respectively, using uncertain-
ties which come from the error of the recommended electron capture cross

sections.?® For the *P state, H:,P has approximately the same relative error

as F:;P and ~ + 13% error of the Rz factor is also included in Ag.

. Ag is given to be 2% from the uncertainties of the beam currents with and

without target gas.

. A, is given to be 3.5% because the spectrometer efficiency was obtained for

each beam time within this uncertainty (see Fig. 24).

. A,: the accuracy of the target cell pressure was assumed to be better than

1%.

. Ary: the target cell temperature was observed to increase occasionally when

a poorly collimated beam hit the gas cell collimator and resulted in some
deviation from the room temperature 300 K which was used as the gas cell
temperature in théﬂah:ll‘-\ cross section measurements. Uncertainty from this
possible deviation and the actual room temperature variation from 300 K is
given to be 3%. In a worst case senario, using a thermocouple attached to the
gas cell block, the gas cell temperature was observed to increase by 5% after
the gas-cell-entrance collimator was hit for  few hours by a high-current high-

energy beam which was totally uncollimated. For low energy, low current, or
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well-callimated heams (hy a 4-jaw slit), this temperature increase hy the heam

was observed to be negligible.

. Azrrr, Aznkrr, and Agzpg were determined by the statistical errors,

A[ST AT, of the number of the total electrons counted, T, and estimated
background electrons (due mainly to binary encounter), 5. In addition, a
systematic error, A[BK S B], occurred in the process of finding a background

polynomial B, was also included as follows:

A, = (A?[STAT] + A*|BKSB))?
1

T

Here, if x = T — B is the true number of Auger electrons (ZKLL, ZhAKLL,

or Zhd) counted, the first term can be shown to be

A[STAT] = = (68)

§(STAT) [(WT)P +(vB)?®l* VT+B
e X T-B'

The standard deviations, VT and /B, for a counted number T and an esti-
mated background number B have been taken as the experimental counting
uncertainties, respectively, since it was observed that the typical distribution
of electron counts in a raw electron spectrum where the B was estimated
showed a good Poission distribution. 6B in Eq. (60) is an estimated uncer-
tainty in the determination of the background polynomial B. This uncertainty
was only important (5-13 %) when the KLL Auger electrons were distributed
around the BEe peak in the non-retarded electron spectrum. In the case of
high-resolution spectra, the uncertainty due to the background pelynomial
determination was ohserved to be negligible, because the background polyno-

mial showed a good linearity around the KLL-Auger lines.
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VI. RESONANT TRANSFER EXCITATION

In the present and following chapters, state-resolved Auger production cross
sections are presented to identify the dynamic electron-electron interactions, the
main object of this dissertation. In this chapter, resonant-transfer excitation fol-
lowed by Auger decay (RTEA) is studied as a process of the electron-electron
interactions. In the following chapter, electron—electron excitation and electron-

electron ionization are presented as other evidences of dynamic electron-electron

interactions.

A. Background

Resonant transfer-excitation (RTE)®*'?® in energetic ion-atom collisions has
been studied extensively in recent years.?~11:13:14,29.30,96=98 DR i< 3 two-electron
process in which a weakly bound (quasifree) target electron is transferred to a
higher orbital (n > 2) of the projectile and simultaneously excites a projectile
electron. The resulting doubly excited state must relax either by radiative (X-ray)
decay [RTEX]***%*7 or autoionization (Auger decay) [RTEA].?~11:13.14,28-30,98
In the present work, we concentrated on the RTE process of projectile 1s—2I
excitation with capture (transfer) to the 2! orbital of the projectile ion.

[f the captured electron were truly free, RTEX and RTEA would be equiv-
alent to dielectronic recombination (DR)**!%" and resonant excitation-scattering
(RES)**+'%" in electron-ion collisions, respectively. As mentioned in Chapter I,
DR is a process of fundamental interest in the high-temperature plasmas of labo-
ratory or astrophysical environments, and, in particular, DR is thought to be an
important energy loss mechanism in fusion technology. RES is analogous to the
well known resonant scattering in electron-atom collisions.’®! Since RES is the

other deexcitation channel of the excited state, measurements of RES strengths
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(or cross sections) can complement DR cross sections.

The production mechanism of the excited state, |d >, is a correlated electron-
electron interaction.!” In energy conservation, DR and RES thus RTEX and RTEA
are resonant with the electron energy in the ion rest frame, and in angular momen-
tum conservation consideration, they should have an angular dependence in their
deexcitation processes due to the collisional alignment of the |d > state, which
represents the preferential population of the My =0 magnetic substate,??:30:102,103
In addition, since the production channel of the |d > state is just a time-inversed
Auger process, the state production cross section or strength can be essentially
calculated by the Auger rate between the excited |d > and the initial |¢ > state.

RTEA and RTEX cross sections have been measured and compared with

thmrFTES,EBJE,lD&.lDE

mostly within the impulse approximation®® leading to a good
agreement and from which DR or RES cross sections can be extracted. Many
RTEX experimental studies,”®®" in which mostly K-shell excitation (An > 1
transition) is involved, have been performed for Z > 9 with multi-state measure-
ments, where the |d > states are not resolved due mainly to low resolution or low
efficiency in the x-ray detector. The most stringent tests, to date, of RTE and its
associated resonant strength (cross section) have been supplied by state-selective .
studies?1*143% for 7 = 8 9 using high-resolution Auger electron spectroscopy.

In the present ch#ptﬁr, I report on RTEA and its RES strength measured at
81.5=0° with respect to the projectile beam direction. The RTE states which are
clearly identified by the present Auger measurements were 0** F** (15252p*)*'D
and F* (152p?)?D, (152s2p)°Py states. The projectile ions of 0.25-2 MeV /amu
Li-like O%*, F®* and He-like F* were used to form the *'D and *D, *Py states,

respectively. Both He and H, gas targets were used.,

In the case of RTE experiments with F'* projectile ions, all possible 1s2[2!'
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(25+1)], states were searched and their K LL RTEA cross sections were determined
for each state as far as their cross sections were measureable in the present work.
These state-resolved cross sections showed a good agreement with a theoretical
calculation, thus resulting in a complete K LL RTEA measurement. In particular,
the RTEA measurement with different L of 2D and ?P; RTE states elucidates
the recent studies on the angular dependence??30:192:19% of RTE, in which it is
shown that the angular differential cross sections of RTEA are determined by

total angular momentum L in the L-5 coupling scheme.

B. A Theoretical Description
B-1. RTE Impulse Approximation
Within the treatment of the Impulse Approximation of Eq. (1), RTE cross

section,’® oprE, is given by:

#RTE‘ & Z[dRC pl. 12'&3?:! {T{:‘}

where oge is the radiationless (or dielectronic) capture® 1330

cross section for
a free electron of momentum p; with respect to the incoming projectile. The
superscripts gd refer to the atomic state transition from the initial < g| to the
intermediate < d| state, which may be called the “RTE state”. In the RTE Auger

measurements, the RTEA cross section is thus expressed:

e P Z f ohzs  1U(ps)* dps, (71)

where o%% ¢ = 0% -£% is the cross section of resonant excitation scattering (RES),

which is also called resonant excitation (RE). Here the superscripts gdf and df
refer to the atomic transition of < g|—< d|—< f| and < d|—< f|, respectively.

< f| means the final state for the Auger transition and £% is the Auger yield
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of the corresponding Auger decay channel. For all the RTEA measurements in
this dissertation, < g| =< f|, so that all the redundant superscripts have been
omitted,

The RTEA process can be shown schematically using Fig. 23 with a He-like
or Li-like projectile ion. In the projectile-rest frame, a target electron is incident
with an orbital momentum distribution (Compton profile) and is quasi-elastically
scattered via the intermediate RTE state. As discussed in the case of the BEe [see

Eq. (21)], the eleciron energy E' in the projectile frame can be expressed:
E' = (s* + 28piz +pi, +95:)/2m — En, (72)

where the scattering takes places in a collision plane in the totally classical pic-
ture of Coulomb scattering. Three cases of the energy E' expression have been

considered in the RTE-IA as follows:
(1). case 1;

E' = (s® + 2spi.)/2m, (73 - 1)

where both quadratic p?, and p?, terms and E; are neglected,’®
(2). case 2;

E' = (s* + 28p;z)/2m — Ey, (73-2)

where both quadratic p?, and p?, terms are neglected,®®!*3% and
(3). case 3;

E' = (s* + 2spiz + p}.)/2m — EI, (73 - 3)

where only the p}_ term is neglected.
The reasonableness of neglecting the p?, term has been discussed in section B of
Chapter IV, where case 3 has been used to calculate BEe-DDCS and compared

successfully with the experimental data.
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Since 7ge, thns, 7res is dependent on the electron energy E'fanri E' ran]
be expressed approximately as a function of p;, as in Eq. (73) above, cprga of

Eq. (T1) is given by:

TRTEA = jﬂRES'dPisz/PI'{pindPizdPiy

: (74)
= /’J'RE'S ! sz : JEP;}

where J(p.) is the Compton profile given by Eq. (24). Using Eq. (73-3) and the
delta-function property of oggs in the electron energy E', ogrga of Eq. (74) is

expressed as follows (in the units of eV-cm?):

_ (@), sy

(75)

where projectile velocity, Vp, is Vp=s in atomic units and Q=p;.=p. for identical
electrons for He and H, targets and in atomic units. ¢=27.2116.  in Eq. (75)
is also related to the Auger electron energy E4 between the initial |g > and

intermediate |d > states. Therefore,

Q = V2(Ea+ Er - V1), (76)

where t is cusp electron energy and all values here are in atomic units. The RES

.strength (pps is defined as

lrgs = AEsin - oRES, (77)

where AFEy;, 1s the electron energy bin whose size is chosen to be much larger
than the total width (transition rate) of the |d > state, which is [ = I'¥ + I'%,
'Y and 'Y being the Auger and x-ray rate, respectively. Qggs is invariant with
the AE,;, and can be determined from the RTEA cross sections as far as the [A
is valid.

145

=



Theoretically, in the LS-coupling scheme, the (lggs is given (in cm? eV) by

using the RC strength N p:1329,30,108

OQres = £ Qe = £4-2.475 x 1073 . ithad A1) Tald S 8) (78)

AL+ I8+ - Ba

where £, = % /(T% +T'?) is the Auger yield of the |[d > state. E4 is the Auger
energy in eV [cf: E4 in a.u. is used in Eq. (76) and Table 15]. L4, Sq4, L;, and S;
represent the orbital and spin angular momentum quantum numbers of states |d >
and |i >, respectively. The calculated RC and RES strengths, E4, I'4, and £ for
each |d >—|i > transition are listed in Tables 17 and 19 along with our measured
RES strengths which will be discussed in the later sections.

For the comparision of the three different treatments of RTE-IA, the oprra

and () relations are deduced, and all the results for the three cases are summanzed

in Table 15:

Table 15 : Three RTE-IA cases

Case CRTEA (= piz) Ref.
A1 2#3) , Ogas Ba-t Brandt?®
: Ve ' Vi
[A2 J(Q)  Qgpes Es+E,—t Ttoh®
Vp L] VP
IA3 1.':{_?4:1;: . E’E"u V2(VE4 + Er - V1) present
n a

In this table IA1, IA2, and IA3 are referred to the cases of (1), (2), and (3)
of Eq. (73) above. All RTEX studies have used the result of case IA1, where
the approximation of Eq. (73-1) is reasonable because high velocity and high Zp
(Zp > 9) projectiles were involved. In the RTEA experiments with He™, case [A2
was used where the target ionization potential E; was accounted for.*!? These

three IA1, IA2, [A3 cases will be compared with available experimental data later.
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B-2. RTE alignment and RTEA interference with BEe

Total RTE cross sections usually have been obtained by multiplying the mea-
sured SDCS (typically at 0°) by 4, assuming isotropic emission of the RTE Auger
electrons.”** %% Recently an RTEA angular dependence theory including the in-
terference between the BEe and RTE Auger electrons has been formulated®® and

confirmed experimentally.!”?

In the classical picture of the RTEA process, RTEA can be treated as an elas-
tic scattering of a quasifree target electron in the projectile frame. In other words,
BEe and RTE Auger electrons have the same initial and final state with only dif-
ferent intermediate states resulting in the same elastic scattering. Therefore RTE
Auger electrons are expected to interfere with BEe. In addition, the intermediate
(25+1)[, RTE state will be populated only in the My =0 magnetic substate, since
the angular momentum of the captured electron must be conserved along the axis
of quantization. Therefore, the RTE state is collisionally aligned and thus the in-
duced nonstatistical population of the magnetic substates results in emission-angle
dependent Auger or x-ray production. In Ref. 29, within the RTE-IA (IA1 men-
tioned above), these alignment and interference effects were formulated in terms
of the DDCS of the electron production in electron energy and its emission angle.

Near the resonance energy of the projectiles, evidence of the interference ef-
fects was fairly well observed as an asymmetric Fano profile in the measured RTE
Auger lines. This profile was predicted by the theoretical DDCS in Ref. 29. (See
also the exhibited Fano profiles at resonance projectile energy in the spectra of
Figs. 47, 48, and 51.) However, in zero-degree RTEA measurements, the contri-
bution to the Auger cross section due to the interference effects was found to be
smaller than 3% compared to the RTEA cross section.®® This value was estimated

for the O** and F°* 15252p* *'D RTE states using Eq. (5) in Ref. 29. There-
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fore, the small influence from the interference effects was neglected in the present

zero-degree RTEA analysis.

The pure RTEA SDCS is expressed as:

dopres _ J(Q) Qres W(F')
B Bl e

(79)

where

W(#') =1+ A - Pan(cost), (80)

n=]

where W is the angular distribution factor,'”” #' is the electron emission angle
in the projectile frame, Ps,(cosf') are the Legendre polynomials, and A4,, is the
anisotropy coefficient given in Ref. 107 for the decay from the L = 0,1,2 states
to the L = 0 state. For these different L states, the anisotropy coefficients are
simply evaluated by using the non-zero magnetic substate population only for
My = 0 as discussed above. Thus, in the following evaluation, the magnetic
substate population probability,'"” Qpas, =1 for My =0 and 0 for M}, # 0:

(a). For L = 0 (S state); W(#') = 1, isotropic.

(b). For L =1 (P state);

Hr{ﬂf] =14+ 4, Fg{tﬂ&&’}

=1 EMFE{CNE’}

Q1o + 2Q11
© =14 2Ps(cost')

= 3cos’d

148



(¢). For L =2 (D state);
W(8') =1+ Ay - Py(cosl') + Ay - Py(cosh')

10 Qg0 + Q21 — 2Q22 '
=14 — Ps(cosf') +
T Q20 +2Q21 +2Q2 )

10
1+ -T—Pg{casﬂ'} + ?ﬁ{cm&’}

63Q20 — 4Q21 + 2Q22
T Qa0 +2Q2 + 2@

Py(cost')

[

1

= 5{§coszﬂ" - 2}2

Hence,

Wj_f} = [Yzo(6")I", (81)

where Ypq is a spherical harmonic and L refers to the angular momentum quantumn

number of the |d > states of interest.

Therefore, RTEA SDCS is:

dogrgs _ J(Q) Dres
7, T T

Yo (8)[". (82)

Our observation angle is #;,, = 0°, which corresponds to # = 180° in the projectile
frame, and thus |Yiq(8' = 180°))* is simply (2L + 1)/4n.

In Figs. 43-46 are shown the RTEA-SDCS (at #r.s = 0°) of the three dif-
ferent IA calculations for the [Al, IA2, and [A3 (see Table 15 above) for four
different projectiles of *He™, C?F, F9*, and Si?*. The angular factor of Eq. (81)
is multiplied for each case of cgrp 4 in Table 15. In the case of low Z projectiles,
where the cusp energy is comparable to the sum of the Auger electron energy
and the ionization potential of the target electron, the IA3 is more reasonable to
use than IA1 or IA2. TA2 is very similar to IA3, but some deviation is shown
in the high and low projectile energy region as seen in the logarithmic diagrams
of Fig. 43-46. Henceforth A3 is used to calculate RTEA-SDCS, to represent its

results with experimental data, and to extract the RES strength Qgrges.
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C. RTEA with 05" and F** Ions

In Figs. 47 and 48 are shown selected electron spectra obtained at various
projectile energies. The normalized yields are displayed after subtraction of back.
ground continuum electrons and transformation to the projectile rest frame. The
measured Auger line energies are compared with theoretical calculations in Ta-
ble 16 for both O** and F®* projectiles.

In this section, we focus only on the 15252p? °D and 1s2s2p® 'D states which
are formed by TE and decay to the 1s*2s ground state. Other identified 152421
(25+1)[, lines, which are formed by 1s—2l excitation, will be discussed in detail in
the next Chapter. The Auger rates of other close-lying RTE states were also cal-
culated and found to contribute only negligibly to the overall eleciron spectrum.'®
The measured RTEA cross sections for the (15252p*) *1D states are displayed as
a function of projectile energy in Fig. 49 (for O°*) and Fig. 50 (for F**) for both
He and H; targets.

For the He targets, large cross sections due to the NTE process are observed
at the lower projectile energies. This large NTE contribution for He targets result
from a larger excitation probability by the He nucleus than by the H, nuclei
and a larger capture probability from He targets than from H, targets. The H,
data are particularly attractive, since in contrast to the He data very little NTE
contribution seems to be present. This allows for a simple, direct comparison with
calculations, i.e., the [A RTEA results of Eq. (79) are easily multiplied by the
scaling factor in parentheses in Figs. 49 and 50. Thus the RES strength can be
extracted and compared with the theoretical value which is calculated by Eq. (78).
The theoretical and experimental RES strengths are listed in Table 17 for the *'D
states for both 0+ and F®* projectiles. The experimental ratio of crg(’D) to

ore('D) is thus (4.2 £ 1.1), while the calculated ratio is 5.4.
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FIGURE 47. Normalized zero-degree L LL Auger electron spectra (projectile
rest frame) produced in 0%*(1s%2s) + He/H; collisions at various projectile en-
ergies. The electron yields in this figure were normalized to the known Ne K
Auger electron production cross section®® in collisions with 3 MeV proton. For
the renormalization with the binary encounter electron production and its impulse
approximation (BEe-IA), see the procedure in Appendix A.

FIGURE 48. Same as Fig. 47, but for F®*(1s%2s) + He/H; collisions.
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TABLE 16

Auger line energies (in €V) and dominate state production mechanisms in collisions

of O°* and F®* with H, and He targets. The initial and final states are 1s%2s

states.

Ion Mechanism® Intermediate state  Theory?) Expt®)  Diff.(eV)

0%t 15— 2s [1s2s%]%8 412.6 4124 0.2
ls — 2p [152s2p|*P 416.0 416.0 0
1
ls — 2p [1s(2s2p)*P]*P- 425.0 424.7 0.3

1s — 2p [1s(2s2p)'P)?P; 429.7 429.2 0.5

ot TE [(1s2s)352p*]°D 448 448.1 -0.1
TE [(1525)'52p%'D 453 4547 -1.7

F5* 1s—2s (1524778 525.9 525.9 0
1s —2p [1s252p|*P 529.8 529.8 0
ls — 2p [1s(2s2p)*P]?P_ 540.3 5404 0.1
ls — 2p [Ls(2s2p)*P)?P, 545.6 545.6 0.2

F¢+ TE [(1523)352p2]°D 567.8 5675 0.3
TE [(1s2s)152p%]'D 576.2 576.0 0.2

%) 18 — 21 refers to excitation from 1s to 2I.

®) Refs. 9, 13, and 108,

) Measured ones in this work. Experimental errors about +0.2 eV. For electron
energy calibration, all the experimental electron energies are determined by align-
ing the measured strong *P Auger line energy to the theoretical value. Usually

1-2 eV was needed to shift the measured Auger line energies.
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FIGURE 49. Data: Auger electron production cross sections for (1s2s2p*) *'D
states produced by TE in 0%%(1s?2s) + He and H, collisions versus projectile
energy. For the low projectile energies, considerable NTE is exhibited in particular
for the He target. S%fé"i-d line: RTEA impulse approximation multiplied by the
scaling factor in the parentheses.

FIGURE 50. Same as Fig. 49, but for F®*(1s°2s) + He and H, collisions.
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TABLE 17

Calculated and experimental resonance excitation-scattering (RES) strengths (in
units of 107** cm? eV) for the production of the O5* and F®* [152522%]>!D inter-
mediate RTE states. The initial and final states are 1s°2s states. E4 and Efﬂ
are theoretical (Refs. 9, 13, and 30) and measured (in this work) Auger energies.
'y and £ are Auger rates (10'* /sec) and Auger yields, respectively. Calculated

radiationless capture (RC) strengths,”??3° related by (lgc = Qrges/¢, are also

listed. B ol o
State Ea Ej:"“ i ¢ Qrec Nases ﬂ;;éis
0%t[(1s25%5)2p* °D] 448 4481 - 899  36.3 @ 23.5+.7
0%+[(1s25'S)2p* D] 453  454.7 - 400 121 495  4.95+.3

Fo+[(1s2s%5)2p?°D] 567.8 567.5 10.98 .89 359 320 23.0%.7
Fe+[(1s25'5)2p* 'D] 576.2 5760 1097 .50  11.8 589 571+.3

The quoted experimental error of ﬂj:g; is only relative. The absolute error is

~ 15%.
®Auger rates and yields were evaluated from the values of the life times 7 and

fluorescence yields w given in Ref. 89,16, =1 ~wand 'y = §/7.
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D. RTEA with F'* Ions
In the production of a He-like F'* beam in the post-stripping foil, long-lived
(lifetime=2TTusec)'*® metastable 1525 °S ions are produced as well as 1s® ground

% must be considered in the

state ions. Therefore, the metastable beam fraction®
cross section analysis. The metastable beam fraction varies from about 5% to
30% depending on the projectile energy. The metastable beam fraction for each
projectile energy was taken from Refs. 6 and 109.

In Fig. 51 are shown selected electron spectra obtained at various projectile
energies. The normalized double differential yields are displayed after kinemat-
ically transforming to the projectile rest frame, and the background electrons
arising mainly from the binary encounter scattering have been subtracted. The
normalized single differential yields were extracted by fitting the observed lines
with Lorentzian or Fano profiles folded with the response function of the electron
spectrometer.

The 1s2[20' 25+1) [ doubly excited states can be produced from both incoming
152 1S and 1523 2§ states, and the dominant production mechanisms are illustrated
with their energy levels and spin configurations in Fig, 52. It should be noted that
RTE from 1s2s3S to 1s2020' *S*1)[, states is not energetically allowed. Only from
15215 is RTE possible to some of the 1s212]' (*S*1 L states, as long as they have
non-negligible Auger rates. Two types of NTE (non-resonant transfer excitation,*
in which the projectile electron is excited by the target nucleus) are possible from
both 152 1S and 1s2s %S states, and they are denoted hereafter as NTEI and NTE2,
respectively, for the sake of classification. Also shown in Fig. 52 is 2p capture
transfer (T)] (and probably np capture followed by cascading to 2p) channel by

the 152535 component beam leading to 152s2p ?S*')L states.

The Auger electron production SDCS from the 2D, *Py, °P_,
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FIGURE 51. Normalized zero-degree Auger electron spectra (projectile rest
frame) produced in F'*(1s?'S, 152s°5) + He and H, collisions at 3 different
projectile energies. The 1s2s2p*P Auger lines, if too large to draw in the given
scale, have been reduced by the factors shown in the parentheses (below arrows
at 538 eV). The 2s2p°P and 'P produced from 1s2s 3§ by 1s—2p excitation is
relatively well pronounced from the background for higher collision energies.
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and 25 states, (hereafter 2D, Py,
2p__ and *S denote 1s2p® 2D, [1s(2s2p)'P]?Py, [1s(2s2p)’P]*P_, and 1525 7S state,
respectively) are displayed in Figs. 53 and 54 as a function of projectile energy for
both Hs and He targets. As seen|/Figs. 53 and 54, all these states show stmng,/ }:.J’.Jr‘ﬂ
considerable, or little RTE signatﬁres depending on the state and target species.
All the estimated theoretical curves in these figures will be discussed later.

In order to extract RTEA cross sections for each state, all the dominant
contributions to the formation of each state, which is illustrated in Fig. 52, should
be considered as follows: Suppose that the Auger electron count, Z, measured for

one of the Auger states can be expressed as;

deo

; do n
Z = NannI[ﬁ g:lﬂr;+NnanI[éﬁ; Ay, (83)

m

where Fy, and F, are the metastable and ground-state beam fraction, respectively,
and Fo, + F, = 1. (do/df)'), and (do/dQ'),, are the Auger production SDCS due

to the metastable and ground-state beam, respectively. Thus Eq. (83) can be

expressed as;

da dO'A dﬂ'A
i éﬁ_Fﬂ-[dn"Ig+Fm'l":’iﬁT]m, {84]
1 where the Auger production SDCS (de/dQ') is given by
| do Z

A~ NonlAQ'g (85)

The data presented in Figs. 53 and 54 were evaluated by Eq. (85), and thus these
Auger production SDCS are specific for the present F'* heam which consists of
the 1s* ground-state and 1525’9 metastable beam whose fraction was determined
previously.51%%

As seen in Fig. 52, the Auger SDCS (do/dQ'), is produced by RTEA and/or
NTE1A, and in same way the Auger SDCS (do/dQ') is produced by TA and/or
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FIGURE 53. Data: Absolute Auger electron production cross sections from
152p? 2D and 152s2p?P, states produced in F'*(1s?15, 1525°5) + He and H,
collisions versus projectile energy. Solid line in (a) and (b) : sum of RTEA-IA
(dot-dashed line) and NTE2A (broken line) contributions. Solid lines in (c) and
(d) : sum of RTEA-IA (dot-dashed line) and TA (broken line) contributions (See
text).

FIGURE 54. Data: Absolute Auger electron production cross sections from
15252p?P_ and 1525?25 states produced in F7*(1s?*'S, 1s2s%5) + He and H,
collisions versus projectile energy. Solid lines: sum of RTEA-IA (dot-dashed line)
and TA and/or NTE2A (broken line) contributions.
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NTE2A. The “A” in the acronyms, TA, NTE1A, and NTE2A refers to Auger
decay followed by the processes of T (transfer or capture), NTE1l, and NTE2,

respectively. Therefore, in general, the Auger production SDCS can be given by:

d do
deo  dorTEA +bddNTEm INTEZA | ,99TA

ar - Y a0 7 an

(86)

where coefficients, a, b, ¢, and d are either Fy, Fin, or 0 depending on the state

production mechanism. A matrix for these coefficients is shown in Table 18:

TABLE 18

g R it R s e A
1s25% %5 F, 0 0 F,
152s2p°P 0 0 F.. F,
1s2s2p?P_ F, 7 4 0 Fon
1s2s2p°Ps F, F, Fr P
1s2p® 4P 0 0 Fo 0
1s2p* *D F, F, Fr 0
1s2p® P 0 F, 0 0
1s2p? %5 F, F, Fm 0
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Before these RTEA cross sections are analyzed, the 152s2p *P state is studied
first. Shown in Fig. 55 are 152s2p*P state production cross sections from the
metastable beam component. These cross sections were evaluated by Eq. (86) and

Table 18 as follows:

der doeynTEs 1 1 da Auper
state __ ' S i Ty ot ey
Tap == (dﬂ-; + 20 ) 4r Fm E 4 (dﬂ’)i_p H EBT)
where £ is the J-averaged Auger yield and (do/ dﬂ]f; 97 is the Auger production

SDCS measured in the present work. The total cross sections were obtained by
assuming isotropic emission of the Auger electrons from this state. E;“'*i—'”
and E ;{5.4:{:,3} dependences of the 152s2p *P state production are observed for He
and H, targets, respectively. The measured Ep dependences were compared to
an empirical scaling rule’™ " and found to be in fair agreement, even though the
scaling rule is for total capture cross sections. In Fig. 55 the results® obtained by
high-resolution x-ray spectroscopy at fr,5=90° with respect to the beam direc-
tion are also given showing a very good agreement between the two independent
measurements.

Now the D and ?P, states, which show strong RTE signatures, are studied in

detail. Using Eq. (86) and Table 18, the Auger production SDCS can be written

as follows: (i). For the ?D state ;

an' an Ay o (88)

where the superscript D refers to the *D state. (ii). For the *P, state;

de®] def def dof e, dof
A= ( RTEA NTEIA) g ( NTE2 A TA)! (89)

D D D D
dog doprps | doNTELA doNrE 4
Fy - P IR

df)! afl' dfy’ aq’

where o7 4 refers to the Auger production cross section due to electron transfer
(capture) to the metastable beam component leading to the *P; state, [i.e., elec-
tron transfer followed by Auger emission (TA)], and the superscript P refers to

the =




FIGURE 55. 1s2s2p*P state production cross sections by capture to F7+(1425 %)
metastable beam component versus projectile energy. (a); Differential cross sec-
tions at 0° for both targets, and (b); Total cross sections for He targets and the

measured cross sections in Ref. 6 also are shown for comparison.
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2p, state. All the contributing channels to the Auger prodnction, RTEA, NTE14A,
NTE2A, and TA are discussed and distinguished from each other as follows:

In the NTE1 and NTE2 processes, 1s—2p and 25— 2p excitations are involved,
respectively. Since the 25—2p excitation cross section is much larger than the
1s—2p case, only the small NTE1A contributes to the *D and *P Auger SDCS in
Egs. (88) and (89). Futhermore, in the case of a H; target, NTE1A cross sections
were found to be at most a few 7 of the maximum RTEA cross section in the RTEA
and NTEA measurements for F°* 152s2p D production in F** (1s?2s) + H,
collisions (see the previous section). Therefore, practically no NTE1 contributes
to the 2D state formation with a H; target.

Neglecting the NTE1A contribution, we distinguished and extracted both
the RTEA and NTE2A contributions to 2D Auger production in Eq. (88). Here
oR1E24 Was taken to be proportional to E5"*° for H; and Ep*® for a He target.
These Ep dependences appear to be reasonable, when one considers that NTE
is qualitatively proportional to the product of the excitation (2s—2p here) and
single-capture cross sections. The sum of RTEA and NTE2A contributions is
fitted to the data and shown as solid lines in Fig. 53. In the case of a He target, a
small NTE1A contribution is observed, but it does not affect extraction of the *D
RTEA contribution. A negligible NTE2A contribution was found to overlap with
RTEA cross sections around the RTE peak and higher beam energies for both He
and H, targets. From the extracted D) RTEA contribution [see dot-dashed lines
in Fig. 53-(a) and —(b)] and using the relationship between crrga and {lggs [see
Eq. (79)], Qres[*D] was found to be (35 +2) x 107!? ¢cm® eV for both H; and He
targets.

In the extraction of the RTEA contribution for 2P, Auger production, anether

contribution to the 2P Auger SDCS, which comes from the TA process,.must be
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accounted for as shown in Eq. (89). Since the TA contrihntion is dominant for
the production of the P, Auger electrons with He targets, as seen in Fig. 53-(d),
no appreciable RTE signature is observed. However, in the case of a H; target, a
significant RTE signature is present [see Fig. 53—(c)]. This is expected when one
considers that the 2p capture cross section with H; is much smaller than that with
a He target for higher projectile energies, and that the width and peak of the H,
Compton profile are about 1.5 times narrower and higher than those of the He
Compton profile.

For a H, target, the NTE2A contribution is assumed to be much smaller
than the TA contribution especially around the RTE peak. Therefore, neglecting
both NTE1A and NTE2A contributions (NTE1A contribution was found to be
negligible with H, target as discussed above) and applying the same E;** depen-
dence of the TA contribution for P, Auger production as was observed in the
*P state production [see Fig. 55-(a)], the ?P. RTEA contribution in Eq. (89) was
extracted. This result is shown as a dot-dashed line in Fig. 53-(c), and thus, using
Eq. (79), Qres[*P;] was determined to be {14 £ 2) x 107'* cm®eV. With this
value of Qggs[*P.|, the RTEA contribution is drawn in the case of a He target as
shown in Fig. 53-(d).

Similarly, the Auger SDCS from the [15(2s2p)*P)?P_ state also showed an
appreciable RTE signature with a H; target as shown in Fig. 54-(a), and Qggs
was extracted to be (1 £ .3) x 107'* cm?eV. In the case of the 1s25* %S state, a
theoretical RTEA contribution is given in Fig. 54-{d), and no appreciable RTE
signature is observed experimentally.

Finally, we compare our measured (0 ggs with the theoretical values calculated
by Eq. (78) and tabulated in Table 19. As seen in Table 19, only the 152p* D and

[15(252p)'PI*P, states have strong RES strengths. This is consistent with
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TABLE 19

Calculated and experimental resonance excitation-scattering (RES) strengths (in
anits of 1071 cm?eV) for the production of all F®*[15212l'] intermediate states.
The initial and final states are 1s* states. E4 and E'T™ are theoretical (Refs. 107
and 111) and measured (in this work) Auger energies. I'y and £ are Auger rates
{][}‘3 /sec) and Auger yields, respectively. Calculated radiationless capture (RC)

strengths®?, related by Qae = Nres/E, are also listed.

State Exa EF™ Ta ¢ Qrc  Qres  ORgs
[1525%]%S 525.9 5261 7.966° .9971° 7.50 T7.48 -
[1s252p]*P 520.8 5208 < .001%° 8947 0.00 0.00 -

[1s(2s2p)°P]*P- 540.3 5401 0.579*/ .618% 159 110 1.+.3
(1s(2s2p)'P)?P; 545.6 5452 6.184%/ .0896° 168 167 142
(
(

[1s(2p?)°P]*P 544.9 - ~.001¢ 9751® 0.01 001 -
(1s(2p?)'D)?D 5511 5512 10.13*  .9785° 455 445  35%2
[1s(2p?)°P)*P 553.1 - 0085°  .0128° 0.02 0.00 -
[1s(2p%)'S]2S 561.2 - 1.23° 8574 109 093 -

Quoted experimental error of H?EF'S is only relative. Absolute error ~ 15%.

“Ref. 110.

b Auger rates and yields were evaluated from the values of the life times 7 and
fluorescence yields w given in Ref. 89, 1.e, f =1 —wand ['y = {/T.

“Ref. 90; “Ref. 111.

¢ Auger rate of [152s2p|*P is about 105 of [1s(2s2p)'P|*P Auger rate (see Ref. 90).
f Auger rate in Ref. 90 is about 30% larger than this value in Ref. 110.

9 Auger yield in Ref. 90 is about 10% larger than this value m Ref. 89.

177




our experimental observation, Although RES strengths of hoth %S states are not
expected to be small, their RTEA SDCS are much smaller than those of the 2D
and *P, states due to the angular factor |¥Y7,|? in Eq. (82), Thus, no appreciable
RTE signature for the 1s2s® S state was distinguished from the considerable TA
contribution and no measurable Auger line from [1s(2p%)'S]?S was observed above

the background (binary-encounter) electrons in the present work.
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VII. ELECTRON-ELECTRON EXCITATION AND IONIZATION

In this chapter, the experimental results of two other kinds of the dynamic
electron— electron interactions are discussed. These are electron—electron excita-
tion (eeE) and electron-electron ionization (eel); the excitation or ionization of

the projectile 1s electron by a target electron.

Considering the extensive efforts required in the experimental studies of elec-
tron impact excitation (elE) or electron impact ionization (ell), where various
types of crossed-beam or merged-beam arrangements have been applied,’’® the
present studies in fast ion-atom collisions could possibly provide an alternative
route for the studies of ion—electron collisions. In particular, such fast ion-atom

excitation and ionization could provide presently unavailable information about

inner-shell elE and ell.

A. Electron—Electron Excitation

In energetic ion-atom collisions projectile inner-shell excitation is usually at-
tributed to the Coulomb interaction between the target nucleus and the projectile
electrons.''® The projectile energy at threshold for such a direct electron-nucleus
excitation (enE), K{"F is equal to the required electron excitation threshold en-
ergy AE™. The excitation cross section, @.,5, is expected to scale as 77, where
Z' is the effective target nuclear charge,''* and reaches a maximum value at pro-
jectile velocities near the velocity of the excited electron. It remains rather con-

stant or decreases very slowly upon further increase of the projectile energy.®!1*~*

Projectile inner-shell excitation also can be attributed to the Coulomb inter-

114,117-20 As seen

action between the target elecirons and the projectile electrons.
from the projectile frame, the target electrons are impinging on the projectile. For

free electrons such an excitation process is known as electron-impact excitation
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(eIE). For bound electrons, as in the ion-atom collisions considered here, we re-
fer to this process as electron-electron excitation (eeE). The projectile energy at

threshold for eeE is given by:
i M
K3*® = —AE™, (90)

where % is the ratio of the projectile to electron mass. The cross section, ..z,
is smaller'!® than o,.5 by a factor of 1/Z%, and is expected to exhibit the sharp
threshold behavior of the underlying elE process. The observed threshold behav-
ior of o..g, will be partially washed-out by the target electron’s orbital velocity
distribution.

By detecting the emitted stabilizing x-rays®!**~7 or Auger electrons®® with
high resolution, information can be gained about the production of these excited
projectile states. To date, no experiment has been able to distinguish eeE from
enE, although the effects of the target electrons have been included in calculations

in the form of an overall screening or a.rltisn:rl:eninglz‘:'“2

of the target nucleus
charge.

In this section, [ present measurements in which we clearly observe the eeE
process. These measurements consist of the observation of projectile 1s—2p ex-
citation in energetic 0.25-2 MeV /u collisions of Li-like (1s*2s) O°* and F** jons
with Hy and He targets. This was done by taking the state-resolved K LL Auger
spectra which were shown in Figs. 47 and 48. By using such low-Z targets enE
is minimized. For these ions, the 1s—2p elE threshold energy corresponds to an
equivalent projectile energy of about 16.3 MeV for O°* and 25.0 MeV for F°*T,

respectively. These threshold energies were evaluated by using Eq. (91) below and

AE™ which was estimated as follows;

AE™® ., = E4(1s2s2p — 1s%) + Ef{1s%2s), (91)

ls—2p
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where E 4(13242p—15%) is the average Auger energy for the 15252p to 1s? transition
g B EY

(see Table 19) and Ef(1s%2s) is the ionization potential'** (for the 2s electron).

As seen in the 0° high resolution (state-resolved) K LL Auger electron spec-
tra of Figs. 47 and 48, four 1s—2[ excitations are identifed. Those are for the
(152s%] %5, [1s(2s2p)*P) *P_, [13(252p)'P) P, and [1s252p| *P states. First, I will

discuss the production of the *P state for which the eeE process is best exemplified.

A-1. 1s2s2p*'P State Produced by ecE

The most surprising observation in this experiment is that a strong 1s2s2p*P
state is produced. Motivation of the experiment was the measurement of the RTEA
cross sections which is discussed in the previous chapter. This was an unpredicted
observation —say a discovery, and the results were reported in The Physical Review
Letters.!? This *P state cannot be produced by direct enE, since this would re-
quire a spin-flipping transition not possible for such low-Z ions. However, 1s—2p
excitation can proceed to the *P state through eeE by the exchange®!® of the pro-
jectile electron with the exciting target electron. Thus, for the production of this
state at collision energies above K:*F, eeE should be distinguishable from enE.

In the present experiment, the production of the O** and F** (1s2s2p)*P
states above ~ 0.75 MeV/u was found to increase sharply with projectile en-
ergy, particularly for collisions with an H, target. The energy dependence of the
threshold-like behavior of the measured cross sections could be described guite
well by using calculated cross sections for elE found in the literature, folded by
the momentum distribution (Compton profile) of the target electrons. By ac-
counting for the target electrons’ “quasifree” nature in this way, we relate elE,
a free-electron—ion collision process to that of eeE, an lon-atom collision process.

This is analogous to the impulse approximation treatment of Resonance Transfer
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Excitation {RTE), relating dielectronic recombination, another free-electron-ion
collision process, to that of RTE occurring in ion-atom collisions.

These *P results constitute a direct measurement of 1s—2p excitation of an
ion by an electron, information presently unavailable by existing electron-ion
experiments.’!® Furthermore, eeE is a part of the the more complex 2¢TE process
recently reported®® in energetic F** + H; collisions. (More recently the 2eTE data
were reevaluated'?? and the 2¢TE contribution was estimated to be much smaller
than the original®® finding.)

Doubly-excited Li-like O%*(1s2521) and F%*(1s232l) projectile (P) states were

formed in collision with a target T (He or H3),

P(1s%2s) + T(1s%) — P(1s2s21) + T

— P(1s*) + e~ (Auger decay channel)

The (15252l) autoionizing states can decay by ejecting an Auger electron which
was detected with high resolution at 0° with respect to the beam direction. The
resulting target state was not determined.

The most likely 15— 2p excitation mechanisms resulting in the production of
a 132s52p configuration are shown schematically in Fig. 56, together with their
expected energy dependence. In the production of the *P state, enE [Fig. 56(d)]

119

cannot contribute, since it is forbidden by spin-flip considerations.”*” In the case

of eeE [Fig. 56(b)l, the *P state can be formed if electron exchange''” is included.
Finally, in the case of Transfer-Loss (TL) [Fig. 56(c)], the production of the *P
state requires''® the transfer of a target electron to the 2p projectile orbital with
the simultaneous loss of a projectile 15 electron, resulting in a net 15— 2p excitation
of the projectile. TL is expected to be less important at high velocities due to the

rapid decrease of the capture cross section with increasing projectile energy.
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FIGURE 58 Various 0" 1s — 2p electron excitation mechanisms (inserts),
as seen from the projectile frame, and their energy dependence. The wiggly line
represents the Coulomb interaction. (a) 1s2s2p*P state production by electron-
impact Excitation.!*® (b) 1s2s2p*P state production due to interaction with a
target electron. Egs.(92) and (93) for a H, target was used in the cross section
calculation. Both eIE and eeE require electron exchange to give rise to ‘P states,
(¢) 152s2p*P state production by Transfer-Loss (TL). The squares are the result
of a coupled channel calculation*** for O°* + H. An electron with the necessary
spin must be captured to give rise to *P states. (d) 1s — 2p excitation due to
interaction with the target nucleus. Semi-classical calculation for H target. The

production of *P states by this process is forbidden due to spin-flip.
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Preliminary calculations??* [squares in fig. 56(c}| have shown TL cross sections to
be about two orders of magnitude smaller than the measured *P cross sections.
Thus, only eeE remains a likely contributor of the *P state at energies near and
above the threshold projectile energy. Included for comparison [Fig. 56(a)| is
the electron-impact excitation process and its dependence on the energy of the
impinging free electron.

The *P state production cross sections are displayed as a function of projectile
energy in Fig. 57. The normalized electron yields were converted to production
cross sections assuming the unresolved J-sublevels of the *P state to be statistically
populated and using the theoretical Auger yields £. In addition, the *P; states
are metastable, therefore the measured yield depends on their lifetimes. The
theoretical lifetimes and Auger yields are listed in Table 5. The lifetime correction
has been performed by calculating the effective solid angles in Chapter 5, and the
results were tabulated in Tables 6-13 for each collision system. The corrections for
this effect were expected to result in an overall change of the measured yields by
a factor of at most ~ 0.8-1.0 depending on projectile velocity. (See the variation
of the solid angle correction factor F[-:F in Tables 6-13. For a few low projectile
energies, this factor was calculated to be quite large due to the projectile charge
neutralization effect.)” However, as discussed in details in Chapter V section B,
eiectrnns produced between the gas cell and the spectrometer entrance were found
to be more effectively detected than those produced inside the gas cell. Thus this
resulted in the correction factor of 0.4-0.55 depending upon projectile velocity (see
chapter V section B for more details). -

Electron-electron excitation (eeE) should become important at projectile en-
ergies close to the threshold energy for elE. The average 15—2p excitation energy

AE ., is 562 eV and 723 eV for O°* and F®*, respectively, corresponding
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FIGURE 57. Data: Cross sections for the production of 152s2p*P states by
ls — 2p projectile excitation in collisions of F**(1s°2s) and O°t(1s22s) pro-
jectiles with He and H, targets versus projectile energy. Calculation: electron-
electron excitation (eeE) cross sections using 1s2s2p *P theoretical electron-impact
excitation cross sections'*® folded by the Compton profile of the target [see Eqgs. (92)
and (93) in text|. i) Dashed lines: Calculated eeE for H, targets; ii) Dash-dot lines:
Calculated eeE for He targets. Arrows (at 16.3 and 25.0 MeV) mark the projectile

energy corresponding to the threshold for 1s — 2p electron-impact excitation.
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to a threshold projectile energy K§°F equal to 16.4 and 25.0 MeV for O°* and
F®*, respectively (marked with arrows in Fig. 57).

In elE, electron excitation is produced by free-electron—ion collisions. In the
fast ion-atom collisions of interest here, eeE is produced by impact with bound
target electrons. The He and H; electrons can be considered to be practically free,
since their binding energies, Er, (15.5 eV and 24.6 eV for H; and He, respectively)
are much smaller than their average kinetic energies E in the projectile frame.
Thus the analogy to elE is expected to hold and one can apply an impulse approx-
imation treatment, as done for the RTE and BEe, to eeE relating the cross section,

TeeE, for excitation of ions in collisions with weakly bound target electrons to the

elE cross sections, o.rg. Using Eq. (1),

i f oers(E'(p:))J (p:)dp:s (92)

where J(p.) is the Compton profile for the He and H, targets, p. (in a.u.) is the
electron momentum component due to its orbital motion around the target along
the beam direction (z-axis). E' and p, are kinematically related by Eq. (22) [see

same expression as Eq. (73-3)], which can be written as

E'(p.) = (»/E + 3_5)2 - By, (93)

where the cusp energy t and E; are all in a.u. The elE cross sections were taken
from the Coulomb-Born-Exchange calculations of Goett and Sampson'?® for O°F
and F** ions. Calculations of ¢..g by Eq. (92) are also included in Fig. 57 for
comparison. Good agreement is observed in the energy dependence over the entire
high energy region near and above threshold. The measured H; cross sections are
slightly larger than the He cross sections due to the narrower Compton profile of

the H, target. In absolute magnitude, the data are found to be larger than the
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calenlation by a factor of ~ 1.6 for the collision systems studied here. Integration
over J(p.) spreads out the underlying sharp threshold of eIE [Fig. 56(a}].

We finally note that a more complicated two-step three-body interaction, in
which the projectile is excited by enE followed by the exchange of the excited
2p projectile electron with a target electron, could also give rise to the ‘P state.
We would expect such a two-step enE process to be much less probable than
eeE, particularly at high velocities where the overall interaction time is limited.
The eeE process (in the production of the *P state) involves only two elecirons
in a one-step mechanism, since the electron exchange is included directly in the
antisymmetrization of the wavefunctions involved in calculating’®® ¢.;g. This is
borne out by our data where at the higher projectile energies our calculations
[Eq. (92)] for eeE seem to be in fair agreement with the data. On the other hand,
this two-step enE process could be the main contributor at the lower collision
energies, where the calculated TL cross sections'** [Fig. 56(c)] were found to be
much smaller than experiment. A fully correlated calculation of enE with exchange
is difficult and has not been reported to date. More theoretical work is needed
before the low energy peak in the cross sections can be fully understood.

In conclusion, we have determined excitation cross sections for producing
the (1s2s2p)*P state in 0.25 - 2 MeV/u collisions of 0**(1s°2s) and F**(15°2s)
projectiles with He and H, targets. At high collision energies above ~ 0.75 MeV /u,
the excitation can be attributed to an interaction between the 1s projectile electron
and a target electron. This process can be related to impact excitation of ions
by free electrons on applying an impulse approximation treatment to projectile
excitation by weakly bound target electrons. Strong excitation threshold effects
were observed, particularly in the case of H, targets. The energy dependence

was well described by this model. The absolite magnitude of the measured cross
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[l

srr-t.innal’;'as'smnfll__].han theory by a factor of ~ 0.6 ——0.8 depending on the collision

system. By relating ion-atom excitation to electron-impact excitation, ion-atom
measurements could possibly provide cross sections for inner-shell electron-impact

excitation of ions for which there are presently no measurements.

A-2. Electron—Electron Excitation for Other 15252] States

Similar eeE effects were also seen, but to a lesser extent due to the competition
from enE, for the production of the (1s2s2p)*P; state with H, targets.'*® A
theoretical CBE-elE for all four 1s2s2! states is shown with a function of the free
electron impact energy E.; in Fig. 58, where E,; is related by E.; = E(p. = 0)
with Eq. (93). In other words, the most probable energy of the incoming target
electrons in projectile frame, which corresponds to E(p. = 0), is t— E as expected.

In Figs. 59-62, all the measured state production cross sections for all four
132521 states for each collision system are presented. The eeE contributions, which
were calculated by IA of Eq. (92) using the CBE-€elIE results in Fig. 58, are also
included in these figures. Above the excitation threshold (see horizontal arrows),
a considerable eeE contribution for the P, state and an appreciable eeE contri-
bution for the *P_ state are shown in the case of H; targets. However, in the case
of the He targets, the eeE contribution for the *P. states is not seen, probably
due to a strong enkE.

The enE cross section for the P, and *P_ state produced by ls—2p was
estimated using a scaled PWBA calculation as follows:

136 %
ﬁEth

2
TenE — N4 - ZT F [ ] "TpH[l*’ 53 2?]9 {94}

where n 4 is the number of atoms in target particle, Z7 is atomic number of target
nucleus, o,5[ls — 2p| is the PWBA 1s—2p excitation cross section for the H
atom by proton impact as a function of proton velocity v,.'*" The cross section

Teng of
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FIGURE 59. Measured cross sections of the production of the various (152s21)
(25+1)[, states by 1s— 2l projectile excitation in O°F (1s?2s) + H, collisions

FIGURE 60. Same as Fig. 59, but for O°% (15°2s) + He collisions.

FIGURE 61. Same as Fig. 59, but for F** (1s*2s) + H; collisions.

FIGURE 62. Same as Fig. 59, but for F** (1s%2s) + He collisions.
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Fq. (94) is now given as a function of the corresponding projectile velocity which
is set to be Z s v,, where Z ;5 is the effective binding charge for the 1s electron
and is evaluated to be 7.5 and 8.5 in the O°% and F** (15%2s) ion, respectively
Finally, in Fig. 63, the *P and ?P, states are compared with the *D RTE state
produced in collisions of 0.25-2 MeV /u F®* with H, targets. All these states show

a solid evidence of dynamic electron—electron interactions in ion—atom collisions.

B. Electron—Electron Ionization

As another evidence of electron—electron interactions, projectile inner shell
jonization by target electron was studied with 0° projectile Auger spectroscopy. In
principle, this process can be t.reatedi}the samelﬁru the electron—electron excitation
process, since ionization is basically jf't.lst excita.éicm into continuum states. For this
study Be-like ions were chosen as projectiles. Fig. 64 shows high-resolution KLL
Auger electron spectra in collisions of Be-like oxygen and fluorine ions with He
and H; targets for the various projectile energies. Auger lines are identified from
the previous spectroscopic study in Ref. 108. The Auger energies are also listed
in Table 20.

The Be-like projectile beam consists of the ions in [15?2s*]'S ground and
[1522321:-}3?" metastable state similar to the He-like ions. Therefore, the metastable
beam fraction in the incoming projectile beam must be determined to extract the
cross sections of the formation of the 1s2[20' and 152[20'2¢' (25+1)[ states. The
dominant production mechanisms of these states are shown in Fig. 65 with their
energy levels and the spin state of each electron. The *P, state seems not to be
produced by 1s ionization from the metastable beam. However, using the concept
of the fractional parentage for the configuration,'*® the *P, state is allowed to be

formed.
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FIGURE 64. Normalized zero-degree electron spectra measured for O 4
He/H; collisions at various projectile energies.
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TABLE 20

Theoretical and experimental Auger line energies (in eV) in collisions 10-28.5 MeV

0%+ (1s?2s% 'S and 1522s2p°P) with H, and He targets. Initial states are the 'S

ground and *P metastable states in the incoming beam. Intermediate states are

the states collisionally produced. Final states are the deexcited states with Auger

emission.

Initial Intermediate  Final Theory®)  Expt?  Diff.(eV)
[1s%247]'S [1s252]°S 1s% 412.6 412.7 0.1
[1s*252p]*P [152s2p)*P 15 416.0 416.0 0.0
[1s%24%]18 [1s2s%2p]°P 1s%2p  424.2 423.7 0.5
[1s%2s2p]*P [1s252p)*P_ 1s% 425.0 424.9 0.1
[1s°25%]'S [1s25°2p]'P 1s°2p 4285 428.4 0.1
[1s2252p]°P [15252p]°P; 1s* 429.7 429.5 0.2
[1s%2s3p)°P [1s252pP_ 1s°2p 436.4 436.4 0.0
[1s%2s2p)°P [1s252p°]°D 1s%2s  448.0 4482  -0.2
“)Ref. 108

*)Measured ones in this work. Experimental errors about £0.2 eV. For electron

energy calibration, all the experimental electron energies are determined by align-

ing the measured strong *P Auger line energy to the theoretical value. Usually 1-2

eV is needed to shift the measured Auger line energies. The all measured energies

are in a good agreement with the measured ones in Ref. 108.
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In order to find the metastable beam fraction, Auger electron yields from the
°S, *P, ?P_, and *P. states could be used. However, due to the uncertainty in
the solid angle evaluation (see chapter V for details) for *P electron measurements
and the line blending problem for the *P, state (see spectra of Fig. 64), S and
?P_ electron yields are used to obtain the metastable beam fraction. As shown in
Fig. 65, the S state is predominantly produced by 1s electron ionization in the
ground state beam and the *P and 2P_ states are produced by 1s ionization in the
metastable beam. Auger yields & for these states are well known and contained
in Table 5. For the given collision parameters, the measured electron yields at 0°,

Zig and Zip_ for these three states can be given:
Z:g=N§'ﬂ'€=5'£33‘&nprumﬂ'ﬂ1 {95]

Zip. =Np n-op_-Eip_ - &ﬁpfﬂmn! s (96)

where N, and N,, are the number of the projectile ions in the ground and
metastable states, respectively, n is target number density, £ is the (J-averaged
Auger) yield listed in Table 5, and AQ is the effective solid angle estimated with
Eq. (45-2). 015 and o:p_ are the 1s electron ionization (K -vacancy production)
cross sections resulting in the 25 and P_ state, respectively. As shown in Fig. 65,
the ionization cross section of one 1s electron should be approximately the same
for both ground and metastable states due to only the small difference in 2/2/'
configuration. Both 1s electrons can contribute to the ionization from the ground
state forming the 25 state. However, the ionization of only one thwn 15 electrons
from the metastable state can contribute to either a *P_ and *P; or *P formation.
Hence, the probability of producing a *P state will be the same as the “sum” of
that of the 2P_ and 2P. states. The state production probability ratio of *P_ to

P, can be found to be 3 using the table of fractional parentage coefficients. ?*
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Therefore, the state production probabilities of 2§ 4P, 2P_. and *P; will be in the

ratio 8:4:3:1 and thus

Tig = 2-04p = E “gip =8 $ O1p, . [97}

Therefore, the measured electron yields for °S and 2P_ states, expressed in Egs. (94)
and (95), are used to calculate the metastable beam fractions. Using Egs. (94),

(95), and (96), the electron yield ratio of the 25 to ?P_ state is given by

Z:g Vs %'&15 ) ;"\rg
dapds vkbp N

(98)

Therefore, the metastable beam fraction F,,, defined to be F,, = N,,/N, where
N = N + N, is expressed by

N N, 1=
Fm = N+ N, lﬁm"'l] <

|

S Y (99)

3 6s Zp

Thus, the metastable beam fraction is extracted using the Auger yields &'s, (which
are from the atomic structure calculations, and the measured Auger electron inten-
sity ratio between the two states. Here we assumed that the collisionally produced
states are not aligned, but this assumption has yet to be tested stringently. The
measured metastable fractions are found to be 0.61 averaged for both He and H;
targets for all projectile energies as shown in Fig. 66. These results are consistent
with the value of 0.60 + 0.05 measured for 10 MeV 0%t + He collisions reported
in Ref. 108 and the value of 0.64 measured'*? in collisions of 3-10 MeV C** with
various gas targets.

From the measured electron yields for the *P and 2P_ states, the electron
counting ratio, Rz, which is defined by the following relation (see Chapter V
section B), is extracted:

Ry = 128, (58)
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where jﬁ and Zf;“i are the measured electron yields which are produced inside
and outside, respectively, of the gas cell. This ratio can account for the uncertainty
resulting from the geometrical solid angle (Aflsp) calculation and the normalized
electran counting efficiency of the spectrometer system (7). As discussed in section
B of Chap. V, n was obtained for the electrons produced inside the gas cell using
the geometrical solid angle Aflprompe. It is desirable to measure this factor for
each collision energy and projectile. However, we may deduce this factor from the
the present measurements and compare with the values measured for the several
collision systems, which were mentioned in section B of Chapter V. The *P electron

yvields inside of the gas cell can be given:
Zit = Ny oep - bap - AQID - 7. (100)

Therefore, using Egs. (96), (97), and (100),

4 AR T b
P S 101
T3 A0, ZE® Gp (o)

where AQly = A, ompe for these collision systems. Using the calculated solid
angle &ﬂi;, Rz was extracted, averaged for both H; and He targets, and shown
in Fig. 67 versus projectile energies. No significant variation of the Hz factor was
observed in the given projectile velocity range. Therefore a value of H,=0.3+0.05
can be used to get the cross section of the *P state production for all projectile
energies. This value is reasonably consistent with the observed value of 0.35 in
section B of chapter V.

Using the extracted metastable beam fractions, all the state production cross
sections for 1s ionization and 1s—2p excitation can be determined. Here we
concentrate on the K-shell ionization. The experimental cross sections for the 25

state were shown in Fig. 68 with the theoretical estimation which will be discussed

206



0.5 T I
B 0% + Hy/He T
0.4+ .
0.3 ® . T ® J
| &
Rz B . = ) -
0.2 i
0.1 it
[ | ] 1
) 10 20 30

PROJECTILE ENERGY (MeV)

40

FIGURE 87. Extracted *P electron yields ratio of inside to total (see text) for

0%t + H,/He collisions.

207



3 K-SHELL IONIZATION

oo
D —m
I
] It (= S A

—
bt

r [ |
o AL 4 |
o O
| __________ — i
I I//rl enl(x1) e
e | u
9 20 L i
X i
| i e e A ey o
E r B T eel(x1) ]
| (3] 2= ENC | e eairnt e U | | | | |
S 0 10 20 30 40 50
=
E 100 T . T 3 T T T
n
m —
0
o
S 80
|
i
60-
:
s/
- ,."I -~
/
20~ | M
i B vieor e g
gl ! I ! ! ! i
0 10 20 30 40 50
PROJECTILE ENERGY (MeV)
FIGURE G68. K-shell ionization cross sections in O** + H; /He collisions versus
projectile energy B
208




as follows: The strong contribution by the target nucleus is seen and some contri-
bution by the target “electron” is observed at the projectile energies higher than
the 1s ionization threshold (see vertical arrow). As an electron-electron interac-
tion or anti-screening effect, this electron-electron ionization could be significant
at the high velocity collisions between target electrons and ions.

The cross section for 1s electron ionization by target nucleus, o.n;, for the
present multi-electron collision system of O** + H,/He is estimated by scaling

the PWBA ionization cross sections*®! of H* + H collisions as follows:

z3 [13.6 23 13.6
de . —

2 2
anf:?'ﬂ-ﬂ.'_z_;' Ii ] =21RA+Z§'.JPH'[I1 11' {1ﬂ2]
P # ’

where 2 comes from the two K-shell electrons, n4 is the number of nuclei in a
target particle (2 for H, and 1 for He), Zr is the atomic number of the target
nucleus, Zp is the projectile atomic number (here 8 for the oxygen ions), oo
is the ionization cross sections for HY 4 H collisions which are tabulated as a
function of proton veolcity v — P in Ref. 131, and I\, is the 13 ionization threshold

energy of O*F (1s22s?), which is estimated fairly accurately as follows:
L, = Ef(1s%25%) + Ef(15°2s) + E, (103)

where Er(1s°2s%) and E(1s%2s) are the ionization potential for the 2s electron
ionization and Ejf the Auger electron energy from the 25 state of the present
interest. Iy, is thus found to be 664.6 eV for the 1s ionization in O** (1s%24%).
The cross section o.ns of Eq. (102) is now given as a function of the corresponding
projectile velocity which is set to be Z.ss - vp, where Z.pp = 7.35 is the effective
binding charge for the 1s electron in the O** (1s22s?) ion. The results of g.or are
given by dashed lines in Fig. 68.

The ionization contribution by the target electrons, ¢..r can be calculated by

the IA treatment using the electron impact ionization (ell) cross sections, gerr, as
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follows: Using Eq. (1) and the Compton profile for the target electrons,

Tiup:= Z]ffsn Pdp; = [r:wr - J(p:)dp:. (104)

In the projectile rest-frame the target electrons are incoming with the orbital veloc-
ity distribution (Compton Profile) and the incoming electron energies is expressed
by Eq. (24). So, the integration is needed for each projectile energy.

The o.rr is given by using the cross section formula in Rei. 130:

2 1 S
Terr(ls,u) = maj - lml Ny, o8 (1s,u), (105)

where ay is the Bohr radius, Z.;(1s) = 8 — 0.65 is the recommended**? effective
charge (in e unit) of the Be-like ion, n,, is the number electrons in the ion 1s shell

here 2), and o5 (1s,u) is the reduced ell cross section of a hydrogenic ion given
( R g gi

by using Eq. (6) of Ref. 130:

1 1? -2.00 3.80 1
eH(1s,u) = = 1.13In(u) + 3.80(1 - = + {*u—ﬂ + u—z}{l - E} , (106)

u

where u is the impact electron energy in the units of the ionization threshold I,.
The results of this o..; calculation are shown as dot-dashed lines in Fig. 68. The
Oeni and o..; was summed (incoherently) and the results are given as solid lines
in Fig. 68 leading to a good agreement between the calculation and experiment.
The eel contribution is not well distinguished due to the strong contribution
of the enl. As a good candidate, C** ions can be used to see the more pronounced
eel effects. The predicted 1s ionization cross section as a function of the projectile

energy in C** + H; collisions is shown in Fig. 69.
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VIII. CONCLUSIONS

Electron—electron interactions in fast ion-atom collisions were studied using
high-resolution projectile Auger electron spectroscopy. The study was done by
measuring state-resolved projectile K LL Auger cross sections as a function of
projectile energy for the various collision systems of F?* and O incident on H,
and He targets. The measurements were performed at zero-degrees with respect to
the beam direction where the kinematic broadening is minimized. For an improved
apparatus for this work, a zero-degree tandem electron spectrometer was designed
and constructed including a scattering chamber, target gas cell, and all auxihary
components. The spectrometer system showed an ability to resolve a large number

of excited and continuum atomic states of the projectile.*® Asthe principal purpose

of this dissertation, K LL Auger states w&&mﬁﬁ_&ﬂ—lﬂﬁr&r {5 investigate

Ea

resonant transfer-excitation {RTE}':'. In the process the importance of the electron- |

electron excitation (eeE) mechanism where projectile 1s — 2 excitation by a
target electron is involved was discnv;red in Li-like oxygen and fluorine projectile
ions. As a follow-up study, electron—electron ionization (eel) mechanism, a process
of projectile 13 ionization by a target electron, was also studied with Be-like oxygen
projectile 1ons.

Using a high-resolution electron spectrometer and employing various kinds
of ion beams from the atomic-physics-dedicated accelerator facility at the J.R.
Macdonald Laboratory at KSU, numerous spectroscopic data were obtained in
this project and considerable information on state-selective processes was provided.
Atomic collision phenomena occurring at the low orbitals of the highly charged ions
have been under investigation with this “spectroscope”. The phenomena were

sufficiently attractive, since these could give ample opportunities for a theoretical

testing ground and provide some alternative data for free-electron-ion collisions.
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In an application aspect, this ion-atom collision information will he important for
the studies of high temperature, highly-ionized plasmas such as in thermonuclear
fusion and astrophysical environments.

In the frame of an ion projectile, a target particle was simply considered as

a bombarding agent. H, and He targets were successfully employed to reduce
the contribution by the target nucleus in the processes where projectile K -shell
excitation or ionization is involved. The role of the quasifree “target electron”
in these processes was distinguished from that of the “target nuclﬂ.\} by treating
their contributions incoherently. In the cases of the eeE and eel, the weakly bound
(quasifree) target electron was observed to play the role of the active agent giving
rise to the so-called anti-screening effect. Measuring the collision cross sections for
the various collision energies, the electron-electron interactions uf_ R’II‘E, ee:_E,_ and
eel were distinguished from the NTE, enE, and enl, respectively, w£¥¢groc5ées
are due to electron-nucleus interactions. The measured cross sections of RTE, eeE,
and eel were compared with available theory, resulting in a good overall agreement.
Thus, the cross sections due to the target electrons could provide some collision
strengths or cross sections in free-electron-ion collisions.

Theoretically, the impulse approximation (IA) has been successfully applied
torwards understanding the relationship between the ion-atom and electron-ion
collisions as expressed in Eq. (1). For a more profound understanding and for a
stringent test of the A, the binary encounter electrons, which are observed with a
strong intensity, were extensively studied resulting in excellent agreement hetween
the measured and calculated double differential cross sections (DDCS). Thus, zero-
degree BEe stud'rg have provided a good opportunity for a model treatment of the
IA. "

The BEe production at zero degrees was studied in 1-2 MeV/u collisions
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of hare ions ranging from protons to F*" with H, and He targets. At- these
collision energies the BEe were found to be well separated from the cusp electrons
facilitating the determination of their DDCS. A description of the BEe production
mechanism within an IA treatment, in which the target electrons undergo a 180°
Rutherford scattering by the projectile nucleus in the projectile frame, was found
to account for both the position and the shape of the measured BEe DDCS.
Attempts to use the known H* + Ne K-Auger cross sections to obtain an absolute
normalization led to measured DDCS that were consistently lower than the results
of the IA by a factor of ~ 0.6. By normalizing the F %+ 4+ H; data to the IA
calculation, we obtained an efficiency curve which reflected the expected electron
energy dependence of the detection apparatus (channeltron).

Using this efficiency, good agreement was found between all the BEe data
and the full IA calculation, i.e. projectile nuclear charge and energy dependence,
as well as target binding energy effects. Calculated BEe DDCS using a PWBA
were also compared to onr data and the IA model and were found to be in good
overall agreement. However, the PWBA calculation did not predict correctly the
maximum or the shape of the BEe distribution for the He data.

The good overall systematic agreement of the BEe-IA and our measured BEe-
DDCS suggests that the BEe-IA could provide experimentalists with a direct and
relatively easy method for an in situ efficiency calibration of electron spectrometers
at laboratory electron energies larger than about 1 keV. This would be particularly
useful in characterizing Auger electron measurements in ion-atom collisions of
processes such as RTE, ionization, excitation and capture.

The projectile charge state g-dependence of binary encounter electrons ejected
at zero degrees with respect to the beam direction was also studied in fast 19 and

28.5 MeV collisions of F4* with H; and He targets with ¢ = 3 — 9. The BEe pro-
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duction was ohserved to increase with increasing number of projectile electrons,
contrary to the expectations of a previously developed screening model success-
fully applied to non-zero degree BEe measurements. The observed enhancement
could not be readily understood within the impulse approximation model of BEe
production. Several plausible mechanisms based on elementary considerations of
jonization, capture, or Coulomb focusing by secondary electron scattering were
investigated qualitatively, however, none were found to be entirely satisfactory.
A quantitative description of screening phenomena for electron-ion scattering at
small impact parameters is needed. Angular dependence studies in combination
with g-dependence studies of BEe production would be useful in testing such a
theory. Further theoretical and experimental work is necessary for a better under-
standing of this anomalous behavior of the zero-degree BEe. Very recently several
theoretical calculations®®®* were performed and reported leading to a good agree-
ment between the calculations and our measurements.

The extensive studies of the zero-degree BEe gave rise to such an improved
IA treatment that the p? quadratic term is retained and the target ionization
potential is included in the expression of the electron energy [see Eq. (22)] in the
projectile frame. This improved treatment was also applied consistently to all the
electron-electron processes of the RTE, eeE, and eel.

RTE was observed in the formation of 0%, F**+ [1s2s2p°|*'D and F*F
152p?]°D, (15252p|*Ps states with 0.25-2 MeV/u Li-like O3 and F** and He-like
F™* projectile ions colliding with He and H, targets. The experimental RTEA
single differential cross sections (SDCS) measured at B, = 0° as a function of
the projectile energy were compared with the calculation of the improved RTEA-
IA treatment leading to a good overall agreement. In the RTEA-IA calculation,

RTEA angular dependence theory,*® which considers explicitly the alignment of
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the RTE states, was also included. Thus, resonant excitation-scattering (RES)
strengths for the RTE states were extracted from the measured Auger SDCS us-
ing the improved IA formalism, and compared with the theoretical values resulting
in a good agreement. As seen in Tables 17 and 19, the experimental values of the
RES strength for the strongest RTE states of D and 2D were 20-30% smaller
than the theoretical values. This could be within experimental and theoretical
uncertainties. But, the discrepancy was not exactly understood.

In the case of the RTEA experiment with He-like F7*(1s?) projectile ions, a
complete K LL state-resolved RTEA measurement (see Table 19) was performed.
In other words, RTE signatures for all the 8 1s2[2l' (*S*1)L states were searched
and their cross sections were compared with the theoretical expectation of RTEA-
[A leading to a good agreement between theory and experiment. In particular,
the simultaneous agreement for both *D and *P4 states confirms the selection rule
(or alignment) for the formation of an RTE state; the M; =0 magnetic substate is
preferentially populated in the RTE process.

Some interference between the binary encounter electrons and RTE Auger
electrons also has been observed showing a Fano profile in the electron spectra,
particularly around the resonance projectile energy. However, the calculated in-
terference for the collision systems investigated was found to be smaller than ~3%
for D states.”®

As long as the Auger yield ¢ in a deexcitation channel is known, and the
impulse approximation is valid for an RTE process, zero-degree state-resolved
RTEA, thus RES strength measurements can result in the experimental RES cross
sections opgs. Therefore, the dielectronic recombination cross section (opg) for
any DR channel can be obtained by Eq. (2). For the measurements of RTEA cross

sections, an H, target would be a good choice, since the NTE contribution was
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ohserved to be practically negligible as seen in the 3D and !D states (see Figs. 49
and 50).

Now that the theory?® of alignment and interference in the RTEA process
is addressed and the improved RTEA-IA formalism is also understood, thanks
to the zero-degree BEe studies,’?®® Auger rate I'y of an RTE state, the most
basic atomic parameter in RTEA measurements, could be determined by obtaining
an electron spectrum around the resonance projectile energy. The experimental
study was initiated by measuring a zero-degree high-resolution electron spectrum
i collisions of H-like 20 MeV F** and 13.5 MeV O"* with Hy targets.'?*** The
measured spectrum (DDCS) was normalized to the BEe-IA and compared with
the theoretical spectrum which was folded with the known spectrometer response
function. Since the x-ray rate I'x 1s calculated to be very small, about 2% of
Auger rate ['4 in the case of F'7, 0%+ [2p?] D RTE state,'*® the Auger rate
was directly exiracted from the measured electron spectrum leading to a good
agreement between theory and experiment. Some additional studies have been
done, however, detailed results or discussions are not included in this dissertation.

The excitation process for producing the (1s212") 35TV states was also
investigated in 0.25-2 MeV/u collisions of 0°*+(1s*2s) and F**(1s°2s) projec-
tiles with He and H, targets. Four excited states; [1s2s%]%S, [152s2p|*P, and
[1s2s2p|°P_, and [15252p|?P;, which are led by 1s — 21 excitation, were observed.
At high collision energies above ~ 0.75 MeV /u, the cross sections were observed to
rise for the cases of the ‘P and *P; states. This rise can he attributed to an inter-
action between the 1s projectile electron and a target electron [electron-eleciron
excitation (eeE)]. The interaction was also evidenced by the observed onset of the
threshold effects, particularly in the case of H, targets. This process can be related

to impact excitation of ions by free electrons lelectron impact excitation (elE)] on
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applying the TA model to projectile excitation by weakly honnd target electrons.
The projectile energy dependence of the enhanced cross sections by the eeE was
well described by this model. Due to the momentum distribution of the target
electrons, the sharp threshold effects of elE were observed to be slightly smoothed
out in the case of eekE.

The ‘P state was particularly attractive, produced only by the eeE process
through the electron exchange interaction. For the formation of the *P state, 1s —
2p excitation by target nucleus [electron-nucleus excitation (enE)] is forbidden
within a pure LS coupling scheme. In the case of H, targets, practically no enE
contribution was observed above the threshold energy.

The measurement of the production cross section of the *P state required
a detailed calculation of the effective solid angle of the spectrometer, since this
metastable state has a long lifetime and thus decays both inside and }[&4 the gas
cell. Due to the uncertainty problem of the spectrometer efficiency for the electrons
produced after the gas cell, the *P electrons which are only produced inside of the
gas cell were used for the cross section evaluation. The absolute magnitude of the
measured cross sections of the *P state was larger than the theory by a factor of
~ 1.6 for the collision systems studied here. The discrepancy is probably due to
the uncertainty in the effective solid angle calculation, including the spectrometer
efficiency problem for the metastable state. Possible non-statistical population for

the different J-states could be a source of this discrepancy.

For other excitation states, eeE was also observed particularly for the *Py state |
I|
production in the case of H, targets. the enE were strongly observed for these|

states as evaluated by PWBA. Their cross sections seem to add incoherently.
By relating ion-atom excitation to electron-impact excitation, ion-atom mea-

surements possibly could provide cross sections for inner-shell electron-impact ex-
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citation of ions for which there are presently few measurements.

Finally, studies of electron—electron ionization were also performed for the
collision system of Be-like O** incident on H, and He targets. Although the
total cross section by eel is about 1x107!% c¢m?® for these collision systems, the
eel contribution is not well pronounced due to the strong enl contribution. As
for the case of the F'+ beam, the O*" beam has a large amount of a metastable
beam component. The state-resolved K LL Auger spectroscopy demonstrated an
ability of the metastable beam fraction measurement in the case of the Be-like
projectile. The measured, large enl cross sections at various projectile energies
also showed an excellent agreement with the PWBA calculation. This fact further
assures the method of spectrometer efficiency normalization, which was done by
the BEe production cross sections at various projectile energies.

- Zero-degree projectile Auger spectroscopy has been proved to provide a pow-
erful technique by which one can identify the collisionally-produced Auger states
in the projectiles and measure their production cross sections. Traditionally, high-
resolution state-selective spectroscopy has been mainly applied to identify an ex-
cited atomic state and to measure line profiles and widths. In the present work,
however, the spectroscopy has been utilized to measure Auger or state production
cross sections.

As J. Briggs pointed out!® in 1988 “The study of dynamic electron—electron
interactions during ion-atom collisions will be a major theme in the ensuing years,"
this subject has been a challenging task in this dissertation, searching and clarify-
ing the experimental evidences of RTE, eeE, and eel. Furthermore, the dynamic
electron-electron interaction has been quantatively measured in terms of the colli-
sion cross section or strength leading to agreement between theory and experiment.

[n a recent paper'?* P. Richard also stressed the dynamic role of the eleciron in
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ion-atom collisions as the “dual personality that bound electrons exhibit during
excitation and ionization,” and he continued that * The free electron has a well
defined personality in scattering experiments, however, the normally referred to
‘spectator’ electrons of an ion or atom can serve in two roles, either to shield the
Coulomb field of an exciting nucleus or to actively participate in the excitation or
ionization processes.”

It would be sufficient to understand thoroughly the dynamic role of the elec-

tron in energetic ion-atom collisions.
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Appendix A. DDCS Normalization

The normalization procedure-for the experimental double differential cross
sections (DDCS) is deseribed in this Appendix. Initially the spectrometer effi-
ciency was normalized to th.e known Ne K Auger production cross section (see
Ref. 66) for the collisions of 3 MeV H' on Ne and the efficiency, say nn., was de-
termined. The ny. was obtained for each beam time and the results are displayed
in Fig. Al. The efficiency variation mainly may come from the uncertainty of the
optimum channeltron operation voltage (which was to be increased from 2100 eV
at beam time 16 to 2300 eV at the last beam time) and setting of the signal pro-
cessing electronics. The K LL Auger production cross section for 9.5 MeV F** +
He collisions, which was determined initially using a normalized ny. value, has
been used as a practical standard to obtain the Ne-K-Auger-normalized efficiency
nie for each beam time.

After finding a more reliable and exact way of the spectrometer efficiency
normalization, which was performed using the binary encounter electrons (BEe)
at various projectile energies (see section D of Chapter IV), the experimental

DDCS are now to be renormalized. The renormalization procedure is as follows:

From Eq. (28) in Chapter IV, the DDCS is given by

d*e Z
= , Al
dEdQY K -n(E) WAL
where K = N .n-1-AQ - AE and n(E) can be given by
HE) = f(E) - nie, (A2)

where f(E) is the renormalization factor which is in general a function of the
electron energy E. From Fig. 24 in Chapter [V and Eq. (A2), flE)is determined

as f(E)=5.90%/n( E), where 5.9% is the spectrometer efficiency determined using
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the Ne K Auger cross sections. n(E) is the menasured efficiency nsing BFe peak at
various projectile energies of F9+ 4 H, collisions (see the solid and dashed lines
in Fig. 24 of Chapter [V.) The variation of this function with E is assumed to be
constant. So, the absolute efficiency n(E) is changed by the variation (+5 To—see
Fig. A1) of the measured efficiency nne, and this small variation is accounted for
in the cross section normalization as follows:

Eq. (A1) can be expressed as:

ﬁ_(ﬂ) ._%__(i“‘;' ., e A3)
dEdq  \dEdQ ), f(E) dEdﬂ)u nve f(E) {

where (2X-)y. is 7ve-normalized double differential yields (DDY). (555 )o is
raw DDY which is tentatively normalized with g, evaluated by the data-analyzing

program DET, and stored by the DET program. Typically no = 3.67% is used for

raw data (spectrum) analysis.

Table Al shows a list of typical spectrum files of the binary encounter elec-

trons. Measured values of the Ne-K-Auger-normalized efficiency ny. are also

tabulated.
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FIGURE A1l. Spectrometer efficiency measured for each heam time. The
efficiency 7y, was determined measuring the known Ne K Auger production cross
sections for the collisions of 3 MeV H* with Ne targets. The variations of +5%
may come from the settings of the optimum channeltron voltage and electronics
used. This variation was accounted for in the measurements of electron production

cross sections (see text). The experimental error is about +3.5% for all data.
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TABLE A1l. Spectrum Files of Binary Encounter Electrons

Spectrum files of the double differential cross sections (DDCS) of all electrons
which mainly includes cusp continuum and binary encounter electrons (BEe) for
the collision systems of 19 MeV F{*~3* and 28.5 MeV F'°~5)+ with H, and He
targets. The relative BEe distributions as a function of projectile charge state
were displayed in Fig. 32 in Chapter IV. E, is the projectile energy in MeV.
DET file name refers to the spectrum file name which contains DDCS in the
laboratory frame as a function of the laboratory electron energy E. Also all
collision parameters are contained in each spectrum file. Those are target pressure,
used efficiency 7y, projectile charge, and so on. BT No. refers to the beam time
number in which the corresponding spectrum was taken. np,. refers to the Ne-K-
Auger-normalized spectrometer efficiency (see text). { is the measured cusp energy
in eV, which has the experimental error of ~ £3 eV.

Ey(MeV) F?* Target DET file name BT No. nn.(%) no(%)¢ (eV)

19 F** H,  SCAL0320 22 581  3.67 546
Fa+ SCAL0314 29 581  3.67 546
FT+ SCAL0313 22 581  3.67 546
Fe+ SCAL0310 29 581  3.67 548
Fi+ SCAL0815 30 591  3.66 549
Fet SCAL08T3 31 6.10  3.67 550
Fi+ SCAL08S?2 31 6.10  3.67 551
F*+ He  SCAL0318 22 581  3.67 546
o+ SCAL0317 22 581  3.67 546
FT+ SCAL0312 22 581  3.67 547
Fo+ SCAL0311 22 581  3.67 548
s+ SCAL0819 30 591  3.66 549
Fe+ SCALOSTS 31 6.10  3.67 550
Fi+ SCALO8T9 31 6.10  3.67 551

28.5 F*+ H,  SCAL0525 26 6.10  3.67 820
Fo+ SCAL0533 26 6.10  3.67 818
FT+ SCAL0534 26 6.10  3.67 820
Fe+ SCAL0420 26 570  3.53 826
po+ SCAL0542 24 6.10  3.67 824
F** He  SCAL0527 26 6.10  3.6T 820
Fe+ SCAL0531 26 6.10  3.67 818
FT+ SCAL0536 26 6.10  3.67 820
SCAL0024 17 590  3.67 826
Fs+ SCAL0540 26 6.10  3.67 822
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ABSTRACT

This dissertation addresses the problem of dynamic electron-electron inter-
actions in fast ion-atom collisions using projectile Auger electron spectroscopy.
The study was carried out by measuring high-resolution projectile 'LL Auger
electron spectra as a function of projectile energy for the various collision systems
of 0.25-2 MeV/u O and F** incident on H; and He targets. The electrons were
detected in the beam direction, where the kinematic broadening is minimized. A
zero-degree tandem electron spectrometer system was developed and showed the
versatility of zero-degree measurements of collisionally-produced atomic states.
The zero-degree binary encounter electrons (BEe), quasifree target electrons jon-
ized by the projectiles in head-on collisions, were observed as a strong background
in the KLL Auger electron spectrum. They were studied by treating the tar-
get ionization as 180° Rutherford elastic scattering in the projectile frame, and
resulted in a validity test of the impulse approximation (IA) and a way to de-
termine the spectrometer efficiency. An anomalous g-dependence, in which the
zero-degree BEe yields increase with decreasing projectile charge state (g), was
observed. State-resolved KLL Auger cross sections were determined by using
the BEe normalization and thus the cross sections of the electron—electron inter-
actions such as resonant transfer-excitation (RTE), electron—electron excitation
(eeE), and electron-electron ionization (eel) were determined. Projectile 2! cap-
ture with 1s—2p excitation by the captured target electron was observed as an
RTE process with Li-like and He-like projectiles and the measured RTEA (RTE
followed by Auger decay) cross sections showed good agreement with an RTE-IA
treatment and RTE alignment theory. Projectile ls—2p excitation by a target
electron was observed as an eeE process with Li-like projectiles. Projectile 1s iufn~
1zation by a target electron was observed as an eel process with Be-like projectiles.
The measured eeE and eel cross sections showed threshold effects and are com-
pared with an [A treatment, where electron-impact excitation and ionization cross
sections were folded with the momentum distribution (Compton profile) of the tar-
get electrons. The extracted electron-electron cross sections ean be provided as
alternative data to free-electron—ion collisions for processes where K-shell excita-
tion or ionization is involved. Dielectronic recombination (DR) cross sections can

be complemented with the RTEA measurement.



