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ABSTRACT

1

Two aspects of x-ray production have beep studied in
-the collisions of sloQ heavy ions with heavy atoms. One part
of this study deals with the continuuy x-rays produced by the
collision of ion beams with gold target atoms while the other

part deals with the double K-vacancy production in collisions

of 80 MeV iodine beams‘yith.gtoms of atomic numbers. near that
of iodihe. a

Beams of four different ions ranging in atomic number
from Z=6 (carbon) to zZ=35 (bromine) and having the same
velocity (v » 0.04 c) bombarded gold atoms to produce very
similar radiation continua extending from 20 keV photon energy.
The observed radiation continua cannot be explained, in their
entirety, as molecular orbital x-rays.

‘The double K~vacancy production was produced in the
bombardment by an iodine beam of seven thin targets ranging
from silver to lanthanum. The double vacancies were detected
By observing two K x-rays emitted simultaneously using a
coincidence technique with solid state detectors. The energy
differences of the K x-rays emitted have been détermined as
well as the nature of the shariné of vacancies between target
and projectiie atoms. Models for double K-vacancy production
considered include the molecular orbital multipléﬁ%ollision

)
approach and the binary encounter formalism of direct Coulomb

iii
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excitation. Also a calculation of the double to single K-

vacancy ratios was made using a double L-vacancy multiple
collision MO mechanism in which the double to single L-vacancy

cross section ratio was treated as a free parameter.
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- CHAPTER 1

INTRODUCTION

>

In the early years of this century it was known that
heavy elements when struck with energetic alpha particles from
radioactive sourées would emit characteristic x-rays. How-
ever, it was not’until 1934 after the advent of linear ac-
celerators that Coates (1934) observed characteristic x-rays
from a number of elements when they were bombarded by mercury
ions with energies as high as 2.4 MeV. This pioneering work
was not only the first ﬁo observe inner-shell excitations in
heavy ion-atom collisions but Coates also proposed that mole-
cular interactions were responsible for the vacancies that
resulted in the x-rays. This idea lay dormant for nearly 30
years until the 1960's when Van de Graaff accelerators became
available for the study of heavy ion collisions. Electron
excitation in heavy ion-atom collisions plays a very important
role in the modern day étudy of the atom (Richard, 1975).

In the 1960's the fiuctuation of K, L and M x-ray
production cross sections as a function of target atomic num-
ber when bombarded by fission products (Armbruster et al.,
1964 and Specht, 1965) brought into focus the value of colli-

sion studies using heavy ions. The experimental study ang
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theoretical development of heavy ion collisions expanded quite:
dramatically as a consequence of the new developments (e.g.
see reviews by Garcia et al., 1973; Kessel and Fastrup, 1973;
Hansteen, 1975 and Meyerhof and Taulbjerg, 1977). The

study of the enhancement of x-ray production cross sections
when target and projectile atomic léyels match is now under-
stood in terms of a transient formation of a diatomic molecule
(Fano and Lichten, 1965).

A fascinating prediction for molecular K—vaéanqy forma-
tion is that positrons as well as x-rays may be emitted from
high-energy heavy-atom collisions such as 1600 MeV uranium
on uranium (e.g., Mullexr, 1976). Positrons may be produced
if vacancies exist in an atomic state that is bound by greater
than twice the rest mass of the electron. This effect would
provide a new experimental test for the £heory of quantum elec-
trodynamics. In such an experiment, it is crucial that the
interpretation of the x-ray spectra and the formation of K-
vacancies be well understood.

This thesis study is broadly divided into two parts,
one deals with the study of continuum radiation due to electro-
nic transitions during the collision, the other refers to two
vacancy formation in the K—sﬁells of the collision partners
that leaas to characteristic K x-ray emission once the colliding
partners separate. The collisions are considered as low ve-

*rmy

locity insofar as the projectile velocity (v . = .04c, 1in
, 7 proj.

the present study) is much less than the innexr-shell electron

olnr e, P trct Bl B o PN R O+ P ®

Lt




|
1
~

/

orbital velocity (ve ~ 0.3 ¢, for 2 = 50). Furthermore, if

the collision is befween particles of approximately equal atomic
number, then the Vgcancy production may be understood in the
context of transigory orbitals of a diatomic molecule. The
same, @owever, may not be said if the two are quite disparéte

in atomic number.

The value of the studies of the continuum radiation prc-
duced in heavy ion-atom collisions 1s that they were the first
to be reported between quite asymmetric collision partners.
The continua produced appeared quite similar to continua of
symmetric collisions which were ascribed to molecular orbltal
radiation., However, the continua were shown not to be a re-
sult of this quasi-molecular process. Greater care was thus
shown to be necessary in identifying continuum spectra as
resulting from molecular orbital .radiation. An interesting
aspecé of the double vacancy work is the experimental tech-
niques used 1in the study of double K-vacancy production in
heavy ion-atom collisions. These studies have been performed
in a different manner than other double vacancy studies in
that photon-photon coincidence techniques (well known tech-
nigues in nuclear physics) have been used to study collision
induced vacancy production. Coincidence studies previously
were done using radioactive sources while heavy ion-atom col-

lision x-rays have been studied using crystal spectrometers.



CHAPTER 2

INNER SHELL VACANCY PRODUCTION

.

2.1 Introduction

In a collision between a heavy ion and an atom, copious
electron vacancies are produced in the shells of both collision
partners. Often, vacancies are produced in the inner shells
which leave the atom or ion in a particular .highly excited
state. When the de-excitation occurs, the energy+*is removed
through the emission of an x-ray photon or an Auger electron
which have energies characteristic of the shells involved.

Two guite different theories have been proposed to ex-
plain the production of vacancies in these collisions. One
model assumes that the Coulomb field of the projectile interacts
directly with the electron of the target atom énd thé;eby pro-
motes it to a higher energy.state or into the continuum. The
other model, the molecular model, assuﬁes that the collision
is slow enough that at each internuclear separation distance
the electronic wave functions in the prqjectile and target atoms

can adjust themselves to a molecular configuration appropriate
J

vy

to a diatomic molecule (Kessel a d Fastrup, 1373). This re-
orientation of the electrons in e molecular states may re-
sult in electron excitation.

If the projectile is swift and has a low atomic. number

such as an alpha particle or a proton, then the excitations are
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best explained on the basis of a direct Coulomb %nteraction
between the projectile and the ejected electron (e.§ Merz-
bacher and Lewis, 1958). Classical impglse approximation
meﬁhods, such as the bi%ary %ncounter approximation, have been

successfully applied to such collisions (Garcia, 1970). Inner- -

~

\r‘ . /
shell excitations become detectable when the relative kinetic.”

y
energy of the collision partners is much greater 'than theléiec-
tronic binding'energies of the inner shells involved. The
reduced mass of the collision system is much larger thén the

y - -
electron mass so the heavy particles are relatively unaffected
by the electron excitations and the plane wave Born approxima-
tion becomes applicable (Madison and Mefzbacher, 1975). How-
ever, 1f the collision is not swift and also if the massés of
the projectile and target are comparable, then these direct
Coulomb interpretations give w%§>to the quasimolecular ex-

planation. The regions of applicability of the various models

are shown in figure 2-1.

2.2 The Molecular Orbital Model

-~

Inelastic heavy ion-atom collisions are very difficult
to describe theoretically. If a direct Coulomb interaction ap-
proach is applied, the calculated cross reactions can be oxders
of magnitudé too low in intensity. Approxima£e methods such
as a molecular thtory, can be applied and because of the many
simplifying assumptions that must be made, the resulting pre-
dictions are not definitive. 1In this section a general outline

will be given which will be gqualitatively correct but no attempt



Figure 2-1
VAN

Regions of validity for various approximation schemes.

Zluand 22 are the atomic numbers of the projectile and

3

target;atoms} respectiveiy, v is the projectile velo-

A
- -

N

"7\ city while Vi

" regions are shown for plane-wave Born proximation

is the K-shell electron velocity. The

(PWBA) , semiclassical approximation (S{CA) and the quasi-
molecular electron promotion model (MO). (cf. Madison

and Merzbacher, 1975).
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Will be made to be guantitative.
The collision process consists of an ion-atom system

of two heavy nuclei, separated by a distance R(t), plus the

electrons which surround them. Because of the large mass of *,//

the nuclei c0mparea with the mass of the electron, it is pos-
sible to separate the motions of the_nuclei and of the elec-
trons. This i's quite a good approximation at low and mod‘gate
collision energies in which the relative nuclear velocities
are much lower than the orbital velocities of the inner—syell
electrons. Thus th;’inner shell electrons have time to adjus®
their motions adiapaticéllx to the slowly varying Coulombic
fields of the two nuclei. This low velocity situation leads
to assumptions of Fhe Borh-Oppenheimer approximation' Li;hten,
1967). In this approximation the atom-atom system is treated
as a quasi-molecule, the electronic statées of which correséOnd
' »

to the molecular states of a diatomic moleqéi;. The quasi-
molecule varies slowly with éime as the internuclear distance

[

first decreases then later increases during the collisiOn.‘\2
If the collision takes place at higher energies, then

the electronic states’ of the quasi-molecule are perturbed from

the adiabatic levels of the \diatomic molecule. The states which

are used in the descriptiop/of this more dynamic process are
basis states of the diahatic representation. . At these higher
velocities the motion of the nuclei may induce inelastic

effects such that both inner and outexr shell vacancies may be

PPN
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produced by a molecular promotion mechanism in which electrons
of the quasi-molecule are excited to higher lying molecular
states or into the cvontinuum. It is through processes of this
kind that it is possible for an electron to be in an excited
atomic.state when the collision partners separate.

Even during a collision, the inner-shell electrons remain
tightly bound to one or both of the nuclei and therefore,.the
electron-electron interagtions may be regarded as small com-
pafed to the electron's Coulomb interaékion with the nuclei.
The inner shell electrons may thus be reasonably repre§gfﬁgg,by,
one-electron molecular orbitals.. Howevexr, since the electron-
electron ihteraction energies are comparable to the level spa-
cings for outer shell electrons, the one electron picture i
much less valid for them.

The de Brogiie wavelengths (A ='%) of the nuclei during
the colllslon are small relative to atomic dimensions since the
velocities of the nuclel are significantly greater than ther—
mal velocities for which the de Broglie wavelengths are com—
parable to atomic dimensions. This makes it possible to apply
classical mechanics to the scattering of the nuclei off one
another whicdh leads to an impact parameter formulation of the
nuclear trajectories (Evans, 1955). The ‘electrons are still
treated within a quantum mechanical framework.

The model which best expiaing the production of
vacancies for colligions of heavyﬁétoms with low or moderate

collision velocities is theé molecular one. If it is a good



ey

.assumption that the nuclear and electronic motions may be

treated ind?Pendentiy, the” Born-Oppenheimer approximation may
be used. The tﬁeory treats the coupling between the nuclear
and electronic motions as a perturbation of the nucieon—elec—
troniz Coulomb interaction. The Born-Oppenheimer approximation
gives an adiabatic representation of the electronic states during .
the low nucleon-velocity collision. The electrons adjust their
mogions such that molecular states are formed which have de-
finite angular momentum about the slowly rotating and changing
internuclear axis. This method has been extended to a'col-
lision probiem'where the internuclear separation varies from
infinity to approximately zero. The electronic states then

}
follow adiabatic potential energy curves as the internucleon

]

distance varies. The diagrams which plot the potential energy

curves of tjie electronic states as a function of intermolecular

‘separation are called correkration diagrams.
/
/

However, if the/ﬁéllisio takes place at higher velo-
cities, the electrdﬁibﬁcharges 111l not have time to gdqut
their motion adiabaticallf. TH&? means that now the electronic
system of the colliding particlesmﬁéllfnot be able to trace

N
alonqgthe adiabatic curves. The diaﬁgtic set of basis states

\ .
is then the most useful representation. BAs long as it can be
determined that the diabatic states will be velocity indepen-

dent over a broad range of nuclear velocities, they may be a

useful representation. For a given collision only a detailed
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analysis can determine whether adiabatic or diabatic states

are good approximations to the states describing the dynamic

system.

-

2.3 Molecular Orbhital Correlation

The internuclear separation varies from infinity to
approximately zero and back to infinity during a close encoun-
ter collision between two atoms. When the separation is bery
large, the atoms do not interact and are referréd to as se-
parated atoms. However, when the two nuclei are close to-
gether the electrons surround a nuclear charge the atomic num-
ber of which is the sum of the atomic numbers of the collision
partners. If the potential energy curves that the electrons
follow were known precisely, then it would be possible to pre-
dict the electron promotions that would likely result from the
collision. Extensive calculations have only been carried out
on the simplest diatomic systems (Helfrich and Hartmann, 1970).
Little is known about the molecular structure of many-electron
diatomic systems which have interatomic separation varying
over an extended range. The calculations, wh@ch involve
several excited molecular states and cover a range of internu-

. -
clear sepérations are complicated and difficult in the extreme.,
Fricke et al. (1975) have tackled the prqblem of the ioéiné
on gold collision where the calculation has been simplified by
considefing only the twenty innermost electrons (see figure

2-2).

-
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Figure 2-2

Relativistig¢ many-electron correlation diagram for the
system I-Au (20 electron), from Fricke et al., 1975. k,/)

The energy levels of the separated atoms are shown on

(%24

the right-hand side and those of united atom on the

left hand side.

%
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Fano and Lichten (1965) (also Lichten, 1967) proposed

+—
2

inner shells of more complicated symmetric molecules. Two

the use of one—electroﬁ H.-like correlation diagrams for the
reasons which justiﬁy their choice are, firstly, since the
electron-electron interaction is relatively small, tﬁe inner -
shell electrons may be approximaéed.by a 6ne—electron molecular
orbital (MO) as was mentioned earlier, and secondly the adia-
batic and diabatic MO's are ;déntical for -a one electron system.
An example of,suéh a correlation diagram is shown in figure 2:3.
Though originally asymmetric collisions, in which the atomic
numbefs of the two partners are different, were not included,
the idea has since been expanded td'iﬁclude these. cases YBarqt
and Lichten, 1972). 1In order to correlate the atomic orbitals
with'the MO's at both R ~ O'and R + ®», Barat and Lichten have
Aproposed a general rule. . They suggest that the diabatic MQ's
conserve the number of radial nhodes of the electroﬁic wave
functions which is given by n-%-1 (n 1s the principal quantum
number} £ 1s the angular momentum quantdm number), as the
separation varies from the united atom to the separated atom
limifs. The .assumptions underlying this simple rule are two-
fold. The inner-shell ;lectrons in a many electron system can
be represented by one electron states andithe incomplete ﬁu-
clear screening thch causes~évoided crossings (von Neumann and
Wigner, 1929) for the adiabatic MO's can be ignored for tﬁe

diabatic MO's. The correlated levels must also have the same

value of X\ (o, w, &, etc), the component of the angular momentum
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Figure 2-3

Semi—qgantitative MO energy level diagram for Ar-Ar mole-

cule as proposed by Fano and Lichten (L965) .
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vector along the internuclear axis. Simple MO correlafion dia-
grams, based on the above ideas are illustrated in figures 2-4,
2-5 and 2-6 for different cases of projectile and target

atomic numbers.

.

2.4 MO Excitation Mechanisms

The electronic behaviour during a collisionRis a quan-
Fum mechanical problem whereas the motion of the nuclei is
described well in terms of classical Coulomb scattering. If a
vacancy exists,transitions between MO states may be induced by
the motion of the atomic nuclei. There are three categories
of perturbing forces which may be responsible for the prom@tion
of electrons -and these couplings causfng the excitations are
designated as potential, radial and rotational (Coriolis)
couplings (Kessel and Fastrup, 1973).

The potential coupling is a static coupling and is
a result gf interactions such as the configuration interac-
tion, the spin-orbit interaction, et cetera. It was stated
earlier that if the collision energy is low then the adiabatic
representation is a good approximation. The adiabatic basis
set will diagonalizé the electronic Hamiltonian, He, and since
there'are no off-diagonal elements.there can Be no coupling.
The electronic Hamiltonian is the guantum mechanical'operator
COn;isting of the one—electrﬁn kinetic energy operato% plgs
the electron-electron and the electron-nucleus interaction

potentials (e.g. see Kessel and Fastrup, 1973). However,

el
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Schematic MO-correlation diagram for_ the case of Zl much

” ater than Z2. Electrons are not promoted from the in-
ner shellf by an MO mechanism.
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Figure 2-5 :

MO correlation diagram for a system for which there
exists a near resonance between the ls level of one

atom and the 2p and 2s of the other.
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Figure 2-6

AS

MO correlation diagram for the case of Zy slightly

g

larger than 2 The o MO's 2p6, 4fo and 6ho are

2"

responsible for promotion of K., L2 3 and M4 5 elec-
. r 14 N

trons, respectively. The rectangles show where

« \'

rotational coupling interactions between two MO's \\}\3

may be expected.
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S~

@t higher energies it is more appropriate to use the diabatic
states which will not|normall§ diagonalize the potential
energy matrix'<¢ﬁlﬂe|wi> and hence the off-diagonal elements
show that transitions between diabatic states may occur (wm
and wk,represent the electronic wavefunctions of the states

m and k).

The radial and rotational couplings are both dynamic
and thus, unlike the potential coupling, depend on the veloFity
of. the collision. Consider first the radial coupling term in
the time-dependent Schrddinger equation of the electronic

motion,
e| 9 ,e
>
wmlﬁﬁlwk
where R is the internuclear separation. The perturbing force
causing the coupling is seen to be dependent upon the radial

velocity, and for largex values of the collision velocity

. VR’
the radial céqpling may become quite appreciable. The non-
diagonal elements will be non-zero only if the two states k
and m have the same symmetry, that is the same projection of
angulax momentum (e.g. two ¢ states), 'spin and in the case of
homonuélear systéms, périty (Leyine et al. 1969).

The rotational coupling depends on .the velocity and the
impact parameter of the colllsibn, and 1nversely as the square
of the separation of the two colliding partners. The mutual

rotation of the two nuclei about one another causes the interac-

tion between electronic states. For a given trajectory of the

~
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incident ion, the rotational coupling term is given by

VOb e e
: - mly

Where vo‘is the incident ion veld&ity and b is the impac
parameter. The rotational operator Ly couples only those

states for which the angular momentum differs by one unit and
tho§e'states that have the same spin, and if it is a homo-

nuclear collision, parity (Russeky 1971). The operator has

the property that it will couple only the x and z‘components

of the m and k states together. Since the rotational interac-

tion couples only those states with different angular momentum
b;ojections, the rotational coupling doe; not couple the same states
that the radial coupling does. ‘The rotational coupling, depending
on both the velacity of the collision®™nd on the impact para-
meters, results in characteristic excitation functions (Russek,
1971) which should be distinguishable from excitation functions
due to potential and radial couplings.

’Approximate calculatiéns of inner shell excitations
for actual collisions are so extremely complex that few have
been computed. It is this difficulty which makes the simple
diabatic MO correlation diagrams so valuablg. The value of
the diagrahs may be shown by using figure 2-6 to illustrate how
innéy L and K vacancies may be produced.

For the case where the atomic numberf of the projecfn
tile and target atoms are comparable, it is observed experimén;

tafly that once the two atoms approach each other wihh@n a

B
-,
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critical distance there is a strong resonance for the produg-
tioh of L-shell vacancies in the lighter of the two collision
paréners (Fastrup et al., 1971). This would indicate that a MO
is rising steeply through'a whole series of crossings with
other MO's into which any one of thése possibly vacant MO's,
an electron could be promoted. The diabatic 4fo MO meéts these’
reguirements as vacancies may then be left in a 2p2 state (the
éubscript 2 refers to the lower z. partner, subscript 1
the high z partner) of tﬂé separated atom.

\\Now consider, for the production of K x-rays, that
the 2pl state has & vacancy when the two colliding atoms are
at a large separation. If this is so, then as the separation"
approaches zero, a rotational coupling could then promote an
electron from the 2pc MO to the vacancy in the 2pw MO. “Thus
upon separation of Ehe two atoms a K-vacancy may be produced
in the lighter atom.

The applicétion of the MO model éo inner shell excita-
tions is subject to two major conditions. The conditions are
that the atomic nuﬁbers of the colliding atoms arf,not very
different and also that the impact velocity is spaller than

.

the orbital velocities of the inner shell electrons. If these

. criteria are not met then the MO model may not be applied and

some other model. such as a direct Coulomb approcach should be
tried. But in those situations in which the conditions are ful-

filled, then the success of this model is well established

‘ )
(Kessel and Fastrup, 1973). .

™~
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

»

This tﬁesis deals with a study of x~-ray emission when
various elemental targets are bombarded by heavy ion beams
with energies in the region of 0.6-0.8 MeV/amu. One aspect
of this study déals with fhe x-ray continua that results.
These studies have been carried out using a "singles" method

~

in which only one solid-state detector is used in the acquisition
[ 4
of data. The other aspect consigered is the production of double

K-shell vacancies. These data were collected using a coincidence

" technique using two solid-state detectors which may have energy

signals in coincidence and so may indicate a double K x-ray

‘event.

3.2 X-ray Continua Technigues

The x-ray data collected in the study of the continua
were obtained from the bombardment of a thin gold foil by<;
number of different projectilés from the FN tandem accelerator.
These beams had energies of 0.76 MeV/amu. The self-suppoxting
gold target (90 pg/cmz) was mounted at 45° to the beam direc-
tion and the radiation produced was detected with a 5Smm thick,

Si(Li) detector with full width half maximum (FWHM) resolu-

tion at 6.4 keV of 185 eV. The detector was rotated about the

a

21
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target at angles from 30° to 150° with respect to the beam di-
rection. To attenuate the very intense characteristic x-rays
of the projectile and taréet, a 0.87 mm thick aluminum sheet
was used as an absorber. The target chamber was mgde of pers-
pex and had a wall thickness of 1/4 inch. An Qnﬁgrimental
difficulty that requires consideration is electronic'pulSe
pile-up in which pulses bccur within the linear amplifier
resolving time. A'pulse pile-up rejection system was used
during the acquisition of data. A schematic diagram, figure
/3-1, shows the electronics used in these experiments.

J

in the energy region of the continua. The first type is

There are two types of pile-up which cause problems

random coincidences of two unrelated characteristic x-rays
which if summed togethex haye an enerqgy in the region of the
continuum and which may become a significant balkground con-
tribution. "A pile-up rejector is used to determine whether

an input pulse is contaminated by a second pulse due to piling
up or whether it follows a previous pulse in less time than
that selected by a deadtime control. A third restriction

is that the detector signal must not have a risetime greater
than normal. If any of these events occur, that pulse is
rejebted. As a preventative measure to minimize this pile-up

the count rate of the detector is kept at 500 counts per

second, so that random coincident pile-up was not detectqble.

o e e
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Si(Li) PA LA . BL/PR ADC "MEM

N
L7

I.S.

S1i(L1) -. detector

P.A. - preamplifaier

LA - linear amplifier

BL/PR - béseline restorer, pileup rejector”
ADC - aﬁalog to digital converter .
MEM - memory of PDP-9

I.S. - inhibit signal from pulsed optical

feedback.

Pigure 3-1

Schematic diagram of the electronics of singles

experiment.
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The other type of pile-up is due Fo true coincidences
in which two x-rays (or more) which have been produced by the
same beam particle, impinge simultaneously on the detector.

This kind of pile-up is minimized by decreasing the solid angle

of detection since the probability of detecting the simulta-

neous events depends'on the square of the solid angle.

3.3 Double K X-ray Techniques
127,10+

A beam of 80 MeV ions from.the FN tandem
3ccelerator was directed and focussed through a pair of 3 mm
apertures 4l-cm apart onto a target positioned inside a target
chamber of width 1.2 cn (see figure 3-2). Thin plastic windows
on either side of the target were 1.5 cm in height, 2.0 cm in
length and 0.13 mm in thickness. In order to maximize coinci—
dénce efficiency, the detectors were positioned as close to
the windows as.was feasible and had either a 0.43 or 0.87
mm aluminium absorber to attenuate the intense L and M x-rays.
The targets were oriented a£ an éngle of 30° with respect to
tfe beam direction. The targets were 70£30 ug/cm2 thick and
were placed on a backing of carbon of thickness 30 ug/cm2
or SO(pg/cmz. . o

This expe;iment was designed to observe the decay of
an atomic state whicﬁ has two vacancies in the K shell of the
atom. If the state decays by émitting two K x-rays,‘then by
obsgﬁying X-rays in coincidence the doub}e vacancy state may

be\aéﬁectéd.‘ The x%r§YS were detected by.two solid state

/!
detectors (Si(Li), Ge(Li) or Ge) placed opposite each other

\
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Figure 3-3

Photograph of x-ray coincidence chamber with target

b -

holder in place. The beam stop section is not present.
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and at 90° to the beam direction. The electronic arrangement
1s very similar. to the electronics used in nuclear physics
Y-Y coincidence experiments (e.g. Hamilton, 1975) and the
particular arrangement used in these experimental studies is
illﬁstrated in figure 3-4. The electronics was set’up such
Q>that the energies of the two x~rays and the time difference
between them were obtained. These three bits of information
were then stored on magnetic tape for later analysis to -
make a distinction of the intensity of coincidence events
which are due to true coincidences from the intensity which

d1s due to random coincidences.

3.4 Timing and Background Considerations

Eéen though the coincidence electronics used in the
experiments are well known, an elaboration Qf the timing
problems encountered should be noted. In order to minimize
the .chance coincidences during an experiment great care must
be taken to reduce the tining uﬁcertainty‘brouéht about by
the intrinsic time jitter of the detector signal and the
tiﬁing walk due to amplitude and rise time variations. To \
accomplish the reduction in timing jitter the electronics were
placed-bhysicallgrcloséﬂua the detectors so that long cables
.which degrade the éiénal were not used. This has the
agditional advantagé in that it also results in an improvemént
in the resolutioh~df the energy signals. Amplitude and rise

time compensation is achieved by triggering on the’ fast

preamplifier signal at a constant fraction of the pulse height.

]
.
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LA\
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LGS

LGS

TAC
STOP - START
CFD D VALID CFD
STOPS S
LLSD.
GATE
N
ADC | ADC 3
. [apc2
l
\ o o | MEM
b
PA —~ preamplifier
LA - linear aéplifier
TFA - timing filter-amplifier
‘LGS - linear gate stretcher g
CFD - constant fraction discriminator
D - delay '

TAC - time-~to-amplitude converter
LSD - logic shaper and delay

ADC - analog to digital converter
MEM - PDP-9 memory

t

Figure 3-4

Schematic diagram of electronics of double

K-vacancy experiments. ' .
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In this technique the input pulse is fed through two paths.

Along one pgth, the input pulse is shaped and attenuated to

a fraction of its original height. Along the othéi , the pulse
- ’ 4

' 1is shaped, inverted and delayed by an interval T Both
. * \

D
signalé are theﬁ added together to form a zero-crossing signal.
A zero-crossing discrimihator triggers at the, zero-crossover
point. Si%be’the time of zero—croséing is essentially
independent of pulse height, the timing walk of the system is
minimizedl A timing signal from one detector is fed into the.
start side of a—time—to—amplitude &onvertef while a timing
signal from the other detector is fed into the stop 'side, so
that the relative time difference between the signals is estab-
lished. . t -
An interesting problem arose when the gfmiﬁg elec-
troﬁics were inifially set up according to the sééndard pro-
_. cedures for Ge (Li) detécéors. It was disgoyered thqt thé
timing resolution was extremely éoor which was.éue.in part
to the poor leading edge chapécteristics of the x-ray pulses.
'g}he reason for this is Based on the low enerxgy of/;he X-ray
photons relgtivé to the Y—;a} photons that are normally uééd
in timing, which because of their greater energy have very
sharp leading edges. & siénificant improvemenf in the -
coincidence timing was achieved by adjustiné Lhé pulse shaping
and delay factors according to the particular detector in-

volved. 1In éenéral larger integration times were required

for these low energy x-ray pulses and also longer delays for .



/ J

the inverted signal in the constant fraction timing.

[
)

The cross section for the production of double vacan-
cies is very small compared to the single vacancy cross secﬁions,
so it is important to treat carefully the chance background
in the experiments. A typical TAC spectrum is shown in
figure 3-5, where a trge prompt coincidence peak is super-
imposed on a continuous background of chance coincidences. The
peak—to—Background ratio will depend on the resolving time
of the electronic circuitry and the x-ray integsity: N. If
the prodﬁct of the detector efficieﬁgy aqd solid angle is

represented by (ew)i, where i signifies the detector, then

the counting rates are given by

N1=N(€w)l . N2=N(€w)2‘. - -

:The true coincidence rate is given by

T = FN(ew), (ew), €, e

<

where F is the proportion of the x-ray intensity gjiving

N

coincidence events and €q is the electronic efficiency. The

chance rate for a spectrum with a prompt peak of width T is

c = n2 >
= (ew)l(em)zreé -

The ratio of true-to-chance coincidences will therefore be
given by

T/C =

F
N1t

5
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Assuming that the timing resolution t has been mini-
mized, the true-to-chance ratio.is optimized by reducing N,
that is, reducing the beam current on target. Even though N
is reduced the true count rate is kept at an acceptable rate
by placing the detectors as élose to the target as possible
(maximizing the solid angle). Typically the count rates in
the detectors we%e 500 to 1000 codqfs per second while the
true coincident count rate was of tﬁg oxder of one count per
minute. The true-to-chance ratios wgge ébproximatelytone to
one in tﬂe prompt peak. '

3.5 The X-ray Detectors
' -

During the course of these experiments three different

so0lid state detectors were used, a lithium.drifted silicon
detector (si(Li)) of 78 mm2 sensitive area, a lithium drifted
germanium detector (Ge(Li)) of 750 mm® sensitive area and an
intrinsic germanium detector of 1450 mm2 sensitive area. The
FWHM resolution obtained for the 27.4 keV Te Ko gombined line
(see appen@i} for notation) is 545 eV, 795 eV and 865 eV for
the Si(Li), Ge(Li), and Ge detecﬁoré, respéctively. The sig-
nifiéance of fhese'numbers is that for‘the first experiments
it was nécessary-to have good resolution %n oxder to~dete mine
which x-rays were in .coincidence with which other x-rays.

The resolution was obtained at the gost'gf c0untihg rate since
the solid angle of the Si(Li) detector is relatively smaller.
ﬁowever, in later experiments in order té gain good stati;Eics

the higher counting rate was ‘obtained with the Ge and Ge(Li)
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combination. . In figure 3-6 the absolute efficiencies of the
respective detectors as measured with a calibrated source
with 2 .43 mm aluminium absorber and in the actual geometry

of the experiments is, shown as a function of photon energy.

3.6 The Iodine 125 Source

In order to set up tHe coincidence electronics it was
necessary to simulate as closely as possible the experimental-
electronic situation. Normally in a nuclear y-y coincidence

experiment standard sources are available which emit relative-

ly higﬁ energy photons that are in coincidence. For the

purposes of the x-ray experiments none of the standard coinci-

dence sources were guite appropriate. What is réquired for'” —
this type of experiment is a source which emits coincidence
photons in the x-ray region of about) 30 keV. Another criterion

is that the source have a reasonaply long lifetime such that

the source sample is convenieént to use. The T2°1 isotope

which has a half-life of 60 days was found to be ideal. This

isotope decays to 125Te through the process of electron capture

Y

in which for 80% of the decays (R. L. Auble, 1972), the electron
captured is a K-shell electron! Thus a K x-ray of teliurium/%iy
is produced. The nuclear level populated by the electron ‘
capture is the low lying first excited 35.46‘kév state of lste'
which is strongly internally converted, £he K conversion coef-
ficient (the'ratio of K conversion electrons to gamma rays

emitted in the decay of the nuclear state) being 11.8. - Thus -



Figure 3-6

he absolute efficiencies for the three detectoxrs used
in the coincidence experiments. The curves represent

the product of the geometrical (2/47) and the full energy

absorption efficiency (e¢) of each detector. The un-

certainty associated with these curves is 40%.

o
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another K hole may be produced which may result in an x-ray.
Since the half-life of the excited 35.48 keV state is 1.49
nanoseconds, the two X-rays are coincident within the 30 ns
resolving time of the experiment. A 35.48 keV gamma ray may
also be in coincidence with the original x-ray. The .spectrum

of photons emitted by the source is shown in figure 3-7.

3.7 Coincidence Analysis Considerations

The coincidence data were collected on magnetic tap?
with each coincident event stored in a three word
digital form to represént an eAergy from one éetector, an
energy from tﬁe éther detector and the time difference between
the detection of these two x-rays. The energy spectra gf each
of the two detectors and the time spectrum werestored in three
regions of the PDP-9 computer memory during the course of
an experiment in order that the spectra being colleé;ed could
be monito:eé. The three spectra are called projections. If
the coincidence events are thought of in terms"of a 3-dimensional
matrix with two of the axes being the energy axes for the two
detectors and the third axis being a time axis for the time |
differences, then the sum of all coincidences can be projected
onto any, one of the axes. Illustrations of the three projec-
tions are shown in figures 3-5, 3-8 and 3“92

Since the total number of coincidence events is relative-
ly'small (of the order of ten thousand) and the true to chance
ratio is about one to one it is very important to treat the

chance subtraction very carefully. 1In the time spectrum the



Figure 3-7

~

The spectrum of x-rays emitted'by an iodine 125 source

. as detected by the Si(Li) counter.
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Figure 3-8

The spectrum of all X x-rays as collected by the

Si(Li) detector in the iodine on indium experiment.
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Figure 3-9

The spectrum of all K x-rays as collected by the Ge(Li)

detector in the iodine on indium experiment.
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|

channels over the prompt peak were.selected as a coincidence
window. The x-rays associated with this region of the time
spectrum consist of the true coincidence events, plus the
underlying chance event backéround. A similar éaté (or win-
dow)J was set for the channels exteqding from just greater than
thé prompt peak to near the end of the time spectrum.. The
width of this chance window was typically.about five fimes

the width of the prompt window. The range of the total

timg spectrum for gﬁgse experiments was either 200 oxr 500

nanoseconds.

Gates were set on the x-ray peaks of one of. the detec-

¥

tor's energy spectrum. Theyx—rays which are in coincidence
with the gated x-ray peaks are sorted and separated accordind®

to whether the time separating them falls within the prompt

,
Pt

gate or within the chance gate: The result of this sgrtiné
procedure is that two matrices are'formed[ one corresponding
| to the prompt peak events, Tij’ and the other correspohdiné
to the chance events, C.

ij°
by index i) is the.energy spectrum of the non-gated detector

One axis of the matrices (denoted

while the other axis ﬁdenoted by dindex, j) consists of the

" peak gates in sequential energy order.

In order to determine thglchance backgréund in a given
energy window, j, for a specific energy, i, the probability
of having an energy within the gate is multiplied by the .
probability of having that energy times the total number of

chance events.
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where the Cdj's represent the chance event matrix elements.
The chance subtracted true prompt coincidence matrix elements
are thus given by

C

T, . - .
1) 1] 1)

1l

-

1
Al A
o |

where T represent the prompt matrix elements and T and T,

T
are the time widths of the prompt and chance time gatés,'

¥

respectively. This procedure_ﬁinimizes the effect of the

background subtraction on the statistical fluctuvatiopn of .

,

the true prompt event spectrum.

v



CHAPTER 4
X-RAY . CONTINUA. EXPERIMENTS

| A number of authors have reported the observation

¥
1

of radiation continua from collisions of heavy ions wh%ch ‘
have been interpreted as molecular orbital K x-ray radiation
(J. R. MacDonald et al. 1973; W. E. Meyerhof et al., 1973;
Davis and Greenbérg, 1974) . The production of L:and M x-rays
from combined éystems has also begn reborted (F. W. Saris
et al. 1972; P. H. Mokler e£ a;.,.1972). In an at;empt to
observe the MO L x-rays of a very heavy system, a gold target

was bombarded with 60 MeV‘79

Br ions. Radiation continua were
produced in this experiment but it will be shown that this
radiation cannot come predominantiy from molecular orbital

shélls. .

The MO x-ray radiation @s the radiative decay of
vacancies occupying transient molecular orbitalé during heavy
ion-atom collisions. If an x-ray were to be emitted where
the nuclei were in close proximity, the radiation woulq,héve
a maximum energy characteristic of the combined atomic numbers
of the two.nUCléi. During the violent collisio 'ﬁrocess the
combined-atom lines are shifted up in energy ang the speétral
‘peaks broadened. Thus a significant amount of collision

broadening (Macek and Briggs, 1974) occurs which increases

the energy of theoend point of the continua from the united

41
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atom limit. The slopes and maximum energies of the continua
should be characteristic of the coll;sioq particles involved.

Another important consideration in the observation of
MO x-rays is the angular distribution of the radiation. Accor-
ding to Muller and Greiner (1974) the radiatién consists of two
comBonents, a spontaneous part and an induced part. The
spontaneous radiation is isotropic just as the characteristic
radiation is isotropic. However; the induced radiation which
is brought aSout by the rotation of the atoms about the centre
of mass has a radiation pattern peaked at and symmetric about
90° with respect to the beam direction in the centre of mass
system.

The Br-Au collision pair was chosen such that the 1ls
atomic orbital binding energy of bromine approximately matched
the binding energy of the és and 2p orbitals of gold. Thié
should produce extensive ionization through_eléctron promo-
tion. This is seén in figure 2-5 where a schematic corre-
lation diagram is shown. It is well known thgt there is a
resonance for the production of 2pl_(1’denotes the'lighter
cpllisioh partner) vacancieg (f. W. Saris, 1971) some of which

may be radially coupled to the 1 orbital. Since the 3sq,

i 3po, and 3pu levels are filled, thé;most p%bbable_exéitation

will be due to a 3do + 3dm rotational interaction. It had

been expected that if a bromine K vacancy (152} wvere
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carried into a second~collision, MO L X-rays would be emitted.
The radiation produced by a '60 MeV 798r beam is shown
in figure 4-1l(a). The characteristic gold L x-rays and the
bromine K x-rays are prominent and a radiation continuum may
be seen which extends to at least 45 keV. However, the fact
that the radiation is not MO x-~rays is illustrated in figures
4-1(b), (¢), and Yd). Here the radiation shown was produced

12 16 35

by beams of C, 0 and Cl which have the same velocity

as théﬁ79Br beam. Some of the mo§t successful éalculations
of atomic ionization Have been thése based on the binary

encounter model (M. Gryzinski, 1965) which treats the ioni-
zation as a two body Coulomﬁ.scattering of the bound target
electrons by the nucleus of the projectile. The reason for
using ions with the same velocity is that in the binary en-
counter approximation for vaéah;y production the .extent of

target ionization is then simply proportional to the square

of the atomic number of the projectile. The slopes of the

continua (exponentially decreasing with increasing photon ‘energy)

in figure 4-1 are very similar and between 22 and 35 keV drop
to one-half intensity in 2.8, 2.8, 2.8 and 3.5 keV for carbon,
oxygen, chlorine and brdmine-beams, respectively. Since the’

combined atomic number for the four systems changes from

85 for carbon on gold to 114 for broming on gbld, similar

MO spectra are not expected. Not only should the maximum

-phbtoﬁ energy be different, the slopes must éhangé drastically.

.-

A

Gl A Voo PG LI Lor il Al 5., ), il

St et A,

— AL s




Unnormalized
35¢1, (c) 12
gqld‘target.

energy. The

hed

N

Figure 4-1

spectra for (a) 60, MeV 798r, (b) 26.6 Mev
1 Mev 1%, (a) 9.1 Mev 12C pombardment of &
The horizontal axis presents the photon

prominent peaks are L and K x-rays.
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Table 4-1 shows a comparison of the production cross-
sections. As 1s expected, the characteristic cross section
increases rapidly with the atomic number of the projectile.
However, the continuum radiation cross section from 22 to 35
keV divided by the number of characteristic target L x-rays
is constant. This indicates that a major contribution to the
continuum radiation is not dependent on the target—projectile
combination, which would not be expected from a guasimolecular
approach.

A number of explanations for this radiation have been
considered and then reiected. The pontinuous nature of the
radiation ruies out the possibility of it being a result of
characteristié x-rays and since the- production cross section
is not count rate dependent, it is not due to electronic pile~
up. The bremsstrahlung from the projectile nucleus scattering
off a target nucleus (K. Alderet al., 1956) is much too weak
and does not have a strong enough dependence upon photon energy
(Meyerhof, i976). However, at sufficiently hiéh enerqgy this
will become the dominant effect. Calculatioés, using ﬁhe
binary encountex apéroximation, of the bremsstrahlung radiation
(F. Folkmann, 1974) emitted by secondary électrons slowing

-~

down in the pﬁrget indicate that this effect is several orders -

- F

of magnitude too small (even if the intensity is normalized
. .
to the intensity of the characteristic x-rays) - (Meyerhof, 1976).
In the binary-encounter approximation one disregards

during the collision all forces other than the Coulomb interac-
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Table 4-1

Photon Cross sections

k]
-
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Projectilg Target L Projectile COntinuumb) Ratiofzi
~ x—raysa) K x—raysa)
carbon 1.3 _ s.ax107f | goa0t
) Oxygen 2.4 1.5x1073  6.5x107*
Chlorine 5.0 2.8x107°  5.6x107"
Bromine - 150 120 t 6.2x10" 2 4.0x107%
T L3
7/;) Créss section of characteristic x-rays in barns/sr
(¢ 40% error). .
b) Cross section of continuum x-~rays from 22 to 35 keV '
in barns/sr. ‘{:f
c)

Continuum x-ray cross section divided by target L
x-rgy cross section. .

> B
- &
Q |

)
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tion between the nuclear projectile and the struck electron.

El

At the moment of the collision the electron has vélocity v,

in the atom. If v, is assumed to be isotropically distributed,

2

one can from the Rutherford cross section for the binary

encounter calculate the avérége cross section for adding an

energy AE to the kinetic energy E, of the electron. Consider

an electron with binding energy U, and requiring that it leaves

the atqm with a kinetic energy Ee’ then AE = U + Ee. In order

to calculate the energy spectrum for Ee one must integrate

over a normalized velocity diséribution of the electron in

the atom. The resulting cross section for the emission of

an electron with-energy Ee ishtherefore calculable.
Bremsstrahlung ma& be emitted wﬁen the electron

is ejected from the target atom. The electron can be treated

as a light particle which iSFaccelerateélby %he field of the

incoming‘projectile and emits bremsstrahlung. An estimate

of the cross section for electron ejectiénﬂwas calculated using,

the binary encounter approximation (M.E. Rudd et al., lé?l) using

¢ .
,ﬁpe Fock velocity distribution of electrons for the different

atomic shells (V. Fock, 1935). The bremsstrahlung was
"determined using claséical electrodynamics (Jackson, 1962).
The intensity is about three orders of magnitude too weak,

7 «

aithough,qualitatively it shows, the correct photon energy

~ + .' - -A‘
dependence. This suggested mechanism was used in calculations
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‘by Aniolt and Saylor (1976) which verify the lack of inten-
sity. l

Andther process'which could contribute to thé continua

is radiative electron capture of target atom electrons to the
K shell of the passing projectile (H. W. Schnopper et al., 1972).
A target electron is captured into a projectile vacancy

o

whereby a photon is emitted with an average energy EREC =

E. *+ Ek’ where Ec is the photon energy of the associated charac-

teristic x-ray while E, is the relative kinetic energy of

k
the projectile atom and the electron to be captured. This
'results in a broadened peak (due to the electron velocity
distribution) which extends .only a few keV above the binding
energy of §he shell, wherea§ the coﬂtinua extend many keV
higher than the‘characteristic X~Xays.
Finall&, the maxiﬁum enexgy transfer to a gold atom

by the low energy carbon beam is insufficient to -bring a
ﬁecoiling gold atom close enough to another gold'atom to re-
sult in MO L x-rays from a Au-Au collision. w

IIn order to learn more apout the continua, an angular
distribution of ‘the photons produced with the bromine béém was
measured from 30° to 150°. The characteristic x~rays were
found to be isotropic to within 4%. However, a; may be seen .
in figure 4-2, the radiation_tail is anisotropic. The obser—,
vation that the angular distributions are not symmetrié about

90° as the'MO picture suggests results from the fact that the '

D ——
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« Figure 4-2

Angular distribution of 20
60 MeV 79Br bombardment of
open circles represent the

shown as the solid circles

moving system assuming v/cC

to 22‘keV‘photqns from a

a thin gold target. The
uncorrected data while data
has been converted to tHe

= 0.018.

Sz
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radiation is emitted by a‘moviné system. This may be used to
determine wbetﬁer the sohrce.of radiatibn is from the bromine-
ion (v/c = 0.04), the combined brominé—gQId system (v/q:= 0.012)
or energetic electrons (v/c = 0.3).

There are three factors which must be taken into account
in converting the data to a moving system. Firstly, the energy :
of the bhotons will .be Doppler shifted such that the energy

in the moving (primed) system is given by (J. D. Jackson, 1962)

l___v/l—VZLCZE . '

E 1l + v/¢c cosb

where E is the enexgy in the laboratory frame of reference,

"wv/c is the velocity in the lab relative to the velocity of

light and 6 is the laboratory éngle.
Secondly, there will be an angular shift given by

(J. D. Jackson, 1962)

- //l - v2/c'2 siné

tand’
n cosb - v/c

. Finally, there must also be a correction made for the
change'in solid angle with which the detector observes the

x—rays-being emitted by the moving system. °

V2
| e}
' = Q

(1 - g cose)2

where Q is the solid angle in the laboratory frame of reference.



51

The effect of converting to ajmoving system, assuming
a v/c = 0.018 is shown in figure 4-2. The experimental data
only limit v/c to the rangiyof 0.010 < v/c < 0.025, but
this is sufficient to show that the radiation is emitted
during the collision.

In summary, it has been ;hown.that radiation emitted
during heavy ion-atom bombafdment of Au has an intensity per
Au L vacancy independent of the projectile and the slopes of
the continua show lit£le dependence on the atomic number of
the combined system. However, the angular distribution of
" the continuuﬁ does show a symmetry about 90° in the centre of
mass system just as MO model radiation would have. While MO
radiation may contribute to the continuum region it mus£ be
concluded that other effects should be taken into account.
Since;the production of the radiatioﬁ is not well understood, .
one must be caréful when ascribing radiation continua to mole-

cular orbital radiation.



CHAPTER 5

DOﬂBLgiK—VACANCY STUDIES : ’

In heavy ion-atom collisions at medium energies

5.1 Introduction

(v .7 MeV/amu), multiple iﬁner—shell vacancies_may'be pro-
duced. If, for -instance, both‘electrons are removed from
the K-shell of either the targe£ atom or the projecﬁile atom
during such an encounter, the holes created will be filled b§
the subsequent transitions of.two electrons from‘higher—
lying shells. Normally these jumps will be accompaﬁigd by
the emission of two characteriétié x-rays or the emission of
two Auger electrons or one of each. Howeverx, it‘is also
poss}gle'that‘béth holes ﬁay‘bg filled by a simultaneous
tf@nsitiop of two electrorns which reSulté in the emission of
a single photon with an energy greater than twice Fhe normal
K transition energy? . The existence of this effect has been
reported recently (WOlfi et al., 1975) with a sqbseéuent
experimental and theoretical upsurge iﬁ interest;in this kind
of éroceés. A knowledge .0of the double vacancy production is
‘requirea for an understanding of thé.hypersateilite

2 7L Tn'l), satellite (K‘lL

2

(k1P —n—l-*L~n720-and two
L™ » 1772y transitions. The possi-

electron-one photon (K~
bility that single x-ray emission of a hultiple-vatancy state
may be a contributing component to the.x-ray continua also

52



53
5
was a motivaténg fagtor behind the-présent work. Multiple -
vacancies in the &—shéll are a@ong the easiest:of any of .
the atomic shell ‘vacancies to _experimentally obgerve and are

also relatively less complicated to understand theoretically.

L8 -

A number of investigators have studied the emission

’

of coincident K hypersateilite and KL sayellite X-rays in
doubly K-ionized atoms using radioactive sources (J: P.
Briand et al., 1971; J. P. Desclaux et al., 1974; H. J.
Nagy ét al., 1975 and van Eijk and Wijnhorst, 1977). The
probability per nuclear decay of proéuciné a double K-

<

vacancy'is quite small (~ 10—5 in the best cases) which can -

result in thé double vacancy coincide;ces being superimposed
on a very large background. The backgroqnd can be conside:ab—
ly reduced if a very weak source is used %nd if the experi-
ment is run over a long period of Fime'(van Eiik and Wijn- ‘
horst,}977). In thé present work the probabilify of double Qacancy'
prbdQC£ion is -about two orders of magniﬁude greater than the
'source production probability and consequently resulted in
a true—to-chagpearatio of aéprokimately one to .one. Thus
the experimental. difficulties with backéround'are'reauced
and the data reduction ig simplifed.

Richard et al. (1972) have studie & calcium hyper- .
.satellite séfﬁéﬁpgg resulting from the Pémbardmént by 30
MeV oxygen ions. They détected the 3—Fays using a crystal

spectrometér, A number of_KOl hypersatellite lines were ob-
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served which corresponded to calculated lines of different
configurations of 2p vacancies.

In this present "in beam" study a‘beginning has been
taken towards an understanding of the double K-vacancy pro-
cesses during heavy ion-atom collisions at low velocities

(v << 1) .. Eighty MeV iodine ions from the

ion/VK'electron
FN tandem accelerator were used to bombard seven thin targets
ranging in atomi¢ numbers over the region of target-projectile
symmetry (2., = Zp) frop silver (Z = 47) to lanthanum (2 = 57).
Two coincident K x-rays were observed which may originate in
the target atom, the projectile ion or from the hoies being
split between the target and projectile. The double vacan-
cies studied have given information on the hypersatellite .
and satellite energy shifts; the sharing of double vacancies

between the target and projectile atoms and the ratio of

double vacancy production to single vacancy production. An

.Ainsight iQto the production mechanisms involved has been

achieved in attempting to explain the observed cross sections

and the relative target and projectile vacancy intensities.
X

5.2 Satellite and Hypersatellite Structure

The. x-rays which are observed in these heavy-ion atom
. . Lo . . o :
collisions are emitted by atoms which are highly ionized.

The equilibrium charge state of 80 MeV iodine projectiles

passing through a solid target is twenty-three to twenty-five
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(Betz, 1972). Since the emission may occur over a range of
atomic cohfigurations, the emitted x-ray lines from target
and projectile atoms will be shifted to higher energy .and
will also be considerabl& broadenéd. If the two vacancies
exist in the K-shell of an atom and an L-shell electron fills
one of the K-vacancies then an x-ray may be eﬁ?tted whose
energy is increased from the no;mal X-ray since the nuclear
shielding has been reduced. This x-ray is a hypersatellite
x-ray. §ow if another electron fills the rxemaining K-shell
hole then a satellite x-ray may be emitted whose energy

is intermedgépsxbétween the normal and hypersatellite x-rays
aéain due to the reduced screening of the nucleus since an
L~vacancy is present.

‘ For the sake of simplicity in tﬂe following discus-
sion, the calculated Ka'line in which only one vacancy in
the atom iévpresent,‘is called the diagram line thle the
"in beam" singles K  line is called the normal K, x-ray.
Also thé "in' beam" s§tellite and hypersatellite lines are

s and_Ka?, respectively.

dénoted by ka
The data from the coincidence experiments were stored
on magne?ic tape. In order to observe which xjrayé are in
cdiﬁéidence, it is -necessary to set a window about a specific
energy region of one detector and then.have the éomputer re-

cord all those events on the magnetic tape in the other detec~

tor in true prompt coincidence with this energy region. The
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indium K satellite (In K ®) and K_ hypersatellite (In-k

x~-rays have been @nalyzed in just such a manner so that it
may be determined which transitions are in coincidence with
the Kz and Kah x-rays. ‘

Figure 5-1 shows two spectra from tﬁe indium experi-
ment; the ﬁpper plot displays the i—rays iﬁ the chance re-
gion of the time spectrum and effectively correspénds to a
singles spectrum. The lower spectrum is a true prompt coinci-
dence spectrum of all thé lines in coincidence with the

% and Kah x-rays in the spectrum of the Ge(Li) detector.

In Ka
The spectra shown are coincidence .events collected from the
Si(Li).detector spectrum. The Ka peak in the lower plot is
wider (= 970 eV FWHM) than the chance Ka peak (= 520 eV
FWHM) due to the fact that it consists of botg the Kas X—rays
and Kah x-rays. The two x-ray peaks are not resolved by
this experimental system but it has been determined by a
least squa?es fit to the data~that the two peak centroids. are
separated by approximately the FWHM resolutién of the Si(Li)
detector at this energy. It'was also establishéd by the same
least squares fit that the intensities of the hypersatellite
peak and the satellite peak are equal within the statiséical
uncertaintyi

It might be expected that if a single projectile i&n
were to create K vacancies in two separate target atoms, as

it passed through the target material that.two noxmal K, x-

L réys would be detected in coincidence. A KOl peak should‘appear

1

)



Figure 5-1

The upper graph is a‘plot of the Si(Li) detector coinci-
dence events in the iodine on indium experiment from
the chance background region of the time spectrum (see
figure 3-5). The lower graph is a plot of the true
prompt coincidence events of the Si(Li) detector in
coincidenee with the K_° and xah x-rays of the Ge (Li)

detector.
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.experiménts were approximately 10
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1

in the collected spectrum. ., The Ka line and the Kas 1line have

. F- . -
approximately the same energy and so the Ka-Ka coincidences

might appear as an enhancement, of the KaS peak. Due to'the
o Ay

statistical uncertainty a definitive statement cannot be made
on this point, but af least it should be stated that the x-ray
intensity from this‘process is much smaller than the double

Y

'vacancy intensity. .

An estimaté of the ratio of'prodﬁction of two separate

‘
atom K vacancies éo production of single K vacancies can be
made if it is asgﬁmed that the prbbability for the two vacan-
cies is the'squgke of the single vacancy probability. The
single K-vacangy cioss‘seétions (Meyerhof et al.,1977) and
y ,

the target thfckness aré known which allow the single K-
vaéancy probabilities to be determined. The tWO.sebarate
’K—Qacancy iﬁpensity to ;ingig K*vacanéy intensify ratio is
probo;tiqnal'to target thickness so by keeping the targets

thin the separate vacancy coincidences were effectively

eliminated from this work. ‘The qalculated ratios for these

5 which is two orders of

. .

_magnitude ‘lower than the double K-vacancy to single K-vacancy

[

ratios measured, A
Figure 5-2 shows the same data as in the lower plot

of figure 5-1, but with windows set to ilLust;agé:&he KaS and

Kah_struéture. In the lower plot a window héﬁ"igen set on

the right-hand side (the K " side) of ‘the indium K, peak of

g
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! Figure 5-~2
™ /

The upper graph is a plot of the true prompt coincidence

events of the Si(Li) detector that are in coincidence with

' x~-ray events of the Ge (Li) detector in the energy region

éﬁcompassing the Kas x-rays. The lower plot is similar

except the energy region is of the Kah X-rays.
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.with the projectile iodine normal K, or K
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- - -

the Ge(Li) detector spectrum. Thus the collected Sit(Li) :&h
spectrum shows a skgweq‘Ka peak because the Kah compopené.
has been suppressed due to the fact that two hypersatellité
x~-rays' cannot be in true coincidence. Figure 5-3 is a map

o
of which x-rays ought to be in coincidence, wHere the sub-

~

scripts 1 and 2 designate the target and projectile atoms.

Indium Kah x-rays are not expected to be in coincidence

x-rays, but are

B

S x-rays. The lack of normal

B

iodine x-rays-in the plot illustrates this point.

in coincidence with indium K

The upper plot, of figure -5-2 is the collected Si (Li).
spectrum where a éate was set on the Kas—normal Ka side of
the Ge (Li) indium Ka peak. _The indium Kas and KBé lines .
are suppressed while tﬁe.in§ium Kah.aﬁd the normal iodine
K, and KB iJrays are p;ominent. The indium Kﬁ hypersatelkite
x-réys have about the same gpergy as thg normal iodinelga
x-rays so they are lost in the much more intense iodine x—_'

ray peak. The satellite and hypersatellite x-rays of iodine

are not seen as is expected.

5.3 Enef@ies of the X-rays

An experiment was conducted to determine the precise

enexgy of the aniroid of a‘singles Ka x-ray peak. This was

accomplished By doing an experiment with the high resolution

Si (Li) detector in which a target of tin was bombarded by the

Aty



A schematic representation of K x-ray coincidences that

may result from double K-vacancies. The numeral 1 re-

61
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Figure 5-3

shl-sh s.'h.'sh
Kia Kia Kia Kip Kig Kig K, K3, Ko, Ko Ko Kap -

presents one atomic species while' 2 represents the

othér.
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_that the detector could see these sources as well as'the

62

k3

iodine beam. At the same,K time a molybdenum x-ray. source and

a 137Cs source (emittin% barium XTraYS) were positionéd such

4

tin ™in beam" x-rays. By this method, x-rays of precisely °

known energies bracketed the .tin x-rays'whose energy was to

be determined. A least squares fit to the data was done and
7

an energy for the tin K x~ray lire (weighted average of K,

) 1
and Ka ) of 25.32%.05 keV.was determined. This is. an energy

2 .

. da .. .
13050 eV greater than the averaged diagram line K, (Desclaux,

-

1973).

This enexgy shift can be used to determine the mean

\

/‘..

p

state of iopization of the L shell when the transition oc-
curred, that is to deterﬁine n in‘'a vacancy coqfigurétion of
(ls)_l(2p)—n. _Riphara (1972) has done a series of Hartree-
féck—Slater q?lculations for variéus configurations in which
n Varigs.from one to four. The systematigs of the Ra.éﬁa KB
x-ray energy shifts were calculated a9 a fgnqﬁion of atomic
number and the number of 2p vacarncies, n. Fgﬁm'this work
it is estimated that the qumbef of ép'vacancies'for a 130 ev
shift of the Ra.x—ray fo; 2=50 i; one to two‘vacancies. .Unj
fo;tunat;ly an accurate determination of the KB energy shift

B
lines form an unresolved doublet peak in the spectrum.

is not possible since the tin K, -and the iodine_Ka-x-ray

i

w."
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The energY.gafférenpgsjfor the indium Ka diagram,
nbrmal, satellite and hypersatellite x-ray transitions are
~ . . .
compiled in table 5-1. It is assumed here that the Ka_Kad

energy difference for indium is the same within erroxns as

the measured tin energy difference. The Kah energy shift

from the diagram line for indium has been measured from the

. )

114Inm

decay of by means of a crystal spectrometer (van Eijk

and Wijnhorst, 1977) and was féund to be 5664 ev. A least

"squares fit to the peaks in the spectra of -the in-beam

}

experiment gives an energy difference of 529%50 eV for

K2 _Ka which-is 'in agreement-with the spectrometer value.
It is possible to make a direct comparison 6£.this kind be-
tween these two difference values even thouéh the in-bean

experimentalJtransitiOns have additional 2p vacancies involved. -

‘The reason for this is that the additional L vacancies have

little influence .on- the energy difference between the KOL
and Kah-tréqsitions. The energy shift of each of these transi-

tions is the s%?e for each additional L-shell vacancy present
i X : . X
(Olsen and Moore, 1974).

¢

5.4 Vacancy Sharing
The'sharing of vacancies between the K, shells of the
partners in an atomic collision has been shown to follow a

simple universal relationship (Meyerhdof, 1973). ‘Ag inf%nife

+

separation, the 2pc state correlategiwith the ls atomic state

(see.figure 2-6) of .the lighter partner while the lsg state
> ~ 9. ".

L}
- !



Table 5-1
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K Line X-ray Energy Differences in Indium

-- , Coincidence Experiment

Indium Transitions . Energy Difference
K - K d . 130 £ 50 ev
a o
KP-x5S 500 * 30
a a . S
.. S . ‘
Ky = Ky oo 29 + 35
k B C ok . 529 * 50 '
a a -
$ a .
K® - K 160 * 70
h *d T
Ka - Ka 660 ¥ 70
"’
% . i
b' L)
4 R
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s

corresponds to the heavier collision partner ls state. The
derivation of the radial coupling transfer probability from

the 2po state to the lso staté, W (figure 5-4) is based

1s

on the charge transfer model of Demkov (1964] .
_.Meyerhof has shown that the relationship between

the K vacancy cross sections of the target, o, (T): and the

. projectile, oK(p), is giben by

K Is _ e-2x
where x is defined as™
tﬂl '
L )
3 .. L 1/2 1/2
' X = 173" (I - I ) .
) (2me) v T - P

m is the rest mass of the electron, v is the pr¢jectile

velocity while I

gieé of ~the target and projectile atoms, respéctively (Des-

™

claux, -1973).

o In this study, the ratio of the target to projectile

K-vacancy production intensities for all the targets used was .

"determined and then compared.to the above exponential relation-

ship. The respective K, line intensities from the ghange
specéra of the coincidence data were measured, then corféc-
ted for deﬁegtor:efficiencx, for the Ka/Ké ratio and:fbr
fluorescence yield: The neutral-atom fiuorescence yields

were used in this_éorrection (Bambynek, 1972). By taking’

the ratios of the cross sections, the errors éssocﬁated with

the corrections té the x-ray data are minimized. Figure 5-5

-~

and Ip are the neutral-atom K binding éger—

o)
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1s (U)

Figure 5-4

Schematic correlation éiagram for an asymmetric collision
between a lower-2 partner kL) and a higher-Z partner (HS.
'Two‘radiai coupling vacancy §hariqg processes are indi~
ca?ed ' w2p and W, . Thg regién whe;e rotationai céup;

ls
ling may occur is ‘indicated by the box.

[
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Figure 5-5

A plot of the ratios of target to projectile single K-
vacancies produced by 80 MeV iodine beam bombardment of
the seven thin targets as a function of parameter x.

The line is a calculation of the ratio as exp(-2x).
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shows that the calculated line fits the data well.

The double vacancy sharing has been determined also.
For the single vacancy sharing case, the ratio of cross
sections of the heavier atom to lighter atom is characterized

by wls/l-w The cross sections may be expressed as

1s”

g, (H)

1 Py Wy g

o, (L) « pl(l—w

1 )

ls

where Py is the probabiliéy of having i vacancies in the 2po
state. Using a similar argument for two K-vacancies in one
of the atoms and making the assumption that the two vacan-

cies are independent of each other the double vacancy cross

sections are (Briggs and Macek, 1972)

Oy (H) = poW, ¢

~ GZ(L) « pz(l—wls)2
However, under the action of sharing some of the

double vacancies in the 2po state result in double vacancies

in one atom and none in the other, while others produce

simultaneous vacancies in both collision partners (Macek

and Briggs, 1973). The expression for single vacancy produc-

tion of this kind is given by

g, (H) = pzwls(l—w ) .

1s
ol(L) o« p2(l-—wls)wlS .

Even though there are single vacancies in each atom
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they will still of course result in coincident K x-rays. Since
both the separated and the unseparated vacancies may result

in coincident K x-rays, the total x-ray intensity for each

atom is proportional to the sum of the double vacancy and

shared double vacancy production.

Total ! .
95 (H) = 02(”) + Ol(H) pzwlskh
]
Total _ ' o -
a, (L) = oz(L) + OI(L) pz(l Wls)

The ratio of the heavjer atom to lighter atom total K-vacancy
cross sections using these expressions is simply wls/l—wls.
1s 1s just the same as for the single K-vacancy case.

Figute 35-6 shows/}ﬁgf\' e total double vacancy ratios indeed
have the s ependenc _upon the parameter x as the single
vacancy ratios. This appropriately corrected total vacancy
production rate for a given atomic species was obtained from
the total true prompt coincidence spectrum of each experiment.
That is to say, all K x-rays in the enerqgy spectrum of one
of the detectors were gated on in order to collect the tot&l
vacancy production.

Unfortunately the resolution of the detector system
precludes acchrate measureménts of the ratios of the double

K-ionization in a single atom, which one would expect to be

" the square of the single vacancy ratios, that is exp(-4x).

e ST
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Figure 5-6

Plot of the ratios of target to projectile double K-vacancy
coincidence events as a function of parameter x. The line

is the calculation of the ratio as exp(-2x).
Hi
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Fortunately, the double vacancy work of Lennard et al. (1977a)
has shown that this expression is in accord with their data
and thus the assumption that the two holes act independently

18 substantiated.

5.5 Single K-vacancy Production

_ Before discussing the production of double K-vacancies,

it is éppropriate to consider the single K-vacancy formation

for the symmetric collision region of heavy atoms, 2 z, > 10.

17 "2

A remarkably good fit to the experimental K-vacancy cross
sections has been obtained by Meyerhof et al. (19%7) for sym-
metric and near symmetrxic collisions using a number of heavy-
ion projectiles (e.g., figure 5-7). A two collision mechanism
predominates in which a 2p-~vacancy is prepared in the projec-
tile in an initial collision. In a subsequent collision the
vacancy is transferred to the 2ps MO from the 2pm MO (see
figuxe 5-4) via rotational coupling. The general form for

the equation which gives the cross section is (Lennard et al.

197Yyb, Macek and Briggs, 1973).

=1
o =3

2po N2p w2p orot

The N factor is the equilibrium number of 2p vacan- .

2p
cies per projectile inside the target material. The approxi-
mation used by Meyerhof et al. for the projectile vacancy

fraction is



o ,
Figure 5-7

The sum of target and projectile K-vacancy production cross
sections for 62 MeV iodine as a function of the target ato-
michnumber. Solid curve represents the computed multiple-
collision contribution to 2po cross section. Vertical
dashed line indicates symmetxy. The dot-dash line indi-
cates a spin-orbit effect correction to calculation. For

80 MeV iodine collisions the spin-orbit effect is negligible

(from Meyerhof et al., 1977).
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where n, is the target atomic density, v

velocity and 1

1 1s, the projectile

1x is the projectile x-ray lifetime for transi-

tions from the atoms'M and Mv levels to the L and L

lv 11 111
levels (Scofield, 1974) (see the appendix for explanation
of notation). These levels were the only ones included be-

cause of the high state of projectile iaonization. The cross

2
section ¢ P
1x

)

is the cross section for the 'production of

A
projectilé 2p x-rays. The product n, v. o 25\{; the mean

2 1 "1x

number of vacancies per projectile per second which emit x-
rays suc@ that T1x M2 Vq lezp is the steady state 2p
vacancy number. It is interesting to compare the mean free
time for the production of the 2p x-ray vacancies,
l/nz.vl lezp' to the x-ray lifetime of the 2p vacancies.
The mean free time for 80 MeV I ions in solid iodine is
about 4><10—13 sec while the 2p x-ray lifetime is about 3x10 12
sec. Thus for each projectile ion with a 2p-vacancy it is
relatively rare that it pariicipates in a second collision.
sz is the 2p-vacancy sharing‘fract%Onu It has been
shown by Lennard et al. ﬂ1977b) that if a projectile carries
2p vacaqciés into a collision then these vacahcies are shared

between the 2prm and 3dm MO's (figure 5-4) in a manner similar
[

to the K-sharing between the 2pc and lso MO's.

o 1
Wop = 1.79%

l + e

2p

where
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_ m 1/2

2p (2me)l/2vl 2p

(p)) .

(T) - I

Izp(T) and I2p(p) are the 2p ionization energies of the
target and projectile atoms, respectively. The factor of
1.79 was derived empirically.

The cross section 9. is the 2po-2pm rotational

ot
coupling cross section per incident 2pnx vacancy. The cross
sections along with the necessary scaling relationships.
have been calculated by Taulbjerg et al. (1976). Only

the x-component of the 2pn state is coupled to the 2po

state due to theganature of the rotation operator (see sec-

tion 2.4). The factor of 1/3 is a statistical factor derived

by Macek and Briggs {(1973) which is the fraction of 2p
Yacancies that will be seen in the 2pﬁx molecular orbital.
Thus K-vacancy production is felt to result from the
equilibrium L-shell vacancieé’in the projectile being shared
between the 2pm and 3d7m orbits. Some of the 2pn vacancies
are then coupled to the 2po orbital which in turg shares the
vacancies with the lso orbital. Consequently, Because of
the lso MO being correlated with the ls atomic orbital
of the heavier partner and the 2pd being correlated with
the ls atomic orbital of the lighter partnef, vacancies
exist in both collision atoms upon separa£ion. The expres-

sion which describes the total K-vacancy cross section of

both target and projectile is

-~
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0=%—nVT Opr o] .

o 2 1 1x "1x 2p “rot

All of the parts of the above equation for the
cross section are calculable quantities, except the projectile
2p x-ray cross section which has to be determined experimen-
tally. The iodine projectile 2p x-ray cross section was oOb-
tained from the. 62 MeV iodine L x-ray data of Meyerhof et al.
(1977) by multiplying the L x-ray cross sections by a factor
of 9.9 (Datz et al., 197}). This factor is due to the fact
that Ehe L-shell contains 2s vacancies as well as the 2p
vacancies. The 2p x-ray cross sections for 80 MeV iodine
projectiles were determined by scaling the 62 MeV data to
.80 Mev using the energy dependence of the L x-ray Cross
E0.8

sectibn, o, «

L (Stein et al., 1972). -

-

5.6 Double K-vacancy Production

All double vacancy events whether from the target or
the projectile or from a sharing of vacancies between target
and projectile were collected in the analysis'of the magnetic

e

tape recordings of the experiments. This was accomplished by
setting gates on the prompt time peak, on a backgrouna time
region and on the energy region of one of the detectors con-
taining all possible K x-rays. Thus the collected spectrum

of the other detector contains all the information on the double
vacancy events. The data were corrected for background chance

events, for detector efficiency, for.electronic efficiency,

for solid angle and for fluorescence yield. The neutral-
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atom fluorescence yields (Bambynek et al., 1972) were used
to make the corrections since the fluorescence yield for .
double K-vacancy decay and the fluo;escence yield for single
/k—vacanCy decay are similar (Bhalla and Hein, 1973). The
\ x-rays in the energy region of interest in these studies were
‘not attenuated to a significant extent by either the target
material or the thin plastic windows. Also the vacancy pro-
duction as a function of projectile depth into the thin tar-
get does not change significantly because of projectile slowing
since the velocity reduction of 80 MeV iodine ions in passing
through the targets is about one percent (Northcliffe and
Schilling, 1970).
The total number of double-vacancy events was ob-
tained by summiﬁghall the K x-rays in the corrected spectrum

4 .
of collected events. An appropriately corrected singles spec-

trum, from an experiment performed on the same target used

in the coincidence experiment, was in the total

single K-vacancy events. The number of Ka x-rays the

target or projectile atoms detected during each experiment

by the detector common to both experiments was used to normalize
the double vacancies events to single vacancy events.. The

ratio of total double vacancies created to total single
vacancies created for seven target species by the bombardment

of an 80 MeV iodine beam is shown as a function of atomic

number in figure 5-8.
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Figure 5-8
The experimental ratios of double 2po-vacdncy to single

2po-vacancy production cross sections as a function of
P

_
target 7 foxr 80 MeV iodine projectiles. The line is a

calculated ratio of the sum of double vacancy cross sec-

tion calculations in the text (o a g b + g C) to the

2K 2K 2K

multiple collision Zp—vacancy cross section calculations.

4
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Since the MO multiple collision model reproduces
well gpe single K-vacancy Eross section dependence on atomic
number, it remains to calculate the double K-yacancy cross
sections in order to obtain the double vacancy to single
vacancy ratios to compare with the experimentally observed
ratios. One mechanism is the MO multiple collision process
as outlined in the previous section on single K-vacancy pro-
duction. Another excitation mechanism is a direct Coulomb
excitation process which will be considered specifically in
its binary encounter approximation (BEA) formulation (e.qg.

McGuire and Richard, 1973).

1
i

The first model to be considered is one in which the °

single vacancy MO multiple collision approach is modified
for the case of the two 2p-vacancies being brought from an
initial collision into a subsequent collision during which
the two vacancies are rotationally coupled to the 2poc MO,

¢
The calculation of the equilibrium fraction of double 2p-
vacancies was done using the prescription of Fortner and
Garcia (1973) in which the equilibrium vacancy r;te equations
are solved for ionized projectiles passing through thin
targets. The solution (assuming double electron processes

are small) for the equilibrium fraction of projectiles with

two 2p-vacancies is

(2) _ (2) 2p
Nop = 72 V1 Tix %1x Vo2p
2
2
2 2 Oy 2p
=0y vy o oy

B e il

© o e

- o

A e
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where the notation 1s as before except for the projectile x-
 (2)
\lx

approximated as rlx/z following the statistical argument of

ray double-vacancy litetime, ,This li1fetime has been

Hopkins et al. (1976). The cross section for the prqduction
of two K-vacancies 1f the two 2p-vacancies are then rotational-

ly coupled to the 2p+r MO 1s aqiven by

PSP AL RS

2K 15 2p p o 2rot

2
1 2 2
1 2 2 1x 2p W ¢
s " Vi 5-(olx) 2p “2rot .

The statistical molecular probability factor of 1/15 for the
population of the 2pnx MO 1s from the calculations of Macek
and Briggs (1973). The sharing of two vacancies between the

2pn and 3dw MO's, W , was assumed to betsimply the square

2p
of the single vacancy sharing. This 1dea is based on the
assumption that the vacancies are independent of one another

similar to the independence of the K-vacancies during the

double K-vacancy sharing. The 5ot 18 the rotational coup-

-~

ling of two vacancies between the 2prm and 2pc MO's as deter-
mined from the results of Taulbjerg et al. (1976). The re-
sults of the double K-vacancy cross section calculations for

]
this mechanism are tabulated in table 5-2.

A second two-vacancy production mechanism is the
direct Coulomb excitation of two K electrons. The impact

parameter formulation of the binary encounter approximation

-
hY
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Target atomic
Number
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.48
49
50
52
53

57

*

all cross sectians are in units of barns

»

Table

X-ray Cross

a

Y2k

4.9x102

.85
.41

.12

5-2

Sections®*

92K a

3.6x10 %

3.1

a . . .
two projectile L-vacancy mechanism

C
U2k

4.9%x10

4.1

2

80

Q
-
=

90.8
71.2
63.0
58.7
36.8
25.1

12.1

bsingle projectile L-vacancy, Coulomb excited 2pm-vacancy

mechanism

csingle projectile L-vacancy, Coulomb excited 2po-vacancy

mechanism

TN



will be considered for this ionization. It is common to con-
sider the scattering of particles as a function of impact

L]

parametexs b and to express the total cross section as an

integral over all impact parameters.

o (V)

1]

N 27b P (V,b)db

For the.present‘case, P(V,b) 1is the scattering probability

per electron in a given shell and N is the number of partici-
pating electrons. McGuire and Richard (1973) have calcula-
ted the ionization probability P(V,b) versus b using isotropic
hydrogenic electron density distributions. The parameter V

is a scaled velocity equal to vi/vo, where v, is the velocity
of the incident projectile and vy is the orbital velocity of
the atomic electron. Also there are scaling laws for the
ionization probaQilityAWhich take into account the target and
the projectile.P (V,b)- scaléé with projectile as Z2, the atomic
number of the projectile. P(V,b) scales with the target as

2 where Z. is the effective nuclear charge seen by the

27 2
projectile at the point of impact with the atomic electron.

For the case of an L electron 22 may be taken from the Bohr

2
atomic model as
2
2, = 4|UL|/13.6
where U_ is the binding energy of an L-shell electron in_units

L

of electron volts.

9
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Now under conditions in which MO coupling mechanisms
are not expected to contribute, the experimental data concer-
ning single K-vacancy production in heavy-ion atom collisions
has been described successfully in terms of a modified BEA

direct Coulomb excitation (Foster et al.,1976). The binding

L~

energies used in this modified BEA model were the bigﬁéng {

energies of the united atom rather than the binding energies ///

—

of the target atom. This modification, though theoretically

%

unjustified, resulted in a better agreement with the heavy iony
atém collision data than the unmodified BEA calculation. \\v//

In light of the above considerations the double K-
vacancy cross sections were calculated as

212 13.6 )2 ,

1/2 0
where a numgrical method based on the results of McGuire and

Richard for the ionization probabilities was employed to
evaluate the integral. The excitation is assumed to be of

the elec£rons in the 2pl/2 shell of the united atom (following
Foster et al.) which thus determines 02 L2 (UA) as well as the
scaled velocity, V. The resulting cross sections that were de-
termined are of the order of 10"4 barns, three orders of mag-
nitude too low to give the experimentally obsexrved ratio of
double K-vacancies to single K-vacancies.

Another method that may produce two vacancies in the 2pg

MO is a direct Coulomb excitation of a 2p electron in a colli-
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s@onjjmwhich a MO coupled vacancy aljjééy exists. For this
kind of two-vacancy production there/exists two modes for

the Coulomb excitation of a 2p electgbn. One way is an exci-
tation of a 2po electron while the other possibility is that
an electron in the 2pm MO may be excited. In the modified
BEA formalism the %yo united atom levels Zpl/2 and 2p3/2
(which correspond to the 2pc and 2p7m MO's, respectively) were
assumed to be degenerate. However, in the united atom limit
where the combined atomic number is in the>}egion of 106, the
energy difference between the two states is approximately 8
keV (see figure 5-9). Consideration must therefore be given
to possible excitations from either of the two levels.

First consider the direct Coulomb excitation of an
electron frem the 2p1rx MO in wﬁich a single MO vacancy already
exists. Both vacancies are then coupled to the 2pg MO.

The formalism that has been chosen to express this excitation
is the product of the multiple-collision MO ﬁechanism which
fits well the experimental single K-vacancy cross section data
and the modified BEA mechanism which reproduces reasonably "
well the Coulomb excitation of inner-shell vacancies over a
broad range of heavy ion-atom collisions; The rotational
coupling aspect of the multiple-collision MO excitation
mechanism is impact parameter dependent. Therefore in order
to obtain a product of the cross sections of MO excitation and
Coulomb excitation, the impact parameter representation of

the BEA excitation of the 2p1rx electron was chosen. The

-
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Figure 5-9

Schematic correlation diagram of some MO's of a heavy
collision system. The numeral 1 represents the lower-2
separated atom while 2 represents the higher-2zZ partner.
This }1lusﬁrates 2pl/2-2p3/2 united atom splitting.

i
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cross section’for two vacancy production in the 2poc MO may
- p

be represented as

(e}

2p 2
w2p 2n b Prot(b)Pan(b)db

—

©p
2k T 3 PoViTix%1x

0
where Pzp“(bf*represents the appropriately scaled BEA ioni-

zation probability and P (b) represents the 2pm-2pc rotatio-

rot
nal coupling probability from the results of Taulbjerg et al.
(1976) . The results of the double vacancy cross section cal-

culatiens for this mechanism are tabulated in table 5-2.

Next consider the process of the Coulomb excitation

A

of a 2po electron and the vacancy in the 2pnx MO being coupled
to the 2po MO. The cross section for this process is
c

g =

2Kk = 3 "2V1T1x%1x (b) db

2p -
W2p 2 27D P:c:ot(b)(l Prot(b)Pzpo

0
where the Prot(b) probability takes ¥nto account the coupling

of the 29nx vacancy while the l—Pr t(b) term is the probability

0
that the Coulomb excited 2po vacancy is not coupled to thg 2p1rx
MO. Once again the results of these double vaéancy Cross
section calculations are tabulated in table 5-2. Also listed
in table 5-2 are the MO multiple collision single K-vacancy
crdsssectionresults, Oy1x-

If the three cross sections as determined for each

target are simply summed, then the resultant total cross sec-

tion is a classical calculation. The ratios of the summeq

»

.

W
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double K-vacancy crosé sections to the single K-vacancy MO mul-
tiple collision cross sections are plotted as a solid line

in figure 5~81 The calculated ratios are of the right magni-
tude but do not have as strong an atomic number dependence as
the experimental ratios. Nevertheless, the calculated ratios
decrease with increasing atomic number as they should.

. A few comments ought to be given on the double K-
vacancy cross section calculations. Other possible modes of
excitation have not been incl%ded such as the rotational coup-
ling of the 2p MO to higher-lying MO's (e.g. see review by
Taulbjerg and Meyerhof, 1977{. Also not ‘included is the
dynanic rotational coupling‘agithe 2pnx MO to higher-lying
MO's which may increase the q}mber of 2p1(x vacancies that can
be coupled to the 2pc state. The approximation that the united
atom enefgies of the 2pl/2 and 2p3/2 levels represent the
energy regime where the Coulomb ionization takes place may
not be appropriate. In particular the scaling of the ioniza-
tion probabilities Ppr(b) and P2po(b)' and v the orbital
electron velocity are strongly affected by the enepg}es of
the levels. At the values of the scaled velocify v (vi/vo)
used in the present calculations, the BEA cross section\is
changing dramaticélIQu Consider also that the three calculated
cross sections were simply added toggther fo give the total

v

2K-vacancy cross sections. This may not be valid since there

may be coherent interference among the three modes of production,

[

amra Gl v
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L

‘s b c
particularly between tge UZK 2K

which because of their similar magnitudes could result in a

and o
significant variation from the summed values.

5.7 Double L-vacancy Calculation

The preceding calculations approximate the double K-
vacancy proddction cross section intensities reasonably well.
However, the atomic number dependence of the double to single
K-vacancy ratio is not well explained. In tﬂe calculation
of the o;K cross section (the two L~she11 vacancy MO mechanism)
the assumption was made that double el?ctron excitation pro-
cesses are small relative to single electron excitation and
thus the double L-vacancy was considered to be produced in two
separate collisions. In this section é calculation of the
double to single K-vacancy ratio is made using a model which
considers the double L-vacancy as being produced in a single
collision. The cross-section for the process is treated as
‘a free parameter.

In this model two 2p-vacancies are prepared in
the projectile. In a subsequent collision tb? two 2p-vacan-
cies are rotationally coupled from the 2pn MO o the 2po MO.
The general form of the cross section Qill be

4

S(2) _ 1 () 2 -

2ps = 15 Y2p "2p “2rot

where, as previously, 1/15 is the molecular probability factoxr

ionization probabilities

-

/4/

N
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2
2p

tion between the 2pw and.3dw MO's and o

(Macek and Briggs, 1973), W is the vacancy sharing frac-

Irot is the rota-

tional coupling of the two vacancies between the 2pwm and 2pg
MO's (Taulbjerg et al., 1976).
The Nég) factor is the equilibrium number of two 2p-

. vacancies per projectile inside the target material. This

is given by

. (2) _ (2) 2p(2)
{ N2p =0 V1 Tk %1x
where n, is the target atomic density, vy is the projectile
velocity and T{i) is the projectile x-ray double-vacancy
‘ (2)

is assumed to be T, /2. The double
ix 1x

K-vacancy production cross section for this double L-vacancy

lifetime. As before 1

multiple collision MO mechanism is given by

5(2) _

T
1 1x 2p(2) 2
K 15 M2 V1 3 %1x

w2p 92rot-

The ' total single K-vacancy production cross section
is

= 2p
OK T1x %1x w2p “rot

Wi+
ol

2 V1

Therefore the ratio of these cross sections is given by
(2) 2p(2)
92K 1 %2rot Y1x

== W R
% 10 "2p 9 ¢ le2p

A best fit of this calculation to the data is shown in figure
5-10 assuming the double to single 2p-vécancy cross section

ratio is a constant with a value of 0.10. The calculation fits



c'f"‘\,—-\

[}

Figure 5-10

Plot of the ratio of double to single K-vacancies as a
furrction of atomic number. The line is a éélculaiion of
\’\\ the ratios using the double L-vacancy calculations as-

. 2p(2) , 2p _
suming 0;¢ /0lx = 0.10 :
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the data well in that the target atomic number dependence is
reproduced. The model also suggests that the probability of
exeiting two L-shell electrons is 1/10 of the probability of
exciﬁzﬁg a single electron. This double 2p~vacapcy cCross-
section contains a statistical factor of five relative to the
single 2p-vacancy Qross.section since there are 6 electrons

that may be singly excited while there are 6 times 5 ways that

a double 2p-vacancy excitation may occur.



b
CHAPTER 6

SUMMARY

The work presented in“ﬁpis thesis consists of two stu-
dies of aspects of photon radiation emitted during the collision
of heavy-ion projectiles on thin foils of heavy atoms. The
continuum studies were performed at the time when interest was
growing in the nature of the continuum x-rays produced in the
accelerator-based experiments on heavy ion-atom collisions.
Molecular orbital radiation from the guasimolecules formed
during the collision was the theoretical framewoOrk for;fhe
understanding of the continuum photons that were emitted. The

~

transient molecular orbital approach wa# also the basis of the
theoretical calculations for double K:;oniZation which was

the other aspect of collisionally induced x-ray emission
studied.

The continuum studies are of note since they showed that
continuum spectra exist for quite as&mmetric collision systems
as well as for collisions between symmetric or near symmetric
partners. By obtaining an angular distribution of the con-
tinuum radiation emitted, it was possible to show that the
emission occurred during the collision. A number of theoretical

approaches were attempted in oxrder to determine the produc-

tion mechanism for these continua but none was found that

91
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satisfactorily explained both the overall intensity and the

intensity dependence upon photon energy that was observed

B
Sam

experimentally. Experinents of greater sophistication such

as coincidegce experiments .involving photons, electrons and
ions are neéaed to unra&él the production mechanisms involved.
However, these kinds of experiments are extremely difficult
due to the high backgrounds of electrons and photons resulting
from the large atomic ionizations present in the collision.

The double K-vacancy production studies are the first
to be- published of their .kind. The work reprégents a dif-
ferent approach to the experimental observation of multiple
vacancies since previously work on in-beam collision production

has been performed using crystal spectrometers. Although the

solid state detectors do not have the resolving powexr of the

.crystal spectrometers the coincidence technique has made pos-

sible the direct measurement of double K-vacancies and allowed
the observation of the sharing of the vacancies between the
projectile and target atoms. The double vacancies produced

may be shared between the colliding atoms or one of the two
atoms may have both of the vacancies. The ratio of all vacahcies
of one atom species to all vacancies of the other atomic species
has been determined in this work and-in conjunction with the
single photon-two electron transition work of Lennard et al.
f1977a) verifies the essential independence of the vacancies

during the sharing process.
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The ratio of double K-vacancies to single K-vacancies
has been determined for collisions of 80 MeV iodine on seven
éérget atomic sbecies in the region of symmetry with iodine.
Since the single K-vacancy production cross sections can be
calculated using the mdltiple collision molecular orbital model,
the double K-vacancy production cross section was calculated
using this approach. The ratios of these two cross section
determinations are low by a factor of approximately eight from
the observed ratio. Other mechanisms have been considered
such as the Coulomb excitation of the electrons from the united °
atomic orbitals. The BEA.férmalism used gives a reasonable
gqualitative agreement with a large body of data but often the

quantitacive calculations are in poor agreement with observed

- ¢cxoss sections (Foster et al., 1976). \Nevertheiess, it is

one of the better impact parameter formul&;ions. " A hybrid
model of double vacancy production involving the MO and BEA /
excitations has‘also been.implemented to calculate the crdgé,
section. Individually, these approaches do not explain the
intensities observed nor does a sum of the mechanisms satis-
factorily reproduce“the eﬁperimental data. The summed intensity
determination gives approximately the observed intensity but
does not exhibit a strong enough dependence on‘g;omic number.

A more fundamental approach to the double excitation
process is indicated by the f;ilure of the models to account

for. the observed intensities and Z-dependences. More experi-

mental study is required to determine the nature of the exci-
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tation mechanism. Experimental determinations of the depen-
dence of the double to single vacancy ratios on projectile
energies, on projectile atomic number and on target atomic
number are necessary to achieve a basic understanding. Also,
the double vacancy dependence on target atomic den§ity and on
target thickness is required to determine the single or
multiple collision nature of the excitation process.

The other approach to the problem of determining the
double to sinéle K-vacancy ratios was to assume tha£ double
L-electron excitation is responsible for double K-vacancy
producﬁion. The proposed mechanism for the transfer of two
L-vacancies to the 2pc MO of the transient quasimolecule was
similar to the single K-vacancy multiple collision MO meéganism.
The result of following this prescription was that the atomic
number dependence of the double to single K-vacancy ratio was
reproduced and th? ratio of double to single L-vacancy cross
sections was found to be approximately 0.1. This one free
parameter approach may be a better model than the direct cal-
culation of the double K-vacancy apprbach since the atomic
number dependence is reproduced. The problem remains however
of calculating the double electron excitation process which

results in two vacancies being transferred to the K-shells

of the collision partners.



APPENDIX

A schematic representation of the atomic levels and the
notations used to describe the levels. The Siegbahn
notation is used to .identify the atomic transitions which

£i11 K and L shell vacancies.
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