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Abstract:

A novel experiment was developed in this work to study the desorption and the Auger relaxation
processes of 37Cl following the 37Ar electron capture decay. For the first time, the desorption of 37C1
ions due to recoil induced by neutrino emission in this decay process was observed. The kinetic energy
distribution of the desorbing 37Cl ions was accurately measured by using coincidence techniques. The
resulting 37Cl ion energy ranges from 5 eV to 13 eV with a maximum at around 9 eV and an FWHM
about 3 eV. The charge state distribution of the desorbing 37Cl ions was also measured. The resulting
charge state distribution is: 53% of the total ions have charge +e, 21% have charge +2e and 26% have
charge +ne, where n > 3. The desorbing probability of 37Cl ions was measured by two independent
experiments which gave the result of 9.4+1.2%. The energy distribution, the charge state distribution
and the desorbing probability of 37Cl ions are all quite different as compared with the expected values
for an isolated CI atom. These differences are explained in the desorption model involving charge
exchange and Coulomb repulsion between 37Cl ions and their surrounding atoms.

The electron capture decay also creates a highly unusual initial state in the 37Cl atom which allows
direct observation of some novel relaxation processes which are. amenable to many body theory, but
essentially impossible to probe experimentally with conventional techniques. For the first time, direct
evidence of the double Auget decay of a K-hole and the large shift in energy (22 eV) of an LMM
Auger line was reported. The double Auger decay probability and energy distribution of the two double
Auger electrons were measured by using coincidence techniques. The resulting double Auger decay
probability ranges from 12+0.3% to 15+0.4% of the total Auger decay, The preferred energy
distribution of the double Auger emission is for one of the electrons to take most of the energy, with
the second receiving the small remaining balance. A model explaining the large shift in energy of an
LMM Auger line is also provided.
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ABSTRACT

A novel experiment was developed in this work to study the desorption and the
Auger relaxation processes of >'Cl following the *’ Ar electron capture decay. For the first
time, the desorption of *’Cl jons due to recoil induced by neutrino emission in this decay
process was observed. The kinetic .energy distribution of the desorbing *’Cl ions was
accurately measured by using coincidence techniques. The resulting *’Cl jon energy
ranges from 5 eV to 13 eV with a maximum at around 9 eV and an FWHM about 3 eV.
The charge state distribution of the desorbing *’Cl ions was also measured. The resulting
charge state distribution is: 53% of the total ions have charge +e, 21% have charge +2¢
and 26% have charge +ne, where n > 3. The desorbing probability of *’Cl ions was
measured by two independent experiments which gave the result of 9.4+1.2%. The energy
distribution, the charge state distribution and the desorbing probability of >’Cl ions are all
quite different as compared with the expected values for an isolated Cl atom. These
differences are explained in the desorption model involving charge exchange and
Coulomb repulsion between *'Cl jons and their surrounding atoms.

The electron capture decay also creates a highly unusual initial state in the *’Cl
atom which allows direct observation of some novel relaxation proceésses which are.
amenable to many body theory, but essentially impossible to probe experimeritally with
conventional techniques. For the first time, direct evidence of the double Auger decay of
a K-hole and the large shift in energy (22 eV) of an LMM Auger line was reported. The .
double Auger decay probability and energy distribution of the two double Auger electrons
were measured by using coincidence techniques. The resulting double Auger decay
probability ranges from 1210.3% to 1510.4% of the total Auger decay. The preferred
energy distribution of the double Auger emission is for one of the electrons to take most
of the energy, with the second receiving the small remaining balance. A model explaining
the large shift in energy of an LMM Auger line is also provided.




CHAPTER 1
INTRODUCTION

On February 23, 1987, a supernox./a burst in the Large Magellanic Cloud
(SN1987a) and sent rays of neutrinos to the earth. The sudden release of the 10> erg of
energy ‘from the dying star triggered merely 100 or so “neutrino” counts in huge
underground detectors around the world. This, however, caused enough excitement’ for

several groups of physicists—the burst of SN1987a gave them a golden opportunity to

study the mysteries of neutrinos.? Among these mysteries, the biggest one is whether
neutrino has a rest mass or not, and what that mass might be. The neutrino mass problem
is one of the most fundamental questions in physics. The answer to this question could

have profound implications for particle physics, astrophysics and cosmology.?

The mass information of a neutrino can be obtained from a nuclear reaction
involving the creation or annihilation of a neutrino."® One of these kinds of nuclear
reactions is the electron capture (EC) decay. In this thesis, the desorption due to recoil
induced by neutrino emission and the Auger relaxation processes of e following the
EC decay of *Ar is reported. It is demonstrated in this work that the EC decay of >’ Ar

provides not only a possible approach to the neutrino mass problem but also a rare
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opportunity for some novel studies in surface and atomic physics.*’ The focal point of

this thesis is to report the results of these novel studies.

The problems addressed in this thesis work fall into two categories: The first one
is the study of the desorption due to recoil induced by neutrino emission in the EC decay

process, Tar — ¢l + v, where v is a neutrino. In this EC decay process, could the

emission of the neutrino cause enough recoil of the adsorbed daughter atom >’CI to break
the absorption bond? If the desorption does occur, what factors would affect the energy
distribution of those desorbing daughter atoms? The second category is the study of the
Auger relaxation processes of the >’Cl daughter atom. The EC decay creates a deep
vacancy in the energy level‘s of the *’Cl atom while the whole atom is still in a neutral
charge state. As discussed later, this initial state is highly unusual as compared with those
commonly encountered initial excitations. What are the relaxation processes or the decay
channels associated with this particular initial state? Té better understand these questions,

the concepts of these studies will be introduced first in the following paragraphs.

Concepts of the Work

Desorption due to Recoil Induced by Neutrino Emiss_ion

The first part of the study is to measure the spectrum of recoil velocities of >’Cl

ions following the EC decay of *’Ar physisorbed on a well defined surface. In this EC
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the recoil energy must be 9.54 eV, if a massless neutrino with about' 814 keV of energy is
emitted. If a neutrino with mass m,is also emitted in a certain fraction of the EC decays,
then the corresponding recoiling ions will have lower kinetic energy. The fractional
change in recoil kinetic energy is AE/E = (m‘/Q)2 (Ref. 3), where Q, the total reaction
energy is the rest mass (mc?) difference between >’ Ar and *’Cl. Thus the heaviest massive
neutrino that could be emitted in this EC decay would have a rest mass of 814 keV. If a
250-keV neutrino were to be emitted, for example, the fractional change in recoil energy
of the *’Cl would be 9.4%. The lowest neutrino mass to which this method could be
sensitive depends on the ability to resolve the peak associated with the emission of the
massive neutrino from the dominant peak associated with the emission of the massless

neutrino in the recoil spectrum.

There are well known and calculable effects that would contribute to the
broadening in the reéoil energy spectrum for an isolated >’ Ar atom. Some of these effects
can be studied by computer simulations. However, for an *’Ar atom physisorbed on a
cold surface, and possibly surrounded by other Ar atoms, it is not obvious whether the
recoil due to neutrino emission could break the bond between *’Cl atom and the substrate
and cause desorption. Even if the desorption does occur, it is still much more difficult, as
compared to the isolated T Ar case, to determine what effects would contribute to the
bfoadening in the recoil energy sbectrum. To approach these questions, it is necessary to

examine the surface interactions during the >’Cl ion desorption process.




Surface Interactions of >’Cl Ion

Adsorption and stimulated desorption have been very useful tools to étudy
surfaces. Since the 1960s, several models have been developed to describe the
interactions between adsorbates and tﬁe substrates. Current models involve detailed
knowledge of surface binding energies, adsorption site symmetries and potentials,
substrate phonon spectra, and surface electronic structures.” ' The neutrino recoil in this
work provides an.. entirely new way to study the desorption dynamics. A simple model of
the desorption in this case is described as follows: First, the adsorbed >’ Ar atoms undergo
EC decay and become *’Cl ions with 9.54 eV recoil energy to move away from the
surface. Before these *’Cl ions can leave the surface, the interactions between the >’Cl
ions and the substrate will result in additional kinetic energies on the top of the 9.54 eV
recoil energy. These additional energies will contribute to the broadening of the recoil

energy spectrum. One of the major goals in this work is to understand these interactions.

The first interaction to be discussed is the bonding between >’Ar and the cold
substrates. The *’Ar atom is physisorbed on gold or graphite substrates. At the critical
temperature of 65 K Ar begins to form a monolayer on these substrates. By about 30 K,
multiple adsorbed layers (Ar ice) are formed.”"* It has been found that these multiple
adsorbed layers are likely to form a face-centered cubic (fcc) polycrystalline layer at the
experimental temperature of 16 K.'® Therefore the adsorbed Ar could actually form a

band structure and solid state physics has to be taken into account. The bonding between




4) ) S& S - 1 H%W - %) +1-'$ %S #SI+ %S H( 1" -&/" I'# ?+4)
(# ++$ %)% +01%-) @"%0" /%24$ %$# - + %)(%)/ #)#/ -, +-& B5EE '#1<5 "%$
00)I# +01%-) 0+))-1 *+ + '+K- -# %) I"# -+(#)%) -, "# #0-% #)#/ $*#0! &

#0+&$# I"# BEE '#1 %)I# +01%-) #)# | %$ '&0" #$$ I"+) I"# 6<TF #1 #0-% #)# /<

>+9 Y = >0

%/& # 5<] >+9  %-) - 1406)$ 6<7 #1 #0-% #)#/ , - H&! %)- #%$$%-)4 >9 "+ [# %$
L4)$.# #(+)( -& - #°8 $%-) [%2H#S +((%!1%-)+ #)# [ - 1"# -8U-%) %)<

"# $HO-)( %)l +01%-) - # (%S0&SSH( %$ I"# 0"+ /# #DO"+)/# #HI@#H) I"#
%-)$ +)( "#% -0+ $& -&)(%)/ +-'$<5F "#- #1%0+ 0+ 0& +1%-)$ +)( #D*# %'#)I$ "+2#
$"-@) I"+! %) I"# [+$ *+SH# I"# (HO+ -,  @% [%P# %$H - (F%)+)! T4 I"#
*-$%1062# 1" ##,- (HO"+ [#( %-)$<I] J | %S #)# [#1%0+ '-# +2-+ # - "t T%-)
I- ¥060A &* +) # #01-) | ' I"# JH%/" - %)/ *+ 190 #4 $&0" +$ +)  +1-'4 (& %)/ I"# %)%!%+

KLBH - (HS- *1%-)<IF "HSH# 0"+ [# #DO"+)/HSA "-@#2# 4 0-& ( $%/)%,%0+)!  -+(#) I"#



7
recoil energy spectrum. The positively charged *’Cl jons and their positively charged
neighboring atoms will interact via the Coulomb repulsion giving additional contributions
to the kinetic energy of the outgoing 37C1 ions (Fig. 1.2). In some cases, the additional

energy due to this “Coulomb explosion”25

could reach as high as 6 eV. The charge
exchange prbcess and Coulomb repulsion are the main causes of the broadening of the

37C recoil energy spectrum.

The charge exchange process can also cause an outgoing 37C ion to lose all of its
positive charges and become a neutral atom while desorbing from the surface.’**® The
experimental setup in this work can only detect charged particles. An estimation of the
neutralization cross section an(i ion desorption yield pér e_lectron capture decay will be

given from the experimental and computer simulation results.

There are other interactions that affect the energy distribution of the *’Cl ions
desorbing from the substrate. Two examples of them are the thermal vibration of the *’Ar
atoms on the substrate and the recoil of the *’Cl ions due to Augef electron emission. The
physical and chemical characteristics of the substrates can also play an important role in
affecting the energy distribution of the *’Cl jons. Some of these effects will be calculated

using computer simulation to compare with the experimental results.

A full treatment of each of the interactions discussed above is beyond the scope of

this work, rather, the emphasis is put on the study of the “Coulomb explosion”
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phenomenon which is of great significance for the understanding of this particular
desorptibn process. Because this interaction is the dominant factor in the broadening of
the recoil energy spectrum, it also becomes a major obstacle to the neutrino mass limit
measurements. The broadening of the recoil spectrum reduces the sensitivity of the
neutrino mass limit measurements in this experiment. However, through the present
studies the major factors which are responsible for the broadening of the recoil spectrum
are understood. Future experiments will be designed with feduced charge exchange

effects.

Auger Relaxation of >’Cl atom

The electron capture decay of the >’ Ar atom creates a highly unusual electronic
configuration in the daughter *’Cl atom which is not encountered in ordin@ non-nuclear
physical process. Conventional excitations utilizing electron or photon bombardments
generally leave the atom in an ionized initial state. However, in the EC decay a proton
and an electron become a neutron, hence the total net charge of the atom is unchanged.
The daughter *’Cl atom remains neutral, even though there is a vacancy in its inner shell

—the hole resulting from the capture of a electron. As shown in Fig. 1.3, this initial state

is unusual in three ways. First, the electronic configuration of the initial state in >’Cl atom
is like Cl in energy but resembles Ar in structure, i.e., each energy level of the *’Cl atom
is relaxed from the Ar level to Cl level within the decay time but all levels except 1s are

still fully occupied with electrons, as in the Ar case. Second, this initial state is a neutral
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Therefore, the review of the references is divided into each aspect of this research work:

the *’Cl ion recoil study, the desorption model study and the Auger relaxation study.

The first measurement of the recoil velocities of >’Cl ions in the gas phase was
reported in 1952.* Results of experimental®>* and theoretical® studies have since been
reportgd on the recoil momentum and charge distribution of 3C1 ions. The measurements
of orbital electron capture ratios in this system have also been reported.***’ However, not
much expe.rimental work on the recoil velocities of >’CI jons has been reported since the
1950s. Previous experiments in the gas phase lacked the necessary resolution in the recoil
spectra to search for a massive neutrino because of the effect of thermal velocities of >’ Ar
atoms and the large size of the gas region seen by detectors. In this work >’Ar atoms are
localized by physisorbing them onto a well defined surface at a low temperature under
ultrahighhvacuum conditions, where ;’VCH known surface and nuclear physics techniques
can be utilized to measure the recoil energies of the >’Cl jons as well as other atomic and
electronic properties of the surface species. The resolution of this work is expected to be

much better than those in the gas phase experiments.

When an electron or a photon beam is incident on a surface with adsorbed atoms,
electronic excitations will be generated by the interactiqns between the eleétrons or
photons and the surface bonded complex, i.e., the absorbates and the substrate surface.
The decay of these electronic excitations may sometimes cause desorption. This is called

stimulated desorption."" The studies on stimulated desorptions have become the focus of
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increaséd activities over the past three decades. The results and ideas generated in this
rather specialized area of surface science have had an important effect on surface science
and other disciplines.”® Most of the existing work focuses on the study of desorption
stimulated by low energy electrons (ESD) and photons (PSD). In 1964, Menzel, Gomer*®
and Redhead® developed the MGR theory to explain ESD on metal surface. Knotek and
Feibelman™ developed the K-F model in 1978 for the desorption in ionic systems. In
1979, Menzel and Franchy® explained the desorption due to Auger-like final states in
covalent materials where the Auger decay of a core hole results in a final state with two
or three valence holes. “Hence, we can envisage a ‘Coulomb explosion’ as observed in
gas phase’’ molecules”, they reported. Their report is very helpful in establishing the
model for the desorption process in this research work. A comprehensive review of the
stimulated desorption was given by Knotek in 1984. There have been many paf)ers
reporting PSD and ESD studies of rare gases on metal or graphite surfaces by Menzel’s
group 160 and other research groups.61'69 The reason for studying these desorption

models is to develop a new model to understand the broadening of the recoil energy

spectrum of the 37Cl ions in the desorption process.

The Auger process was first observed seventy years ago. However, until the
application of the lock-in amplifier by Harris in 1967, Auger signals were very hard to
detect due to the small signal to noise ratio. Since the 1970s, Auger electron spectroscopy
(AES) has become one of the most important surface analysis techniqﬁes.7°'75 The

theoretical and experimental aspects of Auger emission have been comprehensively
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reviewed by Sevier”” and Bambynek.”® The K shell, L shell, M shell and Coster-Konig
Auger transition rates for most atoms have also been calculated.”®’4”® There have been
many. re;;orts on Ar and Cl related Auger studies.®> 7778 Iy 1973, Siegbahn reported the
'LMM Auger study of Ar in the gas phase where they observed more than eighty peaks in
their high resolution experiment.? Among these peaks, they attributed more than thirty to
known electronic transitions. Their results were used as the reference energies for this
research work. There ate also results of the KLL Auger energies of Ar.””®! For the Auger
decay of the initial state in this work, another good reference is the theoretical studies by
Omar and Hahn, where they calculated the Auger lines produced by the decay of Ar ions
with a deep 1s hole.®>* The first evidence of the double Auger decay process was
reported by Krause’s group in 1984.% Some other indirect evidence of this process was
reported by Becker et al in 1989.*! One of the few theoretical studies on the double Auger

decay process was reported by Amusia et al. in 1992.* The experimental studies reported

were concentrated on measuring the charge state distribution of the ions in the gas phase

following a double Augt}r decay.gz’83 For example, the ordinary Auger decay of a neon
atom in the gas phase will result in a doubly charged Ne?* ion, therefore, the observation
of triply charged Ne** jons would provide an indirect evidence of the double Auger decay
process. There has not been much work on the direct measurements of the electrons

emitted in the double Auger process.
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CHAPTER 2

THEORY

Recoil Induced by Neutrino Emission

In today’s theory of elementary particles, neutrinos belong to the family of
leptons. There are three kinds of neutrinos, electron-type neutrino, muon-type neutrino
and tau-type neutrino. They are involved in the nuclear reactions where electrons, muons
or taus are created or annihilated.*** A brief induction of neutrino physics is provided in
Appendix A. In this section, the emphasis is put on calculating the recoil energy of the

*’Cl ions due to the emission of neutrinos in the electron capture reactions.

The object of this study is the *’Ar isotope, which undergoes spontaneous electron
capture decay (*’Ar — *'Cl + v, ) with 814 keV total reaction energy.® The calculation in
this section assumes that the electron capture decay is an ideal two-body proBlem which
can be found in many physics text books. The conservation of energy and momentum
dictates the recoil energy of the 37&1 ions to be 9.54 eV if a massless neutrino is emitted

in the EC decay. If neutrinos with different masses were emitted in this reaction, the >’Cl
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ions would recoil with different kinetic energies. The recoil energy of the *’Cl ion as the

function of the neutrino mass is calculated below using relativistic kinematics.

The first step is to calculate the >'Cl ion recc-)il energy, E assuming neutrino is
massless (m, = 0). Using natural units, i.e., assuming speed of light, ¢ = 1 and the Plank
constant, 2 = 27, the neutrino total energy E, has the form

E,=P, (2.1)
where P, is the momentum of neutrino. The *>'Cl ion recoil energy, E can be written as

E= P? 2M (2.2)
where P and M are *'C] momentum and mass, respectively. Conservation of momentum
and energy requires that

E+E =0, P=P, _ (2.3)
where Q = 814 keV is the total reaction energy. Therefore,

E+P=Q, P*=E’>-2E.Q+(> | (2.4)
From Eq. (2.2) and Eq. (2.4) one can get

E*-2(M+QE+Q*=0 | (2.5)
Since E << Q <<M, from Eq. (2.5) one can easily get

E=0%"/2M =9.54 eV (2.6)

The next step is to calculate the *’Cl jon recoil energy, E’, assuming that neutrino

has non-zero rest mass. The total energy of the neutrino, E,’, now has the form




16

’ 72
E, =\/P‘, +m, (2.7)

where P and m, are the neutrino momentum and rest mass, reépectively. Let P’ be the
momentum of the *’Cl ion; then conservation of energy and momentum requires

E'+E'=Q, P '=P’ _ (2.8)
From Eq. (2.8) and Eq. (2.9) one can get

E?-2(M+Q)E' +Q*=m’ | (2.9)
The condition, E’ << Q << M still holds; therefore, Eq. (2.9) becomes

E'=(Q"-m?)/2M (2.10)
Comparing Eq. (2.6) with Eq. (2.10), the change of recoil energy, AE, due to the neutrino
mass is

AE=E-E'=m>/2M . (2.11)
Finally, from Eq. (2.6) and Eq. (2.11), one can get the percentage change of the recoil
kinetic energy of >’Cl ion, AE /E due to the neutrino rest mass m,

AE /E =(m,/Q f* . (2.12)
From Eq. (2.12), it is easy to see that a neutrino with 250 keV mass (E =mc2) would result
in a percentage change, AE /E =9.4% in the recoil kinetic energy of the *’Cl ion. This
change corresponds to the difference of recoil energy from 9.5 eV to 8.6 eV. Such a
change should be easily detectable in this experimental setup. Unfortunately, all of the

above calculations are based upon >’Ar atom being isolated. In reality the >’Ar atom is
p g y

physisorbed on a cold substrate where charge exchange and other interactions will take
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place. These interactions will broaden the recoil energy spectrum so that the recoil energy
peak overlaps the energy difference, AE due to the neutrino mass. The next section is

devoted to the discussion of these interactions.

Models on Stimulated Desorption

One of the primary goals of surface science is to understand the surface bond. The
wide array of spectroscopic tools employed in this pursuit include fhe detection of
electrons leaving the surface after ex/citatioh by radiation in the forfn of electrons, photons
or jons. The surface bond or the local environment of an atom is deduced from the energy
and angular distributions of these emitted electrons.”* %" A completely different
perspective can be obtained from the analysis of the atomic or molecular species leaving
the surface as ions or neutrals. Techniques based on the detection of desorbing ions
include electron stimulated desorption and photon stimulated desorption. These process

‘are also called.desorption induced by electronic transitions (DIET).> 1% 4869

The electronic excitation leading to ion desorption can be a one-elecfron
excitatibn, or much more complex and interesting, a multiple ionized and excited state.
The dominant mechanism for creating these multiple excited states is the excitation of a
core hole in the surface-bonded c.'omplex. The decay of these core-hole str;ltes results in
the creation of multiple valence—holé final states which are much more efficient at

inducing desorption than the one-electron excitations.?> The multiple valence-hole states
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are intrinsically localized, contain a large amount of energy and have much longer life
time than the normal electronic life times on surfaces.?’ In this experiment, the EC decay
of Ar produces not only a 9.54 eV recoil energy but also a highly excited core-hole state
in the *’Cl atoms. Just as in the DIET case, the decay of this initial state will provide
additional energy to the *’CI jons. Therefore, in order to understand the complete recoil

energy distribution, it is very important to understand these desorption mechanisms.

The Menzel-Gomer-Redhead (MGR) Model*®*°

The MGR mechanism for desorption from surface is based on the elementary
consideration that kinematic processes, i.e., direct momentum transfer, are insufficiently
energetic t-o cause desorption from surface. Hence, deésorption must be due to an
electronic excitation of the surface bond. The desorption can Be envisaged as a two-step
event, so that the desorption cross section has the form

c=0,P : (2.13)
where o, is the primary excitation cross section and P is the escape probability. As shown

in Fig. 2.1, the primary excitation is a vertical, Frank-Condon-like excitation from the
bénding state (M+A) to the repulsive antibonding state (M+A)", where M stands for the
metallic substréte and A stands for the absorbed atom. This primary excitation is followed
by an evolution of both electronic wave functions and nuclear coordinates along a new
potential energy curve. The transition from (M+A)" to (M+A) is through the infinite set of

states (M +A) that differ from the (M+A) only by an excitation of the substrate, which .
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. dt - X, dx
P = —| " Zl=exp! - | —22 2
P ( jo T ) © P( L" v(x) z(x)) (214

where 7(x) and v(x) are the lifetime and velocity at position x. Since the reneutralization
or de-excitation process involves resonance tunneling, it displays this exponential
dependence on the distance from surface. P can then be approximated by

P=exp(-At/7T) . (2.15)
where 7T is assumed to be a constant from xp to x, and AT = [2m (x,-x9)/ S, ] 1/2, where S,
is the slope of the repulsive curve. This then reduces to

P=exp(-cM?) ' (2.16)
where M is the molecular weight of the desorbed species and ¢ is a consfant. The energy
spread of the desorbing ions can be approximated as

AE =S, (x0) Ax : (2.17)

where Ax is the width of the ground state vibration wave function of the adsorbed species.

In 1980 Antoniewicz proposed a modification of the MGR model which
recognized that if a species bonded on a surface is jonized, the attractive potential
between the positive ion and its image will draw it to the surface. Ionic and neutral
desorptionAthen can occur by a mechanism illustrated in Fig. 2.2.% Initial excitations
occur from (M+A) to some curves lying above the ionic curve (e.g. (M+A")"). De-
excitation from (M+A%)" to (M'+A") can then result in ion desorption (Fig. 2.2a). A

much more obvious application of this model is to physisorption, where there is no
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the processes to neutralize an ion are easier than those to recapture a neutral specie. All of
the models discussed above involve only one-electron excitations of the surface bond.
Models discussed in the next section will involve more complicated multielectron excited

final states.

The Knotek-Feibelman (KF) Model*

There is a second general mechanism for desorption, which involves the
excitation of a core level followed by the decay to complex desorptive final states rather
than the one-electron excitations found in the MGR model. While it has since been
generalized to a wide range of adsorption system, the original idea was developed to
apply to the desorption of positive oxygen ions (O*) from TiO,, where oxygen is bonded
in the O™ state. The desorption process implies a large charge exchange whére three

electrons have to be transferred from the O state to the O state.

TiO; is called a maximal valency ionic compourd. Maximal valency means that
the cation is positively ionized to the noble-gas configuration (in NaCl , for example, Na
loses the only one of its valence electron and becomes Na*) and the anions are negatively
ionized to the noble-gas configuration (e.g. Cl gains one electron and forms CI). The
highest occupied level of the Ti** ion is the Ti(3p) core level at 34 eV below the
conduction band and the valence band of TiO, is almost exclusively O(2p) in character.

Figure 2.3 shows a simplified schematic of the process leading to desorption of O* from a
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an “interatomic” Auger process because the higher-laying electrons are lacking on the Ti
atom. Thus, one valence electron from O falls into the core hole and one or two
electrons will be emitted from oxygen to release the energy of the decay. The loss of two
electrons due to Auger transition and shake-offs (which‘can occur ﬁp to 10% of the time)
from the Oxygen orbital,> plus the third electron which fills the Ti(3p) hole transforms
~ the oxygen to an O". The pot;ntial in v;/hich the O is located before the excitation and
Auger sequence is the sum of an attractive Madelung term and repulsive core overlap
contribution. In its negative state, the atom is in a stable position defined by the minimum
in the total potential. However, if the charge on the oxygen chaﬁges sign, the Madelung
term becomes also repulsive. Thus the oxygen is now in a total repulsive potenfial and is

driven to desorb if it is on the surface.

Another way to cause the desorption of O" from TiO, is to excite anions (O)
instead cations (Ti). In fact, by exciting the Mas, My, Lys and L; levels of tiFanium orL;
and K levels of oxygen one can get different yields of O" depending on the energy
available from the core—holé decay and the details of the decay process. :Energy
conservation becomes important when the core hole is shallow enough that not enough
energy is released by decay of an electron from the top of the valence band, or highest
valence level, to transfelr tﬁe necessary charge to cause desorption. Now consider the
ionization of the anion A" to an A® and subsequently to an A*. The first electron drops
into the core hole leaving a single valence hole on the anion (A% and releasing ?n energy, '

E. This energy is then available to ionize the A° to A*. If the anion has an ionization
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energy, I, and the solid has an electron affinity, A, then the available energy, E, must
satisfy the condition |

E_>I—A+'T . _ ' © 1 (2.18)
. where T is the extra energy required to remove an electron out of the Madelung potential.
The energy T is converted intb kinetic energy of the ions as it leaves the surface. If the
anion was originally an A%, then the loss of a valence electron leaves an A". Removal of a
second electron requires an energy -equal to the gap energy, E, plus the screened hole-hole
repulsion energy, U. The subsequent A° — A* proceeds as befére, so the minimum
energy condition is

E.>E.?g.+ U+(I-A+T1) (2.19)
A good approximation to an unscreened value of U for an atomic species is the difference
between its first and éecond ionization potential

U= I.z -1 k (2:20) .
These conditions are very important for modeling charge exchange aﬂd Coulomb

repulsion of the desorbing *’Cl ions with their neighbors in this work.
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Desorption Due to “Coulomb Explosion

While the 6rigina1 formulation of the Aﬁger model was to explain the desorption
of ions from ibnically bonded surfaces, it was soon demonstrated that ions could be
desorbed from covalently bonded surface complexes by essentially the same mechanism.

In the simplest analysis, the product of an Auger decay of a core hole in a covalent system
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is a two or three valence-hole final state. Hence, one can envisage a “Coulomb explosion”
as observed in gas-phase’’ molecules, where the highly repulsive final state results in the
production of ionic ﬁagments of the parent species. The presence of mulﬁple valence
holes in a covélent system can result in a repulsive interaction between the unscreened
nuclei and subsequent production of ion fragments. The multiple holes thus represent
eneréy stored in the bond. When two holes exist on an atom or in ;d bond the most
obvious way to relieve the large repulsive energy is for one hole to hop away before
nuclear motion can occur. Typical uncorrelatéd one-hole hopping times are of the order of
10716 s, whereas desorption times are 6f the order of 107 s. So the lifg time of hole is too
short to affect the motion of nuclei. However, one-hole ho;;ping is often slowed by hole-
hole correlation which can block resonant one-hole hopping process. The importance of
hole-hole correlation was first pointed out by Cini”* and Sawatsky”® in- explaining the
existence of atomic-like Auger spectra in -marrow d-band metals. This process has also
been observed in insulators™ and gas-phase molecules.”® This many-body effect can make
the Auger-induced desorption process éffective for covalent materials as well as ionic

materials.”®1%

Now consider a simple Hubbard-like Hamiltonian, as in Eq. (2.21), describing an
electron in a system with bandwidth W. When two holes are created on an atom or in a
bond, the correlation energy between the two holes is given by U.,s, which can have

. . . . 3.
important contributions due to screening.”>***%°
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correlation, possibly of the order of 10 times the normal one-hole lifetime, which allows
sufficient time for nuclear motion to relieve the energy. Therefore, factors which increase

U and /or decrease W will enhance desorption.

Usgr contains both an intrasite Coulomb repulsiog term and a screening term.”® The
intrasite (or intrabond) repulsion term is roughly approximated for atoms by the
difference between the second and first ionization potential (Eq. (2.20)) and is inversely
proportional to the ionic radius. The screening term is enhanced by the presence of
unsaturated bonding, which allows very efficient charge transfer to occur (as shown in
Fig 2.4(c)), hence reduces the chance of desorption.”®® The transfer of a charge onto the
atom from a neighbor is equivalent to the hole being transported from screened site, both

from the standpoint of energy and total charge.

In this work, the 37C1 jon has an initial state with one core hole which will also
result in multiple-hole final states. One of the channels to release the trapped energy in
these multiple-hole states is the hopping of one of the holes from *’Cl ion to its neighbor,
or equivalently, transferring one electron from the neighbor to *’Cl jon. Further hopping .
of the holes may be blocked because of energy restriction, e.g., a single charged *’CI* jon
cannot exchange charge with a neighboring Ar atom because the first ionization potential
of Cl is.less than that of Ar. Therefore, there is enough time for the *’Cl nucleus to move.
The ionized *’Cl atom will obtain the kinetic energy through Coulomb interaction with its

neighbor ions. The details of this model will be developed later.
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Theory of Auger Transition

Auger Effect

The inner shell vacancy of an atom with multiple electrons can be created by

775 or in this work, an electron capture

photon irradiation,”’ energetic electron irradiation
process. Two of the channels the excited initial state can decay through are the radiative
transition where an electron in a higher energy level jumps down to the vacancy and
releases energy in the form of a photon, and the non-radiative transition where an electron

in higher energy level jumps down to the vacancy with the energy transferred to another

electron to escape from the atom. The latter transition is called Auger effect.”%”

Table 2.1 Number of Electrons, Symbols and Energies (eV) for Ar and Cl Core Levels®*

n 1 2 .3

1 0 0 1 0 1 2

j 172 172 172 372 12 | 112 | 372 3/2 5)2
#ofe 2 ! 2 2 4 2 1 2 | 4 | 4 6

Symb | K L L, Ls M My, | Ms | My | Ms

Ear |3202.9 | 320.0 | 2473 | 2452 | 25.3 124 124

Eci [28224| 2702 | 201.6 | 2000 | 17.5 6.8 6.8
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The Auger transitions involving n = 1 and n = 2 levels are called KLL Auger
series. In fact, there are six possible transitions in this series, KIL;L;, KI11,, KL;Ls,
KL,L,, KLoLs and KLgLg. If one of the final state holes is in the same shell as the initial
hole, such as L;L,M;, this kmd of Auger process is called Coster-Konig (C-K) transition
as shown in Fig. 2.5. A C-K transition has a much shorter life time than the regular Auger
process.’%’*7® Therefore, according to the uncertainty principle, AE-Ar > h/27-27, the energy
spreads of the C-K transitions are larger than those of regular Auger transitions.
Sometimes the energy spread of a C-K transition can reach as high as 10 eV. The C-K
transitions can also affect the probabilities of other Auger transitions. For example, the
existence of an L;[,,Y, C-K transition will reduce the chance for an L, XY Auger transition
and increase the chance for an L,XY Auger transition.”® The effects of the C-K transition

might play an important role in explaining the features in the *’Cl Auger spectrum.

The discussion above agrees quite well with Auger experiments for large Z- .
number atoms. However, it is not quite a;:curate when applied to middle range or small Z-
number atoms. For example, there are five KLL peaks for Ar instead of the six predicted
above. The reason for this is the complexity of the angular momentum coupling of the
two holes in final states of the Ar atom. Since each subshell in the Ar atom is fully
occupied with electrons before the transition, the orbital, spin and total angular
momentum in these subshells are all zero (. = S = J = 0). These subshells are called
closed subshells. According to quantum mechanics, the coupling of two holes is identical

to the coupling of two electrons in a closed subshell. For Ar KLL Auger transition, the




32

two holes in the final state are all in the L-subshell. These two holes are coupled with the
Russell-Saunders coupling scheme or the L-S coupling model.” In this coupling model,
the total spin aﬁgular momentum, § is formed by adding the spin angular momentum of
the two holes, s; and s, i.e., S = s; + s,. The total orbital angular momentum, L is formed
by adding the orbital angular momentum of the two holes, [; and 1y, i.e., L = I; + L,. Then
the total angular momentum, J is formed by adding the total spin and orbital angular
momentum, e, J =S + L The adding of two angular momentum is accomplished

according to the angular momentum addition rule in quantum mechanics, e.g., J = |L - Sl ,

(L-S+1), ..., (L+S). An L-S coupled state can be expressed in the form of the spectral
term, ZS+1LJ. The KLL series of Ar Auger has six final states described in spectral terms,
1So, 1Pl, 3P2,1,o, 1So, 3P2,1,0, and 1D2. as shown in Table 2.2, where 3P2,_1,0 is excluded for
violating the conservation of parity. An Auéer transition With L-S coupling in its final
state is usually described by the spectral term and the WXY symbol. For example, the
symbol KLlLl(lSO) describes a KI;L; Auger transition whose final state has zero spin

angular momentum, zero orbital angular momentum and zero total angular momentum.

Table 2.2 Final States of Ar KLL Auger Series®

Final State Holes ~ Spectral Terms
255° T So
2s'2p° . Py, Paig
2s%2p* | 'So, *P2,1,0, ‘D>

#3P, 10 is excluded for violating the conservation of parity.
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Auger Energies and Intensities

Since the Auger transitions are determined by the electronic configuration of the
atom studied, each element has its own set of Auger peaks with characteristic energies
and structur‘es.70'75 The energy of the Auger electrons can be in principle determined by
the difference of the total energies before and after the transition. Supposing an isolated
atom with atomic number Z undergoes an Auger transition WXY, the energy available for

an X electron to fill the W vacancy is Ey (Z) - Ex (Z), where Ey (Z) and Ex (Z) are the

binding energies of electrons at the W and X levels. Therefore the kinetic energy of the ¥

electron obtained in this Auger transition is |

Ewxy(Z) =Ew (Z) - Ex (Z) - Ey(Z) _ (2.22)
where Ey (Z) is the binding energy of an electron in the Y level. Eq. (2.22) is an
approximation because Ey (Z) is the binding energy of the Y level when all the inner
shells below the Y level are filled, whereas i1;1 Auger transition a hole exists below the ¥
level. Therefore it takes a higher energy, Fy’(Z) to ionize an electron from the Y level due
to less screening. In fact, Ey’(Z) is between Ey (Z) and: Ey(Z+1 ).7‘5

Ey' (Z) = E{Z) + B[ Ey (Z+1) - Ey(Z) ] (2.23)
where f3 is between zero and one. Hence, the Auger energy of the WXY transition is

Evwx(Z) = Ew (Z) - Ex (Z) - By (Z) - B[ Ey(Z+1) - By (Z) ] (2.24)
Similarly, the Auger energy of the WYX transitioﬂ is

Ewyx(Z) = Ew(Z) - Ey(2) - Ex (Z) - B'[ Ex (Z+1) - Ex(Z) ] (2.25)
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. states electrons come from and ¢yr,)= ™" is the emitted Auger electron.”
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For a conventional Auger process whose initial vacancy is created by electron or
ijhoton irradiation, both the initial ionization cross section and the Auger transition
probability contribute to the intensities of Auger peaks.” The situation is rﬁuch simpler in
this work where the initial vacancy is created by electron capture. Thus the Auger peak
intensities will be proportional to the Auger transition probabilitieé. By calculating the
electron-electron interaction the Auger transition probability, W, can be calculated by the
Golden Rule as

9 2

W, = 2[00, () 6, () 0:) 9 (229)

|n

where p(k) is the state density and @yr1) is the initial hole state, ¢(r;) and ¢@y(r,) are the

5

All of the above discussions are based on the one-electron approximation and the
assumptioﬁ that the électron-—electron interaction is weak enough so that it does not shift
too much the core levels, distort the charge distribution or modify the transition rates.
However, these conditions do not always hold and in those cases the one-electron orbital
picture will break down. The electron-electron intéraction induces shake-up and shake-off
effects, where the transition of one electron causes another eiectron to be excited to a
higher energy level or above the vacuum level. These.cff'ects make the Auger spectra
much more complex. A self-consistent treatment Willlbe needed for these kinds of Auger
transitions.’” Some theoretical and eJ-(perimental results on Ar LMM Auger energies,

intensities and transition probabilities are listed below in Table 2.3 and Table 2.4.
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Table 2.3 Ar LMM Auger Peak Energies and Relative Intensities.

Transitions Eca(eV)* Spectral Terms Eexp(e V)™ Intensity(ab.)**
L, Mas My 3 207 *Po,1,2 207.23 139
' 'D, 205.62 183
1So 203.23 55
Ls M3 My 3 205 *Po.12 . 205.21 272
D, 203.47 270
'So 201.09 100
L, M; Ma 193 Pou 193.08 37
P, 189.49 32
Ls M; My 191 °P, 191.13 87
’ P, 187.33 53
L, M; M; 178 ISo 180.06 18
Ls M; M; 176 TS, 17791 34

¥ Calculated from Eq. (2.26) to Eq. (2.28) and taking @4=5.0 eV; ™ Reference [29]

Table 2.4 (a) Ar Auger Transition Probabilities (%) for a K-hole Initial Va'lcancy.76

KL;Ly

KLiL, KL;L; KLiM; KLiM, - KL1M3' KMM
6.89 759 | 1454 | 15 | o 1.36 0.67
KL,L, KLl ; KL M, KIaMz -KL,M;3
1.39 34.44 0.74 0.25 2.87
KLsl3 KILsM; KLsM, | KLsMs
19.55 1.42 287 | 330

KL,L;=6.89% K1;L,3=22.13% KL, 31 5,5=55.38% KLM=15.05% KMM=0.67%




+ #I<F>9 &/# +)$%!%-) -+ % %!1%#$ >VI ,- H"-# )%!%+ 1+0+)0%#$<GC

53 5 R % Ho b 5 J K K 3 %
5<5 <FJ <7E F<G: < JE<: <EE <EG:
5 5 5 % J % % J% 1 % R J

<G6 5<JE J<6 5<E6 E<J JJ<: 5<G F7<EE

) 1"06$ I"#$%S$ @- Ad I"# #*"+$%$ %$ *&! -) I'# $1&( -, &/# (HO+ 0+$0+(#S -,
I"# 96)%1%+ "-# %) I"# PHS"# -,  +1-'4 #$*#0%+ 4 I"#  &I# | +)$%1%-)$< $
(%S0&SSH( %) "#t "+*1# AV#  &IHS -, +# HDHOWH( - # $%'% + |- I'#

&I#S %) $1 &OI& # +)( &IH S %) #)# [ < "# + 24 1+ #$* 2%(# + 24 0-)24#)%H)!

JE

)< <

Y#1 >#19

%I& #J< "# &IH# $*#O! &' * #(%O0H#( !"# - @%!"I"# %)%!%+ $"-#<



38

reference for the comparison. The similar case like the decay of the *’Cl initial state can
only be found in the theoretical calculation. In 1992, Omar and Hahn reported the study
of the decay of an Ar atom vﬁth a 1s-hole.”3* All possible Auger tfansitions with their
shake-ups and shake-offs during the production and decay of an initial 1s hole in Ar are
calculated by using the model of radiative Auger cascade transitions with the shake-off
effect (RACS). The calcuiated Auger spectrum®” is sh;)wn.‘in Fig. 2.7. After Auger decay,
the Ar atom is ionized in different charge states.”®* The charge states of the Ar ions are
determined by the different decay channels and shake-offs. Qmar and Hahn also

calculated the final charge state distribution of Ar ions (FCSD) as shown in Table 2.5.33

Table 2.5 The Final Charge States of Ar after Auger Transitions of an 1s Initial Hole.

Charge 1 2 3 4 - 5 6 7
Yracs(%)' | 0.8 6.8 10.0 42.4 28.0 10.3 1.7
Yexp1(%)'™ 2.2 8.8 415 33.3 11.5 2.7
Yexpa(%)'" 9.9 88 43.9 25.8 9.9 13

Double Auger Transition

In a normal Auger process, filling of a vacancy in an inner shell by an outer-shell
electron leads to the emission of a second outer-shell electron. However, if the initial

vacancy is in a deep inner shell, the transition of the outer-shell electron can sometimes
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cause the ejection of two electrons simultaneously (Fig. 1.4(b)). This transition is called a

double Auger decay process.4’ 4043 The double Aﬁger decay process was first reported by '

Carlson and Krause from the observation of Ne* jons in the gas-phase Ne Auger decay.*’
They concluded that the double Auger decay process accounted for the creation of Ne*?
ions because in a normal Au'ger process a Ne atom could not lose three electrons at the
same time. From the yield of Ne* ions they also concluded that double Auger decay

probability was about 8%.*

In the one-electron model, the double Auger decay probability has to be zero

because the initial y; and final y; wave functions differ by more than two one-electron
states. In this case,-the matrix element <\Pf|V =1/ ’”12|\P,> determining the amplitude of

the double Auger process is zero. Therefore, many-electron correlation has to be taken

into account to calculate the double Auger decay probability. By using many-body

perturbation theory,4 the amplitude M of the double Auger decay can be calculated from

9
the electron-electron interactions, 2 M, as shown in Eq. (2.30) and Fig. 2.8.
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4‘1
Eor = Ef- E; (2.31)
where Er and E; are the energies of initial and final states, respectively. The energy Eg is
continuously distributed betwéen the two emitted electrons. Therefore, the total

probability of the double Auger decay process is determined by the expression

I = ["yE) | (2.32)
where “}{EJ ) is the probability that the first electron, e.g., ¢ has.‘tllle energy Ep . The energy
E; is given by

Y(Ey) = 2n|M|° . , | (2.33)

There are several models which can be derived from the diagram above. The first
one is the virtual inelastic scattering model as shown in Fig. 2.9(a) where the imaginary

part of M4 dominates in the total amplitude, i.e.,

| M) = [En3,| = (ko{U|f,fs X @ |UIf o) (2.34)
where kp is an “intermediate” Auger state that satisfies & = k’/2m and & =
€, +&; —¢,. In this case, a normal Auger decay of the initial hole i occurs and the

intermediate state kp is created; then the ko state is inelasticly scattered by electron in f;

state. The total probability in this case is

TP =Tl Oy (2:33)

where T/, ik 18 the probability of normal Auger decay and &, is the cross section of

the inelastic scattering of .the ky Auger electron with an electron in an f; state. The
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44 .
The results of the many body perturbation theory (MBPT) calculation of the
energy distribution of the two el‘ecfrons for Ne double Auger decay” are shown in Fig. -
2.10. It is clear that the electrons share the E.,: in the way that one of them takes most of
the energy and the other takes the small balance of the energy. Since there are very feW '

references on the double Auger decay,* 444

the experiment results of this research work
on the double Auger decay probability and the energy distribution will be compared with

the theoretical calculation of the Ne work* quoted above.
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CHAPTER 3

EXPERIMENT

Experimental Setups

The main feature of this experiment is to measure the time-of-flight of the
recoiled *’Cl ions by using coincidenc;e techniques.wS'109 The *Ar atoms were
physisorbed on a cold flat substrate inside an UH\‘/ system. When electron capture occurs,
the * Ar nucleus becomes a *’Cl nucleus and a neutrino is emitted. The recoil due to the

emission of neutrino cbuld éause the *'Cl ion to desorb from the substrate (Fig. 1.1, Fig.
* 1.2). Meanwhile, the capture of a deep core-level electron in the *’Ar atom would also
result in-a highly excited initial state in the daughter 37C1 atom. -This initial state could
then decay through radiative (x-ray) or non-radiative (Auger) relaxation and cause the
ionization of the *’Cl atom. Therefore, if the desorption were to happeq, both the *’Cl ion
and the Auger electron wéuld escape from the surface simultaneously. By using two
detectors with one of them detecting jons and the other detecting selected Auger
elgctrons, the time-df—ﬂight of the *’Cl ions cbuld be obtained by comparing the time
difference betweén ions and electrons arriving at the two detectors. Because the electrons

are much faster than the ions, this time difference is essentially the time-of-flight of the
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*7C1 ions. The difficult part in this experimental concept is that the detected ions and
electrons must come from the same EC decay to give a meaningful time difference. This
problem was solved by using coincidence techniques. The details of this technique will be
discussed later. The Auger transition study in this work was carried out by usiﬁg a double
pass cylindrical mirror analyzer (CMA) to directly measure the emitted Auger electrons
from the *’Ar atoms absorbed on the back side of the substrates. The double Auger stl%dy
also applied coincidence techniques to identify the correlation among the emitted Auger
electrons. In the past three years, different 3 Ar sources, substrates, detectors and
electronics have been used in this research work. The following sections will be devoted

to describe in detail each part of the experimental setups.

The UHV System

The experiments were performed in an UHV system a§ shown in Fig. 3.1. The
system was pumped mainly by an ion pump aﬁd a Ti-sublimator (TSP). A turbo-
molecular pump was also provided to the system through a shut-off valve for baking and
rare gases pumping. The typical base pfeSsure of this system was about 5 x 10! Torr.
The substrates in this experimer;t‘ were mounted to a cold finger of a closed-cycle helium
refrigerator. The two parts of the helium refrigerator were connected by a pair 9f helium
transfer tubes. The device could deliver about 10 watts of cooling power to the cold
finger at a temperature of 20 K. With proper shielding the substrates could reach as low

as 16 K in this work. The temperature of the substrate was monitored by a thermocouple
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The Substrates

There were two sets of substrates prepared in this experiment. The first substrate
was a 1 x 1 cm? Si(111) wafer. Both polished sides of the wafer were coated with thick

(0.2-0.3 pm) gold films in another vacuum chamber. Scanning electron microscope

images showed a smooth film acré)ss the entire substrate with slight variations in
topography visible only at the highest resolution of the microscope (~2004). The last
several layers of gold were evaporated on the substrate under in situ UHV conditions to
ensure a clean surface. The CMA was used to monitor the substrate cleanliness. Auger

spectroscopy showed no measurable contamination of the substrate surface at 16 K.

A major con.cem of the properties of the substrates was the back-scattering effect
from the substrates. These back-scattered *’Cl jons would have a different energy
compared to those directly desorbed ions, and thus the recoil spectrum would be
broadened. The back-scattering cross section is proportional to the square of atomic
number, Z. Hence, the substrates had to use materials with-low Z numbelr.%'28 One of theA
other considerations was that the substrate material had to be conductive so that it would
not become charged when charged particles left the surface. Considering these. conditions,
carbon bécaﬁe a good candidate. Therefore, the second substrate was a high grade
pyrolytic graphite (HPG) of 12 x 10 cm® area and 2 mm thick. The fresh éleaved HPG
was exarrﬁned by using a scanning tunneling microscope (STM) in the air, which revealed

an atomically flat surface. The HPG was cleaved again from both sides right before being
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pulses. The time resolution of an_ electron-electron coincidence measurement must be
better than a nanosecoﬁd. Therefore, the pulse output from the detector had to be in the
order of nanosecond. Second, most of the measurements in this work required a large
signal to noise ratio, so the detectors had to have very little background noise. A dark
count rate in the range of a few counts per second was preferred. Third, the detectors had
to be able to deteth both electrons and positive ions by simply switching the electrical bias
from outside the UHV chamber. Fourth, the detectors had to have stable gain over the
time of experiment. Considering all the requirements above, channel electron multipliers
(channeltron) and microchannel plates (MCP) made by Galileo Electro-Optics were

adopted to develop the detectors.

There were three generations of detectors developed for this work. The first one
used channeltron multipliers."'® A channeltron is spiral glass tube two millimeters in
diameter with materials with high secondary eléctron emission yield coated inside the
tube. When a single electron strikes the tube entrance, several secondary electrons will be
created. These electrons will then create even more electrons like an avalanche. A
channeltron can detect both positive and negative charged particles by changing the bias
voltage. Fig. 3.5 shows the schematic of the home made detector with the cﬁanneltfron '
biased for electron detection. The channeltron was mounted inside a metallic cylinder by
ceramic rods. Three screens were mounted in front of the channeltron entrance with the
first and third screen grounded and the middle screen biased by screen voltage, V. The

middle screen served to stop particles with energy lower than qV, where q is the charge of
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measurements. The four-nanosecond FWHM pulse width was also not satisfactory for
accurate time measurements. Therefore, the next generation detectors employed

microchanne] plates (MCP)111

to substitute channeltron multipliers. A MCP is an array of
about 10° miniature electron multipliers. Each one of them works like a tiny chéﬁﬁeltron.,
Typical channel diameters are in the range of 10-100 pm and the length to diameter ratios
are between 40 and 100. Parallel electrical coﬁtacts to each channel are provided by the
deposition of metallic coatings on the front and rear surfaces of MCP, which then serve as
input and output electrodes. ’i‘he total resistance between electrodes is about 10° Q. Such
MCP, used singly or two of them in a cascade, allow electron multiplication factor of 10*-
107 coupled with ultrahigh time resolution (<1 ns). The spatial resolutioﬁ of the MCP is

limited only by the channel dimensions and spacing. The channel diameter of the MCP

used in this work is 12 um and the center-to-center spacing is 15 um. The MCPs have

direct sensitivity to charged particles like electrons and ions (Fig 3.7 (a)), and energetic

photons like x-rays and UV light. Therefore, they have been widely used in imaging, -

surface science and nuclear physics.!!!

Each of the new detectors used two MCPs in cascade. Each MCP was one inch in
diameter and 400 pum thick. The mounting assemblies and electrode connections for the
MCP’s .were home-constructed as shown schematically in Fig. 3.6.-Each detector had
three screens in front of the MCP% with the middle screen serving as" a retarding screen.

These detectors produced stable and reliable noise-free sharp negative pulses at an
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In the ion counting mode, a negative high voltage of -2.7 kV was 'applied between
the front MCP and the ground to prevent KLL Augef electrons (E<2.6 keV) from entering
the detector and contributing to the positive ion signal. This voltage also accelerated the
positive ions to an energy at which their detection efficiency was maximized (Fig. 37(a)).
In this case, a -2.0 kV voltage was maintained between the front and rear of the MCPs

which made the voltage across each MCP to be 1.0 kV.

The Position Sensitive Detector

Sometimes it is necessary.to acquire spatial information of the detected particles.
For example, the flight distances between sample and MCP detector were different for
electrons or ions arriving at different points on the front MCP. Compensation could be
made for the flight path if one could know the exact Iocation where the particle had
landed. In the past ten years a variety of imaging multicha;nnel detectors have been
developed.m'r20 The tremendous parallel collection advantage inherent in these devices
can also be used to greatly reduce data-acquisition times and increase detection
sensitivities. In this work, a microchannel plate with resistive anode encoder (MCP-

RAE)""*!18 two-dimensional detector was developed.

Instead of a conductive plate behind the rear MCP to collect the multiplied

electrons and output pulse signal, the MCP-RAE detector uses a plate with evenly coated

resistive film which outputs signals encoded according to the location where electron hits
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the front MCP. The theoretical formulation of the encoding mechanism is briefly
described here.''? Considering a planar resistor whose surface resistivity is denoted 7 and

whose electrostatic capacitance per unit area is denoted c, if the potential at a position

(xy) is V and the vector surface current density is S, then Ohm’s law and the law of

charge conservation require

S+ VV=0 - _ (3.1)
and

VS+cV=J | (32)
where J is the incident source of current driving the anode. Combining Eq. (3.1)‘and Eq.
(3.2), the two-dimensional time-dependent diffusion equation becomes

V2V -rcV=-r] . (3.3)
This equation is subject to suitable boundary co-nditionsv defined by tﬁe edges of the

anode. An appropriate model for the driving signal J is a delta function in space and time

J(xy1) = Q 8(1) 8 (x - x0) 8y - yo) | G

with Q is the total charge delivered by the event and (x,y,) is the event location on the

anode. An important special case of Eq. (3.3) is the situation where the total terminal
charge signals are of interest but the detailed diffusion pulse shapes are not. For this case,
the dc (time average) part of Eq. (3.3) and Eq. (3.4) can change to a Poisson equation
V2V=-rJ ' (3.5)
where J is now the function of location (x,y) only. Equation (3.5) is not analytically
solvable for arbitrary boundary conditions. It h;J.S, however, been solved for seyeral

special cases of interest for position sensing with solid state detectors, gas counters and
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MCP’s*2. The simplest case is when the resistive surface is infinite in extent. In this case,
the current, I extracted at a point ! distance away from the source will be inversely
proportional to L

[e<1/] ~ : (3-6)
This fneans that far away from the source, the signal outplit will be lower. Therefore, in

principle the distance could be obtained by knowing the relative magnitude of the signal.

One practical solution to the boundary problem of Eq. (3.5) leads to the develop-

ment of the MCP-RAE. In 1972 Augustyniak'®" ez. al. reported their design which

involved terminating the edges of a uniform resistive surface with. resistivity, r by four

concave circular arcs having'radius of curvature, a and resistance per unit length, R;, as
shown in Fig. 3.8. The relation is

Ri=r/a 3.7

By using this design, which followed the suggestion by the Gear theorem, the anode

could be operated in a distortionless manner. The Gear theorem states that a uniform
current flow in an infinite sheet having a resistivity 7 is unaffected by a circular ﬁole of
radius, a if the hole is bordered by a line resistor of value ‘RL = r/a. This theorem holds for
any arrangements of the holes. One of such arrangement is just the design by Augustyniak

as shown in Fig. 3.8. In this design the four corners of the plate would share the incident

charge Q in the way as if the plate is infinite in extent, i.e., the currents, I, at the four

corners would be inversely proportional to the distance between the event point (x,y) and

the corner vertices. Therefore the event position (x,y) can be obtained as
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The Radioactive >’ Ar Sources

With a half life of 35 days, the *’Ar cannot survive in nature. Argon has an atomic
number of eighteen and is located between Cl and K in the periodic table. There ate
eleven isotopes ranging from >*Ar to “Ar. The stable isotopes of Ar include OAr
(0.337%), **Ar (0.063%) and “’Ar (99.6%). All the unstable isotopes with atomic weight
lighter than A_¥ 38 decay through electron capture and' those heavier than A = 38 decay
by beta decay.?* Therefore, the isotope *’Ar needed in this eXperiment had to be prepared
by designated nuclear reactions. There are several ways to produce >’ Ar from its stable
isotope or neighboring elements. The difficulties involve obtaining énough reaction cross
section so that the concentration of the produced Ar is large enough and-thé safety
concern on how to handle these radioactive materials. For this experiment, >'Ar was

produced by either 36Alr(n,y)37Ar or 40Ca(n,oc)37Ar reactions'? in the Brookhaven

National Laboratory and extracted locally as described below.

The first *’ Ar source prepared for this work was produced from the stable isotope
®Ar through the nuclear react.ion *Ar +n =d TAr + v involving high energy neutfons in
the center of a nuclc;ar reactor.'?* A quartz ampoule filled with 10 ml of 36Ar enriched ‘to
99.5 atom% was purchased from Isotech Inc.. The neutron capture’ cross section for this
reaction is 5 barn;® irradiation wifh a flux of 10™ n/cniz—s, for seven days would produce 7
x 10" atoms of ¥ Ar corresponding to 0.03% concentration in the remaining *Ar atoms.l

. There were about four weeks waiting time for the short-lived, radioactivity produced in
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which confirmed the purity and strength of the radioactive gas. The dominant feature of
the spectrum was the continuous internal bremsstrahlung radiation which had an end-
point energy at 814 keV (the Q value of *’Ar decay).8 Otherwise, the most prominent
feature was the 1460-keV “°K line due to the room background (Fig. 3.11).% The gas was
leaked into the main chamber via a Varian leak valve which had an excellent dosage
control. There was a second leak valve for research grade Ar gas (**Ar) which was also

used in some parts of the experiment.

The recipe described above could produce only a very small fraction of >’Ar
among the huge background of **Ar. The low concentration of *’Ar demanded a higher
total dosage in the experimen’; to get the required activity. As discussed in the first
chapter, this means each 37C1 atom would have more surrounding SAr atoms, hence more
chances to exchange charges. To get a higher concentration of radioactivity, the second
37 Ar source was prepared by a different way. The isotope “°Ca was used to produce *’Ar
by the “*Ca (n,00)*” Ar reaction. Half of a gram high-purity “OCa isotope was bombarded by
fast neutrons for three days near the center of the nuclear reactor. The nuclear reaction

VCa+n - TAr + ‘He (o) took place and 3TAr and “He gases were created inside the

*%Ca solid. The cross section of this reaction is about 0.5 barns and the total yield of ¥ Ar
was about 20 mCi. Without the background of 36Ar, the impurities now were mainly the
residual gas inside the source chamber. By this method a tenfold more concentrated >’ Ar |

source was produced.

































































































































































































































































































































































































