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ANGLE-RESOLVED STUDIES OF INNER SHELL EXCITATIONS FOR 
ARGON, KRYPTON AND XENON USING THIRD GENERATION  

SYNCHROTRON SOURCES

Ahmad H. Farhat, Ph.D.

Western Michigan University, 1998

This dissertation, which is in the area of atomic physics, concentrates on the 

study of the interaction between VUV-soft X-ray radiation and atoms in the gas 

phase. The main area of interest is the study of Auger decay in atoms utilizing the 

process known as the resonance Auger effect, where an inner shell electron is excited 

to an unfilled orbital followed by the ejection of an Auger electron. The measure

ments in this thesis were performed by using the high resolution Atomic, Molecular 

and Optical Physics undulator beam line, which utilizes a spherical grating mono

chromator at the Advanced Light Source at Lawrence Berkeley National Laboratory. 

The research focused on three rare gases, argon, krypton and xenon. For argon, high 

resolution angular-resolved measurements of the 2p —» 4s, 3d, 4d resonant Auger 

lines have been achieved. By measuring photoelectron spectra simultaneously at two 

different angles using efficient time of flight spectrometers, the angular distributions 

anisotropy parameters P have been measured, and relative intensities have been 

evaluated for each o f the resolved final ionic states. For krypton, the resonant Auger 

decay of all the photoexcited Kr 3dy2^n X nl (n = 5-9) states have been studied using 

an angle resolved two dimensional photoelectron spectroscopic technique, in which
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the electron yield was measured as a function of both photon energy and electron ki

netic energy. Angular distributions, spectator and shake probabilities have been de

rived for the Kr 3d 'np —» 4s'I4p'lmp + e‘ (n = 5-9, m = 5-11) resonance Auger decay. 

The results show that the spectator-core coupling is strong at lower n (n = 5,6) but it 

lessens for higher n, with a shake up of m = n+l preferred. Finally for xenon, the 

autoionization resonances and angular distribution of the 4d —» 6p decay spectrum 

were studied utilizing the Auger resonant Raman effect. Using this technique, (3 pa

rameters of almost all 5p4 (3P, lD, lS) 6p final ionic states were determined. These 

results contribute to our understanding of atomic structure and dynamics of inner 

shell processes and hopefully w ill stimulate further experimental and theoretical 

work.
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CHAPTER I

INTRODUCTION

The study of atoms and molecules is one of the main topics of modem phys

ics, and the field itself is very broad. Understanding of atomic structure and dynam

ics is an important focus of such field. Several experimental approaches have been 

used to understand atomic structure and dynamics such as atomic collision, laser 

spectroscopy, laser cooling and trapping, electron scattering by atoms and ions, pho

toionization, etc. To understand atomic structure and dynamics, we have chosen the 

approach of photoexcitation and photoionization, using synchrotron radiation. 

Photoionization is a process where a photon of frequency v and energy hv interacts 

with atoms or molecules to produce ions and one or more electrons. The interaction 

can be represented by the following equation:

hv + A —» Am+ + me', where m > I.

The quantity measured most directly is the ionization potential for the removal of the 

electrons from different atomic orbitals. According to an approximation known as 

Koopman’s theorem [1] each ionization potential Ij is equal in magnitude to an orbital 

energy Ej which Ij = - Ej. In other word the ionization potential is what we call the 

binding energy of the state, which is the minimum energy needed to eject an electron 

to the continuum state. In each orbital j of an atom the electrons have characteristic

1
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binding energy. When a photon hv is absorbed by an atom, part of this photon energy 

is used to overcome this binding energy, Ij, the remainder, hv - Ij, must appear as k i

netic energy (KE) o f the ejected electrons:

KE = hv - Ij

If  one records the photoelectron spectrum, the number of ionized electrons is detected 

at each energy, and a peak is found in the spectrum at each energy, hv - Ij, corre

sponding to the binding energy, Ij, of the electron.

The main goal of this dissertation is to study an atomic process known as the 

resonant Auger process, which represents an Auger-like decay o f an excited state 

produced by resonant photoabsorption from an inner shell. At energies about 10 eV  

below the ionization potential of the core-shell electron, a photoabsorbtion resonance 

can occur to a virtual orbital. The excited neutral atom can then decay by an Auger 

process involving two valence-shell electrons, which results in filling the core va

cancy with ejection of an Auger electron. The excited electron can either (a) remain 

in its orbital as a spectator electron, (b) be directly involved in the Auger process as a 

participator electron, (c) be shaken up as the result o f the Auger process to a higher 

excited orbital, or (d) be shaken off into the continuum. As one increases the photon 

energy, higher-energy resonances occur with the production of different Auger proc

esses until the ionization potential is reached. Studies of resonant Auger processes 

are best carried out with the help of storage rings emitting synchrotron radiation,
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which is intense, continuous, selective and sufficiently energetic to excite core-shell 

electrons.

The Auger decay of core excited states in rare gases has been the subject of 

intense investigation over a number of years due to its complex nature. In krypton, 

for example, two strong series of resonances have been observed: 3ds/2 —» 5p,6p and 

3d3/2-» 5p,6p by Codling and Madden (1964) [2]. In 1968 Fano and Cooper [3] 

found that the transitions to nf orbitals are quite weak because of the large barrier of 

the effective potential for the f  electrons. Similar resonances occur in argon below 

the 2p thresholds and in xenon approaching the 4d thresholds. A number of experi

ments have studied different aspects of the excitation and decay of a particular set of 

resonances for Ar 2p —> ns, nd, Kr 3d —> np and Xe 4d —» np, which have been stud

ied together because of their similarity as inner-shell resonances. Using electron im

pact, King et al. [4] and King and Read [5] measured energy loss spectra, equivalent 

to photoabsorption scans. Their high-resolution experiment provides precise energies 

for the Ar 2p3/2.i/2'lns,nd, Kr 3d5/2,3/2'lnp and Xe 4d5/2j/2’lnp resonances and Ar 

2p3/2.i/2’\  Kr 3ds/2.3i2l and Xe 4d5/2,3/2'1 thresholds. Relative values of the oscillator 

strength f  were determined and found to vary approximately with the separation of 

the resonance energy levels. Fano and Cooper [6] found the decrease in intensity, 

along a Rydberg series, results mainly from the overall expansion of the Rydberg or

bital. For a given spin-orbit pair of resonances, e.g. Kr 3dsa —* np and 3d3/2 —> np, 

the measured ratios of oscillator strengths were very close to statistical calculations,
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suggesting that relativistic effects have little influence on the transition strength of 

these resonances.

Combining synchrotron radiation and mass spectroscopy, Hayaichi et al. [7] 

examined the cross sections a  for the formation of singly, doubly and triply charged 

ions. For Ar 2p —» ns, nd excitations, Ar+ was found to be the most frequent product 

of the resonant decay. By contrast, in both krypton and xenon, results were unex

pected because the spectator model, in which the Rydberg electron remains in an 

outer orbital while the core undergoes an Auger-like decay and yields a singly 

charged ion. Hayaichi et al. [7], show that the autoionization to the valence s'land p'1 

final states in Kr and Xe rarely occurs, which indicates that the spectator decay domi

nates the participator decay. The Rydberg electron could participate in the resonant 

decay in some other way, such as being excited (shake-up) or ionized (shake-off). 

For the most important pathway to doubly charged ions, Hayaishi et al. [7] proposed a 

two step process, such as Kr Sds ’̂^ p  —» Kr+ 4s'I4p'*5p —» Kr++4p‘2, rather than a 

shake-off process.

Electron spectra at the Kr and Xe resonances have been investigated exten

sively: For both Kr [8] and Xe [9,10], the observed variations in valence cross sec

tions <7ns and CTnp caused by autoionization were small, less than 15 %. The electron 

spectra agree with the expectation of a valid spectator model with two important ex

ceptions. Firstly, shake-up of the Rydberg electron during Auger-like decay contrib

utes additional peaks, e.g. Kr 3d'‘5p —» Kr+4p'26p [8,11-13]. Secondly, on the Xe 4d
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—> np resonances, Becker et al. [10] observed that shake-off contributed 44% of the 

total resonant intensity, without the non resonant (Tsat, 0 5 $ and CTsp-

Angular distributions of the resonant Auger electrons in rare gases have been 

measured by several groups, [14-18] and an unusually large degree of angular anisot

ropy has been discovered. This unusually large degree of anisotropy in Ar was first 

explained by Cooper [19] who used angular momentum transfer theory and treated 

the resonant decay as a single-step process. Later Hergenhahen et al. [20] treated the 

resonant Auger transition as a two-step process involving excitation and subsequent 

Auger decay. They calculated the angular distributions of the resonant Auger transi

tions for Ar, Kr and Xe by describing the excited and final states in a jK  coupling 

scheme and treating the outer electron as a spectator. Chen [21] has shown the im

portance of including the effect of intermediate coupling in the calculations of angular 

distributions of normal Auger decay. Later, Chen [22] reported calculations of the 

angular anisotropy of the resonant Auger transitions based on a two-step model for 

Ar, Kr and Xe with 2p-4s, 3d-5p and 4d-6p excitations, respectively. His calculations 

were carried out using the multiconfiguration Dirac-Fock (M CDF) method in inter

mediate coupling with configuration interaction.

In this thesis, we have used the high flux and high photon-resolution provided 

by the Advanced Light Source with two time-of-flight spectrometers to measure the 

intensity distributions and angular distributions ((3 parameters) for the Auger decay 

spectra following the inner-shell excitations in Ar, Kr and Xe.
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Chapter I I  o f this thesis is devoted to a brief theoretical background o f the an

gular distribution anisotropy (3 parameters, and the difference between the normal 

Auger decay and the resonant Auger decay in detail. Chapter HI describes first the 

Advanced Light Source, where all the experiments in this thesis were carried out, and 

second the experimental station and measuring electronics. Chapter IV  presents the 

measurements of the intensity distributions and angular distributions of the Auger de

cay spectra following the 2p —> 4s, 3d, 4d resonant excitations in argon. Chapter V  

discusses the experimental results on photoexcitation and photoionization in krypton 

by measuring the Auger decay spectra o f the Kr 3d*‘np —» 4s'l4p'Imp (n =  5-9, m = 5- 

11). Chapter V I reports on the study o f the angular distributions and decay rates of 

the Xe 4ds/2 —> 6p resonant Auger lines. Finally Chapter V II gives a brief conclusion 

of this thesis.
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CHAPTER n

THEORETICAL BACKGROUND  

Partial Photoionization Cross-section and Asymmetry Parameters

In a photoelectron spectroscopy experiment, one measures the intensity 1(0) of 

the signal associated with photoelectrons emitted with a particular kinetic energy 

Ec.kin and at a particular angle 0, with respect to the polarization vector of the incom

ing radiation. I;(0) can be written as a product of factors related to the design and per

formance of the spectrometer system and of factors related to the electronic properties 

of the atoms under investigation [23].

I (d) = <&hv x n g x Tr(Eekin) x f lx d(J / dQ. (2.1)

where 4>hv is the absolute flux of the incoming radiation, ng represents the target par

ticle density, Tr(Ee,kin) is the transmission function of the electron energy analyzer, Q. 

represents the solid angle of electron collection, and da/d Q  is the differential partial 

cross-section. Obviously, as the only intrinsic atomic parameter, da/d Q. is the most 

interesting quantity in Eq. (2.1). According to Eq. (2.1) the differential partial cross- 

section is proportional to the intensities observed in photoelectron spectra. Unfortu

nately, the proportionality factor contains several elusive quantities, such as 4>hv and

7
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ng, and the experimentalist w ill often have to be satisfied with the determination of 

the relative partial cross-sections.

The theoretical prescription for calculating the differential cross-section is 

based on Fermi’s Golden Rule [24,25] and it has been shown [26-28] that dor/d Q  is 

given by:

where Eo is the permeability of the vacuum, e stands for the electronic charge, m is the 

mass of the electron, co, and eM are the angular frequency, the momentum vector 

and the polarization vector of the incoming radiation, H'g and 'Pf represent the prop

erly normalized wavefunctions for initial (ground) and final (ion + photoelectron) 

states, and r  ̂ and V̂ . are the position and gradient vector operators of the fi-th elec

tron. Because of the dependence of da/d Q on 'Fg and vFf, the photoeffect provides a 

very direct probe of the electronic properties of the initial and final states. Since Eq.

(2.2) is used to calculate the differential cross-section, the energy and the direction of 

the photoelectron, which is part of 'Ff, have to be specified. The partial cross-section 

a* can be obtained by integrating da/d Q over all directions [29]. Alternatively, by 

specifying the energy and the angular momentum of the photoelectron Eq. (2.2) can 

be employed to calculate the cross-section for a particular photoionization channel. 

In that case, a  may be evaluated over all relevant channels [29].
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9
For photon energies below about 1 keV the wavelength o f the radiation is much larger 

than the target dimensions and the exponential expfik^.r^) in Eq.(2.2) can be ap

proximated to 1. This approximation, commonly referred to as the electric dipole ap

proximation, is frequently invoked in the calculation o f photoionization cross sec

tions. With the assumption that the dipole approximation is valid, the differential 

cross-section is given by:

Relying on symmetry and angular momentum arguments, it has been shown [30-32] 

that when a linearly polarized photon interacts with an unpolarized target in the elec

tric dipole approximation, the angular correlation between the incident photon and the 

ejected photoelectron is proportional to a linear combination of terms involving

tion vector of the incident photon. The upper limit of two on the powers of (cos0) 

that determine the angular distribution is fixed by the total angular momentum of 

unity imparted to the target by the absorbed photon. The absence of a term linear in 

(cos0) is related to the conservation of parity in the photoionization process. Thus, 

the differential partial cross-section can be written as [33]:

(2.3)

(cos0 )° and (cos0 )2, where 0  is the angle between the photoelectron and the polariza-

(q ) = i + 1  [i +  2Pi cos(2(0 -  A))]} (2.4)
4k  { 4 J

da{hv)
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where a  is the partial cross section, P is the angular distribution anisotropy parameter,

Pi is the degree of linear polarization of the monochromatic light (we measured Pi =

0.99 during the Ar, Kr and Xe experiments), and X is the angle (tilt angle) between 

the synchrotron plane and the photon electric field vector (0° in all experiments). It 

can be seen from this relation that the entire angular dependence o f the photoioniza

tion process can be ascribed solely to the P parameter. Special note should be taken 

of the angle 0m = 54.7° (the magic angle). With this value substituted into the above 

equation, the angular dependence drops out completely; in other words, the pho

toionization process is independent o f P at this angle. By taking simultaneous meas

urements at the magic angle and 0 °, the experimental values can be combined with 

equation (2.4) to yield an explicit result for P;f:

P (hv) = ------------------------Ctso(hv) _ { 2 5
f E f f ( h v - E bin) C ts^ ihv)

where Eff represents the relative efficiency (transmission as a function of kinetic en

ergy) of the detectors, Ctso represents the number of counts for a particular final ionic 

state measured at 0 ° and QS54.7 represents the number of counts measured at the
I

o
magic angle (assuming 100% linear polarization and a tilt angle o f 0 ) . The effi

ciency was calculated using the known P parameters for the 2 s and 2 p states of neon. 

W ith this relationship, the p parameter can be extracted. It can be seen from Eq. (2.4) 

that in order for the differential cross section to remain positive, P must range be

tween -1  and 2. W ith P = 2, most electron emission is in the direction of the electric -
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field vector, (3 = 0  represents isotropic emission, and (3 = -1  implies emission primar

ily perpendicular to the electric-field vector. Figure 1 displays a polar plot of the dif

ferential cross section for several different (3 parameters, assuming 1 0 0 % linearly po

larized dipole radiation, and a tilt angle of 0°. All distributions are cylindrically 

symmetric with respect to the electric-field vector. Note that at a specific angle 0 m, 

all the differential cross sections are independent of the J3 parameter. At this angle, 

all curves intersect for any (3 parameter. This magic angle is important for the ex

perimentalist since one can use angle-resolved detectors in order to measure and 

extract both partial cross-sections and angular distributions.

© = 90 9  = 54.7

p=o ,0  =  0

p=- l

Figure 1. Differential Cross Section for Different (3 Parameter Using Linearly Polar
ized Light. It can be seen from this figure that the direction of the electron 
emission is along the electric field vector when the value of (3 is positive 
and equal to 2 , while the direction of the electron emission is perpendicular 
to the electric field vector when (3 is negative and equal to -1 . The electron 
emission is isotropic when |3 = 0. It can be seen that at the magic angle, the 
electron emission is independent of (3 parameter.
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Normal Auger and Resonant Auger Processes

Under irradiation with high energy photons, atoms emit at least two energetic 

electrons: the photoelectron from the initial ionizing event and an Auger electron 

from the decay of the original ion formed. The initial ionic state after photoelectron 

emission is an energetic ion with an electron vacancy in an inner shell. Upon decay 

by the Auger process, the inner vacancy is filled by one electron from an outer shell 

and another electron is emitted from the same or another outer shell [34], The energy 

difference of the initial ion and the final doubly charged ion appears as kinetic energy 

of the emitted Auger electron. The normal Auger process leads to discrete lines in an 

electron spectrum. Figure 2a shows schematically the case where a Xe 4 ds/2 electron 

is photoionized. The hole is filled by a 5p electron and another 5p electron is ejected 

[35].

The resonant Auger process, which can also be referred to as an autoioniza

tion resonance, is usually dominated by the “spectator structure” where the inner shell 

electron is excited to one of the Rydberg orbitals, described by corresponding quan

tum numbers n, 1, j. In this case, the electronic core relaxes by Auger transition that 

exposes the Rydberg electron to a changed field of the ion, from singly to doubly 

charged. As a result, it may change its quantum numbers to n \ 1’ , j ’ . The different 

decay channels can be summarized, in the case of the 4d —> np transitions in Xe, into 

five main groups as follows:

(a) 4d9np —> 5s25ps + e' Participator Auger decay

(b) 4d9np —> 5s*5p6 + e'
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(c) 4d9np —» 5s25p4n’ l + e'

(d) 4d9np —> 5s*5p5n’l + c

(e) 4dvnp —» 5s°5p6n’l + e

n’ < n shake down 

Spectator Auger decayj n’ = n strict spectator

n’ >  n shake up

If  n = n \ 1 = 1’ and j = j ’ , we would have a pure spectator transition; but if  n < n \ 1 = 

F and j = j ’ we would have a shake-up or shake-off; and if  n > n \ 1 =F and j = j ’ we 

would have a shake-down ((c)-(e)). The Rydberg electron may also participate in 

filling the core hole, which leads to a similar final state as in direct photoionization, 

where we would have participator transitions (a) and (b). It has been shown that the 

participator transitions are overwhelmingly less intense than the spectator transitions 

[7]. Figure 2b and Figure 2c show the case of an excitation of the Xe Adsn electron 

into the 6 p level.

R esonan t A u g er Process 
A utoionization R esonance

N orm al A uger Process

P a rtic ip a to r M  
decay

 9—  -P-
 - f <

final ionic 
state of a
m ain UnC

2  step 

•  e ~

•  e~

Spectator
decay

final tonic 
state of a 
satellite Une

final ionic state 
is doubly charged

Figure 2. Schematic Contrasting Auger Processes. The left half of the diagram (a) 
shows a normal Auger process. The right half o f the diagram (b, c) shows 
the resonant Auger decay.
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CHAPTER H I

EXPERIMENTAL TECHNIQUE  

Synchrotron Radiation

When charged particles, in particular electrons or positrons, are forced to 

move in a circular orbit, photons are emitted. W ith charged particles at relativistic 

velocities, these photons are emitted in a narrow cone in the forward direction, at a 

tangent to the circular orbit. In a high-energy electron or positron storage ring, these 

photons are emitted with energies ranging from infrared to energetic (short wave

length) X-rays. This radiation is called Synchrotron Radiation. Such emission was 

first observed at General Electric’s 70 MeV synchrotron in 1946 [36]. The history of 

the synchrotron sources can be divided into a number of generations. The first ex

traction of synchrotron radiation from a synchrotron source was made in 1963. These 

earliest beams had typical photon fluxes of 1 0 6 to 1 0 8 photons per second, and were 

used also to conduct photoabsorbtion experiments although the electron beams were 

mainly used for high-energy physics. In the I980’s the second generation o f syn

chrotron sources appeared. The main purpose of these new machines was the gen

eration of radiation. These new storage rings (synchrotrons with long lifetime o f the 

particle beam) produced radiation by passing an electron or positron beam through 

bending magnets to keep the electrons or the positrons in a closed orbit. When these

beams are bent by magnets, they emit energy in the form of synchrotron radiation,

14
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whose resolution was sufficient to study complex features such as two-electron proc

esses in atoms, autoionization resonances, photoexcited Auger effects and several 

other photoionization and photoexcitation processes. Another aspect of this period 

was the exploration o f insertion devices, which consist of periodic arrays of magnets. 

These devices add transversal oscillations to the motion of the charged particles, gen

erating synchrotron radiation with properties that are superior to the bending magnet 

[37]. These new insertion devices, namely “wigglers” and “undulators”, are what 

characterize the current third generation synchrotron radiation sources, where all the 

experiments of the present thesis were performed [37]. Figure 3 presents schemati

cally the principal elements of a third generation synchrotron source, in this case the 

Advanced Light Source (ALS), at Lawrence Berkeley National Laboratory since this 

facility was used for the experiments that are reported in this thesis. The main com

ponents of the ALS are:

1. The linear accelerator: The linear accelerator, or linac, is the electromag

netic catapult that accelerates electrons to relativistic velocity. The linac is four me

ters long, and has three major parts: (1) The electron gun; (2) The buncher, whose 

purpose is to accelerate the pulsing electrons as they come out from the electron gun 

and pack them into bunches; and (3) The linac itself, which is an extension of the 

buncher it receives radio frequency (RF) power to accelerate the electrons and com

pact them into tighter bunches. Electrons enter the linac from the buncher at a veloc

ity of 0.6C.
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Figure 3. Plan View of the ALS and Adjacent Buildings Showing the Main Elements 
of a Light Source.

2. The Booster synchrotron: To have a linac long enough to accelerate elec

trons to the energy needed by the ALS would not be feasible since it would not fit 

inside the building. Instead, a circular booster synchrotron is used in which the elec

trons receive a "boost" from an accelerating chamber (RF cavity) each time they go 

around the booster ring. In less than one second inside the booster, the electrons make 

1,300,000 revolutions (and travel 98,000 kilometers), reach 99.999994% of the speed 

of light, attain their target energy (usually 1.5 billion electron volts), and are ready to 

be transported to the storage ring.

3. The storage ring: Once the electrons reach their target energy in the booster 

synchrotron, an injection system transfers them from the booster to the storage ring
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where they circulate for hours. The electrons travel in an aluminum vacuum chamber 

that has fewer atoms per unit volume than the outer space (the pressure is about I O' 9 

Torr), so there are almost no collisions to slow them down. The storage ring is 

roughly circular with 12  arc-shaped sections (about 1 0  meters long) joined by 1 2  

straight sections (about 6  meters long). Hundreds of precision electromagnets focus 

and bend the electron beam as it circles the storage ring more than a million times a 

second. Electrons, curving through the ring's 12-arc sections, emit fanlike beams of 

photons. Between these curves there are straight sections where insertion devices, un- 

dulators and wigglers, wiggle the electrons back and forth to form a narrow beam of 

light 100 million times brighter than conventional x-ray sources. The synchrotron 

light emitted by the electrons is directed to beamlines through beam ports.

4. Undulators and Wigglers: The brightest synchrotron light at the ALS comes 

from undulators (located in the straight sections of the storage ring) that contain over 

one hundred magnetic poles lined up in rows above and below the electron beam. The 

magnets force the electrons into a snake-like path, so that the light from all the curves 

adds together. Although they are about 4.5 meters long and weigh about 40,000 

pounds, the undulators have to be built to extreme precision. Many of the design tol

erances are approximately 50 microns, less than the width of a human hair. Wigglers 

are similar to undulators but have fewer magnetic poles. A ll the measurements for 

the present thesis were performed using the 8 -cm 55-period U 8  undulator of beamline 

9.0.1. The undulator is capable of producing intense U V and soft x-ray photons with 

a typical flux of approximately 1013 photon/s [38],
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5. Beamline: The beamline transfers the photons from the storage ring to the 

experimental chamber. In all of the present work, we used beamline 9.0.1. which is 

the undulator atomic, molecular and optical physics beamline. The radiation pro

duced by the undulator at this beam is monochromatized by a spherical grating 

monochromator. The monochromator has three different grating: 380, 925 and 2100 

1/mm. The broadband radiation reflects from the grating and is spatially dispersed by 

wavelength. A  pair of entrance and movable exit slits select the desired wavelength. 

The width of the slits determines the photon resolution. After reflection from one of 

the gratings, photon energies of 20-310 eV are available for use. The degree of the 

linear polarization Pi of the monochromatic light has been measured to be 0.99. In 

this thesis we have performed three experiments for three different energy ranges. 

For the argon 2p'* 1/2.3/2 ns,d Auger decay study, the energy range was 243.5-250 eV 

using the monochromator set to its third grating (2100 1/mm). The average photon 

resolution was 107 meV. The energy range for the krypton 3 d'!3/2.5/2np Auger decay 

study was 90-95 eV and the monochromator was set to the second grating (925 

1/mm), with an average photon resolution of 40 meV. Finally for the xenon 4d' 

l3/zs/2 6 p Auger decay, the spectra were taken at a photon energy of about 65 eV, 

which corresponds to the first grating (380 1/mm) o f the monochromator. The average 

photon resolution was 15 meV for this experiment.

Experimental Station 

Our experimental method consists of photoelectron spectroscopy that utilizes
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electron time-of-flight spectrometers (TOF) [35]. Two TO F spectrometers, as shown 

in Figure 4, are housed in a rotating chamber and are mounted in a plane perpendicu

lar to the photon beam direction. The spectrometers are mounted with a relative 

spacing of 125.3°, each equidistant from the gas inlet valve. The spectrometers’ ap

ertures and gas inlet needle are each approximately 20 mm from the interaction re

gion on the axis of the chamber. For the measurements described in this thesis, the 

TO F analyzers were fixed at 0° and 54.7° (magic angle) with respect to electric field 

vector of the incident radiation. This configuration, shown in Figure 4 allows for two 

spectra to be taken simultaneously at different angles. Electron of all kinetic energies 

are detected which allows measurements independent of the fluctuations of the target 

density or the photon flux. As a result, angular anisotropy can be measured and the 

P parameters can be extracted. The interior of the chamber is shielded with two layers 

of magnetic shielding which reduces the local fields, especially the earth’s magnetic 

field, by a factor of two. The chamber is pumped with a turbo pump of 1000 1/s, 

which is capable of reducing the base pressure to 10'8 torr. The gas is passed into the 

interaction region through a needle to a pressure of about 3x l0 '5 torr. The whole 

chamber including analyzers, gas inlet, turbo pumps can be rotated around the syn

chrotron beam to allow measurement of spectra at different angles.

Figure 5 shows one o f the analyzers. Electrons created in the source volume 

fly straight to the micro channel plates (MCPs) where they are detected. In order to 

measure the flight time of the electrons we have to use the light source in few bunch 

operation. The synchrotron ring has to operate in the timing mode where there are
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Experimental Setup
T O F  2

• View from the back of the chamber 
along the photon beam

Figure 4. Schematic Diagram of the Experimental Setup Showing Two Time of 
Flight (TOF) Electron Spectrometers Mounted to a Rotatable Chamber.
The incident synchrotron radiation goes through the interaction region, 
perpendicular with respect to the drawing plane.

only a few bunches of electrons in the ring. In all the experiments conducted in this 

thesis, we used double bunches with a timing difference of 328 ns between the 

bunches. Each TOF spectrometer consists of a pair of microchannel plates and a de

tection plate mounted at the end of a 689-mm flight path. By measuring the arrival 

times of the ejected electrons relative to the photon pulse, complete photoelectron 

spectra can be measured. The spectra are then converted from time to kinetic energy 

as described below. In order to improve the resolution of our spectra, a retarding po

tential was applied at the retarding cage and the inner nose. We applied different re

tarding potentials for different experiments, and our retarding potentials were -201 V, 

-30 V and -3 2  V  for argon, krypton and xenon experiments respectively. To prevent
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Figure 5. Time of Flight Electron Spectrometer W ith an Enlarged Part of its En
trance.

the slower electrons being affected by electric and magnetic stray field, we also used 

a magnetic shield in the drift tube of the analyzer. The time-to-energy conversion 

curve was obtained by using calibration spectra of the Ne 2s and 2p photoelectron 

lines of well-known binding energy. In order to obtain the relative detection effi

ciency o f the two analyzers, the Ne calibration spectra are also used for all the pho

toelectrons and the constant ionic state spectra are corrected for the analyzers’ trans

mission and detector’s efficiency. Our spectrometer’s resolution varied from one ex

periment to another. The spectrometer resolution was on average 90 meV in the case 

of the A r 2pi/2.3/21ns,d resonant transition. This resolution changes to an average of 

110 meV at the photon energies corresponding to Kr 3d3/2,5/2lnp —> 4s''4p'lmp reso
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nant Auger transition. Finally an average spectrometer resolution of 46 meV was 

used for Xe 4ds/2'' —»6p decay spectrum.

The Measuring Electronics

The electrons created in the source volume fly straight to the microchannel 

plate (MCP) where they are detected. When the electron hits the first MCP, it results 

in an avalanche that is amplified by the second MCP. The current amplification on 

one MCP which has a voltage o f 2500 V, is of the order of (1-5) xlO4. A fast two 

step amplifier (AMP) amplifies the decoupled signal (50-100 times). Then, the signal 

is connected to a constant fraction discriminator (CFD). The MCP-pulses have 

strongly varying amplitudes but have similar shapes. A simple discriminator, which 

triggers at certain threshold level, would not give the needed time accuracy (<100 ps) 

because the trigger time would depend on the amplitude o f the incoming pulse. The 

CFD technique operates as follow:

An incoming signal is split into two signals, one of the signals is attenuated by

0.2, and the other signal is not attenuated but delayed by 0.6ns. The attenuated and 

the delayed signals are then combined in a differential amplifier stage resulting in a 

subtraction process. The CFD attenuated incoming pulses and the delayed inverted 

pulses have constant amplitude ratios. The outgoing pulse starts when the combina

tion signal goes through zero. The method works for pulses with similar shape inde

pendently of their amplitude. The signal from the CFD is sent to the start of the time- 

to-amplitude-converter (TAC). The stop signal of the TAC is provided by the bunch
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marker signal from the synchrotron radiation ring. The basic time-to-amplitude- 

converter consists of an integrator, which operates by charging a capacitor with a 

constant current during the time interval from a start signal to a stop signal. The cur

rent linearly charges the capacitor, producing a ramp voltage. The charging process 

stop when the stop signal is received, the TAC discharges the pulse, whose height is 

proportional to the time between the starting and the stopping pulse. The analog 

pulse is then transformed by the analog to digital converter (ADC) which digitizes the 

pulse and sends it to the multichannel analyzer (MCA). The MCA then histograms 

the counts by arrival time. The resulting counts versus time spectrum is then stored 

and displayed on a PC using a labview data acquisition program. The labview acqui

sition program, in addition to recording spectra, monitors the synchrotron radiation’s 

current and the chamber pressure.

Two-dimensional Photoelectron Spectrum

In the experiment conducted in Chapter V  of this thesis, we added to our angle 

resolved method, an imaging technique to record the electron spectra of Kr near the 

3d-ionization threshold. To produce a two-dimensional imaging (2D) electron emis

sion data sets, a photon energy range of 6-eV-wide and a kinetic energy window cov

ering the majority of the ejected electrons was chosen to allow the investigation of the 

Kr 3d ionization processes. This data was collected by setting the photon energy to 

the beginning of the range of interest and photoelectron spectra (PES) were accumu

lated simultaneously in each analyzer for 10 s. The photon energy was then incremen
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ted by 10 meV (1/4 x photon resolution) and another pair o f PES was collected. By 

repeating this procedure over the photon energy range of interest, which takes a total 

of two and a half hours, we were able to produce comprehensive and detailed 2D im

ages. This new method of looking at the data collected allows examination of all of 

the data in order to spot areas of interest and in order to follow the progression of 

various processes. It also allows experimental artifacts, such as peaks due to higher 

order or background electron, to be identified and removed from the two-dimensional 

2D data wherever possible. Also, in this particular experiment, the 2D technique was 

used to observe the progression of the np Rydberg series n = 5-11 over a photon en

ergy range of 6 eV.
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CHAPTER IV

ANGLE-RESOLVED STUDY OF ARGON 2p ‘ injn. ns,d RESONANT
AUGER DECAY

Abstract

Angle-resolved measurements of the A r 2 $ m 1 4s, 3d, 4d and 2p3/2_14s, 3d, 4d 

resonant Auger transitions have been carried out using photons from an undulator 

beamline at the Advanced Light Source. The intensity distributions and angular dis

tribution anisotropy (3 parameters have been reported for nearly all of the possible 

3p4nl final ionic states. Our results further verify the predictions of the spectator 

model for the 2 pi/2j /2  l4s resonances and the subsequent breakdown of this model for 

the 2pi/2.3/2’'3d and 2pi/2,3/2~14d relative intensities. This is the first report of the reso

nant Auger (3 parameters of the 2pi/2j/2 *3d or 2pt/2j/2 l4d resonances and the intensity 

distribution for the 2pi/2'[4d resonance. Our results have been compared with previ

ous experimental and theoretical results wherever possible.

Introduction

After the excitation of an inner shell electron, an atom can relax nonradia- 

tively through one of the following mechanisms, summarized here for the Ar 2p'l4s 

resonance:

2s22p54s —> 2p63s23p44s + e' Spectator Auger decay (a)

25
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2s22p54s —> 2p63s23p44p + e‘ Participator Auger decay - shake up (c)

2s22p54s —> 2p63s23p4 + 2e' Participator Auger decay - shake off. (d)

The inner-shell excited states below the 2p thresholds in argon have been 

known for many years. Accurate measurements were performed by King et al. [4] 

using the electron energy-Ioss technique. The first resonant Auger spectra pertaining 

to the decay of these states were recorded by Aksela et al. [39]. In the previous non- 

angular-resolved studies of the intensity distributions it was reported that the decay of 

the Ar 2p_l4s states can be described reasonably well by the spectator model, whereas 

the decay o f the 2p *nd states is dominated by shake-up processes [39-45]. The an

gular distribution of the electrons emitted in a resonance Auger process has been 

measured by Carlson et al. [15], but their measurement suffered from poor resolution 

due to the use of broad photon sources. Also, measurements of the 2p ‘3d and 2p_,4d 

resonances have been unobtainable due to insufficient photon resolution. Theoreti

cally, the Auger decays of the 2p *4s resonances have been studied extensively by 

Cooper [19], Hergenhahen et al. [20] and Chen [21,22] as mentioned in detail in 

Chapter I.

The aim of the experiment presented in this chapter is to report measurements 

of the intensity distributions and angular distributions ( P parameters) for the Auger 

decay spectra following the 2p —» 4s,3d,4d resonant excitations in argon. No prior 

measurements of the resonant Auger (3 parameters of the 2p'*i/2j/23d and 2p'\/2j/24d 

resonances, or the intensity distribution for the 2p'\/24d resonance have been pub
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lished, to the best of our knowledge. We compared our results with previous experi

mental and theoretical results wherever possible.

Results and Discussion

In order to determine the photon energies necessary to excite the resonant 

transitions, a measurement of total electron yield versus photon energy was carried 

out and is shown in Figure 6.

4d 5d

e3
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1x10'<*>3<D
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Photon energy (eV)

Figure 6. Photon Energy Scan over the Ar 2p*lnl Resonances, Taken in the Ionization 
Threshold Region of the 2&n  (248.6 eV) and 2$\n (250.78 eV) Shells [4]. 
The resonant energies used in this chapter were taken from this scan. The 
resonances of interest are labeled A through F.

The resolution for this scan was 160 meV due to photon beam fluctuations. For all of 

our measurements, the absolute resonant energies have been taken from King et al.
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[4]. Kinetic energy spectra were then measured with an average photon resolution of 

107 meV and an average spectrometer resolution of 90 meV at the photon energies 

corresponding to the resonant transitions. These spectra are shown in Figure 7.
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Figure 7. Complete Photoelectron Spectra for the 2p'*4s Resonances (A, B), the 
2p'*3d Resonances (C, E), and the 2p’'4d Resonances (D , F). For each 
case, the intensity distribution is shown at the magic angle (0m = 54.7 ). 
The spectra were measured with a 201 V  retarding potential applied to the 
flight tube. The absolute resonant energies have been given 
by King et al. [4].
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For each spectrum, Gaussian curves were fit to each of the various final ionic states, 

with the relative binding energies of the final ionic states fixed with the spacing 

matched to the optical data of Minnhagen [46]. The Iinewidths of the peaks are 

broadened slightly with increased kinetic energy, which was consistent with the ex

pected decrease in spectrometer resolution at higher kinetic energies (a trait inherent 

to TOF spectroscopy).

The 2d ' 1 4s Resonant Auger Spectra

A plot of the 2p3/2 * 4s and 2pt/2'14s spectra is shown in Figures 7-A, B (measured 

at the magic angle). A comparison of these resonant Auger spectra with normal non

resonant Auger spectra (e.g. Meyer et al. [41]) shows that, as predicted by the spec

tator model, the resonant Auger spectrum looks much like the normal Auger spectrum 

with only a slight energy shift (due to the screening effect of the spectator electron). 

This result supports the validity of the spectator model for predicting relative intensi

ties.

Figures 8 and 9 depict portions of the 2pi/2_1 4s and 2p3/i'1 4s spectra, respec

tively. Each of the prominent features is labeled with a number, and each individual 

LS term is labeled in all figures and tables by a numbered letter. Here, the same 

binding energy region is viewed from two different angles (0 and 54.7 with respect 

to the synchrotron light’s electric field). For each resolved final ionic state, a Gaus

sian peak has been fit, with the relative spacing between the peaks assigned using op

tical data of Minnhagen [46]. Once the data from each spectrometer has been norma-
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Figure 8. Auger Decay Spectra for Ar 2pi/2*14s Resonance Shown at (a) 9 = 0 and 
(b) 0 = 54.7°. The peak labels correspond to those states listed in Table 1. 
The angular distribution anisotropy parameters (|3) for the 3p4(3P)4s4P and 
3p4(3P)4s2P lines are shown in (c). These spectra were recorded with a 
201 V  retarding potential applied to the flight tube. The absolute resonant 
energies have been given by King et al. [4].
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Figure 9. Auger Decay Spectra for Ar 4s Resonance Shown at (a) 9 = 0 and

(b) 0 = 54.7°. The peak labels correspond to those states listed in Table 2. 
The P parameters for the 3p4(3P)4s4P and 3p4(3P)4s2P lines are shown in
(c). These spectra were recorded with a 201 V  retarding potential applied 
to the flight tube. The absolute resonant energies have been given by King 
et al. [4].
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lized to the spectrometers’ relative efficiency (to compensate for transmission differ

ences between them), a comparison of the areas o f a particular peak at the two angles 

allows the [3 parameter to be determined. These values are plotted in Figures 8-c and 

9-c for the peaks in this region. It can be observed from Figures 8-b and 9-b (note the 

different scales) that the relative populations of the final ionic states (viewed at dif

ferent angles) are significantly different, although the P parameter for each state is 

approximately the same. This illustrates rather well the requirement of the resolving 

power o f this type of measurement. A complete listing of P parameters for nearly all 

3p4nl final ionic states is given in Table 1 for the 2pi/2’'4s decays and Table 2 for the 

2p3/2 *4s decays. In order to compare our results with previously unresolved work, we 

have listed in all tables both the individual P components and their average P value 

(shown in boldface) which includes the sum of all overlapping peaks in a given LS 

term. For each value, the uncertainty is given in parentheses following the value. It 

should be noted that this uncertainty includes the statistical uncertainty added to a 

systematic uncertainty. The systematic uncertainty, which takes into account the sen

sitivity o f the fit parameters, was found by performing a number of fits to a collection 

of overlapping peaks allowing for deviations in peak width and position. An error of 

5% in the area was found for strong well-resolved peaks and an error of 10-20% was 

found for the weaker overlapping peaks. In every case the appropriate systematic er

ror was added to the statistical error, and this total uncertainty is given in parentheses 

after the value in each table.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33
Table 1

Experimental and Theoretical Angular Distribution Anisotropy Parameters (|3) for the
A t 2pi/2'‘4s Resonance

Final State 3p4nl 

No LS-term This work

P Parameters : 2pm - *  4s 
P Experiment P  Theory 
Ref. [151 Ref. [47] Ref. [20] Ref. [22]

2a 3pYP)4s4P5/2 0.21(4) 0.19
2b 3p4(3PHs4P3/2 -1.00(5) -0.81
2c 3p4(3P)4s4P|/2 1.61(15) 1.8

2a,b,c 3p4(3P)4s4Pjaj/2,1/2 0.54(7) 0.1 0.56 0.69 - 0.62

3a 3p4(3P)4s2P3/2 -0.79(4) -0.79
3b 3P4(3P)4s2Pi/2 -0.73(4) -0.72

3a,b 3p4(3P)4s2P3«,1/2 -0.75(4) -0.37 -0.57 -0.66 - -0.75

2a,b,c 3p4(3P)4s4P5/2j/2 .l/il
3a, b 3p(r)4s Pj/2,1/2 I -0.09(2) -0.17 0.01 0.01 0.00 -0.007

7a 3p4(‘D)4s2D3/2 -1.00(5)
7b 3p4('D)4s2D5/2 0.05(3)
8a 3p4(3P)3d2F7/2 a
8b 3p4(3P)3d2F52 -0.52(3)
9a 3p4(3P)3d2D3/2 -0.15(3)
9b 3p4(3P)3d2D5/2 -0.04(2)

7a,b _ 3p4(1D)4s2Ds/2JJ
8a,b 3p4(3P)3d2F7/i5/2 -0.03(2) -0.22 0.01 0.00 0.00 0.006
9a,b 3p4(3P)3d2D5/i3«

12a 3p4(‘S)4s2Si/2 0.07(3) -0.20 0.00 0.00 0.00 0.001
[47] Menzel using two different energies, 246.0 eV and 246.5 eV. 
a. Strongly positive p.

It can be seen that most (3 parameters are negative or small positive, the former indi

cating a preferred emission in the direction perpendicular to the electric field vector 

of the radiation. This is due to the enhanced population of final ionic states which 

can be reached via parity unfavored transitions only through the resonant Auger proc

esses [48]. For phototionization, an incident photon of angular momuntum j Y (jy =  1)
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is absorbed by an initial atomic state o f total angular momentum Jo, producing a 

photoelectron of orbital angular momentum 1. The parity unfavored transitions occur 

when the angular momenta o f the electron and photon couple in such a way that no 

angular component is transferred to the electron, which means that the momentum 

transferred between the atom and the ion j t becomes equal to the electron momentum

I. Thus, the angular distribution parameter (3 becomes automatically —1 because the 

momentum projection along the photon quantization axis is zero.

Table 2

Experimental and Theoretical Angular Distribution Anisotropy Parameters (P) for the 
___________________________At 2p3/2-14s Resonance___________________________

Final State 3p4nl 

No LS-term This work

P Parameters : 2p3/2 -> 4s 
(3 Experiment
Ref. [151 Ref. f471 Ref. [20]

j3 Theory 
Ref. [221 Ref. [19]

2a
2b
2c

3pYP)4s4P5/2
3p4(3PHs4P3/2
3p4(3P)4s4P|/2

0.45C06) 
-1.00(.05) 
1.51(. 13)

0.25
-0.88
1.65

2a,b,c 3p4(3P)4s4P5/2j/2 ,\n 0.32(.05) 0.37 0.30 0.53 0.34 0.88

3a
3b

3p4(3P)4s2P3/2 
3p4(3P)4s2P\n

-1.00(.05)
-0.85(.05)

-0.98
-0.87

3a, b 3p4(3P)4s2P3/2,i/2 -0.94(.06) •0.86 -0.93 -0.94 -0.95 -0.83

2a,b,cl 3p4(3P)4s4P5/2J/2.1/r i
3a, b 1 3p4(3P)4s2PM,,/2 -0.50(.03) -0.65 -053 -0.47 -0.50 -0.47 -0.18

7a
7b
8a
8b
9a
9b

3pVD)4s2D3/2
3p4('D)4s2D5/2
3p4(3P)3d2F7/2
3p4(3P)3d2F52
3p4(3P)3d2D3/2
3p4(3P)3d2D5/2

0.66(.09)
0.50(.06)

*
-0.35(.04) 
0.51 (.06) 
0.55(.06)

7a,b 
8a, b 
9a,b

3p4(lD)4s2D5/2j^~
3p4(3P)3d2F7/24/2
S p V P ^ D j^

0.S8(.07) 0.45 056 0.62 0.42 0.46 0.73

12a 3p4('S)4s2S|/j 0.93(.09) 0.66 0.39 1.09 1.00 0.98 1.00
* Large positive P value.
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These results are compared with previous lower resolution measurements from Carl

son et al. [15] and Menzel [47], and are compared with theoretical calculations of 

Cooper [19], Hergenhahn et al. [20], and Chen [22]. In his work Cooper [19] has 

treated the Auger decay as a single-step process while Hergenhahn et al. [20] have 

considered excitation and decay o f the resonant state as a two-step process and pre

dicted the resonant Auger decay based on the spectator model. Chen [22] used a 

multiconfiguration Dirac-Fock method in intermediate coupling with configuration 

interaction, also a two-step model. In general, our results differ considerably from  

those of Carlson et al. [15] and we attribute the discrepancy to the lack of resolution 

in the previous experiments. However, our results agree quite well with those of 

Menzel [47] who didn’t resolve the individual components. When compared with 

calculations, we found fair agreement with Cooper’s work [19] (Table 2), good 

agreement with Hergenhahn et al. [20] and very good agreement with Chen [22]. It 

should, therefore, be noted that the P parameters agree best with the Hergenhahn et al. 

and Chen calculations [20, 22], Tables 3 lists our relative intensities along with pre

vious experimental (Carlson et al. [15], Menzel [47], and Meyer et al. [42]) and theo

retical (Chen [22] and Meyer et al. [42,49]) results in the case of the 2p1/2 '4s reso

nance. Relative intensities for the 2p3/2'l4s resonance are displayed in Table 4 and are 

also compared to previous experimental (Carlson et al. [15], Menzel [47], and Meyer 

et al. [41,49]) and theoretical (Chen [22], Hergenhahn et al. [20], Cooper [19], and 

Meyer [49]) values. For both transitions, the relative intensities are taken with re

spect to the sum of the areas of the (3P)4s(4 :P) peaks since these lines were well sepa

rated and did not overlap with other states. The uncertainty for each relative intensity
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has been displayed in parentheses following the value. The method used to calculate 

these uncertainties is described above for the 2p ‘4s P parameters. In this work, we 

have been able to resolve many more final ionic states than has been done previously.

One can also note that the spectator model [20] agrees relatively well with the meas

ured p parameters.

Table 3

Experimental and Theoretical Relative Intensities for the Ar 2pi/i"14s Resonance
(Measured at the Magic Angle)

Final State 3p4nl 

No LS-term

Relative Intensities : 2p 
1(6) Experiment 

This work Ref. [15] Ref. [47] Ref. [41]

1/2 —* 4s
1(6) Theory 

Ref. [22] Ref. [41.49]
2a
2b
2c

3pVP)4s4P5/2
3p4(3P)4s4P3/2
3p4(3P)4s4Pi/2

16.1(2.0)
13.6(1.9)
22.5(1.6)

20
12
22

2a,b,c 3p4(3P)4s4P5/2j/2,1/2 52.2(3.4) 42 51 51 50 54 54 55

3a
3b

3p4(3P)4s2P3/2
3p4(3P)4s2P1/2

23.6(1.5)
24.2(1.5)

23
23

3a,b 3p4(3P)4s2P3«,w 47.8(2.8) 58 49 49 50 46 46 45

2a,b 
3a, b

icl 3p4(3P)4s4P5/2j/2,, 
I 3p4(3P)4s2PM.I/2 100.0 100 100 100 100 100

7a
7b
8a
8b
9a
9b

3p4('D)4s2D3/2
3P4('D)4s2Dj/2
3p4(3P)3d2F7/2
3p4(3P)3d2FJ2
3p4(3P)3d2D3/2
3p4(3P)3d2D5/j

19.2(1.7)
69.7(4.3)
0.9(‘ )

15.3(2.0)
10.1(1.6)
20.3(1.4)

7a,b 
8a,b 
9a,b

3p4(,D)4s2Ds« ^ '
3p4(3P)3d2F7y24/2
3p4(3P)3d2D5̂ w

135.5(8.6) 95 128 130 139 81 93 50

12a SpVSMs'S,* 31.0(1.8) 24 29 24 23
* Approximately = 1.
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It should be noticed from Tables 1 and 2 that, as predicted by the spectator 

model, the combined anisotropy of the 2P and 4P transitions is very close to zero in 

the case of the 2pi/2‘14s resonance and to -0.5 in the case of the 2p3/2''4s resonance.

The spectator model, however, demonstrates rather poor agreement with the meas

ured relative intensities when compared to Chen’s model [22], which seems to per

form better on both fronts.

Table 4

Experimental and Theoretical Relative Intensities for the Ar 2p3/2_l4s Resonance
(Measured at the Magic Angle)

Final State 3p4nl 

No LS-term
This work

Relative Intensities 
I( 9) Experiment 
Ref. Ref. Ref. 
[15] [471 [421

2p3y2 —̂ 4s
HQ) Theory 

Ref. Ref. Ref. 
[221 [201 [191

Ref.
[41,49]

2a 3p4(3P)4s4POT 9.2(1.1) 12
2b 3p4(3P)4s'‘Pv2 14.3(1.8) 12
2c 3p4(3P)4s4Pj/2 13.4(1.6) 13

2a,b,c 3p4(3P)4s4POTj/2 .i/j 363(23) 17 38 31 37 30 38 36 36

3a 3p4(3P)4s2P3/2 50.4(2.8) 48
3b 3p4(3P)4s2P1/; 12.7(1.6) 15

3a, b 3p4(3P)4s2P3«.w 63.1(3.5) 83 62 69 63 70 62 64 64

2a,b,c"1 3p4(3P)4s4P5njfl .i/a
3a, b _J 3p4(3P)4s2P3«.w 100.0 100 100 100 100 100 100 100

7a 3pVD)4s2D;y2 5.4(1.6)
7b 3p4(lD)4s2Dv2 46.4(2.6)
8a 3p4(3P)3d2F7/2 0.5(*)
8b 3p4(3P)3d2F52 13.2(1.7)
9a 3p4(3P)3d2Dy2 20.3(1.3)
9b 3p4(3P)3d2Dy2 10.7(1.4)

7a,b~ 3p4(,D)4s2Ds/jja
8a,b 3p4(3P)3d2F7/iS2 963(5.6) 86 119 108 110 75 75 78 80 46
9a,b 3p4(3P)3d2Ds«jn

12a 3p4(,S)4s2SIn 21.0(1.2) 31 33 29 29 16 19 19 20 18
* Very weak line with large uncertainty.
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One possible explanation may be that Chen’s model [22] calculates the full state 

vector and takes into account the mixing of all the states, which is important in the 

determination of the intensities. The spectator model instead uses a simple assump

tion [20] in relating the resonant and non-resonant spectra. This deficiency, however, 

does not affect the calculated (3 values significantly because (3 is a relative quantity 

describing the character of a certain transition independent of its strength. The spec

tator model describes the (3 values in terms of the most simple geometric coupling 

situation yielding good values for the sum of the multiplet components, whereas the 

refined calculations of Chen [22] give also the correct relative intensities of the dif

ferent multiplets with respect to each other, and even good values for the individual 

multiplet components with respect to both [3 and relative intensities. The spectator 

model allows a good first approximation of the (3 parameters for the 2p'l4s resonance 

and gives a simple physical explanation for the differences in the angular distribution 

of resonant and non-resonant Auger electrons.

The 2p~*3d Resonant Auger Spectra

The complete 2p3/2'*3d and 2pm'‘3d spectra are given in Figures 7-C, E 

(measured at the magic angle). Contrary to the 2p'*4s case described above, this 

resonant transition does not obey the predicted behavior of the spectator model, i.e. 

the observed spectra are much different from the normal non-resonant Auger spectra 

[41]. Instead, the spectra are dominated by shake-up processes. Reasons for this 

have been discussed by Aksela et al. [39] and Mursu et al. [50], who have demon
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strated the importance of the shake up process arising from collapse of the 3d wave 

function in the initially excited 2p'l3d state, as compared to the final ionic state. An

other explanation has been provided by Meyer et al. [41], who have described, in 

some detail, the special properties of the wave function, which leads to a high shake- 

up probability.

Figures 10 and 11 show smaller portions o f the resonant Auger spectra of the 

2pi/2' ,3d and 2p3/2''3d excitations, respectively. These figures demonstrate the large 

overlap of peaks, which made the identification of individual final ionic states d iffi

cult. If  a peak is not well resolved the fit parameters w ill have a larger uncertainty, 

which w ill ultimately propagate to a larger uncertainty in the (3 parameters. A com

plete list of relative intensities and (3 parameters is given in Tables 5 and 6, and a 

comparison to experimental relative intensities of Mursu et al. [50] has been made. In 

these tables, the uncertainties for the relative intensities and P parameters are given in 

parentheses following the values. Again, these uncertainties include both systematic 

and statistical errors, and have been calculated as described above for the 2p_l4s p 

parameters. For these transitions, the relative intensities have been normalized with 

respect to the area of the ( ‘D ^ d ^ F s /^ ) state. Mursu et al. [50] originally presented 

their relative intensities with respect to the total intensity at each photon energy, and 

their data have been converted to match our normalization in order to facilitate the 

comparison. The discrepancies between our results and those of Mursu et al. [50] for 

the relative intensities in the closely spaced peaks can be explained by the difficulty 

in resolving the overlapping peaks in both sets o f data, as mentioned above. Hence,
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the relative intensities of neighboring peaks must be considered as estimates only. In 

all cases, all overlapping individual j-levels (e.g. Id^’D-irumrLm) within an LS term 

(3d4D) were combined under the LS term, and this value is shown in bold type. A 

comparison of each complete LS term shows overall good agreement with the 

previous data.

2 p i /2-*3d 
hi/ = 249.074eV

— i l i  I i I i . I  S —I 1 1—
33.2 33.4 33.6 33.8 34.0 34.2 34.4 

B ind ing  e n e r g y  ( e V )

Figure 10. Auger Decay Spectra for Ar 2pi/2 l3d Resonance Shown at (a) 0 = 0 and 
(b) 0 = 54.7°. The peak labels correspond to those states listed in Table 5. 
The B parameters for the 3p4(3P)3d4F, 3p4(3P)3d2P, 3p4(3P)3d4P,
3p4( D)4s2D, 3p4(3P)3d2F, and 3p4(3P)3d2D lines are shown in (c). These 
spectra were recorded with a 201 V  retarding potential applied to the flight 
tube. The absolute resonant energies have been given by King et al. [4]
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Our P parameter values for the 2p l3d resonances are, to our knowledge, the 

first reported experimental or theoretical results. As seen in the 2p '4s resonance 

above, nearly all states demonstrate negative or small positive P parameters.

10

5

- £  0

CO
cr
CD
c r 2

0
2

QQ_
0

Figure 11. Auger Decay Spectra for A r 2p3/2'l3d Resonance Shown at (a) 0 = 0 and 
(b) 0 = 54.7°. The peak labels correspond to those states listed in Table 6. 
The B parameters for the 3p4(3P)3d4F, 3p4(3P)3d2P, 3p4(3P)3d4P,
3p4( D)4s2D, 3p4(3P)3d2F, and 3p4(3P)3d2D lines are shown in (c). These 
spectra were recorded with a 201 V  retarding potential applied to the flight 
tube. The absolute resonant energies have been given by King et al. [4].
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Table 5

Experimental Relative Intensities (Measured at the Magic Angle) and (3 Parameters
for the Ar 2pi/2_I3d Resonance

Final State 3p4nl Relative Intensity : P Parameters :
2pia ->  3d 2pI/a —> 3d

No LS-term I (0) This work I(0)a 3 This work
la 3p4(JP)3d‘*D7/2 25.2(1.7) 15.2 -0.10(2)
lb 3p-,(3P)3d4D5/2 0.1(*) 2.9 a
lc 3p4(3P)3d4D3/2 - 2.5 -
Id 3p4(3P)3d4D|/2 1.3(0.7) 11.5 5
la,b,c,d 3p4(3P)3d4D7/2jojo,i/2 26.6(2.5) 32.1 0.03(3)
2a 3p4(3P)4s4P5/2 2.2(0.8) 3.3 0.48(8)
2b 3p4(3P)4s4P3/2 2.4(0.7) 9.5 -0.70(8)
2c 3p4(3PHs4P1/2 0.1(0.4) - Y
2a,b,c 3p4(3P)4s4P s n y u u i 4.7(1^) 12.8 0.47(8)
4a 3p4(3P)3d4F9/2 21.3(1.5) - - 0.57(3)
4b 3p4(3P)3d4F7/2 20.0(1.8) - 1.39(13)
4c 3p4(3P)3d4F5/2 - 38.3 -
4d 3p4(3P)3d4F3/2 14.2(1.9) 27.6 -0.48(3)
4a,b,c,d 3p4(3P)3d4F i n j n & u n 55.5(3.8) 65.9 0.11(4)
5a 3p4(3P)3d2P1/2 5.9(1.6) 4.1 0.84(13)
5b 3p4(3P)3d2P3/2 3.7(1.1) 6.6 -0.63(7)
5a, b 3p4(3P)3d1P3n.m 9.6(1^) 10.7 0.29(4)
6a 3p4(3P)3d4Pl/2 34.0(2.4) 15.6 0.51(6)
6b 3p4(3P)3d4P3/2 18.3(1.5) 54.3 -1.00(5)
6c 3p4(3P)3d4PJ/2 7.5(2.1) - -0.74(8)
6a,b,c 3p4(3P)3d4P 5/2J/2,l/2 59.8(4.0) 69.9 -0.07(2)
7a 3p4(‘D)4s2D3/2 26.0(2.0) 33.7 -0.19(3)
7b 3p4(*D)4s2D5̂ 0.1(0.1) - -1.00(10)
7a, b 3p4(lD)4s2Dsa3y2 26.0(2.0) 33.7 0.28(4)
8a 3p4(3P)3d2F7/2 - - -
8b 3p4(3P)3d2F5/i 4.9(1.4) - -0.3(5)
8a, b 3p4(3P)3d2F7/i5/2 4.9(1.4) - -0.3(5)
9a 3p4(3P)3d2D3/2 6.2(1.7) 9.5 0.09(3)
9b 3p4(3P)3d2D5/2 0.3(0.3) 9.1 X
9a,b 3p4(3P)3d2D5tt3fl 6.5(1.9) 18.6 0.44(8)
10a 3p4('D)3d2G9/2 17.1(2.2) 42.8 -1.00(5)
10b 3p4(lD)3d2G7/2 12.5(1.7) -
10a, b 3p4('D)3d2G b m 29.6(2.1) 42.8 0.36(5)
I la 3p4(1D)3d2F5G 71.5 (4.2) 100.0 -0.25(3)
lib 3p4('D)3d2F7C 28.5(2.5) - 0.11(3)
lla ,b 3p4(ID)3d2F7/w/2 100.0 100.0 -0.18(3)
13a 3p4('D)3d2Ds/2 254.0(13.0) 284.0 0.17(4)
13b 3p4('D)3d2D3/2 150.0(8.7) 124.0 -0.22(3)
13a, b 3p4(,D)3d2D5av2 404.0(22.0) 408.0 0.05(2)
14a 3p4('D)3d2P3/2 124.0(7.1) 152.0 -1.00(5)
14b 3p4(ID)3d2Pi/2 117.0(6.6) 81.0 0.01(2)
14a,b 3p4(,D)3d2PM.w 241.0(13.0) 233.0 -0.49(3)
15a 3p4(,S)3d2D5/2 2.70.4) 14.0 V
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Table 5-Continued
15b 3p4(‘S)3dzD3/2 161.0(8.9) 151.0 -0.39(4)
15a.b 163.7(9.5) 165.0 -0.33(3)
19 3p4('D)3d2S1/2 148.0(8.2) 138.0 0.84(9)
a. According to Mursu et. al. [50].
a, 8, y . 2., and v are strongly positive (3.
*. Very weak line having large uncertainty.

Table 6

Experimental Relative Intensities (Measured at the Magic Angle) and |3 Parameters
for the Ar 2p3/2-I3d Resonance

Final State 3p4nl Relative Intensity: (J Parameters :
2p3/i —̂ 3d 2p3/2 - *  3d

No LS-term I (9) This work 1(0)* 3 This work
la 3pYP)3dJD7/2 5.4(1.7) 9.6 -1.00(10)
lb 3p4(3P)3d4D5p 7.1(1.8) 5.7 0.67(7)
lc 3p4(3P)3d4D3/2 12.2(1.6) 3.9 -0.38(3)
Id 3p4(3P)3d4Di/2 - 12.2 -
la,b,c d 3p4(3P)3d4D7/2j/2j/2,u2 24.7(2.0) 31.4 -0.16(3)
2a 3p4(3P)4s4P5/2 - - -
2b 3p4(3P)4s4P3/2 5.1(1.3) 3.5 -1.00(10)
2c 3p4(3P)4s4Pi/2 0.7(0.5) 7.3 2.00(20)
2a,b,c 3p4(3P)4s4Pjnjn,i/2 5.8(1.7) 10.8 -0.12(3)
4a 3p4(3P)3d4F9/2 - - -
4b 3p4(3P)3d4F7/2 25.8(1.8) - -0.82(5)
4c 3p4(3P)3d4F5/2 9.8(2.3) 41.7 a
4d 3p4(3P)3d4F3/2 18.2(2.3) 23.5 -1.00(5)
4a,b,c,d 3p4(3P)3d4F9/i,7/2̂ /2J/2 53.8(4.2) 65.2 0.07(1)
5a 3p4(3P)3d2P|/i 5.2(1.4) - 0.67(9)
5b 3p4(3P)3d2P3/2 4.8(1.3) 7.8 0.23(5)
5a,b 3p4(3P)3d2PM,1/2 10.0(1^) 7.8 0.43(6)
6a 3p4(3P)3d4Pi/2 45.3(2.9) 30.4 0.29(4)
6b 3p4(3P)3d4P3/2 2.8(1.5) 32.6 -1.00(10)
6c 3p4(3P)3d4P5/2 11.9(1.9) - -1.00 (5)
6a,b,c 3p4(3P)3d4PSMa.U2 60.0(4.4) 63.0 -0.03(2)
7a 3p4(‘D)4s2D3/2 27.5(1.9) 39.1 0.62(9)
7b 3p4('D)4s2D5p 4.5(1.8) - -1.00(10)
7a,b 3p4(1D)4s2Ds/2ja 32.0(2.6) 39.1 0.39(6)
8a 3p4(3P)3d2F7/2 - - -
8b 3p4(3P)3d2F5/2 7.2(1.8) - -0.95(10)
8a, b 3p4(3P)3d2F7/ua 7.2(1.8) - -0.54(7)
9a 3p4(3P)3d2D3/2 6.6(1.9) 12.6 0.35(6)
9b 3p4(3P)3d2D5/2 7.4(1.8) 10.43 0.38(7)
9a,b S p 'fY jS d 'D s^ 14.0(2.1) 23.03 0.37(5)
10a 3p4('D)3d2G9/2 31.4(2.0) 43.5 -0.10(2)
10b 3p4('D)3d2G7/2 - - -
10a, b 3p4('D)3d2G9/2,7/2 45.4(2.8) 66.53 0.24(4)
11a 3p4('D)3d2F5/2 25.1(1.8) 100.0 0.31(4)
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Table 6-Continued
lib 3pYD)3(fF7/2 74.9(4.3) - -0.29(3)
11a, b 3p4(‘D)3d2F7/w/2 100.0 100.0 -0.14(3)
13a 3pYD)3d2D5/2 294.1(16.0) 260.0 0.26(4)
13b 3p4('D)3d2D3/2 225.6(13.0) 285.0 0.13(4)
13a, b 3p4(ID)3d2Ds/2rw 519.7(28.0) 545.0 0.20(4)
14a 3p4('D)3d2P3/2 242.4(13.0) 220.0 -0.98(6)
14b 3p4('D)3d2PI/2 191.7(11.0) 185.0 -0.64(4)
14a, b 3p4(ID)3d2P3a.1y2 434.1(23.0) 405.0 -0.83(5)
15a 3p4(lS)3d2D5/2 127.8(7.2) 168.0 -0.01(2)
15b 3p4('S)3d2D3/2 98.8(6.0) 74.0 -0.01(2)
15a.b SpYspd^awa 226.6(13.0) 242.0 -0.01(2)
19 3pYD)3d2SI/2 168.0(9.2) 146.0 0.16(4)
a. According to Mursu et al. [50].
a. Strongly positive (3.

The 2p~14d Resonant Auger Spectra

The complete photoelectron spectra for the 2p''4d resonances, measured at the 

magic angle, are shown in Figures 7-D,F. As discussed above for the 2p'f3d reso

nances, the 2p'*4d resonances likewise demonstrate a breakdown of the spectator 

model in predicting relative intensities due to strong shake up modifications as has 

been proposed by Aksela et al. [39] and Mursu et al. [50].

Figures 12 and 13 show portions of the 2pi/2'*4d and 2p3/7'14d spectra where 

the extracted P parameters for the peaks are displayed in Figures 12-c and 13-c. The 

dominance of negative p parameters, corresponding to preferred electron emission 

perpendicular to the electric field, can also be seen for this resonance. This supports 

Cooper’s theory [19] which was only applied to the case of the 2p‘!4s resonances, but 

which seems to be also valid for the 2p l3d and 2p_l4d resonances. The similarity of 

P values at the two different spin-orbit resonances is again demonstrated here.
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Figure 12. Auger Decay Spectra for Ar 2pm  4d Resonance Shown at (a) 0 = 0 and 

(b) 0 = 54.7°. The peak labels correspond to those states listed in Table 7. 
The B parameters for the 3p4(3P)4d2P, 3p4(3P)4d2D, 3p4('D )4d2G and 
3p4( P)6s4P lines are shown in (c). These spectra were recorded with a 
201 V  retarding potential applied to the flight tube. The absolute resonant 
energies have been given by King et. al. [4].
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2 p 3 /2 -> 4 d  

hv=247.669eV
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Figure 13. Auger Decay Spectra for A r 2p3/V'4d Resonance Shown at (a) 0 =  0 and 
(b) 0 =  54.7°. The peak labels correspond to those states listed in Table 8. 
The B parameters for the 3p4(3P)4d2P, 3p4(3P)4d2D, 3p4( 1D)4d2G and 
3p4( P)6s4P lines are shown in (c). The spectra were recorded with a 
201 V  retarding potential applied to the flight tube. The absolute resonant 
energies have been given by King et. al. [4].
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A complete listing o f relative intensities and P parameters for most final ionic states 

is given in Tables 7-8. The uncertainties in the relative intensities and P parameters 

are displayed in parentheses following the values. These uncertainties include both 

systematic and statistical errors and have been calculated using the method described 

for the 2p'l4s P parameters. In this case, the relative intensities are normalized with 

respect to the well-separated (3P)4d(2Pi/2j/2) lines. The relative intensities of the 

2p3/2 l4d peaks have been compared with Mursu et al. [50], whose data have been 

converted to match our normalization. This work, however, is the first reported result 

of the relative intensities for the 2pi/2 l4d transitions. The 3p44d states demonstrate a 

large overlap with the 3p43d and 3p4(4s,5s,6s) states. The extracted areas, however, 

do not include these overlapping peaks. This could result in inaccuracies in our de

termination of the P parameters. This is also the first angular resolved measurement 

of these transitions and consequently the first measurement of the P parameters for 

these spectra.

Conclusion

Angular-resolved measurements of the Ar 2pi/2j/2'l4s, 3d, and 4d resonant 

Auger decays have been measured, analyzed and very recently published [51,52]. 

These measurements were made using time-of-flight electron spectroscopy along 

with high flux synchrotron radiation from the Advanced Light Source. The intensity 

distributions and angular distribution anisotropy parameters (P) have been reported
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Table 7

Experimental Relative Intensities (Measured at the Magic Angle) and (3 Parameters
for the At Ipi^'^d Resonance

Final State 3p4nl Relative Intensity : P Parameters:
2pi/7 —) 4d 2pi/2 —>4d

No LS-term I (0) This work 3 This work
15a 3p4(,S)3d‘£D5r 12.8(2.5) 0.53(.06)
15b 3p4('S)3d2D3/2 109.0(6.3) -0.58(.06)
15a,b 3p4(,S)3d2D5/iM 121.8(7.6) -0.46(.03)
16a 3p4(3P)5s4P5/2 8.6(2.3) -0.68(.04)
16b 3p4(3P)5s4P3/2 - -
16c 3p4(3P)5s4Pi/2 12.0(1.9) -0.61 (.04)
16a, b,c 3p4(3P)5s4Pso4Q,i/2 20.6(0.9) -0.64(.04)
17a 3p4(3P)5s2P3/2 - -
18a 3p4(3P)4d4D7/2 - -
18b 3p4(3PHd4Ds/2 - -
17b 3p4(3P)5s2Pi/2 - -
17a,b 3p4(3P)5s2PM,I/2 - -
18c 3p4(3P)4d4D3/2 19.6(2.2) -0.50(.03)
19 3p4(,D)3d2S,„ 113.0(6.9) 1.83(.16)
18d 3p4(3P)4d4D1/2 - -
18a,b,c,d 3p4f3P)4d4D7/2j/2J/2,l/2 19.6(2.2) -0.50(.03)
20a 3p4(3P)4d4F9/2 8.7(2.6) 1.36(. 14)
20b 3p4(3P)4d4F7/I 12.8(2.8) -1.00(.05)
21a 3p4(3P)4d4Pt/2 20.2(1.9) 0.04(.03)
20c 3p4(3P)4d4F5/2 - -
20a,b,c 3p4(3P)4d4F9/2,7/w/2 21.5(2.8) -0.04(.03)
21b 3p4(3P)4d4P3/2 7.1(3.3) *
22a 3p4(3P)4d2F7/2 19.7(1.9) -1.00(.05)
21c 3p4(3P)4d4P5/2 3.8(0.8) 1.37(.16)
21a,b,c 3p4(3P)4d4Psajai/2 31.1(2.5) l.O l(.ll)
22b 3p4(3P)4d2F5/2 7.5(2.1) -1.00(.05)
22a,b 3p4(3P)4d2F7/24/2 27.2(3.5) -1.00(.05)
23a 3p4(3P)4d2Pt/2 42.6(2.9) -0.27(.03)
23b 3p4(3P)4d2P3/2 57.4(3.8) -0.62(.04)
23a, b 3p4(3P)4d2P3n,i72 100.0 -0.47(.03)
24 3p4(3P)4d2D5/2.3/2 238(13) 0.06(.03)
25 3p4(3P)5s2D5/2j/2 37.3(2.6) - 0.72(.04)
25a 3p4('D)4d2G9/2 25.3(2.0) 0.30(.04)
25b 3p4('D)4d2G7/2 12.2(2.3) 0.58(.06)
25a, b 3p4(ID)4d2G9/2,7/2 37.5(3.1) 0.44(.06)
26a 3p4 (3P)6s4P5C - -
26b 3p4 (3P)6s4P3/2.,/2 8.2(2.2) -1,00(.05)
26a, b 3p4 (3P)6s4Psajo,iy2 8.2(2.2) -1.00(.05)
27 3p4(ID)4d2Dj/2j/2 135.7(8.3) -0.25(.03)
28 3p4('D)4d2P3/21/2 240(14) 0.20(.04)
* Large positive P value.
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Table 8

Experimental Relative Intensities (Measured at the Magic Angle) and J3 Parameters
for the At 2pi/2',3d Resonance

Final State 3p4nl Relative Intensity: P Parameters:
2p3/2 —* 4d 2p3n ->4d

No LS-term I (0) This work I(0)a P This work
15a 3pYS)3d2D5/2 83.9(5.0) 95.6 -0.68(.04)
15b 3p4('S)3d2D3/2 31.9(2.7) 33.7 -0.50003)
15a,b 3p4(,S)3d2D»2J« 115.8(7.2) 129.3 -0.62004)
16a 3p4(3P)5s4P5/2 15.8(2.1) - -0.93(.05)
16b 3p4(3P)5s4P3/2 2.8(13) 23.9 -0.81(.09)
16c 3p4(3P)5s4Pi/2 6.6(1.9) - -0.90009)
16a,b,c 3p4(3P)5s4P5/13/2,i/2 25.2(2.6) 23.9 -0.90005)
17a 3p4(3P)5s2P3/2 - - -
18a 3p4(3P)4d4D7/2 - - -
18b 3p4(3PHd4Ds/2 - - -
17b 3p4(3P)5s2P1/2 - - -
17a,b 3p4(3P)5s2Pv2.i/2 - - -
18c 3p4(3P)4d4D3/2 50.1(3.5) 82.6 -0.06(.02)
19 3p4('D)3d2Sip 42.2(3.1) 56.5 0.84008)
18d 3p4(3P)4d4D|/2 - - -
18a,b,c,d 3p4(3P)4d4D7/2 4 ^ I/2 50.1(3.5) 82.6 -0.06002)
20a 3p4(3P)4d4F9/2 1.4(**) - *
20b 3p4(3P)4d4F7/2 9.3(13) 15.2 -1.00(.05)
21a 3p4(3P)4d4Pt/2 15.4(2.3) - -0.30005)
20c 3p4(3PMd4F5/2 - 32.6 -
20a,b,c 3p4(3P)4d4F9/2,7/iM 10.7(2.6) 47.8 -0.95(.05)
21b 3p4(3P)4d4P3/2 - - -
22a 3p4(3P)4d2F7/2 - - -
21c 3p4(3P)4d4P5/2 7.6(1.5) 10.8 -1.00(.05)
21a,b,c 3p4(3P)4d4PSUa.w 23.0(1.9) 10.8 -0.53003)
22b 3p4(3P)4d2F5/2 9.4(1.4) - -0.70(.04)
22a,b 9.4(1.4) - -0.70(.04)
23a 3p4(3P)4d2Pi/2 34.4(2.4) 46.7 -0.88(.05)
23b 3p4(3P)4d2P3/2 65.6(4.2) 53.3 -0.83005)
23a, b 3p4(3P)4d2P3n,w 100.0 100.0 -0.85(.05)
24 3p4(3P)4d2D5/2J/2 291(16) 330.4 -0.34(.03)
25 3p4(3P)5s2D5/2j/2 65.6(4.1) 36.9 -0.71 (.04)
25a 3p4(*D)4d2G9/2 26.7(1.9) - -0.73004)
25b 3p4(‘D)4d2G7/2 28.2(2.4) - 0.42(.06)
25a, b 3p4(lD)4d2G9/7,7/2 54.9(3.9) - -0.15(.03)
26a 3p4 (3P)6s4P5/2 - - -
26b 3p4 (3P)6s4P3/2.i/2 10.1(1.6) - -l.00(.05)
26a, b 3p4 (3P)6s4Pj/2J«,i/j 10.1(1.6) - -1.00005)
27 3p4(1DHd2D5/2J/2 292(17) 469.5 -0.35(.03)
28 3p4('D)4d2P3/3.i/2 415(23) 131.5 -0.43(.03)
a. According to Mursu et al. [50],
* Large positive (3 value.
** Very weak line having large uncertainty.
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[51,52] for nearly all of the 3p4nl final ionic states, and a comparison of these meas

urements with previous results demonstrates good agreement. It has been shown that 

a large majority of the (3 parameters are either small positive or negative. As predicted 

by the spectator model, the averaged (3 is isotropic in the case of the 2pI(n'l4s reso

nance. This result corroborates the work by Cooper [19] using the angular momen

tum transfer theory. In addition, our higher resolution measurements allowed the de

termination o f individual large (3 values, which appear much weaker in previously 

unresolved measurements due to a strong cancellation effect by neighboring lines.

This work also demonstrated that while the intensity distributions between 

different resonances originating from different 2p spin states (i.e. 2$\n vs. l^ n )  are 

not always similar, the extracted |3 parameters for the two resonances agree in many 

cases. Our results for the intensity distributions further support the prediction of the 

spectator model for the 2 pi/2j /2 l4s resonances, but demonstrate the breakdown of this 

model for the 2pi/2j/a'13d and 2pi/oj/2'l4d resonances. Our results agree with much of 

the theoretical results for the 2pi/2j/2 l4s resonances. However, we hope that this 

work, which is the first in (a) the case of the |3 parameters for the 2 pi/2.3/2 '3d and 

2p3/2*'4d resonances, and (b) the intensity and (3 parameter for the 2 pi/2 l4d resonance, 

will stimulate further experimental and theoretical investigations.
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CHAPTER V

RESONANT AUGER STUDIES IN  Kr 3d3/z5/21np STATES USING ANG LE- 
RESOLVED ELECTRON IM A G IN G  SPECTROSCOPY

Abstract

The resonant Auger decay of all the photoexcited 3d3/2 /̂2'lnp states (n = 

5,6,7,8 and 9) in Kr has been studied, using photons from an undulator beamline at 

the ALS, and an angle resolved photoelectron imaging spectroscopy technique to rec

ord the electron spectra of Kr near the 3d ionization threshold. Angular distributions, 

spectator and shake probabilities have been derived for the Kr 3d'*np —» 4 s 14p'I( lP) 

mp + e‘ (n = 5-9, m = 5-11) resonance Auger decay. The results show that the spec

tator-core coupling is strong at lower n (n = 5,6) but it lessens for higher n, with a 

shake up of m = n+1 preferred. A very similar behavior is obtained when comparing 

the above mentioned probabilities (3d~‘np —» 4s'I4p'1( lP)mp) with previous experi

mental and theoretical spectator and shake probabilities and with experimental spec

tator and shake probabilities for the Kr 3d'*np —» 4s24p'2mp (n = 5-9, m = 5-11) reso

nance Auger transitions. No prior angular distributions measurement for the K r 3d'*np 

->  4s'I4p'1(1P)mp + e' (n =  5-9, m = 5-11) resonance Auger decay has been published.

51
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Introduction

The Auger decay spectra of krypton at the 3d —> 5p resonance were first re

ported by Eberhardt et al. [53]. Since then the resonant Auger transitions and correla

tion satellite spectra of krypton have been subjects o f both experimental [54-59] and 

theoretical [33,60] studies which have concentrated on the decay to the lowest lying 

Kr+ml states. Unfortunately, the Auger decay spectra of the (Kr 3d'lnp —» 4s'I4p 'I( lP) 

mp) (n = 5-9, m = 5-11) transitions have been neglected. To the best of our knowl

edge, the first attempt to measure these transitions was made by Aksela et al. [12], 

with lower experimental resolution that could not resolve the transitions well. Very 

recently Mursu et al. [61] have studied these transitions. However, they did not study 

the angular distributions, which is the main emphasis of our work in this chapter. In 

addition, they could not derive the shake probabilities for all the 

4s'‘4p''np final states at various resonant excitations.

Aberg [62] formulated the shake model to explain successfully the shake con

tributions in the spectator resonance Auger spectra. He introduced a complete theo

retical treatment for the shake theory including electron correlation in both the ground 

and final state. Martin and Shirley [63] first demonstrated the importance o f includ

ing correlated many-electron wave functions for both the initial and final states where 

the final state wave functions must be orthogonal to each other. This theory was later 

formulated in a more general form by Ameberg et al. [64], who used second quanti

zation notation.

In this chapter, we present experimental results on photoexcitation and photoi
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onization in Kr by measuring the Auger decay spectra of the Kr (3d'‘np —»• 4s'14p1( lP) 

mp) (n = 5-9, m = 5-11) transitions using angle-resolved photoelectron imaging spec

troscopy coupled with photons from an undulator beamline of the ALS. In addition, 

this work presents for the first time the angular distributions o f the resonant Auger 

electrons resulting from the decay of Id u z jn 1—► np states. Spectator and shake prob

abilities for the 3d''np —» 4s'I4p l( 1P)mp (n = 5-9, m = 5-11) resonance Auger transi

tions have been obtained for almost all the final 4s‘l4p'1( ,P)mp (m = 5-11) states.

Results and Discussion

Figure 14 shows a three-dimensional mapping of the resonant Auger land

scape, which was obtained at an angle of 0° relative to the polarization plane. As can 

be seen from this figure, the general features are the two groups of Kr 4s24p4nl and 

4s’4p5n T  transitions. The z-axis represents the intensity, the y-axis the photon en

ergy, and the x-axis the binding energy. The x-y plane of this 3D map is shown in 

Figure 15 as a two-dimensional 2D-electron emission map depicted in the main panel 

of Figure 15. In this map, the data is plotted in a contour configuration and the inten

sity of the electron signal is represented as different shades of gray, where darker re

gions indicate stronger intensities. The horizontal axis represents the binding energy, 

and the vertical axis the photon energy.

This 2D map allows closer observation of various structures; it allows exami

nation of all of the data in order to spot areas of interest and in order to follow the 

progression of various processes. It also allows us to quickly observe experimental
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Figure 14. Ih rce  Dimensional M apping  o f  the Resonant A uger Landscape Measured 
al ()" Relative to the Polarization Plane.
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artifacts, such as peaks due to higher order or background electrons, to be identified 

and removed from the 2D data. In this particular experiment, it was used to observe 

the progression of the np Rydberg series n =  5-11 over a photon energy range of 6 eV. 

To produce 2D electron emission data sets, a photon energy range of 6-eV-wide and a 

kinetic energy window covering the majority of the ejected electrons was chosen to 

allow the investigation of the Kr 3d ionization processes. This data was collected by 

setting the photon energy to the beginning of the range o f interest and photoelectron 

spectra (PES) were accumulated simultaneously in each analyzer for 10 s. The photon 

energy was then incremented by 10 meV (1/4 x photon resolution) and another pair of 

PES was collected. By repeating this procedure over the photon energy range of in

terest, which takes a total of about two and a half hours, we are able to produce com

prehensive and detailed 2D images. The photon energy step was changed to 100 meV 

between the 3d5/2_15p and 3d3/2_I5p resonances where no resonance states are expected 

(as shown in Figure 15).

The spectral region covered in the 2D map can be broken down into three 

parts: (1) The low lying 3d'*np (n = 5-9) resonances; (2) The overlapping of the high 

lying resonances and the ionization edges to which they converge, (intermediate 

states); and (3) The normal Auger lines following the 3d ionization, which exhibit 

shifting, and broadening due to post collision interaction (PCI). In the case of (1), the 

low lying resonances lies below the 3d inner shell ionization threshold where the 

Rydberg electron keeps its angular momentum during the resonant Auger emission 

but changes its principal quantum number. In the case o f (2), the intermediate states
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lie just below and just above the 3d-ionization threshold. When the photon energy 

passes the threshold the shake down processes become more dominant than the shake 

up. Details of how this evolution takes place are not clear from the theoretical point 

of view [65]. The case of (3), the so-called normal Auger decay, is shown in the 2D  

map as intense diagonal lines, which represent the direction of the kinetic energy, and 

form 45° with the horizontal line that corresponds to the binding energy axis. This 

decay involves the ejection of an inner-sbell electron into the continuum followed by 

the decay of another electron to the inner shell vacancy and the simultaneous ejection 

of a second electron, leaving a doubly ionized ion core [34]. Just above the 3d inner 

shell ionization threshold, the Auger lines exhibit shifting, and broadening due to 

PCI, where a slow photoelectron is produced resulting in a singly charged ion [66]. 

Immediately afterward, the lower-lying electrons fill the inner-shell hole, producing a 

fast Auger electron. I f  the lifetime of the inner shell hole is very short, the fast Auger 

electron can overtake the slow photoelectron. The Auger electron is exposed to a 

singly charged ion, while the photoelectron is exposed to a doubly charged ion core. 

The out-going photoelectron will be retarded and lose a certain amount o f energy 

while the Auger electron w ill gain energy. If  the retardation is large enough, the 

photoelectron w ill not escape and w ill be recaptured resulting in the final ionic state 

of a singly charged ion. This exchange o f energy between the outgoing slow 3d pho

toelectron and the fast Auger electron results in a shift in the peak energy. This en

ergy shift can be seen clearly, from the 2D map, from the 3d threshold to the Rydberg 

States.
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In order to observe the details and obtain quantitative information, we ex

tracted from the 2D image photoelectron spectra (PES). Figure 16 a shows a photoe

lectron spectrum measured at an angle of 54.7° with respect to the electric field vector 

of the linearly polarized synchrotron beam. The photon energy of 91.2 eV corre

sponds to the Kr 'S&sn.—> 5p transition. This spectrum displays on resonance the 

population of the Kr 4s'1, 4p'2nl, 4s"l4p'InTand 4s'2n’T”ionic states. The energy scale 

of the TOF analyzers is non-linear and their resolution is best at lowest kinetic ener

gies. Here the best spectrometer resolution was 110 meV decreasing at the highest 

kinetic energies to become 147 meV. The photon energy resolution was set to 40 

meV at 90 eV. Clearly, one can see that the over all intensity of the lines resulting 

from transitions to the K r^ s 'U p ^ n T ) states is similar to that of the transitions to the 

Kr+(4p'2nl) states (the ratio of the intensities of the two group of lines was 1.2).

I I  7
Similar results have been shown in the case of the Xe 5s' 5p' nT’and Xe 5p*‘nl fol

lowing the Xe 4d3/2 —> 6p decay [67]. In order to study the 4s'I4p'ln T  ionic states 

with optimum resolution, we used a retarding voltage of -30 V on the TOF analyzers 

since the spectral lines are better resolved as is shown in Figure 16 b. It should be 

noted that in Figure 16 b, the peaks c and d represent experimental artifacts and the 

end of the spectrum due to the retarding voltage.

Figures 17 and 18 (0°and 54.7° respectively) show in panels (a-g) the constant 

ionic states spectra of the Kr+np (n = 5-11) extracted from the 2D data sets at two dif

ferent angles, while panel h in Figures 17 and 18 shows the total electron yield. At the 

3d5/2'*5p resonance an asymmetry can be observed at the low photon energy side,
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—►  5p resonance 
V retarding = 0 V

4.0x10
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K r '(4 p  !nl)
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30 35 40 45 50 55 60

Binding  energy

Figure 16. Photoelectron Spectrum of the -»  5p Resonance Taken at the 54.7° 
With Respect to the Electric-field Vector of the Incident Radiation, (a) 
Data Collected With no Retarding Potential, (b) Data Collected With -3 0  
V Retarding Potential.

panels (e, f  and g) for both Figures 17 and 18 respectively. This is due to the higher 

order lines lying at the edge of the resonance. One can see from panel (a) features 

arising from very slow electrons, from the previous photon pulse, appearing in a cer

tain photon energy range (92.8-96 eV) of the spectra. Assignments and experimental 

shake-up probabilities for a given 4s'l4p'1( lP)np final state are given in Table 9. The 

experimental shake-up probabilities were obtained as a percentage o f the total inten

sity of all the 4s‘l4p'l( ’P)np final states at each resonance. The statistical uncertainty
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Figure 17. (a)-(g) Constant Ionic State Spectra of the Kr+ np (n = 5-11) Extracted
From the (2D) Display at 0° Relative to the Polarization Plane. The Total 
Electron Yield is Shown on Panel (h).

in the last digit is given in brackets. The assignments have been made by comparison 

with the quantum defects obtained from previously measured Kr+4s24p4 (2S+1Lj) ns, np 

and nd states [57]. The quantum defects obtained from measurements agree best with 

those corresponding to the Kr+(sLj)np Rydberg states. It is very clear from table 9 

that the spectator core coupling is very strong in the decay of 3d‘l5p —» 4s'14p'I(1P) 

5p and 3d''6p —» 4s'14p'1( 1P)6p excitations. In the region where the resonance lines
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61
are well separated (n = 7-9), the probabilities of the spectator transition become very 

small (less than 9 %) and shake-up processes (K r+ np —»Kr+(n + l)p ) become very im

portant.

L>'p

-|0p

•35 000
cran io1

—  2.10x1 O’

*4

9592 9491 93

Photon Energy

Figure 18. (a)-(g) Constant Ionic State Spectra o f the Kr+ np (n =  5-11) Extracted
From the (2D) Display at 54.7° Relative to the Polarization Plane. The To
tal Electron Yield is Shown on Panel (h).

A comparison of these results with measurements and theoretical calculations 

made by Mursu et al. [61] showed a similar behavior as indicated in Table 9. How
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ever, Mursu et al. could not resolve all the final 4s'l4p'I( IP)np states as shown in the

table.

Table 9

Experimental Spectator and Shake Probabilities (in Percentage of the Total Intensities 
of all the 4s'l4p'l('P ) mp Resonances) for the 3d*lnp 4s’l4p'I( IP)mp (n = 5-9, m =

5-11) Resonance Auger Transitions

Resonant state 3d' 

Final ionic state

lnp
n = 5

M Sn 1 3d3„_ 1 
This Ref. [61] This Ref. [61] 
Work ExpVCaic. work ExpVCaic.

n = 6
3d5 /21 3d3 /11 

This Ref. [61] This Ref. [61] 
Work ExpVCaic. work Exp./Calc.

4s'l4p'l(‘P)5p 64.3(4) 75/77 56.6(5) 18/8 8.2(3) 18/8 9.2(3) 7/8
4s'I4p'1(lP)6p 13.0(3) 20/22 21.2(5) 20/23 42.1(7) 29/35 28.7(6) 27/33
4s14p',(‘P)7p 5.9(3) 5/0 1.7(3) 5/0 41.1(6) 53/56 46.1(5) 66/57
4s'l4p'l(1P)8p 5-3(2) 11.0(3) 3.3(3) 5.1(2)
4sl4p‘(lP)9p 4-1(2) 3.3(2) 3.1(3) 5.2(3)
4s'14p'I(‘P)10p 5.3(4) 3.0(5) 1.0(4) 2.0(3)
4s',4p'1(1P)llp 2 .1(8 ) 3.2(6) 1.2(5) 3.7(4)

n= 7 n = 8

Final ionic State 3d5/2*1 3d3/2-' M 5f2l 3d3/2'
This Ref. [61] This Ref. [61] This Ref. [61] This Ref. [61]
work ExpVCaic. work ExpVCaic. Work ExpVCaic. work ExpVCaic.

4s‘4p'1(lP)5p -/- -/- . / -  .

4s'l4p'1(1P)6p 9.8(3) 10/10 9.2(3) 9/10 5.7(3)18/4 5.6(2) 11/4
4s'14p',(1P)7p 2.2(4) 5/4 2.5(3) 0/4 0.4(4) 4/4 1.6(3) -/-
4s'I4p'l(lP)8p 37.1(8) 73/73 47.2(5) 73/74 1.5(3) 6/2 4.1(2) 3/0
4s'I4p'1(1P)9p 25.1(5) 12/10 38.3(7) 18/10 40.7(5)43/57 44.4(7) 54/57
4s'l4p'l(‘P)10p 16.0(6) - 29.0(4) 30/31 41.7(6) 32/31
4s'14p'l(1P)Up 9.8(4) 2.8(4) 22.7(4) -/- 2.6(3) -/-

n = 9
Final ionic State 3d5r i x 3d3/2*1

This Ref. [61] This Ref. [61]
work Exp. Work Exp.

4s 4p (P)5p - - - -

4s 4p ( P)6 p 1.7(3) 9 1.1(3) 10

4s 4p ( p)7p 1.3(3) 5 1.8(4) -

4s 4p ( P)8 p - 6 2.1(3) -

4s' 4p ,('P)9p 4.3(2) 11 1-5(4) 7
4s' 4p ‘(‘PjlOp 67.8(6) 38 60.2(5) 36
4s' 4p ‘(lP )llp 24.9(5) 31 33.3(5) 40

The statistical uncertainty of the last digits is given in parentheses
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Although our and Mursu et al.’s results [61] are in reasonable agreement, it is 

possible that the discrepancy is due to the fact that they did not resolve all the states. 

In our case, we could resolve up to n = 11 in the case of the 3d'l5p — 4s'l4p l(1P)np 

while they resolved only the first three final states (n = 7). Similar behavior has been 

found in the decay of the 3d'*5p -»  4p'25p and the 3d'l6p —»4p'26p excitations in Kr 

by Jauhiainen et al. [57], The probability for the 3dsrix5p —» 4s'I4p l( lP)6p excitation 

was found to be 13%. Significantly higher shake-up probability (21%) can be seen in 

the case o f 3d3/2*'5p —» 4 s I4p'l( IP)6p excitation which is also found for the decay to 

the 4p‘2np case [57]. This similarity is extended to a comparison with the Xe 4d'*6p 

resonances [68], where they noticed that the shake probabilities behaved exactly the 

same way.

Aberg [65], in his theoretical work has explained the shake probability 

Pnn- = l<nljln’lj>l2 where the orbital ln’lj>  is evaluated in the field of the singly 

charged ion with the hole in the subshell m lji, whereas lnlj> must be evaluated in the 

field of the final doubly charged ion. He found that the probability o f the spectator 

electron Pnn1 oscillates as a function of n \ The maximum values of Pm,1 become 

smaller and the shake-up probability becomes important as n’ increases. Comparing 

our experimental results with his theoretical prediction shows a good agreement.

Figures 19-25 show angle comparisons of the 3d'*np —» 4s'l4p'I( IP)mp (n = 5- 

9, m = 5-11) transitions. Table 10 shows the experimental (3 values extracted from the 

3d'*np —»4s‘l4p*1( lP)mp (n = 4-9, m = 5,11) resonance Auger transitions. For each 

P value, the uncertainty is given in parentheses. It should be noted that this uncer
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tainty has been calculated by comparing (3 values for the 3d5/2'l5p —» 4s'l4 p 1( 1P)5p 

resonance from two data sets (0 and 30 V  retarding potential) and the percentage dif

ferences for each value has been found. Then the uncertainties obtained were applied 

to all the resonances studied.
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Figure 19. Constant Ionic State Spectra of the Kr+ 5p Extracted From the (2D) Dis

play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion Plane; (c) Shows the Angular Distribution Parameter (3 for the 3d'lnp 
—> 4s'14p'l(1P)5p (n =  4-9) Resonance Auger Transitions.

As yet, there are neither theoretical predictions nor experimental observations 

for such angular information. We can note that nearly isotropic angular distributions 

are observed for most of the 3d''np —» 4s'l4p'I( IP)mp (n =  m) strict spectator decays. 

However, decays involving shake up (m > n) or shake down (m < n) show larger an

isotropies. According to the prediction of the strict spectator model, introduced by 

Hergenhahn et al. [20], these P values have to be zero, and this agrees qualitatively
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Figure 20. Constant Ionic State Spectra of the Kr+ 6p Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion Plane; (c) Shows the Angular Distribution Parameter P for the 3d~'np 
-»  4s'14p'1(IP)6p (n = 4-9) Resonance Auger Transitions.

I 3 0 x l0 ‘

% 6.50x10s

€A

54.7’_  b)
e

3.50x10*

0 00

u03

91 92 93 94 95

Photon Energy

Figure 21. Constant Ionic State Spectra of the Kr+ 7p Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion Plane; (c) Shows the Angular Distribution Parameter p for the 3d'lnp 
- » 4s'14p l(1P)7p (n = 4-9) Resonance Auger Transitions.
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Figure 22. Constant Ionic State Spectra o f the Kr+ 8p Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion Plane: (c) Shows the Angular Distribution Parameter (3 for the 3d'lnp 
- » 4 s l4 p 1(IP)8p (n = 4-9) Resonance Auger Transitions.
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Figure 23. Constant Ionic State Spectra o f the Kr+ 9p Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion plane; (c) Shows the Angular Distribution Parameter (3 for the 3d'*np 
- » 4s'*4p'l(1P)9p (n = 4-9) Resonance Auger Transitions.
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Figure 24. Constant Ionic State Spectra of the Kr+ lOp Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion Plane; (c) Shows the Angular Distribution Parameter (3 for the 3d"'np 
—> 4s'14p'l( lP)10p (n = 4-9) Resonance Auger Transitions.
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Figure 25. Constant Ionic State Spectra of the Kr+ 1 lp  Extracted From the (2D) Dis
play at Two Different Angles (a) 0° and (b) 54.7° Relative to the Polariza
tion plane; (c) Shows the Angular Distribution Parameter P for the 3d'’np 
—» 4s'l4p'l(1P )l lp  (n = 4-9) Resonance Auger Transitions.
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with our experimental observations. When the 3d electrons are excited to the 7p or 

higher Rydberg orbitals, (Figures 21 -25), the strength of the spectator core coupling 

diminishes, the shake up transition becomes dominant, and a fluctuation o f (3 values is 

observed.

Table 10

Experimental Angular Distribution Anisotropy Parameters (P) for the 3d’’np —»4s'1 
4p*Imp (n= 5-9, m = 5-11) Resonance Auger Transitions

Final ionic state
n = 5 

3ds/2 1

Resonant state 3d'lnp 
n = 6

3dw' M sa 3d3/2 1
n = 7

3dS/2'' 3d3/2 1
4s'l4p'*(‘P)5p -0.18(6) -0.14(5) -0.24(8) -0.26(9) - -
4s'14p'l( ‘P)6p 0.68(16) 0.06(2) -0.20(5) 0.14(4) 0.50(12) 0.12(3)
4sI4 p '(lP)7p 1.73(17) 0.83(8) 0.86(9) 0.31(3) -022(2) -
4s',4p'1( ‘P)8p 0.46(11) 0.46(11) 0.28(7) -0.26(6) 0.02(5) -0.01(3)
4s14p',( ,P)9p 0.42(10) 0.54(13) 0.18(5) -0.18(5) -0.28(7) 0.33(8)
4s14 p '(1P)10p 0.01(2) 0.71(17) 0.21(5) -0.11(3) -0.60(15) 0.52(13)
4s'14p'1(1P)l lp -0.13(3) -0.18(5) -0.10(3) 0.03(2) -0.54(13) 0.10(3)00IIc n = 9
Final ionic state 3d5/2-‘ 3d3/2-‘ 3ds/2 1 3d3/2'‘
4s'14p'l( lP)5p - - - -
4s l4 p '(lP)6p
4s',4p'l( ‘P)7p
4s',4p ‘( ,P)8p
4s'l4p'l(1P)9p
4s‘14p'l(1P)10p
4s14 p ‘( 1P )llp

0.37(9)
-0.03(3)
0.20(5)
0.77(19)
0.85(21)
1.06(22)

0.66(15)

0.30(8)
0.17(4)

0.62(15)
0.72(18)

0.17(4)

-0.19(5)
0.43(11)
0.85(21)
1.09(27)

0.14(3)

-0.33(8)
-0.06(2)
0.48(12)
0.76(19)

For each P value, the uncertainty is given in parentheses.

Conclusion

We have studied the resonant Auger decay following photoionization of the 

3d inner-shell orbital in krypton. The use of angle resolved two-dimensional imaging 

technique has enabled us to observe various processes over a large kinetic and photon
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energy range. Spectator and shake probabilities for the 3d'lnp —» 4 s 14p'l( IP)mp (n = 

5-9, m = 5,11) resonance Auger transition have been studied and compared with pre

vious non angular resolved measurements and a theoretical calculation by Mursu et 

al. [61]. Our results show that the spectator core coupling is strong at lower n excita

tion, but it lessens when higher n resonances are excited and the shake up transition 

becomes dominant. We also show at higher Rydberg n the importance o f the one step 

shake-up processes. The comparison of our results with previous measurements and 

theoretical calculation for the 3d'lnp —» 4s’l4p'l( lP)mp [61], the 3d''np —>4p4mp 

resonance Auger transition [57] and theoretical prediction [65] shows acceptable 

similarity.

Angular distributions of the Auger electrons resulting from the decay of the 

resonantly excited 3d_lnp states in krypton have been derived for the first time. Small 

P values have been observed when lower resonances are excited, but the values of P 

fluctuate at higher resonances.

We hope that our work, which gives the first angular distribution studies of 

the 3d''np -»  4 s 14 p 1( lP)mp resonance Auger transition, w ill stimulate further ex

perimental and theoretical work, especially in the intermediate states of the quasi 

continuum which is just above the 3d-ionization threshold. This is where the shake 

down becomes more dominant than the shake up, and where more work is needed to 

understand how this evolution takes place.
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CHAPTER VI

HIGH-RESOLUTION ANGLE-RESOLVED STU D Y OF XE 
4d  -»  6p RESONANT AUGER PROCESS

Abstract

The Auger resonant Raman effect has been used as a method to eliminate the 

natural lifetime broadening in resonant Auger spectra. We have coupled this method 

for the first time with high-resolution photons from the Advanced Light Source to 

study angular distributions and decay rates of the Xe Ad^n —> 6p resonant Auger lines. 

The angular distribution parameters P of almost all possible final ionic 5p4(3P, lD, 

*S)6p states have been determined. Our data, which remove the discrepancy between 

previous lower-resolution experimental results, are compared to different theoretical 

results.

Introduction

The 4d —» 6p excitations in xenon represent one of the best-known examples 

of resonant Auger decay. Although the excitation is to an unfilled principal shell, the 

decay spectrum is quite complex due to the strong spin-orbit coupling in the xenon 

atom. This complexity demands that a sufficiently high resolution be employed in 

order to resolve the contributions from each of the spin-orbit components. To date no

70
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truly high-resolution data have been reported for the angular distribution parameter (3 

associated with the decay of these excitations. The highest resolution measurements 

thus far are the cross section results of Aksela et al. [69].

We report in this chapter an analysis of the angular distributions of the reso

nant Auger electrons resulting from the decay of the 4d5/2’!6p excitations. The data of 

this analysis are the results of experiments conducted at the ALS under double bunch 

operation. Xenon atoms were ionized by monochromatic synchrotron radiation from 

an 8-cm, 55-period undulator and spherical grating monochromator on beamline 

9.0.1. We used a 925 lines/mm grating with a 100 pm entrance slit and a 60 pm exit 

slit providing us with a photon resolution of about 15 meV at the energy of the Xe 

4d5/2 —> 6p resonance at 65.110 eV.

Results and Discussion

Figure 26 shows photoelectron spectra measured at an angle of 54.7° with re

spect to the electric field vector of the linearly polarized synchrotron beam. This fig

ure, which corresponds to the Xe 4ds/2 —» 6p transition, shows the Xe 5s'I5p'ln T , 

5p'2nl, 5s'1 and 5p_l transitions on resonance at 65.11 eV and off-resonance at 65.00 

eV. Clearly, one can see that the intensity o f most of the lines are dramatically en

hanced on resonance, whereas there is almost no intensity gain in the 5p_1 and 5s'1 

main lines. This indicates that the spectator decay dominates the participator decay.
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on res. 65.11 eV 
res. 65.00 eV

30 | 40
Kinetic energy (eV)

Using 
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Figure 26. (a) Photoelectron Spectra Taken at the Magic Angle on and Below the 
4d5/2 -»6p Resonance, (b) Resonant Decay Spectrum in the Kinetic En
ergy Range Between 33 and 42 eV Using 30 V  Retarding Potential.

In order to look in detail at the Xe 4d5/2'‘ 6p 5p‘26p correlation satellites, we used a 

retardation voltage of V ret = -30 V  on the electron spectrometers without any loss of 

resolution. In Figure 27, the same energy range taken at the magic angle and at 0° is 

shown in the context o f the previous angle integrated measurements from Aksela et 

al. [69] as well as the first angle resolved data from Carlson et al. [15].
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It can be seen clearly that with this retardation potential (30 V ), in the low energy side 

of the spectrum (Figure 27 a and b) our resolution matches that of the best resolved 

decay spectra from Aksela et al. [69]. Figure 28 shows a section of the decay spec

trum recorded with a 32 V  retarding potential at three different angles (0 =  0°, 54.7° 

and 90°). We fit Gaussian curves to our data to determine the areas under the peaks. 

In order to stabilize the fitting procedure, the energy differences between overlapping 

peaks were fixed using experimental energy values from Aksela et al. [69]. W ith our 

time-of-flight spectrometers, the linewidth is a nearly Unear function of the electron 

kinetic energy. From the well separated (3P)6 p(2P3/2) peak (line 26 in Figure 27) the 

kinetic energy resolution for this experiment was found to be 1 . 1 % and 1 .0 % of the 

final kinetic electron energy with retarding voltages of 30 and 32 V , respectively. The 

linewidths for all lines were connected in a way that the relative resolution remained 

constant. From the lines’ areas at different angles we derived the angular distribution 

parameters P for each of the final states as shown in Figure 28 d. The results for the 

relative intensities and the angular distribution parameters p are shown in Table 11 

together with theoretical calculations from Tulkki et al. [70], Chen [22], and Hergen- 

hahn et al. [20,71]. Chen [22], Tulkki et al. [70], and Hergenhahen et al. [71] used a 

multiconfiguration Dirac-Fock method in intermediate coupling with configuration 

interaction, whereas the older calculations of Hergenhahn et al. [20] were carried out 

in jk  coupling applying a strict spectator model. Only Tulkki et al. [70] included cou

pling between different continuum channels in their calculation. A ll the theoretical 

calculations have in common that both the direct photoionization and the participator
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Table 11

Intensities and (3 Parameters of the Electron Spectrum of Xe 4 d5/2 —» 6 p Excitation
(65.11 eV)

Final ionic state 
Term

Line in 
Experi
ment

Kinetic
energy
(eV)*

Relative
Inten
sity

P

Ref. [70]

P theory 

Ref. [22] Ref. [71] Ref. [20]

s p ^ tfp 4Pm 19 39.119 2.0(5) 1.4(6) 1.045 0.984 0.061 1.014

2 0 39.098 23.2(7) -0.85(3) -0.994 -1 .000 -0.999 -0.998

2D „ 22 38.906 37.5(8) -0.967(1) -0.994 -1 .000 -1 .000 -0.998

:S xn. 23 38.886 17.1(6) -0.69(3) -0.448 0.215 0.157 0.451

(^tfp 4Dlr. 24 38.882 -0.588 -0.974 -0.923 -0.932

(^tfp ;PM 26 38.501 100 1.30(2) 1.030 1.018 0.972 1.014

(^Ptfp 'P./: 28 37.988 5.0(2) 1.03(7) 0.984 0.962 0.749 n. a.b

(^tfp 4PK 30 37.955 7.1(3) -0.13(6) 0.233 0.774 0.927 1.000

(Ttfp :Dy; 31 37.899 42.8(5) 0.73(3) 0.656 0.653 0.910 0.800

(^Jfip 4f̂ 5/2 32 37.716 1.3(4) 0.3(6) -0.188 -0.331 -0.323 0.737

(^tfp 33 37.627 24.0(6) 1.13(5) 0.745 0.955 0.557 -0.861

(^Ptfp 4D 3/2 34 37.570 22.1(5) -0.14(3) -0.536 -0.860 -0.764 -0.861

4D Ui 36 37.535 19.5(4) 0.52(3) 0.593 0.935 0.817 1.000

(‘D)6 p :F sr. 39 37.001 2.10(14) -0.85(10) -0.875 -0.860 -0.914 -0.928

('D)6 p :P VI 41 36.902 82.7(10) 0.47(2) 0.175 0.073 0.319 -0.399

('D)6 p % r. 42 36.853 24.3(5) -0.11(3) 0.246 0.052 0.116 0 .1 12

(‘D)6 p ZDy2 43 36.621 39.90(7) -0 .6 6 (2 ) -0.553 -0.375 -0.375 -0.399

('D)6 p :Dvl 44 36.587 51.0(8) -0.65(2) -0 .888 -0.882 -0.930 -0.928

('D)6 p 3Pk 46 36.521 63.1(6) 1.6 6(2 ) 1.503 1.307 0.55 0.373

(’S)6 p "Pl/2 65 34.602 1.6(3) 0.73(4) 0.130 -0.139 -0.035 n.a.b

(*S)6p !PK 67 34.479 98.9(6) 1.17(4) 0.928 0.847 0.754 0.800

a According to Aksela et al. [69] 
b Not allowed
Intensities are normalized to the well separated (3P)6 p(2Pj/2) line.
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decay are neglected, and these approximations have been verified experimentally 

[10,12].

Comparing our results to the different calculations, we find that the agreement 

varies between excellent and poor, depending on the configuration and method used. 

For some lines (20,22,31,39), the agreement is excellent, and for others (24,43,44) the 

agreement between our experimental anisotropy parameters and the results from all 

four calculations is good. For other lines (30,34,41,65) the theoretical values are in 

disagreement with each other and with our experimental values. Finally, there are 

some state configurations where our data agree with one or the other calculations. 

For instance, Chen [22] comes close to our P value for the (3P)6 p(4S3^) state (line 33), 

whereas Tulkki et al. [70] and Hergenhahen et al. [20] do not even have the correct 

sign. On the other hand, for the (3P)6 p(4D i/2) peak (line 36), Tulkki et al. [70] give 

almost the same P value as the experiment but the other calculations are off. Inter

estingly, there is almost a perfect agreement between all theories for our reference 

peak (3P)6 p(4P3/2) (line 26), but the experimental p value is significantly larger. We 

were able to observe the splitting of the ('S )6 p(2P3/i) state (lines 67 and 6 8 ), as Aksela 

et al. [69] did, but the fitting procedure was very sensitive to even small changes in 

the positions and widths of the peak. Therefore, in Table 11 we give only the average 

P for those lines. In Table 12 we compare our P results with previous experimental 

data from Carlson et al. [15] with very low resolution, Becker et al. [72], and Kam- 

merling et al. [14]. There is in general, good agreement between our experiment and 

these results.
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It should be noted that the statistical uncertainty of the last digits is given in brackets.

The identification of the peaks in the case of Chen [22], was done with respect to his 

calculated energies. For Hergenhahen et al. [20,71] the energies o f Hansen and Pers- 

son [73] were used for their identification.

Table 12

P Parameters of the Electron Spectrum of Xe after Adsn —> 6 p Excitation With Previ
ous, Low Resolution Data

No.1

Line(s)

No.b Present work F

P

IIJ inb

19.20 la -0.66(6) -0.60(3) -0.67(5) -0.88

22-24 lb -0.88(2) -0.90(2) -0.93(3) -0.93

26 1c 1.30(2) 1.31(2) 1.35(6) 0.82

28-31 2a 0.65(4) 0.58(2) 0.89(6) 0.26

32-36 2b 0.52(5) 0.54(3) 0.45(6) 0.16

39-42 3a 0.36(4) 0.23(2) 0.55(5) -0.02

43-47 3b 0.28(3) 0.33(5) 0.46(5) -0.09

67,68 5 1.17(4) 0.83(5) 1.09(6) 0.51

a. According to Aksela et al. [69].
b. Carlson etal. [15].
c. Kammerling et al. [14],
d. Becker et al. [72].

Conclusion

Time of flight electron spectroscopy in combination with tunable synchrotron 

radiation provided by a third generation storage ring has been used to study the an

gular distributions of the Xe spectator lines following Xe 4ds/o —» 6 p excitation. The
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high resolving power of the monochromator as well as of our electron analyzers al

lowed us to determine the (3 parameters of almost all possible final ionic 

5p4(3P,lD ,lS)6p states with many of them being much closer than the natural 

linewidth o f the 4d inner shell hole (111 meV [4]). Our results published in ref. [17] 

appear to remove the existing experimental discrepancy. A comparison with different 

theoretical calculations shows a partly good agreement, but there is room for im

provement for some lines.
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CHAPTER VH

CONCLUSION

Time of flight electron spectroscopy in combination with tunable synchrotron 

radiation, provided by a 3rd generation storage ring, has been used to study electron 

angular distributions of the resonant Auger processes in Ar, Kr, and Xe.

In the case of Ar, we have measured the resonant Auger spectra of the 2p_14s 

and the 2p_13d,4d inner-shell excited states with high energy resolution. The intensity 

distributions and the angular distribution anisotropies P have been reported for nearly 

all of the 3p4nl final ionic states. The decay o f the 2p'I4s state appears to be domi

nated by spectator decay, in which the excited electron remains in the same orbital, 

while the decay of the 2p‘*3d,4d state appears to be dominated by shake-up processes. 

Our results confirm previous reports that the spectator model o f Hergenhahn et al.

[2 0 ] accurately describes the intensity distributions and p parameters for the 2p’l4s 

resonance but demonstrate the break down of this model for the 2p’'3d,4d resonances. 

A very good agreement has been found by comparing our experimental results with 

calculations made by Chen [22], who used the M C D F method with intermediate cou

pling and configuration interaction. For both intensity and angular distributions, 

models treating the 2p'*4s resonant Auger decay as a two step process produce the 

most accurate results. For each of the resonances studied (2p‘l4s, 3d and 4d), the re

ported P parameters for most of the final ionic states were small positive values or ne-
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gative values, indicating a preferred electron ejection isotropically. These results 

demonstrate the enhanced population of parity unfavored states that can be reached 

through resonant Auger processes [48].

In the case of Kr, we have studied the resonant Auger decay of the Kr 3d''np 

states using angle-resolved electron imaging spectroscopy, which enabled us to ob

serve various processes over a large kinetic and photon energy. Spectator and shake 

probabilities for the 3d''np —» 4s'l4p'l( lP)mp (n = 5-9, m = 5-11) resonant Auger 

transitions have been studied. Our results show that the spectator core coupling is 

strong at lower n (n = 5-6) but it lessens for higher n, with a shake-up of m = n + 1 

preferred. Similar behavior is obtained when comparing the above mentioned prob

abilities with previous experimental and theoretical spectator and shake probabilities

[61] and with experimental spectator and shake probabilities for the Kr 3d‘ ‘np —»4s2 

4p'2mp resonance Auger transition [57].

In the case of Xe, by utilizing the Auger resonant Raman effect, the lifetime 

broadening has been eliminated in the Xe 4d'‘6p resonant Auger spectra. This al

lowed us to measure resolved lines and to determine the relative intensities of the 

separated resonant Auger transition with an accuracy that made possible a detailed 

comparison with theory. It also allowed us to determine the angular distribution pa

rameters P of almost all possible final ionic Sp^P^D ^S^p states. Moderate resolu

tion would smear out the detailed fine structure, making it impossible to test whether 

the partial transition rates are correctly reproduced by theory. As mentioned above, 

for all the experiments conducted in this thesis, we used the method of time-of-flight
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(TOF) spectroscopy to detect and energy resolve electrons ejected after a photon- 

atom interaction. There are several advantages and disadvantages in using this 

method. For instance, TOF spectroscopy allows an entire photoelectron spectrum to 

be measured at once so that all features within a certain kinetic energy window are 

recorded during the same period of time. Furthermore, since multiple peaks can be 

recorded simultaneously, TOF spectroscopy has high efficiency. Finally, random 

events such as dark noise are averaged over a large number of channels.

One disadvantage inherent to TOF spectroscopy is the non-linearity of the en

ergy scale and the decrease o f spectrometer resolution at higher kinetic energies as 

mentioned in Chapter V. The resolution of the TOF analyzer is not the best resolu

tion that one can achieve. There are other analyzers that offer better resolution than 

the TOF analyzer, for example, the hemispherical analyzers (Scienta SES-200 ana

lyzer). The use of such spectrometers w ill allow one to resolve more spectral lines, 

and hence make a better comparison with theoretical models. However, our experi

mental method allowed us in a very short amount of time to improve previous results 

and to measure, for the first time, several angular distribution parameters with good 

resolution.

We hope that this work w ill stimulate further theoretical and experimental in

vestigations.
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