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Abstract

This dissertation presents an experimental photoionization study of the cerium isonuclear
sequence ions in the energy range of the 4d inner-shell giant resonance. In addition, single
and double photoionization and photofragmentation cross sections of the cerium endohe-
dral ion Ce@Cj, were also measured and studied in the 4d excitation-ionization energy
range of cerium. Relative and absolute cross-section measurements were performed at un-
dulator beamline 10.0.1 of the Advanced Light Source (ALS) for nine parent cerium ions:
Cet — Ce®". Double-to-single ionization cross-section ratios were measured for photoion-
ization of the endohedral Ce@Cg, and empty fullerene Cg, molecular ions. The merged
ion and photon beams technique was used to conduct the experiments. Multiconfigura-
tion Hartree-Fock calculations were performed as an aid to interpret the experimental
data. Four Rydberg series for 4d — nf (n > 4) and 4d — np (n > 6) autoionizing excita-
tions were assigned using the quantum defect theory for the Ce3™ photoionization cross
section. The experimental data show the collapse of the nf wavefunctions (n > 4) with
increasing ionization stage as outer-shell electrons are stripped from the parent ion. The
nf orbital collapse occurs partially for Ce?* and Ce®* ion and completely for Ce**, where

these wavefunctions penetrate the core region of the ion. A strong contribution to the



ii

total oscillator strength was observed in the double and triple photoionization channels
for low charge states ( Cet, Ce*", and Ce3"), whereas most of the 4d excitations of the

higher charge states decay by ejection of one electron.
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Chapter 1

Introduction

1.1 Motivations and Objectives

The experimental study of the nature and character of atoms and ions has always been
a challenge for scientists. Photoionization experiments on multiply-charged ions are im-
portant as probes of electronic correlation and relativistic effects along isonuclear and
isoelectronic series, and provide data to benchmark atomic theory and models in plasma
physics and astrophysics. Presented in this thesis is an experimental investigation over
a wide range of charge states of multiply-charged cerium ions. The focus of this inves-
tigation was photoionization processes involving 4d electrons along the isonuclear series
of cerium ions. The objective was to provide as complete a picture as possible of the
ion charge-state dependences of the observed features in the photon energy range of 4d
electron excitation and ionization.

Photoionization data for members of the lanthanide group (atomic numbers Z from 57
to 71) are of increasing astrophysical interest in connection with studies of nucleosynthesis
and star formation, since a considerable number of lines belong to the third spectrum

(doubly-charged ions), corresponding to the dominant charge state in hot, chemically
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peculiar (CP) stars [5]. Cowley reported in 1976 that cerium is the most abundant
lanthanide element in the so-called Ap stars [5, 21], which emit strong spectral lines
of metallic elements. In 1997, Bord, Cowley and Norquist considered the abundance of
cerium in the spectrum of the silicon star HD 200311 and performed the first quantitative

study of the Ce*T spectrum [14].

1.2 Preceding Experimental Efforts

Photoionization experiments on several isoelectronic and isonuclear sequences were con-
ducted during the last thirty years to study systematics of electron correlation and rel-
ativistic effects in the photon energy region of 4d inner-shell excitation of atoms and
atomic ions with different numbers of electrons in their outer shells. Photoionization
cross-section measurements for Ba, Ba®™ and Ba?" ions were performed by Lucatorto
et al. at the National Bureau of Standards using the dual laser plasma (DLP) tech-
nique [37]. They concluded that most of the 4d absorption oscillator strengths of Ba
and Ba™ are in the continuum, whereas the Ba** cross section is dominated by strong
discrete transitions. Bizau and his research team studied the Ba?" (q = 2 — 6) and Xe?"
(q = 3 — 7) isonuclear sequences using a merged-beams technique at the SuperACO syn-
chrotron light source in France and the Miyake undulator beam line in Denmark [7 — 12].
Their measurements indicate a dominance of discrete resonances for Ba*t. O’Sullivan
and collaborators have measured the 4d photoabsorption of 1¢* ions (q = 0 — 2) using the

DLP technique [38], concluding that the dominant features arise from 4d — ef excitation
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manifested by a shape resonance in neutral iodine, and from 4d — nf discrete transi-
tions in I?T. The isonuclear sequence of Cs through Cs*t was studied by Cummings et
al. using the DLP technique [22]. Absolute photoionization cross-section measurements
for Xe'™, Xe®™ and Xe®" ions were performed at the Advanced Light Source (ALS) in
Berkeley by Aguilar et al. using the ion-photon merged-beams technique in support of
the development of an extreme ultraviolet lithography light source at a wavelength of
13.5 nm.

Table 1.1 summarizes the photoionization experiments performed with positively-
charged ions in the 4d excitation region. Most of the experimental work related to

4d-shell excitation region focused on xenon and xenon-like ions.
1.3 Organization of Dissertation

The organization of this dissertation is as follows. Chapter 2 presents brief descrip-
tions of the photoionization process and of two theoretical methods that were applied to
interpret the measurements; the quantum defect theory and the Hartree-Fock approx-
imation. Chapter 3 describes the technique of merging counter-propagating beams of
multiply-charged cerium ions and monochromatized synchrotron radiation to determine
photoionization cross sections. Chapters 4 through 9 present and analyze photoionization
cross-section measurements for Ce?" ions (q = 1 — 9). Measurements of 4d excitation of
an encapsulated cerium atom inside a Cg, fullerene molecular ion cage are presented in
Chapter 10. Finally, a summary of this work, conclusions and an outlook for the future

are presented in Chapter 11. An appendix contains publications of photoionization work
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Table 1.1: Photoionization measurements for positively-charged ions in the 4d excitation
region, in increasing chronological order.

Target (eV) Energy Range (eV) Reference Publication year
Ba™, Ba?" 85-150 37] 1981
La%+ 95-140 51] 1995
Bat 90-143 52] 1995
I+, 1?F 60-150 38] 1996
Xet 60-150 (55] 1996
Xe*, Bat, Eu* 60-160 53] 1996
Xe2t 52-150 156] 1998
Xebt - XeT* 55-160 10] 2000
Sh* - Sht+ 30-100 [46] 2000
I+, I2F 45-140 47] 2000
CsT - Cs*T 80-160 22] 2001
Xet - Xet 50-130 1] 2001
Xet 80-140 [49] 2001
Ba2t - Babt 95-150 7] 2001
Cs*, Ba*, Ba?* 40-185 150] 2002
Sm?* 100-170 12] 2003
Eu™ 130-145 [54] 2005
Xedt 37.5-115 48] 2005
Xedt - Xebt 30-160 11] 2006
Xebt - Xebt 89-117 [45] 2006
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Chapter 2

Theoretical background

2.1 Introduction

Ionization of atoms and molecules by photons is a dominant process in the universe. In
many systems, the photoionization process is a fundamental probe of their properties and
structures. Since the development of the theory of the photoelectric effect by Einstein
in 1891, for which he received the Nobel prize, the quantum theory began to flourish
and succeeded to explain most of the physical phenomena that were unexplainable by
classical physics theories. The theory of the dual particle-wave nature of light opened

more interesting windows for investigation of matter and light interactions.
2.2 Giant Resonance

The term ”giant resonance” originates from nuclear physics. Giant resonances in nuclei
were observed for the first time by Baldwin and Klaiber in 1947 in measurements of
x-ray photon-induced fission [70, 71]. In atomic physics, the origin of giant resonances
is the collective excitation of an entire electron subshell, which was first observed in

photoexcitation of solids [72, 73]. These autoionizing excitations are characterized by a



Chapter 2: Theoretical Background 7

strong oscillator strength that depends on the occupancy of the subshell being excited.
Excitation of a filled 4d subshell, for example, exhibits a broad asymmetric 4d — ef
resonance for neutral atoms and low-charge-state ions, as observed in photoionization of
Xe [74]. Below the 4d threshold, strong and narrow 4d — nf and 4d — np resonances can
occur for higher charge states depending on the atomic number Z of the ion. In molec-
ular physics, giant resonances have been observed in the photoionization of fullerenes,
hollow closed-shell molecules composed solely of carbon atoms. Two distinct resonances
attributed to electric-dipole-excited collective electron oscillation modes were observed
in these molecules. A strong surface plasmon resonance occurs at a photon energy near
21 eV for the Cg; molecular ion. A second resonance attributed to a volume plasmon

excitation occurs near 41 eV [41].

2.3 Photoionization Cross Section and
Oscillator Strength

The binding energy of an electron in an atom or molecule is the minimum energy required
to free that electron from the Coulomb potential well due to the nucleus and neighboring
electrons, i.e. to ionize it. The ionization potential of an atom, molecule, or ion is the
binding energy of an electron in the ground or lowest occupied energy level. Photoion-
ization can result from absorption of a photon by an atomic or molecular system, if the
photon energy exceeds the ionization potential. Two processes could be involved in this
interaction. Direct or non-resonant photoionization is the consequence of the absorption

of a photon whose energy matches or exceeds the binding energy of the electron being
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ejected from the atom or the ion. For positive ions, this process is manifested as a step-
function rise of the photoionization cross section at the threshold or minimum photon
energy, falling off monotonically with increasing photon energy. Direct photoionization

may be represented by the following pathway:

hy + X9t — XD+ 4o

where h is Planck’s constant and v is the photon frequency.

Indirect or resonant photoionization may result from excitation of a core electron to a
discrete state whose energy is greater than the ionization potential. In this case, the
photon energy must match the energy difference between the initial and final states, so
it is a resonant process. There is a high probability that such a multiply-excited system
will minimize the excess energy by a so-called Auger or autoionization process in which
one or more electrons may be ejected. This process is manifested in the cross section as

a resonance and may be represented as follows:

hy + X750 — X9t XD o

Interference may occur if both resonant and direct photoionization channels at a certain
photon energy have the same final state. In this case, an asymmetric Fano-Beutler line
profile for the resonance [60, 61] will be produced. More details about interference effects
are given in reference [67]. These processes are illustrated in Figure 2.1.

The photoionization cross section o in megabarns (1Mb = 10~ '¥cm?) is given in terms
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resonant photoionization /

N

photoionization threshold ‘\ ‘

i

direct photoionization interference effect

Photoionization cross section

Photon energy

Figure 2.1: Generic photoionization cross section.
of the differential oscillator strength per unit energy df /dE (eV~1) by [69]:

df df
— 2 —_— E—
J(E) = (27rao) aR 1E 109.7618 , (2.3.1)

where a, is the Bohr radius, « is the fine structure constant, and R is the Rydberg
constant. The weighted oscillator strength of an electron transition between two quantum

states |¢ > and |f > is given by:

2

of = @+ 1) fiy = (B — ) , (232)

3R

N
< 1 —lek|f>
k=1

where J; and (2J;4+1) are the total angular momentum and the statistical weight of
the initial state, respectively. The integral (in brackets) represents the reduced matrix
element of the electric dipole moment, of which the squared value yields the electric

dipole line strength. N is the number of electrons in the system. Integrating the cross
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section o (Mb) in equation 2.3.1 between two energies Fy and Ej (eV) yields the average
oscillator strength fi:

Es
fiz = 9.1106 x 103/ o(E) dE. (2.3.3)

En
This formula was used to calculate the total photoionization oscillator strengths for the
cerium ions reported in this dissertation. According to the Thomas-Reiche-Kuhn sum-
rule, the total oscillator strength of the transitions originating from the 4d subshell of
the cerium ions is equal to the number of electrons populating it, which is ten. Photo-
excitation of an electron is governed in the LS-coupling scheme by the following selection
rules:
AS =0,
AL =0 or +1,and L, + Ly > 0,
AJ=0 or £1,and J; + J; > 0,
Am = +1.
S, L and J are the spin, orbital and total angular momenta, respectively, and 7 is the
parity operator. The last rule is a consequence of the odd parity of the electric dipole

operator.
2.4 Quantum Defect Theory

Quantum defect theory is based on a hydrogenic model where an electron far enough
from the nucleus (large r) experiences a Coulomb potential equivalent to that exerted by

an effective point charge at the nucleus. The effective Coulomb potential resulting from
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the screening of the nuclear charge Ze by the N, core electrons, is given by:

—(Z — N,)e?

Veps(r) = .

(2.4.1)

More discussion and details concerning this theory are given by Seaton in reference [42].
The analysis of the Ce3™ photoionization cross section in Chapter 6 was based on the
quantum defect form of the Rydberg formula:

Reo(Z — N,)?

En = Elimit - (TL IR 5n)2 )

(2.4.2)

where F, is the transition energy, Fj;;; is the ionization potential of the electron being
excited to the corresponding final state (n = o0), Ze is the nuclear charge, and N, is
the number of the core electrons. The dimensionless quantum defect parameter 6, is a
measure of the departure of the energy level E, from a pure hydrogenic value for which
0, = 0 and accounts for the finite size of the non-hydrogenic ion core, which is significant
for the cerium isonuclear sequence. The Rydberg constant Rg. for cerium ions is given

by

4

R e — 5
© 4mhe

(2.4.3)

where u = (1/m. + 1/Mc.)~" is the reduced mass of the electron-nucleus system of the
cerium ion, e and m, are the charge and the mass of the electron, respectively, A is the

reduced Planck constant, and Mg, is the mass of the cerium ion nucleus.

2.5 Hartree-Fock Method

Identification of the resonant features in the measured photoionization cross sections

requires knowledge of the electronic energy levels of the ion. Computer codes based on
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the Hartree-Fock approximation are readily available to calculate the energies of these
levels, and one was used [28] to interpret the measurements in this dissertation.

Based on the approximation of an average central potential created by the nucleus and
the ion core, and the exchange interaction between electrons, the Hartree-Fock method
is widely used to solve the many-electron problem. This leads to an effective quantum-
mechanical description in which the many-electron problem is reduced to solving a num-
ber of coupled single-particle equations. The total wavefunction of the system described

by N one-electron spin-orbitals ;(x;) is given by a Slater determinant:

Yr(z1)  i(x2) .o Yi(zn)

Ya(x1)  Pa(x2) .o Ya(znN)

L (2.5.1)

Yn(r1) ¥n(z2) .o Un(zN)

This determinant is antisymmetric under particle exchange, taking into consideration
the Pauli exclusion principle which states that no two electrons can have the same quan-
tum numbers and occupy the same state simultaneously. A variational principle is used
to minimize the expectation value of the total Hamiltonian with respect to the single-

electron wavefunctions v;,

5
o0 [< H > ‘zjzfj/l%Ier] =0, (2.5.2)

where H is the Hamiltonian of the system and ¢, are Lagrange multipliers representing
the electron binding energies and resulting from the normalization condition imposed on

the 1; wavefunctions. These calculations lead to a set of N one-electron equations, called
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the Hartree-Fock equations:

(! /

<ﬂ _Ze —+ Z /dr"rﬁj_ ] ) wi(r)—zj: 000, € dr’%%(r) = g;14(r)

(2.5.3)
where r and r’ are the position vectors of the electrons. The first and second terms in
the left-hand side of this equation represent the electron kinetic energy and the electron-
nucleus Coulomb interaction, respectively. The third term represents the electron-electron
Coulomb potential and the last term, known as the exchange term, is non-zero only when
electrons with the same spin o; are considered. The exchange term makes the Hartree-
Fock equations hard to solve in most cases. The central field approximation allows a

separation of the orbital component of the wavefunction into radial and angular parts.

The one-electron equations are then solved by a self-consistent method.
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Chapter 3

Undulator Beamline 10.0.1 and the
Experimental Techniques

3.1 Introduction

The photoionization cross-section measurements reported in this dissertation were per-
formed using a merged-beams apparatus. Details of this technique are given in this
chapter. Figure 3.1 presents a schematic layout of the ion-photon-beam (IPB) endsta-
tion at the Advanced Light Source (ALS). Multicharged cerium ions were produced in
an electron cyclotron resonance (ECR) ion source, then extracted from the ion source
by a potential difference of 4kV or 6 kV, electrostatically steered and focused. A 60°
magnetic-dipole mass spectrometer selected ions from the beam according to their mass-
per-charge ratio. The ion beam was then merged onto the axis of a counter-propagating
beam of monochromatized synchrotron radiation by a 90° spherical electrostatic deflec-
tor. The two beams were merged and interacted over a common path of 130 cm. A
45° dipole magnet demerged the primary and product ions from the photon beam and
separated them according to their charges. Two types of measurements were performed

with this apparatus. In spectroscopy mode, the relative yield of photoions was measured
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Figure 3.1: Schematic drawing of the IPB endstation at the ALS undulator beamline
10.0.1.

as the photon energy was changed in small steps. In this case, photoions produced along
the entire 130-cm path were detected to optimize signal collection. In absolute mode,
the photoion signal was recorded at discrete photon energies under well-characterized
experimental conditions. In this case, energy-labelled product ions were detected only
from a central electrically-biased interaction region of length 29.4 cm in which spatial

intensity profiles of the beams were carefully measured in situ to quantify their overlap.
3.2 Synchrotron Radiation

Emission of synchrotron radiation is a consequence of accelerating a charged particle in a
curved path. At relativistic speeds, the emitted radiation takes the form of a narrow cone
tangent to the trajectory of the accelerated particle. This phenomenon occurs whenever

a relativistic charged particle undergoes a change in direction while passing through a
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transverse magnetic field. The theory of synchrotron radiation, established in 1946 by

Schwinger [65], is the framework of most recent calculations concerning this phenomenon.

3.2.1 ALS Beamline 10.0.1

A third-generation electron synchrotron radiation source producing vacuum ultravio-
let light with very high brightness and photon flux, called the Advanced Light Source,
was developed at Lawrence Berkeley National Laboratory in 1994. Figure 3.2 shows a
schematic layout of this light source. A thermionic gun serves as a generator of electrons

which are then accelerated in bunches by a 4-meter-long linear accelerator (Linac) into a

|
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Figure 3.2: Schematic layout of the ALS showing the injection system, insertion devices
and beamlines [66].
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linac-to-booster transfer line at 50 MeV. The electrons are injected into the booster ring
where they are accelerated to an energy of 1.5 GeV for injection into the storage ring,
where they are further accelerated to 1.9 GeV and stored for periods of typically 8 hours.
Various magnetic devices installed in the perimeter of the storage ring keep the electron
beam on the desired trajectory with high precision. The maximum electron current in
the storage ring after a refill was 0.4 A, which decayed exponentially with time to ~
0.2 A in 8 hours.

A 4.55-meter-long undulator with a 10-cm period and 43 full periods serves beamline
10.0.1. Over a photon energy range from 17 to 360 eV, beamline 10.0.1 provides an
intense photon beam of up to 10'* photons/s with high brightness and spectral resolution.
Figure 3.3 shows a schematic layout of the beamline optical elements. Synchrotron
radiation from the undulator is directed and focused horizontally by a spherical mirror
(M1) then vertically by another spherical mirror (M2) with demagnification of 8 allowing

the photon beam to pass through a small entrance slit. The beam diameter is typically

Vertical

Diffraction ref ocusi ng Sale
gratings mi rror ( MB) 22
Hori zont al
focusing
mi rror ( ML) Transl ati ng Hori zont al
Fixed  exit slit def | ect i ng

mi rror:
entrance ors

Verti cal slit
condensi ng

mirror (M2)

Undul at or

Figure 3.3: Schematic layout of Beamline 10.0.1 at the ALS [67].
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Table 3.1: Ruling densities and photon energy ranges (with optimum photon flux) for
the three gratings on beamline 10.0.1.

Grating Ruling Density FEnergy Range
(lines/mm) (eV)

Low Energy Grating 380 17 -75

Middle Energy Grating 925 40 — 170

High Energy Grating 2100 100 — 360

less than 1 mm.

A spherical grating monochromator (SGM) composed of a fixed-position entrance
slit, three interchangeable spherical grazing-incidence gratings and a translating exit slit
was designed so that the angle between the entrance and exit slits remains constant at
165°. The rulings and energy ranges for each grating are listed in Table 3.1. The photon
beam energy is selected by the SGM and the photon flux is simultaneously optimized
by adjusting gap between the undulator magnets. The energy resolution is determined
by the SGM entrance and exit slit widths. A third spherical mirror (M3) refocuses the
beam vertically and directs the monochromatized photon beam to the endstation on the
beamline. References [67] and [75] contain more details about the beamline optics and

synchrotron radiation.

3.2.2 Energy Calibration

The three diffraction gratings on the beamline are mechanically interchangeable, which
affects the photon energy calibration that is only reproducible within approximately 0.1%
each time the grating is changed. Therefore, it is necessary to accurately calibrate the

photon energy scale for each experiment using well-known resonances. A gas cell isolated
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Table 3.2: Photon energy references for calibration of the Middle Energy Grating.

Ions Resonance Calibration Process Apparatus Reference
(V) (V)

Ar 246.927 123.464  2p, /12 3d, 2" order gas cell [76]

Ar 244.390 122.195 2p3_/12 4s, 2" order gas cell [76]

Kr 91.200 91.200 3d5, 5p gas cell [76]

Kr 91.200 45.600 3dg/12 5p, 2" order gas cell [76]

Cett 128.38 128.38 4d — nf IPB this experiment
Cett 131.14 131.14 4d — nf IPB this experiment
Cet 134.63 134.63 4d — nf IPB this experiment
Cet 136.43 136.43 4d — nf IPB this experiment
Cet 138.95 138.95 4d — nf IPB this experiment

by a thin aluminum vacuum window is installed on a different branch of the beamline
and serves this purpose. A potential difference is applied between two parallel plates to
collect photoionized ions from neutral gas at mTorr pressure. Well-calibrated photon-ion
data taken earlier at the IPB endstation was also used to calibrate the photon energy
of similar experiments performed later. Since the photon and ion beams are counter-
propagating in the IPB endstation, corrections for the Doppler effect were necessary to
account, for the energy shift in the reference frame of the ion beam. This correction is

made using the well-known Doppler formula:

E'Y
By ™ T2 7 (3.2.1)

where £}, and E7 . are the nominal and Doppler-corrected photon energies, respectively,
v; is the velocity of the ions inside the interaction region, and c is the speed of light in

vacuum. Typical corrections for the present experiments ranged from 10 meV to 140 meV,

depending on the ion mass and charge. Table 3.2 presents the reference energies used to
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calibrate the middle energy grating. Resonances diffracted in second order by the grating
provided additional calibration energies in the range of interest. The photon intensity

was maximized by setting the undulator gap appropriately.

3.3 Merged-Beams Apparatus

3.3.1 ECR Ion Source

Photoionization measurements of multiply-charged positive ions were made possible us-
ing a magnetically-confined plasma device, a 10 GHz all-permanent-magnet electron-
cyclotron-resonance ion source (ECRIS) [62, 63]. Figure 3.4 shows the configuration
of the ECR ion source at the IPB endstation of the ALS [68]. The cyclotron motion
of electrons, confined in a ‘magnetic bottle’ consisting of four permanent ring magnets
and a hexapole magnet array, is resonantly excited by a microwave electromagnetic field

of frequency 10 GHz. The plasma discharge is axially trapped by a magnetic mirror

ring magret s insulat ion

mic FoWaaye / J_
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s ETE E=

| =
pLITIP hexapale movable puller glect rode
wit h integrated Einzel kns
10cm

Figure 3.4: Schematic drawing of the ECR ion source at the IPB endstation at the ALS
undulator beam line 10.0.1 [68].
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Figure 3.5: Axial magnetic field intensity in the vicinity of the plasma chamber [68].

formed by four permanent magnets; two with 16 cm outer diameter (OD), and two with
11 cm OD. The configuration of the axial magnetic field inside the cylindrical plasma
chamber is shown in Figure 3.5. Radial confinement of electrons in the plasma chamber

is provided by 24 permanent magnets arranged in a hexapole configuration, as shown
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Figure 3.6: Radial magnetic field configuration and intensity inside the plasma cham-
ber [68].
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in Figure 3.6. The axial magnetic field intensity B near the mid-point of the plasma
chamber was chosen to match a cyclotron resonance frequency f.,. for the electrons of 10
GHz :

B= %%fcr — 3.576 kG, (3.3.1)

where e and m, are the charge and the mass of the electron, respectively. Detailed
descriptions of the production of multiply charged ions by ECR ion sources and their
characteristics have been reported [29, 30, 62, 63, 64].

The electromagnetic radiation that heats the electrons at the cyclotron resonance
frequency is furnished by a microwave generator system, consisting of a microwave fre-
quency signal generator and an 8-18 GHz traveling-wave-tube amplifier with a maximum
continuous-wave output power of 250 Watts. This microwave system is protected from
reflected power by a magnetic circulator situated in the waveguide path. The transmitted
and reflected powers are monitored by directional couplers connected to RF power meters.
A commercial kapton window, transparent at 10 GHz, is used as a vacuum break between
atmospheric pressure and a typical source vacuum pressure of 10~7 Torr. A mylar sheet
of 0.2 mm thickness, also transparent at 10 GHz, is used as a voltage break to insulate
the high voltage part of the ECRIS from the rectangular waveguide at ground potential.
The transition from rectangular to circular waveguide is accomplished by a coupler called
a ‘magic cube’. This coupler produces the TMy; mode inside the cylindrical waveguide
connected to the plasma chamber. A translatable tuning plunger is installed on one side
of the magic cube, which acts as an RF multimode cavity to optimize the coupling of

the microwaves into the plasma. The ion source plasma chamber is cooled by a flow of
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deionized water through the double-walled stainless-steel plasma chamber. A water flow
switch is interlocked to the microwave amplifier to protect the NdFeB permanent mag-
nets that would be irreversibly damaged by thermal demagnetization if a temperature
above 40 °C were reached.

A small resistively heated oven located outside the injection end of the plasma cham-
ber is used to evaporate non-gaseous materials into the ion source plasma discharge. Due
to the extreme temperature required to evaporate metallic cerium, even at very low vapor
pressure (oven power > 200 Watts to produce only a few hundred pA of ion current), a
cerium metallocene powder was used for the experiments. Since it is extremely air and
moisture sensitive, the Tris(cyclopentadienyl)cerium powder ((CsHs)3Ce) was loaded into
the oven under argon gas using a glove bag. This volatile material yielded stable cerium
ion beam currents of tens of nA with less than one Watt of oven power. Argon and
nitrogen support gases were introduced to facilitate a stable plasma discharge. A typical

oven charge of 0.5 g delivered Ce ion beams for 24 hours or more.

3.3.2 Merged-Beams Technique

The ion beam formation and transport system upstream of the analyzing magnet is shown
in Figure 3.7. A mixture of positive ions from the plasma discharge passes through the
extraction aperture under the effect of a strong electric field created between the plasma
chamber, at positive high voltage (4 or 6 kV), and the puller electrode at ground poten-
tial. This mixture is then focused by a cylindrical einzel lens, steered and centered by four

pairs of horizontal and vertical electrostatic plates. Pairs of horizontal and vertical beam
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Figure 3.7: Schematic drawing of the ECR ion source and vacuum system at the IPB
endstation at the ALS [67].

slits, made of razor blades, are situated upstream and downstream of a 60° dipole analyz-
ing magnet, allowing optimization of the ion beam size and mass-per-charge resolution.
A desired ion beam is selected according to its mass-per-charge ratio by the analyzing
magnet, collimated and re-centered by an einzel lens and another set of four pairs of elec-
trostatic plates. The selected ion beam is then merged by spherical electrostatic deflector
plates (merger) onto the axis of a counter-propagating beam of synchrotron radiation.
After interaction with the photon beam, the product and the primary ions are demerged
and separated by a 45° dipole magnet, and independently collected by a primary beam
Faraday cup and a single-particle photoion detector, respectively. More details about

this apparatus and technique may be found in the dissertation of A. Aguilar [67].
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3.3.3 Absolute Cross-Section Measurements

Among the many advantages of the merged-beams technique is the ability to measure
absolute cross sections for photoionization of ions. A biased interaction region permits
energy-labelling of the product ions and an accurate definition of the path along which the
photon-ion interaction takes place. Depending on the primary and product ion charges,
a positive or negative potential of 1-2 kV was applied to the cylindrical interaction
chamber. This controlled the spatial separation of these beams in the analyzer, and
thereby optimized the signal-to-background ratio and simultaneous transport of the ion
beams to the detector and Faraday cup.

Absolute cross-section measurements are typically performed at a number of discrete
photon energies (at least three) where, if possible, no narrow resonant features occur in
the photoion-yield spectrum. Measurements of experimental parameters, which include
the parent ion beam current I (A), photodiode current I7 (A) and two-dimensional
form factors F'(z) (cm™2) along the axis of the interaction region, allow determination of

the absolute cross section o,; (cm?) at a given photon energy hv (eV):

Sqe?v;e

S is the photoion signal count rate per second, ge is the electric charge of the parent
ion (C), v; is the velocity of the primary ions inside the interaction chamber (cm/s), €
is the quantum efficiency of the photodiode (number of electrons produced per incident
photon), Q and A are the photoion collection and detection efficiencies (both nominally

= 100% for this experiment), respectively. The spatial overlap of the photon and ion
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Figure 3.8: Typical beam-intensity profiles for absolute photoionization cross-section

measurements.

beams is measured by three translating-slit scanners placed at the two ends and at the

center of the interaction region. These scanners operate in x—y planes perpendicular to

the interaction axis (z) of the beams. Each slit scanner contains two orthogonal slits

of width 0.28 mm made of razor blades that measure the beam intensities along the x

and y axes. Form factors F(z;) are determined at three positions along the interaction

region axis (4.39 cm, 15.38 cm and 26.4 cm from the entrance aperture of the interaction

chamber);

J [T (z,y) D (2, y)dady

F(z) =

- [ (e y)dady [ [ D (2, y)dedy

(3.3.3)

These three measured form factors are interpolated/extrapolated by an exact second
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order polynomial which is then integrated analytically over the length of the interaction
path to get the integral form factor F, (cm™!). Typical measured beam profiles are shown
in Figure 3.8 and typical parameters for photoionization cross-section measurements are

given in Table 3.3.

Table 3.3: Typical experimental parameters for absolute cross-section measurements for
photoionization of Ce”™ at 134.65 eV photon energy and 0.1 eV resolution.

Parameter Value

Ion mass 142 amu
Interacting ion energy 38.5 keV
Interacting ion velocity, v; 2.304x 107 cm/s
Ion beam current, I™ 16.3 nA
Photodiode current, I 49.0 uA

Photodiode quantum efficiency,

Photon flux

@)

Interaction path length, L
Interaction region potential, V;,,
Ce®t signal rate, S

Form factor: Fr,

Photoion collection efficiency, €2
Photoion detection efficiency, A

Cross section, o

18.77 electrons/photon
1.63x 10 photons/s
29.4 cm

-1.5 kV

496 s~

355.93 cm ™!

100%

100%

1.36x10716 c¢m?

Accurate photon flux measurements are of critical importance in determining abso-
lute cross sections. For this purpose, two NIST-calibrated photodiodes were used. Prior
to August, 2007, an AXUV-type silicon x-ray photodiode was used for measurements.

Because of a subsequently detected sensitivity loss due to prolonged exposure to the
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Figure 3.9: NIST-calibrated quantum efficiencies and measured photon flux ratios of the
AXUV and SXUV photodiodes used for the photoionization measurements with cerium
ions.

intense photon flux, especially at low photon energies, the AXUV-type photodiode was
replaced by a radiation-hardened SXUV-type photodiode that served for all subsequent
measurements. Figure 3.9 presents the NIST-calibrated quantum efficiencies of each pho-
todiode and the ratio of the measured apparent photon fluxes with each after prolonged
photon exposure of the AXUV-type photodiode. The photon flux measurements that had
been made prior to August, 2007 using the AXUV-type photodiode were subsequently

corrected using the ratio curve in the bottom panel of Figure 3.9.
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3.3.4 Uncertainty Analysis

The merged-beams technique is one of the most accurate methods to measure photoion-
ization cross sections of positively-charged ions and molecules. As in every experimental
measurement, many sources of uncertainty arise. Merging ion and photon beams and

measuring the outcome of their interaction leads to the following considerations:

Uncertainty in collecting and detecting the parent ions.

e Uncertainty in the absolute sensitivity of the photon detector and photocurrent

measurements.

e Uncertainty in the spatial overlap of the two beams, which is measured at only three
discrete points along the interaction path and does not give complete information

about their interaction.
e Uncertainty in the collection and detection efficiencies of the product ions.
e Statistical uncertainty in the product ion signal count-rate measurements.

Table 3.4 presents the measurement uncertainties for spectroscopy and absolute modes
of the IPB endstation at the ALS [78]. In each case, the total uncertainties are given
by the quadrature sum of individual sources, estimated at the 90% confidence level. It
is important to note that for the endohedral metallofullerene Ce@Cg, photoionization,
the total uncertainty is estimated between +£30% and +50%. Such a large uncertainty is
due to an estimated and possibly varying Cg, (m/q = 1128) component of the primary

Ce@QCyg, (m/q = 1124) ion beam.
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Table 3.4: Typical uncertainties in spectroscopy and absolute modes for photoionization
cross-section measurements estimated at the 90% confidence level.

Source Spectroscopy Absolute Total
Counting statistics 2% 5% 5%
Photoion collection efficiency, — 10% 10%
Photoion detection efficiency, A - 3% 3%
Parent ion collection efficiency - 2% 2%
Ion current measurement, I+ 2% 2% 3%
Photodiode responsivity, € 5% 15% 16%
Photodiode current measurement, 7 2% 2% 3%
Beam profile measurement — 10% 10%
Beam overlap integral, Fp, - 5% 5%
Interaction length, L - 2% 2%

Quadrature sum 6% 22% 23%
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Chapter 4

Ce"™ Photoionization Measurements

4.1 Introduction

Absolute cross sections for single, double, triple and quadruple photoionization of Ce*
are presented in this chapter. Measurements were made in the energy range from 105 eV
to 160 eV at a constant photon energy resolution of 100 meV. Ce™ is a Lanthanum-like
ion which has the ground state electronic configuration 4d'°5s25p%4f5d? and the ground
state term *H; /5 (ionization potential of 10.849 eV [27]). Significant oscillator strength
is observed in the double and triple photoionization channels accounting for 39% and

47% of the total photoionization oscillator strength respectively.
4.2 Single Photoionization of Ce"

The Ce?" photoion yield from photoionization of Ce’ was recorded as the photon energy
was scanned from 105 eV to 160 eV. Individual scans were performed at a nominal pho-
ton energy resolution of 0.1 eV and joined together to create a photoionization spectrum,

which was normalized to five absolute cross-section measurements by taking the average
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Figure 4.1: Single photoionization cross-section measurement for Ce™ at 0.1 eV photon
energy resolution. The large circles with error bars are absolute measurements.

of the ratios of the absolute measurements to the normalized signal counts at the corre-
sponding energies and at the same resolution. The results are shown in Figure 4.1. No
significant resonant structure is observed in the cross section. Rather, one broad asym-
metric resonance dominates the cross section in the energy range where 4d excitations
are expected and extends to the 4d continuum. This feature is attributed to 4d — &f
transitions.

Structure attributed to 4d — np (n > 6) autoionization transitions is evident in the
cross section above 135 eV with a small contribution to the total oscillator strength.
So-called ’satellite’ transitions are probably present above the 4d ionization threshold

corresponding to 4d ionization with excitation of one 4f or 5d electron or two 5d electrons
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9] (see also page 2849 of ref. [36]). However, their contribution to the total oscillator

strength is very small.
4.3 Double Photoionization of Ce™

Figure 4.2 shows the absolute double photoionization cross section for Ce™ in the energy
range 105 - 160 eV at 0.1 eV energy resolution. Double photoionization is attributed
mostly to the 4d — ef ionization followed by single autoionization competing with mul-

tiple autoionization channels. A possible scheme for this process is:

hv + Cet (4d'055%5p54 f5d%) — Ce*t ™) (4d°55*5p54 f5d%) + e (e) (4.3.1)

— Ce*T(4d"55*5p°5d) + 2¢™. (4.3.2)
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Figure 4.2: Double photoionization cross section of Ce™ at 0.1 eV photon energy resolu-
tion. The large circles with error bars are absolute measurements .
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The weak resonant transitions present in the cross section below the 4d ionization
threshold could be due to 4d — nl (n > 6 and 1 = 1 or n > 4 and 1 = 3) excitations

decaying by sequential ejection of two Auger electrons:

hv + Cet (4d'055%5p°4 f5d%) — Cett™) (4d°55*5p54 f5d*nl) (4.3.3)
s Cet) (4d"055%5p° 4 f5d%) + e~ (4.3.4)
— Ce*t(4d'"5s*5p°4 f) + 2¢”. (4.3.5)

4.4 Triple Photoionization of Ce"

Figure 4.3 shows the absolute triple photoionization cross section for Ce' in the energy
range from 105 eV to 160 eV at 0.1 eV energy resolution. The strongest transitions are
due to direct photoionization followed by the ejection of two sequential Auger electrons.

Two autoionization paths are suggested for this process:

hv + Cet (4d"55%5p54 f5d%) — Ce* ) (4d°55°5p54 £5d2) 4 e~ (¢) (4.4.1)
— Ce*t) (4d"055%5p°5d?) + 2e~ (4.4.2)
s Ce*t(4d"5525p%) + 3e™. (4.4.3)

or
hv + Cet (4d'055%5p54 f5d%) — Ce* ) (4d%55°5p54 f5d2) + e~ (¢) (4.4.4)
— Ce3TM(4d"555p°5d?) + 2e~ (4.4.5)

— Ce*(4d"055%5p°5d) + 3¢~ (4.4.6)
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Figure 4.3: Triple photoionization cross section of Ce™ at 0.1 eV photon energy resolution.

The large circles with error bars are absolute measurements.

The weak resonant structure in the cross section likely arises from excitation of a 4d

electron to a higher energy state followed by ejection of three Auger electrons:

hv 4 Cet (4d"05s%5p54 f5d%) — Cett*9) (4d°55%5p54 £ 5d°nl)
s Ce? ) (4d'0555p%4 f5d?) + e~
— Ce*TM (4d'055%5p° 4 f5d) + 2e~

— Ce'(4d"055%5p%) + 3e~.

4.5 Quadruple Photoionization of Ce™

(4.4.7)
(4.4.8)
(4.4.9)

(4.4.10)

Figure 4.4 shows the relative yield of four times photoionized Ce™ in the energy range

130 - 160 eV at an energy resolution of 0.1 eV. Although quadruple photoionization
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measurements were made under similar conditions as the other photoionization channels,
absolute measurements were not possible in this case because the 4:1 charge state ratio
prevented simultaneous collection of the Ce** photoion signal and the Cet primary ion
beam. Thus the cross section scale for the results presented here should be considered
approximate. Nevertheless, one may conclude that the contribution of this channel to
the total photoionization cross section is very weak.

The transitions observed in the spectrum are attributed to direct photoionization of
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Figure 4.4: Quadruple photoionization cross section of Cet at 0.1 eV photon energy
resolution.
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Table 4.1: Oscillator strengths (f) of the different photoionization channels of the La-like
Ce™.

Final Charge State Energy Range (eV) f  Partial Contribution (%)

2 105-160 1.55 14.2
3 105-160 4.18 38.6
4 105-160 5.10 47.2
Total 105-160 10.8 100

the 4d electron followed by three autoionizations :

hv + Cet (4d"055%5p54 f5d%) — Ce* ) (4d°55%5p54 £5d°) 4 e~ (e) (4.5.1)
s O (4d'0555p%5d%) + 2e~ (4.5.2)

— Ce*T ) (4d"055%5p*5d?) + 3e~ (4.5.3)

< Ce"t (4d"055%5p°) + 4e™. (4.5.4)

The contributions of single, double, and triple ionization channels to the total pho-
toionization cross section of Ce?* are compared in Figure 4.5. Also presented are the
double-to-single and triple-to-single photoionization cross-section ratios (bottom panels).
Integration of the cross section for each channel over the experimental energy range shows
the dominance of triple photoionization, which constitutes nearly half of the total pho-
toionization oscillator strength of Ce™ in this energy range. Partial oscillator strengths

for single and multiple photoionization of the Ce™ ion are presented in Table 4.1.
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total cross section.
respectively.

e) and f) Double-to-single and triple-to-single cross-section ratios,
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Chapter 5

Ce’t Photoionization Measurements

5.1 Introduction

Single, double and triple absolute photoionization cross sections for Ce?t ion are pre-
sented in this chapter. Experiments were performed in the 4d giant resonance energy
region. The spectroscopic scans were normalized to absolute cross-section measure-
ments performed at the same energy resolution. The Barium-like Ce?* has the ground-
state electronic configuration [Kr]4d!°5s%5p%4f? and the ground-state term *Hy, with two
metastable states *Hs and 3Hg lying above the ground state by 0.189 eV and 0.388 eV,
respectively [27]. Minimum oven and microwave powers were used during the experi-
ments to produce Ce?* ions in the ECR ion source in order to minimize the metastable
population in the primary ion beam. However, a mixture of initial states in the primary
beam is to be expected. Table 5.1 shows the NIST tabulated energy levels for Ce*" ion

for the even-parity [Kr|4d'°5s25p%4f? and odd-parity [Kr]4d'%5s25p54f'5d! configurations.
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Table 5.1: Ground state and metastable states of Ba-like Ce?T as tabulated in the NIST

database [27].

Configuration Term J Level (eV)

[Xe]4f? SH 4 0.000
5 0.189
6 0.388
[Xe]4f5d 1Ge 4 0.406
[Xe]4f? SF 2 0.467
3 0.591
4 0.621
[Xe]4f5d De 2 0815
[Xe]4f5d 5pe 0 1.435
1 1.44
2 1.567

5.2 Ce’" Single Photoionization

The Ce®* photoionization signal was measured as the energy was scanned from 105 eV

to 174 eV at a resolution of 0.1 eV and then normalized to four absolute cross-section

measurements at discrete energies with the same energy resolution. Figure 5.1 shows

the dominance of direct photoionization above 127.5 eV, constituting 38% of the total

oscillator strength of 4.04 in the single-photoionization channel. The resonant photoion-

ization cross section due to autoionizing excitations of the 4d inner shell to 4f and np

(n > 6) outer shells are evident in the spectrum below 127.5 eV. Identification of 4d — np

Rydberg series was not possible due to the small oscillator strengths of these transitions

compared to those of 4d — 4f transitions. In addition, the photon energy resolution and

step size of 0.1 eV used in this experiment were not enough to separate all the resonances.



Chapter 5: Ce** Photoionization Measurements 41

35| ]

15 :

Pl cross section (Mb)

[ ,i.:t‘,' L 7P

& T
W nani it

) e sl - " Al "”!“‘Jde\m; “}‘i’“\‘“‘(,

1 »

07‘ ! ! ! ! ! ! ! ! ! ! ! R
110 115 120 125 130 135 140 145 150 155 160 165 170 175
Photon energy (eV)

Figure 5.1: Single photoionization cross section of Ce?* at 0.1 eV photon energy resolu-
tion. The dots with large error bars are absolute measurements.

5.3 Ce?" Double Photoionization

Double photoionization cross-section measurements for Ce?" were performed in the en-
ergy range 105 - 170 eV at 0.1 eV resolution and are presented in Figure 5.2. A broad
asymmetric shape resonance dominates the cross section where 4d excitations are ex-
pected and extends to the 4d continuum, similar to that observed in photoionization
of Ce™. This is attributed to 4d — ef direct photoionization accompanied by double
autoionization. Resonant photoionization attributed to 4d — 4f excitations followed
by double autoionization are evident in the cross section below 127 eV. Features due

to 4d — np autoionizing excitations may also be present in the double photoionization
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Figure 5.2: Double photoionization cross section of Ce?* at 0.1 eV Photon energy reso-
lution. The dots with large error bars are absolute measurements.

cross section. However, calculations indicated their contribution to the total oscillator

strength to be relatively small.
5.4 Ce?" Triple Photoionization

Figure 5.3 presents measurements of the cross section for triple photoionization of Ce?*
in the energy range from 120 eV to 160 eV at 0.1 eV resolution. The onset in the cross
section gives a triple-ionization threshold of 123.54+1.3 eV, which compares to the NIST
value of 122.5 eV [27]. Possible weak resonant features likely result from excitation of

the 4d electrons to higher energy states followed by emission of three Auger electrons. A
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Figure 5.3: triple photoionization cross-section of Ce** at 0.1 eV photon energy resolu-
tion. The circles with large error bars are absolute measurements.

possible pathway for this process is:

hv + Ce*t (4d055%5p54 f) — Ot (4d°55%5p%4 f*nl) (5.4.1)
s ) (4d%55%5p54 f2) + e~ (5.4.2)

— Ce*TM(4d"055 5p°4 f2) 4 2~ (5.4.3)

— Ce’(4d"55°5p°) + 3e™. (5.4.4)

This scheme describes decay of the initial 4d core vacancy state by sequential Auger
processes, for which there are other possibilities.
The contributions of single, double, and triple ionization channels to the total pho-

toionization cross section of Ce?t are compared in Figure 5.4. Also presented are the
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Table 5.2: Oscillator strengths (f) for single, double, and triple photoionization of Ba-like
Ce? ™.

Final Charge State Energy Range (eV) f Partial Contribution (%)

3 110-173 4.04 33.4
4 105-169 7.47 61.7
5 120-160 0.59 4.9
Total 12.10 100.0

double-to-single and triple-to-single photoionization cross-section ratios (bottom pan-
els). Integration of the cross section for each channel over the experimental energy range
shows the dominance of double photoionization, which constitutes more than half of the
total photoionization oscillator strength of Ce?" in this energy range. Partial oscillator
strengths for single and multiple photoionization of the Ce?* ion are presented in Ta-
ble 5.2. Since Auger decay of the 4d vacancy states dominates compared to radiative
decay, the total oscillator strength in Table 5.2 corresponds to the total photoabsorption
oscillator strength. A value greater than 10 (the number of 4d electrons) is not surpriz-
ing, since direct photoionization of 5s, 5p and 4f electrons is also possible in this energy

range.
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Figure 5.4: Total photoionization cross section of Ce?* at 0.1 eV Photon energy resolution
(panel d). Single, double, and triple photoionization cross sections (panels a, b, and c)
are shown for comparison of the contribution of each channel to the total cross section.
Panels e and f present ratios of double-to-single and triple-to-single photoionization cross
sections of Ce?T, respectively.
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Chapter 6

Ce’t Photoionization Measurements

6.1 Introduction

Absolute single and double photoionization cross-section measurements were performed
for the Ce* ion in the energy range of the 4d giant resonance. The Cs-like Ce3" has the
ground-state electronic configuration 4d*°5s*5p%4f! with the ground-state term *F2 /o and

the metastable term 2F2

7 /9, for which the fine-structure splitting is 0.279 eV [27]. Four

Rydberg series have been assigned, with the aid of the online Cowan code [28] and the
quantum defect theory [42], for single and double photoionization of this ion including
4d — nf and 4d — np autoionizing excitations. The NIST tabulated single and double

ionization thresholds for Ce*" ion are 36.757 eV and 102.307 eV, respectively [27].

6.2 Single Photoionization of Ce?"

Ce** product ions were counted as the photon energy was scanned from 105 eV to 150 eV
at a resolution of 0.1 eV and then normalized to absolute cross-section measurements
at four discrete energies. The single photoionization cross-section for Ce3", presented

in Figure 6.1, is dominated by 4d — nf and 4d — np autoionizing excitations. Two
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Figure 6.1: Single photoionization cross section of Ce?* at 0.1 eV energy resolution. Two
Rydberg series of autoionizing excitations of 4d inner-shell electrons to nf and np orbitals
were identified.

Rydberg series resulting from transitions of 4d electrons to excited nf and np orbitals were
assigned. Figure 6.2 presents two fits of the experimental resonance energies as functions
of the principal quantum number by use of Rydberg formula. The first Rydberg series
is a result of autionizing excitations of Ce*" in the ground state to 4d%5s?5p%4f! (1F)nf!
?P3/2 (n > 4) states converging to the 4d5s*5p®4f' 'F limit of Ce**. The calculated
energy limit (E;,,;;) for this series is 150.21 eV using the Cowan code [28], compared

to the fit value of 150.48 eV using the quantum defect theory. The second Rydberg
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Figure 6.2: Rydberg fits for the 4d'%4f'nf' ?P3» and 4d'°4f'np' *Gy» series originating
from the *F5,, ground state and the *F7; metastable state, respectively, in the single pho-
toionization cross section of Ce®*. The series limit Ejn;; and quantum defect parameter
0 are given for each series.

series originates from excitations of 4d electrons of Ce®t in the ?F9 /o Metastable state
to 4d%5s?5p%4f! (*H)np' *Ggr (n > 6) states converging to the 4d?5s*5p®4f! *H limit of
Ce*t. The energy limit 143.327 eV of this series is in good agreement with the Cowan

code calculated energy of 143.336 eV [28].
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Figure 6.3: Double photoionization cross section of Ce3* at 0.1 eV energy resolution.
Two Rydberg series of autoionizing excitations of 4d inner-shell electrons to nf and np
orbitals of Ce*™ were identified.

6.3 Double Photoionization of Ce3™"

Figure 6.3 shows the double photoionization cross-section measurements for Ce3* from
105 eV to 180 eV photon energy at 0.1 eV resolution. Direct photoionization accompanied
by autoionization dominates the cross section above 150 eV. This can be represented by

the following process:

hv + Cet (4d055%5p54 f1) — Ce* T (4d°555p54 1) + e~ (6.3.1)

— ("t (4d"5s*5p") + 2¢”. (6.3.2)
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Figure 6.4: Rydberg fits for the 4d'°4f'nf' Py and 4d'°4f'np' *F5 /5 series originating
from the 2F; /2 ground state, in the double photoionization cross section of Ce3™.

Resonant photoionization cross section features observed below 150 eV originate from

excitations of 4d electrons to higher energy orbitals nf and np followed subsequently by

emission of two Auger electrons. Two Rydberg series were assigned in the double pho-

toionization cross section of Ce3*, both originating from the ground state. The first series

results from excitation from the ground state to the 4d%5s?5p®4f' ('F)nf' ?Pj ), final state,

which is identical to the first series observed in the single photoionization cross section.

An increase of the double-to-single photoionization cross-section ratio for

the higher
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Table 6.1: Oscillator strengths (f) of the two photoionization channels of the Cs-like
Ce?*.

Final Charge State Energy Range (eV) f  Partial Contribution (%)

2 105-150 5.03 58
3 105-180 3.64 42
Total 8.67 100

members of this series at increasing photon energy indicates the competition between
different autoionizing channels (see bottom panel of Figure 6.5). The second Rydberg
series arises from excitations of Ce* in the ground state to 4d%5s?5p%4f* (*F)np' 2Fj , fi-
nal states. No identifications were made of Rydberg series due to double photoionization
from the metastable state.

The contributions of single and double photoionization channels to the total pho-
toionization cross section of Ce®" are presented in Figure 6.5 and oscillator strengths

associated with these channels are presented in Table 6.1.



Chapter 6: Ce** Photoionization Measurements 52

L B R I R AL B BN R R B T T T T T T
3 4 - * ]
75ta)Ce” +hu -~ Ce" +e f"‘-.\ 1
— J 4 ]
a 50 Py 1
g 25 “\w" ‘1-‘ ]
c WAL ]
o 0 A W ]
—— Ero T S O B B
r F 3 5 - ; 1
g 20-b)Ce™ +hv - Ce™ +2e A . . 3
@15 VR EALET P
o 10 AR TR B3N it AF N
g 5 E ﬂ W
(O e R LI B LI B LI B
S 100} €) Total cross section ]
© . ]
2 g5t 1 ]
C r ]
2 50 M0 ]
T fd oy g |
i ! LAt AL .
251 f B AN fade n d ]
; 4 ¢ R MRS W ;«r'“w&,r\u,, ;
0 : LA e L L s L A B L L E L R BN AL B A B A
3 2; d) Double-to-single cross-section ratio 4; L. ]
I 3 g . s M el
9 M"‘"ﬁ» /
0 I T T e T TS S S B
105 110 115 120 125 130 135 140 145 150

Photon energy (eV)

Figure 6.5: Total photoionization cross section for Ce®* at 0.1 eV energy resolution
(panel ¢). Single and double photoionization cross sections ( panels a and b) are shown
to compare their partial contributions to the total cross section. Panel d presents the
double-to-single photoionization cross-section ratio of Ce3*.
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Chapter 7

Ce*" Photoionization Measurements

7.1 Introduction

The closed-shell Xe-like Ce** has the ground-state electronic configuration [Kr|4d!?5s5p®
and the ground-state term 'Sy. Long-lived metastable states with the electronic configu-
ration [Kr|4d!'°5s25p°4f are found very important to interpret the experimental data, as
noted by Kjeldsen (see the discussion on pages R356 and R357 of reference [25]). Ions in
the metastable states were estimated to account for 25% of the parent ion beam. Multi-
configuration Hartree-Fock calculations were performed using the Cowan code [19, 20] to

identify structure in the experimental data.
7.2 Single Photoionization of Ce*"

The Ce®" photoion signal was measured as the photon energy was scanned from 110 eV
to 150 eV at a constant resolution of 0.1 eV. The photoion yield was normalized to
the absolute cross-section measurements which were performed at the same energy res-
olution. Figure 7.1 shows the single photoionization cross section of Ce** in the 4d

inner-shell excitation region. The structure below 129.6 eV is mostly due to 4d'°5s25p°4f
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Figure 7.1: Single photoionization cross-section measurements for Ce** at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements to which the
spectrum has been normalized.

— 4d?5s25p°4f2 transitions followed by ejection of an Auger electron. However, the peaks
are very broad, especially below 126 eV (see Figure 7.2 (top)). Direct photoionization of
the 5s? sub-shell is also possible in this energy region, although its contribution to the
total cross section is relatively small. The strongest resonance at 131.09 eV is assigned

to 4d'95pS 1S, — 4d%pO(4f 2F)3D; excitation followed by autoionization. Resonances
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near and including the strongest peak (129.7 - 135 eV) are attributed to the fine struc-

ture of the final states of the 4d°5p%4f configuration. The structures at 136.52 eV and
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Figure 7.2: Top: 4d—4f transitions in the single photoionization of Ce** metastable
states at 0.05 eV energy resolution. Bottom: 4d—6p transitions (P, and P, final states)
in the single photoionization of the Ce?* ground-state at 0.05 eV energy resolution.

139.09 eV are assigned to excitation of 4d electrons from the ground state to 6p excited

states. The first peak is attributed to the 4d%5p®(6p P)'P; final state and the second

to 4d%5p%(6p 2P)%P; final states. The measured energy splitting between the 'P; and



Chapter 7: Ce** Photoionization Measurements 56

3P, fine states is 2.57 eV, which compares to a calculated value of 2.65 eV. At this en-
ergy resolution, the first resonance appears more symmetric than the second due to the
hyperfine structure splittings in the latter, which is evident in measurements performed
at 0.05 eV resolution (see Figure 7.2 (bottom)).The structure near 144.6 eV and 148 eV
arises from the transitions 4d'%5p® 'S, — 4d5p®(5f 2F)®*D; and 4d'%5p®'S, — 4d°5p®(5f
2F)!Py, respectively. The measured splitting of the fine structure states *D; and 'P; is
3.5 eV compared to 3.4 eV in the calculations. Hyperfine structure is observed in the 3D,
peak (see Figure 7.3). The measured energy splitting between the 3D; and D3 states is
0.27 eV, compared to a calculated value of 0.42 eV. A small resonance near the 'P; peak
at 148.7 eV is attributed to excitation of 4d electrons from the ground state to 4d?5p®(7p

2p)1p,.
7.3 Double Photoionization of Ce*t

The Ce®" photoion yield was recorded as the photon energy was scanned in the range
130 - 180 eV at a constant resolution of 0.1 eV. The photoion yield was then normalized
to absolute cross sections measured at the same resolution. Figure 7.4 shows the double
photoionization cross section for Ce** in the 4d inner-shell excitation region. The struc-
ture in the cross section is mostly due to excitation of a 4d electron from the ground
state to an nl excited state (n > 6 for 1 = 1 and n > 5 for 1 = 3) followed by ejection of
two Auger electrons. However, double photoionization contributes much less than single

photoionization to the total oscillator strength (see Table 7.1). The following pathway is
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Figure 7.3: 4d—>5f transitions (®D; and 3Dj final states) in the single photoionization of
Ce*t ground state at 0.1 eV energy resolution and 0.01 eV energy steps.

suggested to illustrate this process:

hv + Ce*t (4d0555p%) — Ce* %) (4d°5525p5nl) (7.3.1)
s Ce® ) (4d"0555p°nl) + e~ (7.3.2)
— Ce®(4d"055*5p") + 2¢. (7.3.3)

7.4 Comparison with Hartree-Fock Calculations

Figure 7.5 shows a comparison between the calculated resonant photoionization cross

sections of Ce*™ (bottom panel) from the 4d'°5s?5p°4f metastable states (top panel) and
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Figure 7.4: Double photoionization cross-section measurements for Ce** at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements.

4d1%55%5p8 1S, ground-state (middle panel). The calculated cross sections were convoluted

with a Gaussian profile of 0.1 eV full width at half maximum to simulate the experimental

resolution. The calculated energies were shifted downward by 0.54 eV and 2.67 eV for

calculated photoionization cross sections from the ground-state and the metastable states

of Ce** ions, respectively. The calculations show a fair agreement with the experiment.

However, several discrepancies are evident. The calculated oscillator strength is higher

than the measured value (17.8 compared to 10.3). In addition, the transitions’ lifetimes

are overestimated in the calculations, which yield much narrower resonances and thus
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Table 7.1: Oscillator strengths (f) of the two photoionization channels of the Xe-like
Celt.

Final charge state Energy range (eV) f Partial contribution (%)

5 110-150 8.97 86.9
6 130-180 1.35 13.1
Total 10.32 100

higher cross sections than the experiment (9 times higher for the strongest peak). Hence,
it was necessary to scale the calculated cross sections by 0.1 to compare them to the
experiment on the same scale. Moreover, the calculated energy separation between the
ground state and the lowest lying metastable state was lower than the experiment by

more than 2 eV.
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Figure 7.5: Calculated photoionization cross section of Ce** from the 4d!5s25p°4f
metastable states (upper panel) and the ground state (middle panel). The calculated
cross sections were convoluted with a Gaussian profile of 0.1 eV FWHM, and the ener-
gies for metastable states and the ground state were shifted downward by 2.67 eV and
0.54 eV, respectively. An admixture of 25% metastable states and 75% ground state
were used to compare the calculations with the experiment (lower panel). The calculated
cross sections are divided by 10 to be compared on the same scale with the experiment.
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Chapter 8

Photoionization Measurements for
Ce’t, CebT, and Ce'™

8.1 Introduction

Absolute photoionization measurements for the three Cerium ions Ce®*, Cef*, and Ce™"
in the 4d excitation region are presented in this chapter. All three ions have the common
characteristic of an open 5p outer shell in the ground-state configuration. Their pho-
toionization cross sections are similar to that observed for Ce?*, except that the 4d —
4f transitions are more dominant in the photoionization of Ce®*, CefT and Ce™. The
120t isotope (q = 5, 7) was used for absolute cross-section measurements because
of possible contamination of the parent ion beam using the dominant mass 140 isotope
with Nyt and CO* for Ce®*, and with Ar?* for Ce”™. Their presence in the primary ion
beams of isotopic mass 140 did not affect the spectroscopic scans, since their product ions
did not reach the detector and hence were not counted in the photoion signal. However,
they would affect the measured primary ion beam current and therefore any absolute

cross-section measurements made with isotope 140.
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8.2 (Ce°" Photoionization Measurements

Todine-like Ce®" has the ground-state electronic configuration [Kr]4d!95s?5p°. The fine
structure gives rise to the ground-state term 2Pj 2 and the metastable state ’p, /2 lying
3.22 eV above the ground state [26, 27]. There are additional long-lived metastable states
of the configuration [Kr]4d'°5p*4f which were likely present in the parent ion beam and
were considered in interpreting the experimental data [31].

Figure 8.1 shows the absolute photoionization cross section for Ce®* measured in the

energy range from 115 eV to 150 eV at 0.1 €V energy resolution. The total experimental
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Figure 8.1: Single photoionization cross-section measurements for Ce® at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements to which the
spectroscopic scan was normalized.
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Table 8.1: Ground state and metastable states of the ground-state configuration of Te-like
Ce®" calculated using the online Cowan code [28].

Configuration Term Level (eV) Statistical Weight

4d1955%5p* 3P, 0.00 9
4d105525p* 3P, 1.74 9
4d'05525p* 5P, 299 9
4d105525p* D,  4.26 5
4d'95525p* 1Sy 8.44 1

oscillator strength is 10.77, which is in agreement with the sum-rule value of 10 within
the experimental uncertainty. The structure above 131 eV arises mostly from 4d — 4f
excitation from the *Ps/ ground state and from the Py, metastable state, followed by
autoionization. Features below 131 eV are attributed to 4d — 4f excitation from the
4d195s25p?4f metastable states of Ce®" followed by autoionization. The measurements
suggest that these autoionizing decays occur very rapidly, yielding broad resonances

according to Heisenberg’s time-energy uncertainty principle.
8.3 Ce’" Photoionization Measurements

Ce%F is a Te-like ion with the ground-state electronic configuration [Kr]4d!%5s?5p* and
the ground-state term 3P,. The online Cowan Hartree-Fock computer code [28] was used
to identify possible metastable states in the primary ion beam. These states and their
statistical weights are presented in Table 8.1. Long-lived [Kr]4d'°5s?5p®4f metastable
states are also relevant to the analysis of the experiment [31].

Absolute photoionization cross-section measurements for Ce®" in the energy range
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Figure 8.2: Single photoionization cross-section measurements for Ce®* at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements.

115 - 140 eV at 0.1 eV resolution are presented in Figure 8.2. Above 132.5 eV, the
measured structures are dominated by 4d — 4f transitions from the ground state 3P,
and from the metastable states 3Py, *P;, 1Dy, and 'Sy, followed by autoionization. The
structures observed in the range from 115 eV to 132.5 eV are attributed mainly to 4d —
4f excitation from the 4d'°5s25p34f metastable states of Ce", followed by autoionization.
The relative contributions of these metastable states to the total measured photoioniza-
tion oscillator strength of Ce®" (11.4) depends on their proportions in the primary ion
beam. For photoionization of a pure ground-state Ce®" ion beam, one would expect only

one strong, broad resonance peak centered near 133.5 eV.
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Table 8.2: Ground state and metastable states of the ground-state configuration of Sh-like
Ce™ calculated using the online Cowan code [28].

Configuration Term  Level (eV) Statistical Weight

4d'5525p3 1532 0.00 4
4d1%5525p3 2D3/2 2.95 10
4d1%5s525p3 2D5/2 4.04 10
4d'%5s25p3 2Py /o 5.77 6
4d195s25p3 2P3/2 8.30 6

8.4 Ce’t Photoionization Measurements

The Ce™ Sb-like ion has a half-filled 5p outer shell with the ground-state electronic
configuration [Kr]4d'°5s?5p? for which the spin-orbit interaction yields the ground-state
term *S3/» and four metastable states, namely, D3 /s, D52, 2P1/s, and *Pgo [28] (see
Table 8.2). Long-lived [Kr|4d'%5s%5p24f metastable states were found to be relevant for
interpretation of the experimental results [31].

Absolute photoionization cross-section measurements for Ce”* from 115.5 eV to 140.6 eV
photon energy at 0.1 eV resolution are presented in Figure 8.3. The structures ob-
served below 128.5 eV are dominated by autoionizing transitions of 4d electrons from
the 4d'°5s25p24f metastable states to 4d?5s?5p?4f? excited states. Resonances in the
energy range 128.5 - 134 eV are attributed to 4d — 4f transitions arising from an ad-
mixture of the ground state and metastable states. Above 134 eV, the structures are
assigned to 4d — 4f excitations from the 483/2 ground-state, and 2D3/2, 2D5/2, 2P1/2, and
2P3/2 metastable states. The measured photoionization oscillator strength for Ce™  is

12.23, which is larger than the expected value of 10, but not far outside the estimated
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Figure 8.3: Single photoionization cross-section measurements for Ce’™ at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements.

experimental uncertainty of £+ 20%.
8.5 Analysis and Discussion

The electronic structures of the three ions Ce®*, Ce®", and Ce™™ are similar in their
ground states 4d1°5s25p™ and their metastable states 4d°5s%5p"~14f! (n = 5, 4, 3, re-
spectively) configurations. That may explain the resemblance of their photoionization
cross-section results, as illustrated in Figure 8.4. However, some differences are evident.
Figure 8.4 and Table 8.3 present three-Lorentzian curve fits to the experimental pho-
toionization cross sections, which represent the data extremely well. These fits show

systematic changes with increasing ionization stage of the parent ion. The increases in
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Table 8.3: Comparison of Lorentzian fits to the photoionization cross sections of Ce®*,
Ceb*, and Ce™. Energies, Lorentzian FWHM I', maximum cross sections ¢, and

oscillator strengths f for each peak and ion charge state are presented.

Peak Ion Charge Energy (eV) T (eV) e (MD) f
1 ) 125.36 4.03 50.30 2.65
6 126.58 3.67 61.00 2.90
7 127.66 3.64 52.52 2.48
2 5 130.28 2.42 134.40 4.44
6 131.75 2.18 179.41 5.24
7 133.18 2.23 207.30 6.17
3 5 132.45 1.64 138.63 3.15
6 133.56 1.35 172.17 3.18
7 134.70 1.34 193.37 3.54

the resonance energies with initial ion charge are expected because of the decrease in

screening of the nuclear charge as the number of electrons decrease. In addition, the

energy separation AEg3 between the two strongest peaks decreases as the ionic charge

increases. As the initial charge state of the ion increases, the maximum cross sections

of the higher energy peaks (09 and o3) increase. Similarly, the peak cross-section ratios

01/09 and 01 /03 decrease with increasing ion charge. One interpretation of the observed

cross-section ratios is that the proportion of the metastable states in the parent ion beam

decreases with increasing ionization stage. That might be explained by the increase of

the binding energies of the 5p outer-shell electrons with ionic charge along the isonuclear

sequence, causing the contributions of metastable states to the total cross section to

decrease.
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Figure 8.4: Comparison of the photoionization cross sections of Ce’, CeS*, and Ce™.
The contribution of metastable states to the cross section decreases with increasing parent
ion charge (see text). Lorentzian profiles were used to fit the experimental cross sections.
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Chapter 9

Photoionization Measurements for
Cedt and Ce’Tt

9.1 Introduction

Absolute photoionization cross-section measurements were performed for Ce®™ and Ce®™
ions in the 4d giant resonance region and are analyzed in this chapter. Both ions have
less than half-filled 5p outer shells. In contrast to the lower charge states, narrower
resonances become evident in the photoionization cross section of Ce®* and dominate
the cross section for Ce%*. The photo-excited states of Ce?" evidently autoionize more
slowly than those of Ce®" and much more slowly than the lower charge states. The online
Los Alamos National Laboratory (LANL) atomic structure code [28] was used as an aid

in identifying the structure in the experimental photoionization cross sections.
9.2 Ce®" Photoionization Measurements

The Sn-like Ce®' ion has the ground-state electronic configuration [Kr]4d!°5s?5p? for
which the Russell-Saunders notation gives the terms Py for the ground state and 3P},

3P,, 'Dy and 1S, for the metastable states. The Cowan code gives a value of 125.2 eV
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Table 9.1: Ground state and metastable states of Sn-like Ce®T for the 4d'°5s25p? ground-
state and the 4d1°5s25pl4f! metastable-state configurations calculated using the LANL
code [28].

Configuration Term  Statistical Weight — Level (eV)
5p? 3P, 9 0
5p? 3p, 9 9.78
5p? 3p, 9 3.64
5p? D, 5 7.14
(5p! 2P)(4f' °F) 3Gy 27 9.25
(5p! 2P)(4f' °F)  °F, 21 9.79
(5p! 2P)(4f' 2F) 5, 21 9.81
5p? 1Sy 1 10.00
(5p! 2P)(4f! 2F) 3Gy 27 10.02
(5p! 2P)(4f! 2F) T, 7 12.60
(5p! 2P)(4f! 2F) 5F, 21 12.99
(5p! 2P)(4f! 2F) 5Gs 27 13.52
(5p! 2P)(4f! 2F) 5D, 15 13.54
(5p! 2P)(4f! 2F) 3D, 15 13.58
(5p! 2P)(4f' °F) 3D, 15 13.97
(5p! 2P)(4f! %F) 1G, 9 14.37
(5p! 2P)(4f' 2F) D, 5 15.13
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for the ionization potential of the ground state [28]. Long-lived 4d'°5s25p*4f' metastable
states are also found to be relevant in interpreting the experimental results [31]. These
states are presented in Table 9.1.

The Ce?" photoionization signal was recorded in the energy range 110 - 150 eV at
a resolution of 0.1 eV and normalized to absolute measurements. The resulting cross
section is shown in Figure 9.1. Higher resolution measurements at 0.03 eV resolution in

the energy range from 133.25 eV to 136.55 eV are presented in Figure 9.2 (upper panel).
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Figure 9.1: Single photoionization cross-section measurements for Ce®™ at 0.1 eV energy
resolution. The large circles with error bars are absolute measurements to which the
spectroscopic data were normalized.
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Resonant structure observed below 127 eV is likely due to 5s — np (n > 8) transitions.
A small step of the cross section near 125 eV is attributed to the opening of the direct
photoionization channel of the 5p outer shell from the 3P ground state. The cross-section
step near 122 eV is interpreted as the photoionization threshold of the 3P, metastable
state, which lies 3.64 eV above the ground state [28]. However, accurate values of these

thresholds could not be determined due to resonances embedded in the cross section
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Figure 9.2: Photoionization cross-section measurements for Ce* at 0.03 eV energy reso-
lution (upper panel) compared to measurements at 0.1 eV resolution (lower panel). The
high resolution data were normalized to an absolute scale using the integrated oscilla-
tor strength of the low-resolution normalized spectrum (lower panel) in the same energy
range.
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Table 9.2: Ground state and metastable states of In-like Ce" ground-state 4d'°5s%5p!
and metastable-state 4d'°5s%4f" configurations calculated using the LANL code [28].

Configuration Term  Statistical Weight  Level (eV)

4d15s%5p! *Py)s 6 0

4d'055%5p! P32 6 4.01
4d105524f! ’Fs 14 7.20
4d105524f! Fr/2 14 7.57

in this energy range. Features in the energy range 127 - 135.5 eV are attributed to
4d — 4f transitions from an admixture of the ground state and metastable states, followed
by autoionization. The resonances above 135.5 eV are mainly assigned to autoionizing
4d — 4f excitations from the 3P, ground state and the 3Py, 3P,, ' Dy and 1Sy metastable
states of the ground-state configuration. Contribution of the direct photoionization of
the 5s electrons from the ground state and metastable states is expected above 138 eV
28].

The integrated experimental oscillator strength in the energy range of these measure-
ments is 12.45. A value larger than 10 is to be expected in this case because of direct and

resonant contributions to the photoionization cross section from the 5s and 5p subshells.
9.3 Ce’" Photoionization Measurements

Ce%" is an Indium-like ion with the ground-state electronic configuration [Kr]4d!95s%5p?.
The spin-orbit interaction gives rise to the terms 2P, /2 for the ground state and 2p, /2 for
the metastable state, for which the calculated fine-structure energy splitting is 4.01 eV [28].

Long-lived 4d'°5s*4f' 2F} 5 and ?F%/» metastable states are also relevant in interpreting
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Figure 9.3: Photoionization cross-section measurements for Ce®" at 0.1 eV energy reso-
lution. The large circle with error bar is an absolute measurement.

the experimental results [31]. Table 9.2 shows the calculated energies and configurations
of the ground and metastable states. Three sets of cross-section measurements were
performed for the photoionization of Ce?". As an overview, cross-section measurements
were made at 0.1 eV energy resolution in the range from 115.6 eV to 145.7 eV. They are
shown in Figure 9.3. Measurements were also performed at a higher resolution of 0.05 eV
over a narrower energy range (133.7 - 140.6 eV), where strong resonances occur. These
measurements are presented in Figure 9.4. Figure 9.5 (upper panel) shows even higher

resolution (0.015 eV) measurements for Ce®* in the narrow energy range from 134.533 eV
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to 134.716 eV where the strongest resonant feature occurs.

Little evidence for a direct photoionization threshold from the ground state, which is

calculated to occur near 140.83 eV [28], was observed in the experimental spectrum. In

addition, no structure arising from the ground state was observed in the studied energy

range.

A step in the cross section near 134 eV is attributed to the photoionization

threshold of the 4d'%5s?4f' 2Fy j» metastable state, which is close to the calculated value of
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troscopic data were normalized.



Chapter 9: Photoionization Measurements for Ce®* and Ce’™ 76

133.63 ¢V [28]. The structures above this threshold up to 136.8 ¢V are mostly attributed
to 4d — 4f and 4d — np (n = 5, 6) autoionizing excitations from the *Fs/, metastable
state, although specific spectroscopic assignments could not be made. A possible small
step in the photoionization cross section near 136.8 eV might be due to the onset of
direct photoionization of the 4d'°5s*5p! 2P/, metastable state, for which the calculated

ionization potential is 136.82 eV [28]. The resonance features above 136.8 eV are assigned
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Figure 9.5: Photoionization cross-section measurements for Ce?* at 0.015 eV energy res-
olution (upper panel) compared to measurements at 0.05 eV resolution (lower panel).
The high resolution data were normalized to an absolute scale using the integrated os-
cillator strength of the low-resolution normalized spectrum (lower panel) in the same
energy range.
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to autoionizing excitations of 4d electrons to 4f, 5p and 6p from the 4d'°5s?5p' 2P;
metastable state. However, spectroscopic assignments of individual resonance features
using the online version of the Cowan code were not possible.

Integration of the photoionization cross section of Ce’" in the energy range 133.7 -
140.6 eV yields an oscillator strength of 3.17. Since the measured photoionization in this
energy range originates exclusively from the metastable states, their proportion in the

parent ion beam is estimated to be approximately 1/3.
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Chapter 10

Photoionization and

Photofragmentation Measurements
of Endohedral Ce@C{,

10.1 Introduction

Along with diamond and graphite, fullerenes are distinct allotropes of pure carbon. They
are closed-shell molecules composed of 20 or more carbon atoms arranged in a closed
geometrical pattern. The most common fullerene is Cgy , whose discovery in 1985 [32]
led to the Nobel prize in chemistry. The carbon atoms form a hollow spherical cage
with a diameter of approximately 1 nm. The concept of an atom or a molecule trapped
inside a fullerene cage has attracted the interest of experimentalists and theorists in both
physics and chemistry. The discovery of the first so-called endohedral fullerene, La@Cg,
was made by laser vaporization of a lanthanum oxide/graphite composite rod in a flow of
Argon gas at 1200 °C by Smalley’s group at Rice University [33]. Many theoretical studies
and a few experimental measurements have been performed to reveal the characteristics
and properties of these exotic species [34, 77, 79].

This chapter presents experimental single and double photoionization cross-section
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measurements for the Ce@Cy, endohedral fullerene molecular ion in the energy range of 4d
excitations of cerium ions. In addition, photofragmentation cross-section measurements
were performed for Ce@QCy, to investigate the ’post decay’ interactions of the ejected
Auger electrons from the cerium ion with the surrounding carbon atoms of the fullerene
cage. For reference, single and double photoionization cross-section measurements were
performed for the empty fullerene Cg,. These and the photoionization measurements for
Ce?" ions provide a basis for investigating, by means of comparison, the photoabsorption

of the encaged cerium ion [34].
10.2 CeQCy, Single Photoionization Measurements

As noted, separate measurements were made of photoionization of endohedral Ce@Cy,
and empty Cg, molecular ions. The Ce@C3] and C3f product signals were separately
normalized using absolute photoionization measurements for C{, [41] in the energy range
80 - 100 eV where no significant contribution of the cerium 4d excitations was expected.
This was accomplished on the basis of the Henke model [35], which assumes that the
photoabsorption cross section of a molecule is simply given by the sum of the cross sections
of each single atom contained in the molecule. Previous cross-section measurements for
photoionization of the fullerene molecules Cg,, Cdy, C4, and C{, were consistent with
the model prediction that the cross sections for fullerenes scale with the number of
carbon atoms. Hence, absolute cross-section values for endohedral 5(Ce@Cg,) and for
empty fullerene 015(Cg;) molecular ions were determined from the measured absolute

photoionization cross sections for Cg such that 012(Cg,) = 012(Ce@QC) = 82 * 015(Cfy)
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Figure 10.1: Mass spectrum for the endohedral fullerene showing the contamination of
Ce@QCY, ion beam with C{;. The dots are experimental measurements. The lines present
Gaussian fits to the experimental data.

in the energy region where cerium does not contribute significantly to the photoionization
cross section.

Based on ion-beam mass spectra obtained under the same conditions as the photon
energy scans, the Ce@QCY, ion beam of mass 1124 could not be completely separated from
a Cg, beam of mass 1128. Figure 10.1 presents the mass spectrum with Gaussian fits to
the ion current peaks. Taking into account the very small endohedral ion beam current
of a few picoAmperes, the mass resolution could not be further increased by closing slits
without an unacceptable loss of photoion count rate. From the Gaussian fits, the Cg,

constituent was estimated to be 25% of the primary ion beam. Figure 10.2 shows the
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Figure 10.2: Single photoionization cross-section measurements for Ce@Cy, (upper panel)
and Cg, empty fullerene (lower panel). The feature centered at 123 eV (upper panel) is
due to 4d — nl autoionizing excitations of the encapsulated cerium ion.

enhancement in the measured photoionization cross section for the Ce@QCY, (top panel)
compared to that for Cg, (bottom panel) in the cerium 4d giant resonance energy region.
The excess in the Ce@QCy, cross section due to the cerium 4d contribution was scaled by
4/3 to account for the Cg; component in the primary ion beam.

A detailed analysis of the experimental data was performed to investigate different
photoabsorption and decay mechanisms of the encapsulated cerium atom in the reductive

environment presented by the fullerene cage. An important issue to be resolved for an
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Figure 10.3: Comparison of single photoionization cross sections for Ce?" ions (q = 2, 3,
4) and the excess single photoionization cross section of the endohedral fullerene Ce@Cy,,
to determine the valency of the encapsulated cerium atom.

endohedral molecule is the valence state of the encapsulated atom. A previous experi-
mental study of the electronic properties of Ce@Cgy in bulk using the time-differential
perturbed angular correlation method [39] concluded that the encapsulated cerium atom
is trivalent. A comparison between the experimental cross sections for Ce?" ions (q =
2, 3, 4) and the excess cross section of the endohedral Ce@C{, (obtained by subtracting
o(CE,) from o(Ce@CY,)) supports this conclusion. Figure 10.3 indicates that the best

match for the endohedral single photoionization excess cross section, in terms of the



Chapter 10: Cross-Section Measurements for Ce@Cgy™ 83

20r 3 )
o)
= 5[ -
[
O
©
B 10f -
(7))
@ [
e L
° 5L ]
D_ L
[
I 3¢ 3 ]
Oi‘ixl....l... ¥ 2

110 115 120 125 130 135 140 145 150
Photon energy (eV)

Figure 10.4: Contribution of single photoionization of Ce3* to the excess cross section
for single photoionization of Ce@Cg,. The solid curve is a convolution of a 5 eV FWHM
Gaussian with the measured Ce®* single photoionization cross section, scaled by an
empirical factor of 0.45. See text for details.

resonance energy, is that of Ce*™. Furthermore, convoluting the single photoionization
cross section for Ce®™ with a 5 eV Gaussian, to account for molecular hybridization,
and scaling it by a factor of 0.45 represents the measured 4d contribution in o5 of the
endohedral fullerene reasonably well, as shown in Figure 10.4. Single ionization accounts
for approximately 25% of the total measured photoabsorption oscillator strength of the

Ce?" ion (f = 8.67).
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Figure 10.5: Double photoionization cross-section measurements for Ce@QCg, (upper
panel) and Cg, empty fullerene (lower panel). The feature centered at 124.6 eV (up-
per panel) is due to 4d — nl autoionizing excitations of the encapsulated cerium ion.

10.3 Ce@QC{, Double Photoionization Measurements

Ratios of photoion yields for single and double photoionization were measured for Ce@QC{,
and Cg, for the purpose of scaling the double photoionization cross sections of both
species. Figure 10.5 shows the contribution of 4d excitation in the double photoionization
cross section of Ce@Cy{,. The double photoionization spectrum of the empty fullerene
is shown in the figure as a comparison to emphasize the cerium 4d feature with respect

to the empty cage. The single and double photoionization cross sections of Ce3t were
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Figure 10.6: Contribution of 4d excitations of Ce3* to the double photoionization cross
section of Ce@Cg,. The data points with error bars are the difference between the double
photoionization cross sections for Ce@QCg, and Cg,. Curve 1: 15% of single photoioniza-
tion cross section (034) of Ce®* convoluted with a 5 eV Gaussian. Curve 2: 22% of o35
cross section of Ce? convoluted with a 5 eV Gaussian. Curve 3: sum of curves 1 and 2.

convoluted with a 5 eV Gaussian profile to account for the hybridization effects in the
endohedral molecule. An empirical superposition of 15% and 22% of the convoluted cross
sections for single and double photoionization of Ce3", respectively, agrees well with the
4d contribution to the double photoionization cross section of the cerium endohedral (see
Figure 10.6). This accounts for 17% of the total measured absorption oscillator strength

of Ce3T.
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The total integrated excess cross sections over the investigated energy range for sin-
gle and double photoionizations of the Ce@Cg, endohedral fullerene yields an oscillator
strength of 3.6, representing only 42% of the total oscillator strength of the free Ce?* ion.
This situation led to other hypotheses to explain the missing 58% of the photoabsorption

oscillator strength in the endohedral system.
10.4 Ce@C{, Photofragmentation Measurements

To explore this issue, other decay channels for the relaxation of the cerium 4d vacancy
in the endohedral fullerene were investigated, bearing in mind that additional processes
could take place as a result of interaction of the ejected cerium electron with the cage.
Electron scattering, electron capture and electron-impact ionization and fragmentation
subsequent to photoionization of the encapsulated cerium ion could occur as relaxation
processes. Evidence for photofragmentation of the Ce@Cyg, endohedral was confirmed by
measuring the CeQC2i, Ce@C2{ and Ce@CZ} product ion yields produced by photofrag-
mentation of the Ce@QCg, parent ion. Photofragmentation cross sections were determined
from these measurements for Ce@Cy, in a similar manner to that described above for
double photoionization. Figure 10.7 presents some of these measurements, showing the
important contributions of these fragmentation-plus-ionization channels. The estimated
4d oscillator strength for these channels is 0.1, accounting for only another 1% of the
Ce3t 4d oscillator strength. However, many more fragmentation channels are possible
than could be measured in the experiment, for example those yielding neutral heavy

fragments.
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Chapter 11

Summary, Conclusions and Future
Outlook

Photoionization cross sections for ions of the cerium isonuclear sequence from Ce* through
Ce’T and for the cerium endohedral fullerene molecular ion Ce@Cg, were investigated by
an ion-photon merged-beams technique using monochromatized synchrotron radiation.
Competition between continuum and discrete electronic transitions from the filled 4d
subshell was observed along this ionic sequence, supporting the theoretical predictions
for the collapse of the nf orbitals. Enhancement of the photoionization cross section for
Ce@Cy, due to 4d excitation/ionization of the encaged cerium ion is evident as a broad

resonance feature superimposed on the cross section for empty Cg.

11.1 Summary and Conclusions

11.1.1 Cerium lIons

Energy ranges and resolutions used for the photoionization cross-section measurements
for cerium ions in the 4d excitation region are summarized in Table 11.1. Absolute

cross-section measurements were performed at discrete photon energies for each cerium
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ionization stage, except for the quadruple ionization of Ce™ where it was impossible to
collect the parent and the product ion beams simultaneously due to the 4:1 charge ratio of
the two beams. The cerium isotope of mass 142 was used for absolute measurements for
Ce®* and Ce™ to overcome contamination of the primary ion beam using the 140 mass
isotope. Metastable states are present in all the parent ion beams, which complicates the
analysis of the cross sections. Fractions of the primary ion beams in metastable states
were estimated to be 1/4 for Ce*™ and 1/3 for Ce’*.

Figure 11.1 compares the total photoionization cross-section measurements for Ce™
through Ce®" ions and their associated oscillator strengths in the photon energy range
of 4d excitations. A broad asymmetric resonance dominates the cross section of Ce™,
whereas the cross section of Ce?' is characterized by strong resonances below the 4d
threshold and a delayed onset of direct photoionization. The Ce*" cross section due to
continuum excitations of the 4d electrons decreases monotonically on the high-energy
side. Strong and broad peaks dominate the cross section of Ce3*, which also exhibits
discrete and narrow, but weaker, resonances. The direct photoionization cross section
of Ce*t is much smaller than that for Cet and Ce?", indicating competition between
discrete and continuum photoionization processes with increasing ionization stage. Four
Rydberg series were assigned in the single and double photoionization of Ce?** arising from
4d — nf and 4d — np transitions. In the Ce*" cross section, the direct photoionization
is almost negligible and only discrete transitions are observed, which is the case for all
the higher charge states. That indicates the complete collapse of the nf wavefunctions

into the inner well of the Coulomb potential that binds the electrons of the 4d subshell.
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Table 11.1: Summary of energy ranges and resolutions used in the photoionization cross-
section measurements for cerium ions.

Target (eV) TIonization Degree Energy Range (eV) Energy Resolution (eV)

Cet Single 105-160 0.1
Double 105-160 0.1
Triple 105-160 0.1
Quadruple 130-160 0.1
Ce?t Single 105-174 0.1
Double 105-170 0.1
Triple 120-160 0.1
Ce3t Single 105-150 0.1
Double 105-180 0.1
Cett Single 110-150 0.1
Single 122.8-125.8 0.05
Single 135.8-139.7 0.05
Single 143.5-145.5 0.1
Double 130-180 0.1
Cedt Single 115-150 0.1
CeS+ Single 115-140 0.1
Ce™ Single 115.5-140.6 0.1
Ceb T Single 110-150 0.1
Single 133.3-136.5 0.03
Cedt Single 115.6-145.7 0.1
Single 133.7-140.6 0.05

Single 134.533-134.716 0.015
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This is a consequence of nuclear attraction dominating over the screening effect due to
electron-electron interactions. In the case of Ce®", strong, narrow resonances arising from
4d — 4f autoionizing excitations dominate the photoionization cross section. Direct and
indirect photoionization of the 5s and 5p subshells are also evident in the Ce5*, Ce™ and
Ce®t cross sections, which accounts for the higher photoabsorption oscillator strengths
in the experimental energy range for these ions. The Ce%* cross section is dominated by
more slowly autoionizing excitations of the 4d electrons originating exclusively from the

metastable states of this ion.

11.1.2 Cerium Endohedral Fullerene

Cross-section measurements for single and double photoionization of the Ce@Cyg, endohe-
dral and Cg, fullerenes were performed in the photon energy range of the cerium 4d giant
resonance. On the basis of the Henke model [35], Ce@C{, and Cg, single photoionization
spectra were normalized using the absolute photoionization measurements for Cg, [41] in
the range where no cerium 4d excitations are expected. Double-to-single photoionization
cross-section ratios of the endohedral and empty fullerene molecular ions were measured
in order to scale their double photoionization cross sections. The excess cross section of
the endohedral fullerene was reduced by 25% to account for a Cg; constituent in the par-
ent ion beam. The trivalency of the encapsulated cerium atom predicted by theoretical
calculations [43] was verified by the measurements.

Clear signatures due to 4d photoabsorption of the encaged cerium ion were observed
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in the single and double photoionization cross sections of the endohedral fullerene molec-
ular ion. The measured 4d photoabsorption oscillator strength of the confined cerium
ion is approximately 42% of that measured for the free Ce3* ion. Mechanisms involving
the interaction of the ejected electron from the encapsulated cerium ion with the sur-
rounding carbon cage and fragmentation of the cage were postulated to account for this

observation [34].

11.2 Outlook

Due to limitations in the beamtime available at ALS, several measurements were per-
formed at photon energy resolutions and step sizes that were not sufficient to identify
all the narrow resonance features, especially for the higher ionization stages of cerium.
Re-examining these cross sections with higher energy resolution and finer steps would be
beneficial in assigning the spectroscopic features. Furthermore, methods for measuring
photoionization cross sections of ions in a single initial quantum state, i.e. the ground
state, would waive the complications of analyzing experimental data arising from a mix-
ture of initial states. A recent example is the coupling of an ion trap with synchrotron
radiation source, which permitted a measurement of the photoionization cross section of
Xe™ in its pure ground state [44].

Endohedral fullerenes are novel forms of fullerene-based materials that have fascinated
a broad scientific community during the last twenty years and have potentially important
applications. Few quantitative experimental investigations have been conducted for these

exotic species. Measurements of photoionization cross section of trapped inert gas atoms
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in fullerene molecules would be a great step forward in benchmarking the numerous
theoretical calculations that have been performed to examine their properties. Although
noble gas endohedral fullerenes have been found in nature in meteor impact craters
[57, 58], they are not currently available in quantities sufficient for experiments, and

methods for their production on line in ion-atom collisions [59] merit further investigation.
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Figure 11.1: Total photoionization cross sections for the cerium isonuclear sequence from
Ce™ through Ce®" with their total photoabsorption oscillator strengths f.
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The first three papers are the most relevant publications to this dissertation.
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Significant Redistribution of Ce 4d Oscillator Strength Observed in Photoionization
of Endohedral Ce@C, Tons

A. Ml'iller,1 S. Schippers,1 M. Habibi,2 D. Esteves,2 J.C. Wang,2 R.A. Phaneuf,2 A.L.D. Kilcoyne,3
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Mass-selected beams of atomic Ce?* ions (¢ = 2, 3, 4), of Cy, and of endohedral Ce@Cy, ions were
employed to study photoionization of free and encaged cerium atoms. The Ce 4d inner-shell contributions
to single and double ionization of the endohedral Ce@Cy), fullerene have been extracted from the data and
compared with expectations based on theory and the experiments with atomic Ce ions. Dramatic reduction
and redistribution of the ionization contributions to 4d photoabsorption is observed. More than half of the
Ce 4d oscillator strength appears to be diverted to the additional decay channels opened by the fullerene

cage surrounding the Ce atom.

DOI: 10.1103/PhysRevLett.101.133001

Since the discovery of endohedral La@Cy, fullerene [1]
the concept of an atom inside a fullerene molecule has
fascinated chemists and physicists alike. Encapsulating an
atom within a sphere of subnanometer size is of highest
fundamental and applied interest. Endohedral fullerenes
[2] have thus stimulated the imaginations of researchers
from many different fields concerning what could happen
to an atom in the unique environment of a carbon cage.
New possibilities for applications in nanostructure science
and technology are being vigorously explored. For ex-
ample, confinement within a fullerene could have some
unique advantages in isolating an atom from its environ-
ment, thereby providing a building block for the qubits of a
quantum computer [3]. The chemical isolation of reactive
and poisonous atoms may also open up new possibilities in
medical imaging and cancer therapy [4,5].

Numerous theoretical studies have explored the re-
sponse of atoms encapsulated in fullerene cages to ionizing
electromagnetic radiation. While there are almost no ex-
perimental results available for endohedral molecules in
the gas phase, theoretical work flourishes without con-
straints [6]. Clearly, experiments are needed to test and
guide the theoretical developments; however, measure-
ments with free endohedral molecules in the gas phase
are almost prohibitively difficult. Challenges include the
availability of sufficient amounts of target material for gas
phase experiments and the purity of the samples to be
investigated. Obtaining absolute cross sections for inter-
actions of endohedral species with any kind of radiation is
presently close to impossible. The only gas phase experi-
ments with endohedral fullerenes reported to date were
conducted by Mitsuke and co-workers on vapors of
Ce@Cg, [7], Dy@Cg, [8] and Pr @Cg, [9] exposed to
synchrotron light. Cross sections for photoionization with
different exit channels have been inferred and evidence

0031-9007/08/101(13)/133001(4)

133001-1
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was claimed for oscillations as predicted in the 4d — 4f
atomic inner-shell contributions to photoionization of
Xe@C(,O [6]

The present experiment employs a different approach to
overcome problems with the characterization of the endo-
hedral fullerene target and with quantifying its properties.
Evaporated fullerenes are efficiently ionized in a low-
power plasma of an electron cyclotron resonance (ECR)
ion source. The ions are extracted and accelerated by
several kV and a beam with defined particle energies is
formed. Mass selection by a subsequent dipole magnet
provides the desired ion species in the form of a well-
characterized fullerene ion beam which then serves as the
target for a beam of synchrotron radiation from undulator
beam line 10.0.1 of the Advanced Light Source (ALS) in a
merged beam geometry. The merged-beams technique for
photon-ion interactions is well established [10] and can
provide absolute cross sections taking advantage of the
availability of energetic projectile and target beams in the
experiments. Density profiles and intensities are readily
measured for such beams and complete registration of
product ions in a suitable detector can be ensured [11].
Different product ion beams are dispersed by a second
dipole analyzing magnet and a subsequent electrostatic
spherical 90° deflector, thereby sorted with respect to their
energy, mass and charge state. By using merged beams,
many systematic problems with measurements on static
neutral endohedral species can be avoided. However, the
availability and sufficient quantities of the desired species
remain a problem. Efficient production and purification
processes of the endohedral fullerenes [2] have to be com-
bined with high ion yield from dilute vapors (~10~¢ hPa),
high detection probabilities (close to 100%) and low levels
of detector background [12]. For the present experiments
cerium fullerene soot was prepared by a standard arc

© 2008 The American Physical Society
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burning process [13]. Given the mass separation capability
of the photoionization experiment, the purification process
was limited to the 20% level of the Ce@Cg, component.
Milligram quantities of endohedral Ce@Cg, fullerenes
were sufficient to provide picoAmpere ion currents con-
tinuously over several days.

The goal of the present experiment was to investigate
possible differences in the behavior of free and of caged
atomic ions exposed to monochromatic ultraviolet radia-
tion, a topic that is presently of utmost interest [14,15]. In
particular, the decay of 4d vacancies in the encapsulated
cerium is the focus of the present study, relating to theo-
retical considerations recently summarized by Amusia [6].
For the purpose of comparison, cross sections for single
and double photoionization of Ce@Cy,, Cg, as well as of
Ce2*, Ce3*, and Ce*" ions were determined.

One of the first questions to be answered when studying
metal atoms encapsulated within a fullerene is that of the
valence state of the atom in the reductive environment of
the cage. Previous investigations showed that the cerium
atom in Ce@Cy, is trivalent [16]. As a result, the endohe-
dral fullerene, although electrically neutral as a whole, can
be described as Ce3* @C3; . A recent density functional
study [17] explains details of the charge transfer from and
to the different subshells of the cerium atom within
Ce@Cg, and provides an explanation to the preferential
Ce off-center bonding site on the inner surface of the
carbon sphere. Since the present object of investigation is
the singly charged Ce@Cy, ion, the effective charge state
of the encaged Ce atom might be higher than ¢ = +3.
Therefore, several charge states of atomic Ce were in-
cluded in this study. Photoionization of Ce atoms and
low charge ions is dominated by resonance features asso-
ciated with excitation of the 4d shell [10]. Modification of
the cross section of the Ce@Cy), ion by the encapsulated Ce
atom is to be expected, especially in the energy region of
4d — nl resonances. The photon energy range covered in
the experiments was between 17 eV and about 190 eV
depending on the observable signals. Photon energy
spreads were below 0.5 eV. Special attention was devoted
to the energy range 80 to 190 eV where the 4d spectral
fingerprints of cerium occur.

Mass spectra recorded for the endohedral fullerene ion
beam showed that Ce @Cy, ions with mass number 1124
could not be completely separated from Cg, with mass
number 1128. By increasing the resolution of the analyzer,
i.e., by narrowing slits, the contamination of the primary
ion beam could be estimated to be about 25%. Considering
the presence of an admixture to the parent ion beam and the
fact that measurements of cross sections at the low ion
currents available for the measurements imply large un-
certainties of at least 30%, the experimental data were
normalized to scaled cross sections for Cf, ions obtained
with the identical apparatus [18]. At energies from about
50 eV up to the carbon K-shell threshold the measurements

for single ionization of C{, ions are found [19] to have an
energy dependence as predicted by the Henke model [20]
where the photoabsorption of a molecule is just given by
the sum of the cross sections for each single atom in the
molecule. For Cg this implies 60 times the absorption of a
carbon atom. The cross sections found for single ionization
of C¢, are 12% below the absorption cross section pre-
dicted by the model calculation. Previous experiments with
higher fullerenes [19] agreed with the prediction that cross
sections of empty fullerenes scale with the number of
carbon atoms. Hence, the expected cross section for the
empty Cg, is 82/60 times that of Cg, and, accordingly, the
measured yields for single ionization of Cg, and of
Ce@C{, were normalized to the expectation in the energy
range 80 to 100 eV where cerium does not significantly
contribute. Much care was taken to measure the ratios of
double versus single ionization cross sections for both the
endohedral and the empty-fullerene ion, thus providing the
basis for normalizing the double-ionization yields to the
scaled C¢, results.

Figure 1 shows the cross sections obtained for single and
double ionization of Ce@Cyg, ions together with data for
single jonization of the empty Cy, fullerene ion. The cross
section for the empty cage ion is smooth in the present
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FIG. 1 (color online). Cross sections o ; for photoionization
from initial charge state i to final charge state j in the energy
region of Ce 4d excitation: (1) o, of Ce@Cg,; (2) 05 of Cgs;
(3) o, of Cg, scaled from results for C, (see text); (4) scaled
o1, of Ce@Cy, accounting for a 25% contamination of the
parent ion beam with Cgy; (5) fit curve representing the empty-
fullerene background under the Ce 4d contribution to single
ionization of Ce@Cy,; (6) scan measurement of o 3 of Ce@Cy,
normalized to (7), i.e., data points (with larger error bars)
obtained from measured cross section ratios o,/ 3 and the
normalized data set (1); (8) fit curve representing the empty-
fullerene background under the Ce 4d contribution to double
ionization of Ce@Cy,. Error bars are statistical only.
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energy range of interest which is also true for the double
ionization (not shown). Because of the 25% contamination
of the primary Ce@Cy, ion beam, the expected “back-
ground” corresponding to 75% Cg, and 25% Cg, is en-
hanced by only 3.7% (curve 4 in Fig. 1). The effects of 4d
excitation of the encapsulated cerium atom on the ioniza-
tion cross sections of Ce@Cy, are clearly seen.

For clarification of the valency of the Ce atom residing
within the Ce@Cyg, ion, data obtained for single ionization
of atomic Ce?*, Ce®" and Ce** are compared in Fig. 2
with the Ce 4d excess cross section in single ionization of
the endohedral Ce@Cy, ions. The difference between the
data set (1) in Fig. 1 and the background fit (curve 5) was
divided by the fraction (0.75) of Ce@Cyg, ions in the parent
beam. The excess cross section is relatively structureless
indicating the hybridization of the outer levels of the Ce
atom and the fullerene cage and the resulting increase of
resonance widths. In spite of this difference, the compari-
son clearly shows the best match of resonance energies for
the endohedral Ce atom with 34 for atomic Ce**. As in
the neutral Ce@Cg, molecule the valency of Ce in the
Ce@CY, ion is 3. A similar comparison for double ioniza-
tion of the same ions with the best match for Ce3* confirms
this conclusion.

For atomic Ce3* ions, photoabsorption in the present
energy range is expected to be dominated by 4d-shell
excitations resulting in single and double ionization of
the absorbing ion. Triple ionization with a threshold near
180 eV is energetically not allowed and radiative stabiliza-
tion of a 4d vacancy can be neglected. On that basis one
would expect a total oscillator strength f, of 10 for the
absorption by ten 4d electrons. Integration of the cross
section sum o34 + o3 5 for Ce* ions (see the upper chain
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FIG. 2 (color online). Comparison of absolute cross sections
for single photoionization of atomic Ce?* ions ¢ = 2 (b), ¢ = 3
(c), g =4 (d) with the excess cross section (a) obtained by
subtracting curve (5) in Fig. 1 from the data set (1) and correct-
ing for the contamination of the parent ion beam.

curve in Fig. 3) in the energy range 100 to 170 eV yields
fa = 8.5. With the limitation of the integration range, a
possible small contribution of fluorescence stabilization
and the expected total uncertainty of the ionization cross
sections for atomic Ce3* of at least 20% the total experi-
mental oscillator strength is in good agreement with the
expectation. In strong contrast to that, absorption by the
encapsulated Ce atom involving 4d excitation and subse-
quent ionization is much smaller (see Fig. 3). The excess
cross sections for single and double ionization of the
endohedral fullerene obtained from Fig. 1 and their sum
are much smaller than the corresponding data for atomic
Ce’". Integration over the investigated energy range is
shown by the lower chain curve in Fig. 3. The difference
is more than a factor of 2. Integration of the endohedral
data to 180 eV results in f, = 3.6, i.e., only 36% of the
expected total oscillator strength or 42% of the number
observed in photoionization of Ce3*. The missing strength
cannot be explained by uncertainties in the normalization
procedures used here. Actually, the total absorption ex-
pected for 82 carbon atoms must be considered an upper
limit for the empty-endohedral background ionization
cross section. In that respect, the derived Ce 4d contribu-
tions to single and double ionization of endohedral
Ce@Cy, are also at their upper limits. Apparently, 4d
vacancy decay via autoionizing channels is greatly sup-

Cross section (Mb)
Integrated 4d oscillator strength

130
Photon energy (eV)

FIG. 3 (color online). Cross sections and integrated oscillator
strengths for photoionization of atomic Ce3* ions and for the Ce
4d contributions to single and double ionization of Ce@Cy,.
Solid (brown) line with shading (yellow): o34 + o735 for Ce3*;
long-dashed (green) line with shading (light green): sum of the
Ce 4d contributions to single ionization, represented by the
dotted (red) line, and double ionization of Ce@ng, represented
by the short-dashed (blue) line. The chain curves correspond to
the oscillator strength scale on the right (note the offset). The
upper (brown) curve is the energy-integrated total absorption
oscillator strength of Ce®* in the energy region of 4d excitations,
and the lower (green) curve results from the integration of the
long-dashed (green) curve, i.e., from the 4d contributions to
single and double ionization of Ce@Cy,.
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FIG. 4 (color online). Cross section [(cyan) shaded circles with
statistical error bars] for the Ce 4d contribution to double
ionization of Ce@Cy, obtained by subtracting curve (8) from
the data set (6) shown in Fig. 1. The dashed (red) curve is the
cross section a3, for atomic Ce?* convoluted with a 5-eV
Gaussian and multiplied by a factor 0.15, the dotted (blue) curve
is the cross section o3 5 for atomic Ce" convoluted with a 5-eV
Gaussian and multiplied by a factor 0.22. The solid (dark cyan)
line is the sum of the two latter curves.

pressed for Ce’* encapsulated inside a fullerene cage
relative to free Ce3".

Since the cage of the endohedral fullerene is transparent
to the incident EUV photons, one has to conclude that most
of the absorption oscillator strength of the 4d electrons in
the encapsulated Ce is diverted to decay channels other
than net single and double ionization which were isolated
and individually observed in the present experiment. A test
measurement showed that triple ionization, though ener-
getically possible in the endohedral fullerene, does not
significantly contribute to the total 4d absorption cross
section. It is hypothesized that the most likely additional
decay channels for the relaxation of the Ce 4d vacancy in
the endohedral Ce@Cy, ions opened up by the presence of
the fullerene cage are related to ionization with fragmen-
tation. First evidence for this hypothesis was obtained by
observing a Ce 4d enhancement in the photo-ion yield of
mass/charge separated Ce@C3; produced from the parent
Ce@Cy, beam.

In an attempt to quantify the 4d suppression for single
and double ionization of Ce@Cyg, the cross sections for
atomic Ce3* ions were convoluted with a 5 eV Gaussian
which appears to give a reasonable representation of the
smearing effect of the hybridization in the endohedral
system. It turns out that 45% of the resulting convoluted
cross section o34 gives a fairly good representation of the
measured 4d single ionization contribution in Ce@Cyg, (the
dotted curve in Fig. 3), which is well compatible with the
overall 42% of the total absorption contribution. Trying the
same with double ionization immediately shows that the
measured 5-eV Gaussian-convoluted cross section o s
(dotted curve in Fig. 4) contributes only 22% to the in-
ferred 4d double-ionization contribution (short-dashed line

in Fig. 3 and circles in Fig. 4) in Ce@Cg,. Reasonable
agreement with the measured 4d double-ionization func-
tion is only obtained by including an additional 15% con-
tribution of the 5-eV Gaussian-convoluted cross section
03,4 (dashed curve in Fig. 4). This redistribution of partial
oscillator strengths is a consequence of ‘‘post-decay” in-
teractions of the ejected Auger electrons with the fullerene
cage. Possibilities are electron scattering, electron capture,
electron-impact ionization and fragmentation subsequent
to ionization of the encapsulated Ce atom.

In summary, clear spectral fingerprints of 4d excitation
of Ce atoms encapsulated in a fullerene have been ob-
served both in single and double photoionization. For the
first time, the anticipated redistribution of decay probabil-
ities of a caged atom versus its free counterpart has been
clearly demonstrated. Detailed energy-dependent informa-
tion has been obtained on the effects of the electrons
ejected from the encapsulated atom on the surrounding
carbon sphere.
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Kistner for his work in the fullerene production.
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