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PHOTOIONIZATION OF THE Be ISOELECTRONIC SEQUENCE:

RELATIVISTIC AND NONRELATIVISTIC R-MATRIX CALCULATIONS

by

WEI-CHUN CHU

Under the Direction of Steven Manson

ABSTRACT

The photoionization of the beryllium-like isoelemtic series has been studied. The
bound state wave functions of the target ions wendét with Civ3 program. The relativistic
Breit-PauliR-matrix method was used to calculate the crossosecin the photon energy range
between the ionization threshold ars4t;;, threshold for each ion. For the total cross sestio
of Be, B, C% N and G our results match experiment well. The comparisetween the
present work and other theoretical works are aisoudsed. We show the comparison with our
LS results as it indicates the importance of relatigieffects on different ions. In the analysis,
the resonances converging t§°2l; and ¥°3l; were identified and characterized with quantum
defects, energies and widths using the eigenphasensethodology. We summarize the general
appearance of resonances along the resonancea®di@tong the isoelectronic sequence. Partial
cross sections are also reported systematicallpgaliime sequence. All calculations were

performed on the NERSC system.
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1. INTRODUCTION

1.1. Photoionization

The study of atomic processes in ionized matteofiggreat importance since ions
compose not only the biggest part of the univese,also occur in many laboratory settings.
Since the early years of quantum mechanics, thaody experiment in atomic collisions and
spectroscopy form a very critical part of the exaation of the properties of matter. Being the
core process of many physical and chemical reagtiphotoionization and its reverse process,
electron-ion recombination, occur in numerous astnoical objects, and other physical systems.
Owing to improvement in experimental techniques aamputational power, a lot of
experimental and theoretical data have been gestkrrathe past ten years.

For experiment, the merged-beam method broadenschioece of target ions and
increases the accuracy of absolute cross secti@surements. It is used for absolute cross
section measurements in most major laboratoriethenworld today. Also, in synchrotron
development, third-generation light sources havyaraved the measurements by raising the light
intensity and the photon energy range since thiy €8s. On the calculational side, different
approaches are continuously being tested with dpedrgrowth of computational speed in the
modern day computers. With the parallel developmaintexperiments and calculations, a
comprehensive comparison and analysis can be daste More details of these experiments

and calculations will be reviewed in the next saTdi

1.2. Developmentsin Experiment

The most important advance in cross section meamnes is the use of synchrotron

radiation. Its development and theory were reviewmed recent article by Bilderback [1]. Today



more than 50 synchrotron facilities over the waal@ in operation for research in chemistry,
physics, materials science, biology and other $ielthese continuous and polarized light sources
have energies ranging from the IR to the X-rayoegi
Synchrotrons use magnetic fields to acceleratechi@@gges to generate radiation. After
World War 11, the first generation machines weredugn fundamental particle physics studies,
and the theory and design of synchrotron was wadlesstood. Third-generation synchrotron
light sources came into operation nearly twentyryeggo. They were designed to provide
reliable light sources with a wide range of photemergy, high intensity, and continuous
operation. The most important features of modemcisgotrons are the storage ring and the
undulator. A storage ring is a closed track for #lectron beam to run as many times as
possible in order to greatly reduce the power meguiWith a high quality vacuum chamber in
the storage ring, the lifetime of the beam is frérto 100 hours. An undulator is a magnetic
device that generates sinusoidal magnetic field@lie trajectory of the electron beam. The
spatial period of the field is determined relatially to relate the electron speed to the
radiation frequency. The third generation machinage significantly increased the brilliance
(number of photons emitted per unit time, per phibton energy, per unit solid angle, per unit
source size) from the previous ones. Among thesgenmofacilities, the Advanced Light Source
(ALS) in USA, ASTRID in Denmark, the Photon Factoapd SPring-8 in Japan, and
SuperACO in France have been the sites of larde soass section measurements.
To measure the absolute photoionization crossaseaither than the issue of insufficient
light intensity, the difficulty has long been thalibration process of the target atomic systems for
any accurate measurement. The merged-beam methodvhich Kjeldsen gave a thorough

review recently [2], was first employed by Peatrtal [3] in ionization of ions electron-impact



cross section measurements. The application oromazation, which was first used by Lyet

al [4], aligns the target ion beam and the photonbéar some distance as the interaction
region. This effectively compensates for the usuldiv density of ions and the limited light
intensity which are common in absolute cross seati@asurements. Thus, this method can be
applied to many more charge-states than other mdstimalmost all elements, and the absolute
cross section measurement can be made since thiensity can be determined. West discussed
the impact and improvement that this technique beasught to absolute cross section
measurements in a review paper [5]. Lyon's measemgndescribed above, along with his
following works at Daresbury in 1986-1987 [6][7]eve the first applications of this method in
ions. Later Koizumet al [8] at Photon Factory in Japan and ASTRID stonagg at University

of Aarhus in Denmark also did the measurementggusierged-beam method and it is generally

used now.

1.3. Developmentsin Calculations

To calculate atomic processes, an accurate dasaripf the wave functions of the
system is required. For the discrete atomic waveetfans, calculation methods such as the
Hartree-Fock (HF) method [9][10] have been devealh@ad many computational packages are
available. For atomic processes involving continustates, like electron-atom collision or
ionization, there are various methods with diff¢r@ivantages and disadvantages.

Random phase approximation (RPA) was first appiteg@hotoionization by Altick and
Glassgold [11]. It describes the photoionizatiorogess as an atomic system with the
nonrelativistic Hamiltonian perturbed by a singleguency oscillating external field. Wave
functions are obtained using a time-dependent wami@ principle. This method exhibited

considerable success in closed-shell atomic syssewts as rare gases [12]. Relativistic random



phase approximation (RRPA) was developed by Johremh Lin [13], with which the
photoionization parameters in Ar, Kr and Xe wereesgnted by Huanget al [14].
Multiconfigurational relativistic random phase apyxmation (MCRRPA) by Huang and
Johnson [15] was carried out later along this track

Similar to RPA, many body perturbation theory (MBHiBs the same radiation term in
the Hamiltonian, but while the radiation containglyothe first order, the specified electron
correlation expands to all orders. Based on thaifaric many-body theory by Goldstone [16],
the formalism of MBPT was done by Kelly [17][18][1@nd various examples are shown in his
review paper [20]. Double-photoionization was erdbbased on this method in the work of
Changet al [21].

The central idea dR-matrix theory is the division of the configuratispace into internal
and external regions [22]. The standBxdhatrix method was introduced by Lane and Robson in
1966 [23] for nuclear reaction calculations. ThestficomputationalR-matrix package was
published by Berringtoet al [24] in 1974 based on the theory by Burke and @ef25] for
electron-atom scattering or photoionization. L&eott and Taylor published the Breit-Paii
matrix (BPRM) code [26] to include the relativistoorrections. The full relativistic version
based on Dirac equation was developed by Norringto8004 [27]. Among the theoretical
efforts usingR-matrix, Opacity Project [28] and Iron Project [2@]ntain the most complete data
so far, covering energy levels, oscillator stresgtthotoionization cross sections and more in a
wide selection of atoms and ions. Being the coeery of our calculation, the details Rfmatrix

theory will be shown later in the dissertation.



1.4. Focus of Present Wor k

The present study focuses on the calculation optioionization cross sections of Be-
like isoelectronic ions and the analysis of theadabtained. This isoelectronic sequence is
chosen due to the simple ionic form and the impmeain astrophysics. The theoretical energy
levels of target ions and initial ions are compangtth the NIST values to ensure the quality of
the wave functions used. To estimate the accurdayuptotal cross sections, our theoretical
results are compared with the available experinmieesalts which exist for Be, BC™, N*3, and
O™ ions. The ground state and metastable state ppartias sections are separately compared
with other theoretical results and are analyzed.

The R-matrix theory that we base our calculations on wal presented by Burket al
[30] and by Berringtoret al [31]. TheR-matrix program we use in this work is a modifiedia
extended program by Badnell in 2002 [27] from iteestor packagBMATRX1 developed by
Berringtonet alin 1995 [31]. It merges two older packages [26][@2combine thé-S-coupling
and intermediate-coupling schemes. The code insltiteBreit-Pauli term in the Hamiltonian as
an option. We took advantage of this feature taiolthe results with and without the Breit-Pauli
terms, as this indicated the effect of relativishiteractions on the results. The atomic orbital
functions that are fed into the program were oedibyCiv3 program developed by Hibbert
[33]. To analyze the photoionization resonances,QB program by Quiglegt al [34][35] was
adopted to obtain the energies, quantum defectswadths of the resonances. With these
parameters associated with each resonance, wevelibergeneral behavior of the resonances in
different channels and analyze how it evolves ithVe then discuss the features of overlapping
resonances. Some other conclusions are also dresvm the trend along the isoelectronic

sequence.



The plan of this dissertation are as follows. Caa@ is the theory behind our
calculations. The general idea along with the rsgs mathematical formulation of
photoionization are given, which are common incalculational methods, followed by the basic
concepts and derivations Bfmatrix theory, theR-matrix quantities applied in photoionization,
and the Breit-Pauli corrections and recoupling ffelativistic calculations. The next chapter,
Chapter 3, illustrates the procedures used in dimepatational programs. The inputs to and the
products out from these steps are given. The naakstand the important numerical adjustments
of the programs are also described. Presented apt€h4 are the theoretical results, including
the energy levels and the cross sections, as welhe available experimental and theoretical
results for comparison. Chapter 5 is the analy§isup results. The first part focuses on the
identification and characterization of the resom@nd heir main features are also discussed. The
second part focuses on how all the features evalorg withZ in this sequence. Chapter 6
presents the conclusions of the present work. Eierences are listed after the chapters.
Appendix A derives quantum mechanically how we gppk perturbation theory on an atomic
system in an electromagnetic field. Appendix B stdle radial functions of the atomic orbitals

by thecivs calculation for all ions.



2. THEORY

2.1. Photoionization Theory

In this section we present the theoretical appraackthe most measured quantity in
photoionization, the cross section, by considethg atomic system quantum mechanically in
the presence of the electromagnetic radiation. & common starting point for all numerical
calculation methods. We also emphasize the roleresfonances as important in the
photoionization phenomenon. Some detailed mathealaterivations are relegated to Appendix
A. We use Gaussian units in this section. The geribeory of photoionization cross section is
reviewed and discussed in details by Burke [36] dyd Amusia [37]. Time-dependent
perturbation theory in quantum mechanics is wedicdeed by Merzbacher [38] and by Sakurai

[39].

2.1.1. Basic process

The single photoionization process, which involeeg incident photon and one ejected

electron, is described by

A +hv - AT +e (2.1)
where A, is an atom or ion in stafieand A] an positive ion in state In general both andj

can be a ground state or excited state, and thal iaiomic system can be neutral or charged ion
(if it is a negative ion, the process is called tpdetachment). The photom is usually
considered either linearly polarized or not polkagizwhich can be described by the combination

of two independent polarization states.



In some photon energy ranges, the photoionizateom groceed either directly to the
continuum ionized state, or go through an interaediexcited state, a resonance, which is
described by

A +hy o Al - Al +e (2.2)
where A, stands for the intermediate excited state. Figuteshows this process schematically.

The delay process from the excited statg,, to the ionization is called autoionization. The

interference of these two routes is characterize@ besonance profile in the photoionization

cross section, which will be discussed in Subsaid.3.

2.1.2. Cross section

The general definition of total cross sectionfor scattering is given by

_ Numberof eventgperunit timeperscatterer

—— . (2.3)
Flux of incidentparticles

In the single photoionization of an atom or molecwVhich is our current focus, it is equivalent
to write

_ Energyabsorbegberunit time

. (2.4)
Energyflux of radiationfield

In the theoretical approach, the initial systemaaf atom or ion withiN+1 electrons is in a
specific eigenstate of thé&{1)-electron Hamiltonian, and the radiation fietddescribed by a
plane wave with frequencys. The energy fluxcU (U is energy density) of a plane

electromagnetic wave is

2 2
cU =s[ﬁ+&J 2.5)
2\ 2m 2



where E, and B, are amplitudes of electric field and magnetic fieldB, respectively. In

terms of the vector potentiah, with

g-_10A
c ot » (2.6)
B=0OxA
the energy flux is given by
W2
cU=—— 2.7
2710IADI @7)
where the vector potential is
A(F t) = Agle ), (2.8)

where £ is the unit vector along the direction of the wegiotential.

Now we assume that the initial state of the sysgeandiscrete stat¢i> with total energy
E , and after the absorption of photon eneryy , the final state| j> Is continuum with energy
E,. The normalization of|i) and |j) are (i|i")=4; and <j|j'>=5”,5(Ej—Ej,), so the
dimension of |j) has an extra factor of/}/Energy to the dimension offi). With the
Eq. (2.4) givesa=(ha)/cU)\/\/_j, which in turn gives (see

transition probability ratew

i

Appendix A for details)

_ATPHPE ) A |\
o, = o <J£|:|DV‘I> (2.9)
in velocity form and
_APEW|) (= |\
L= KJfEDL\l} (2.10)
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in length form, wheranm is electron mass. The dipole velocity operafa{y and the dipole
length operatorljL are defined in Eq. (A.15) and Eq. (A.18) respesyivin Appendix A. In
atomic units, the Bohr radius i, = #?/mé& , the fine structure constant ig = €?/sc, and the
energy is measured in the units ezf/ao; Eqg. (2.9) and Eg. (2.10) are reduced to (remember

D,, D_,and|j) need to be in atomic units)

7, = 4”1‘)’6‘5 (e i) (2.11)
and
o = 4nzaa§w{< ile EﬁL\i>2 (2.12)

wherew is the photon energy in atomic units. For the ex@ve functions,o, and o, are
identical [40]. However, for many electron systemsact wave functions are not possible. Thus,

the initial state|i) and the final statd j) of the system are described by expansions of ia bas

set. In such a case, the comparisonagf and o, can indicate the quality of the approximate

wave functions employed.

2.1.3. Resonances

For the radiative transition that we described &haivthe final energy is higher than the
first ionization threshold, the final state will laemixture of the discrete states and at least one
continuum state. The discrete and continuum stedesespond to closed and open channels,
which will be discussed in more detail when weadtrce theR-matrix theory in Section 2.2.
Also in the ionization region, the cross sectioatfiees resonance structures, owing to the

interference of direct and indirect ionization chals.



11

The analysis of resonances developed by Fano s that the shape of a resonance

in the cross section can be expressed by

+,s)2
o=+ al0re)f 2.13
TP (2.13)
where
e=E & (2.14)
r/2

E: is the resonance energy ahdis the resonance width. Figure 2.3 shows the fonct

(q+£)2/(1+£2) with q=0, q=1, and q= 2 When applying this picture tar(E), the

parametelE, defines the center of the peak, dhdefines the scaling ik. The Fano profile is

usually used in characterizing the resonance bindithe function Eq. (2.13) to the data to get

the parameters. It is also shown in Ref. [41] tmader the condition where only one discrete

(resonance) statgp, and one continuum stawg. are presented, with the normalizations
(#[H[0) = B

<¢n|H|¢IE> =Ve (2.15)
(WeHpe)=ES(E-E)

whereH is the total HamiltonianI” is determined byl =77|’\/E|2 calculated at the resonance

energyE;. Thus,I" is considered a measure of the strength of tlegdation between the discrete
and the continuum at the resonance energy. If yeteis is prepared in the combination of the

discrete (resonance) stage, and the continuum statg/. , the mean lifetime for autoionization

will be 1/ (27av,[?).
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2.2. Nonrelativistic R-Matrix Theory

This section is based on the theory described bkeBet al [42], Burke and Taylor [43],
Scott and Burke [44], and Berringtehal [45]. We also follow the notations used in theapgrs

here.

2.2.1. Equation of motion

Photoionization of an isolatetil{1)-electron atomic system can be written genegsdly
A™ +hy o A" +e (2.16)

where the initial atomic syster™ (n=0 for neutral atom) habl+1 electrons and the final
atomic system includes axtelectron residualA™* (also called target state) and a scattered
electron (also called a photo-electron). The systambe described by a time-independent total
wave function, which is the solution to the timelépendent Schrédinger equation

HN W =EW, (2.17)

whereE is the total energy. The nonrelativistic HamilamiH "** is written in cgs unit as

HN+1:NZ*1[ L ”zl 2] (2.18)

i 2m Rl
in which the one-electron part includes the kinetnergy and the Coulomb potential, and the
two-electron part is the electromagnetic interactizetween any two electrons; is the
distance from nucleus to thih electron andr; is the distance between tik electron and the

jth electron. The nucleus is considered infiniteavy and has no structure at this level. For

simplicity in the derivations, we use atomic umity, = me'/A® = 27.2114 eV = 4.35975 J) as
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the unit of H"* and Bohr radiusg, = #?°/mé& = 52917710 m) as the unit, now and

throughout the chapter, and rewrite Eq. (2.18hanform of

HN*l—Nzﬂ( 1 2 Nzli] (2.19)

r r

i gt
Since the system is spherically symmetric, it isv@mient to adopt spherical coordinate to

describe it. In spherical coordinates, the two+etecterm in the Hamiltonian is

—_—Z(Z +J () 2.20)

>

where r. and r, are smaller and larger ones of and r;, respectively.

2.2.2. N-electron states

Since only single-electron ionization is considehede, it is reasonable to focus on the
first N electrons, which form the target states, before dbattered electron is included. The
eigenstates of thisl-electron system is characterized by (noandj are the indices of different

eigenstates instead of electron numbers)
<q>i‘|-| N‘q>j>:5ij EN (2.21)
where the eigenstate®, correspond td\N-electron energiesE" . Any bound target state is a

linear combination of the®,. To construct these wave functions, we start okilg at the

single-electron (bound) atomic orbitals as the fioms of position and spin statem,:

0, (Fm) = 2B, (N (F)x(m,). (2.22)
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The orbitals onlm(f,ng) are the hydrogenic eigenfunctions with the principle quantum
number,| the angular momentum quantum number waitlthe z component, respectively. The
radial part P, (r) Is restricted by the orthogonality condition
(PulPy) = Oy (2.23)
which is required by the orthogonality of the basgs o,
(O Ontt) = Oy G - (2.24)
The optimization of radial function$, (r) is done prior to utilization dR-matrix program and

carried out by other programs suchcag3 or SUPERSTRUCTURE The details of thelv3 results

in the present work will be presented in Chapte\@. shall call P,(r) ‘bound orbitals’ as

distinguished from 'continuum orbitals' that welwihcounter later.

Now we define thél-electron configurationsy, as

R0 %)= 70 0c)-0u () (2.25)
where the summation is over all interchanges ofthetron indices with the correct permutation
symbol €. The qq((xl...xN) are totally antisymmetric with respect to intenca of particles.
Eachkin Eqg. (2.25) indicates a different set {ﬂl...oN}, where eacho, is a member of the set
onlm(f,ng) in Eq. (2.22), withx as the combined coordinate of positian and spino.

Theoreticallyk can be infinite since the number of hydrogeniatat® is infinite, but practically
we have to limit the number of configurations tokeahe calculation feasible. For example, in
helium, N=2, {0,,0,} can be{isis}, {2s2s}, {2p.2p}.... in !S® symmetry, and the

number of terms in the expansion Eq. (2.25) dependbe accuracy required. It is trivial to see
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that ¢ (x...x,) are orthogonal since the orbitats are orthogonal, and with infinite they

form a complete basis set.
These configurations are suitable to be the basisfsheN-electron wave functions, and

the configuration-interaction (Cl) expansion @f, is
P06, %0) = 20 06, ). (2.26)
With the same basis set, tNeelectron Hamiltonian is
(@/H" @) = HY. (2.27)

and Eq. (2.21) is equivalent to the diagonalizatibrH ), .

2.2.3. The ejected electron

When the ejected electron is added to the targetvianction to complete the wave
function for the N+1)-electron system, some requirements must beikapind. First, the total
angular momentum must be conserved. To yield aifspemtal angular momentum, there might
be a few different ways to couple the target amgamamentum and the ejected electron angular

momentum. These different pairs of the target stabe and the ejected electron wave functions

are called the scattering channels. For exampRp target statel€l) and ans-wave ejected
electron [=0) are coupled ah=1 state, and asZarget state and @wave ejected electron can
also form d_=1 state, but they are different channels.

Second, the total energy of the system must beecoed. The total enerdy, which is
the sum of the target state ener@y’ and ejected electron enerdsf /2, is determined by the
initial state energyE,"™ and the incident photon energy, in atomic units. This conservation

is
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2
E=E" AL E) +w (2.28)
2
or

w+(EN-EN) (2.29)

ki2
2
to show the dependence &f on the photon energy. The channel is said to kmerfd if
E-E" >0 or “closed” if E-E" < 0. E-E" =0 simply means the total energy is just the
ionization threshold energy.

R-matrix theory is characterized by the partitioncohfiguration space [22]. Figure 2.2
sketches this partitioning. Let there be a spheshball with radiusa centered at the nucleus of
the atomic system. This shell is designed to Igrgeclose all the bound state wave functions. It
assumes that outside the shell, the bound state fuaetions vanish, and there exists solely the
continuum ejected electron. Withchosen to meet this condition, the inner regiod te outer
region are described as follows:

1) For r <a, the system containd+1 indistinguishable electrons. The exchange term
between any two electrons in the Hamiltonian mesinisluded as in Eq. (2.19). The target wave

functions @, and the scattered electron are coupled totallizyamimetrically. The final state

wave functions are expanded in terms of configaratin a manner similar to Eq. (2.26).

2) For r > a, the (N+1)-electron system is viewed as a two-body systémN-electron
system is replaced effectively by a central potrentered atr =0. The ejected electron then
is under a local potential and can be solved witlagymptotic expansion.

Other than the convergence at=  d@hd the asymptotic form at - «, the boundary

conditions include the continuity of wave functiah r = a. The details of formatting the wave
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functions in these two regions will be discussethimlater sections. In practicejs determined

to be sufficiently large so as
P,(r)<o if r>a (2.30)

for all the bound orbitalsP, (r) in use.

2.2.4. Internal region

In the internal region, the system consistd\Nefl indistinguishable electrons. The total
wave function is anN+1)-electron antisymmetric function with all theckange terms. All the
bound state wave functions are confined in therinegion, which means they drop to zero at the
boundary r =a. In order to obtain the wave function in this mgfor any energ¥, an energy-

independent basis set, (x,...x,,,) are built as

A )uij (rN+l)

wk(xl"'XNﬂ):AZCijkEi (Xl"'XN;rN+1JN+1 +Zdjk¢j (Xl"'XN+1)' (2-31)
ij J

r.N+1
in which we demandy, (x1-~-xN+1) to be eigenfunctions oH "™ with eigenvaluesE, in the
defined region. For each channglthe function ®, ()(1...xN;r“N+10N+1) is the target state wave
function @, (xl...xN) coupled with its corresponding angular term arid sgrm of the scattered
electron to form the specific total angular momemtand total spin. Notice that nowis the
index of channels instead of the index of targatest the number of channels is generally more
than the number of target states; thp(rN+l) are the continuum radial functions of the ejected
electron, which are the only non-zero functionsrat a. We will talk about the determination of
these radial functions later. The antisymmetry afmrA indicates the inclusion of all the
interchange terms between the target electronstlamdscattered electron to have the total

antisymmetry. In the last term, we include tite+1)-electron configurationsp (x1~-~xN+1) to
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ensure the completeness of this basis set. Similarg (x---x,) in Subsection 2.2.2,
@ (xl---xNﬂ) are formed with the single-electron orbitals.

To make it a more compact form, Eq. (2.31) can btem as
Y, = ;vkm (2.32)
where V,, are the collection of the coefficients, and d, , and ¢, are the collection of the
basis functions in Eq. (2.31). The Hamiltoniah™** is written in the ¢, basis as

(s, )= H (2.33)

where the round brackets indicate that the rangetegration is the inner regio@<r <a. The

coefficients V,, of ¢, are determined by diagonalizing ",

(wk‘H Nﬂ‘//k'): Ey O - (2.34)

The functions¢, (x,...x,,,) are then the eigenfunctions ¢1"* described by eigenvectors
V,, with eigenvaluesk,, and are suitable to be the basis set for thé wage function in the

inner region.

2.2.5. Continuum orbitals

For the continuum functionsy, (r) in Eq. (2.31),i is the channel label, which is
associated with angular momentulm and for each, j is the label of a discrete set of solutions.
Theoretically, as long asy (r) form a complete set of basis that satisfies thanbdary

conditions atr = Oand r =a, they are valid solutions in the previous secti@ther than these

requirements, the choice af; (r) focuses on making the convergence of Eq. (2.3itkqu
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The appropriate continuum functions (r) in channeli are usually determined by

solving the equation

( @ L0+, ) k;ju”. ()= SAR ) (2.35)

dr? r

with the boundary conditions

£
o
N—
[
o

(2.36)

In Eq. (2.35), the summation of indicess over all atomic orbitals of angular momentumin
the bound state expansion. The Lagrange multipliys are chosen to meet the orthogonality
conditions

(uij

for all {n,l}. Notice here the range of integration is fram=0 to r =a, as indicated by the

P,)=0 (2.37)

round bracket. Since the solutiorlug,(r) also satisfy

(uij ‘uij'): Ojj» (2.38)

]

the atomic and continuum orbitals together

P (1) P ()ua(r)ouy(r) - (2.39)
form a complete basis set in the regior <a. For the potentiaV,(r) in Eq. (2.35), in
principle, the choice is arbitrary but will have effect on how fast the expansion converges. In
our case, we choosVO(r) to be the average static potential viewed by fleeted electron.

However, the choice is not critical since Eq. (2.8@rves effectively as an pseudo attractive

potential. The choice df is also arbitrary in principle, and we set it @@ Now from Eq. (2.35)
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we see thatu, (r) are solutions to a eigenvalue equation with eigires k’ /2, and are totally

independent of the total energy

2.2.6. R-matrix

Now it comes to the stage to build, associated wWithgiven total energ, the wave
function W in the internal region and tHematrix to connect the wave function through the

internal and external region. The wave functiodascribed as

W= Al (2.40)

in the ¢, basis which is constructed by Eq. (2.35). In otddind A, , we put Eq. (2.17), Eq.
(2.34) and Eq. (2.40) together to form

LIJ)_(LP‘HN+1wk)=(E_Ek)(¢/k|qJ)=(E_Ek)AEk' (2.41)

(l//k‘H N+

Within H"™", since the potential energy operator commutes thighposition operatofr” and
operates equally from the right and from the leftamy wave function of position, the potential
energy part on the left hand side of Eq. (2.41)istsas, and only the kinetic energy part stands

out. Thus, this relation is rewritten as

)~ (o2 e )= E-E A, (2.42)

_%(N +1)[(wk‘D2N+l

where O,,, actsonr,,. In Eq. (2.42), only the continuum orbitals cobtitie to the non-zero
part on the left hand side, so using Eq. (2.3Dettine

Wi (r)zzcijkuij (r):r(6i|wk)’ (2.43)
i
we further simplify Eq. (2.42) to

D, w, (rN+1))] = (E —-E, )AEk . (2.44)

D, W, (rN+1))_ (ajwjk' (rN+1XDl2\l+1

_%z Age [(6i Wik (rN+1)(D2N+1

ijk’
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Since @, are orthogonal functions, only=j terms on the left hand side survive, and Eq.

a3 i

where the dummy variable,,, is replaced by, and F, (r) the reduced radial wave function of

(2.44) becomes

" (r)j}(e—ekm 2.4

the ejected electron in chanmelt energ\E is defined by
F (r):ZAEk\Nik (r):r(6i|w)' (2.46)
k
With Green's second identity, which reads (for tasloy second-order continuous functions

f,(x) and f,(x))

j:(flf2 ff, o= (f, 87 - £1,)° (2.47)

and the boundary conditions in Eq. (2.36), we conizg. (2.45) to
1 : b
-3 2w 6 Fle)-2Fle)) = (- E ). 249
which gives the expression for tha., where we have used'(a) as the abbreviation of

dF (r)/dr|r:a. Its expression is simply

Au = 5ol —g) 2" (lF(a) bR a]] (2.49)

Plugging in theseA,, back to Eq. (2.46), we get
F(a)=> R (E)aF, ()~ bF () (2.50)
J
where theR-matrix is defined by

R (E) _ iz Wi (a)ij (a) (2.51)

2ak Ek_E
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where w;, (r) and E, are determined by the solution ¢f, in Eq. (2.34), anc is the total

energy.

For each set of the conserved quantum number$ &ogalar momenturh, total spinS,

and parityz), the (N\+1)-Hamiltonian is diagonalized once, arR(E) as a function of is

obtained. The set of scattered wave functionsr ata are solved for using the coupled

equations, Eq. (2.50). With theslé(a), we obtain A, through Eqg. (2.49), and the wave

function in the internal region is done.

2.2.7. Buttle correction
In a practical calculation we only take finite texnim the expansion Eq. (2.32). For the
omitted terms, even if each single term is smalkmwltE, is far fromE, they may add up

coherently and make a considerable effect. Thisgsrithe main error to the wave function.

Now consider the equation

(%zz_li(l:.;l) +V0(r)+ki2]uio(r):0' (2.52)

which is similar to Eq. (2.35), buk? is replaced byk? where thek?/2 are the channel

energies (defined in Sec. 2.2.3). Suppose we ttariba expansion d®-matrix after the first\

terms, then the correction, according to the mettestribed by Buttle [46], is

U; (a)2

2 _ 12
ij K;

e 1
R =%

=~

+1

(2.53)
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to the diagonal elements &matrix. Here u; (r) and k; are the solutions to the eigenvalue

equation Eg. (2.35) satisfying the boundary coondgiEq. (2.36). Adding this correction i

matrix, Eq. (2.51) is rewritten as

W.ka),()

+ 2.54
L e e R (2.54

R is often a simple continuous function &f when k? <k?. Since the number of required

1
terms in the correction is usually large, we cartHis function to a fewk? to fix the form of

the function and estimate all the terms. Seatoreldped the fitting process that we useRn

matrix calculation [47].

2.2.8. External region

Here we turn to the wave function in the exterregion. In this region the scattered
electron is distinguishable from the fifdtelectrons that stay with the nucleus. The totaleva

function is expanded in the form of

E
P00 Xn) = L 06 P Lt () (2.55)

r.N+l
where ®, are the same channel functions in Eq. (2.31),taedF, (rN+1) are the corresponding
reduced radial wave functions of the scatteredtreecIn this form we omit the antisymmetry

operatorA to exclude the exchange terms between scatteeett@h and any bound electron.

Plugging in this total wave function into Schrodengquation Eq. (2.17), we get the equation for

the functions F,(r) as

(d_z_li(h +1)+£+k j F(r)=22v, () (r). (2.56)
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where the summation ovicovers up to the number of channel functio®s in use, k?/2 are
the channel energiesz=Z-N is the effective charge of the targat=r,,, while the

condition r >r_ is valid in the whole external region, and witte texpansion of Eq. (2.20),

.
<a 2y sy LERALAVAI

n=1l Im
1/ -
:Zﬂ<¢i ;rnpl(cosen,N+l%q)j>

V, (r) is given by

1

vu(r)=<ai )

n=1 r.n,N+1

6,.> (2.57)

r

Note that in theory the expansion contains infihiterms, but here we include only up to some

maximuml| value specified by the program user to make theulzion feasible. Defining the

long-range potential coefficien; as

ZN:I’AR(COSHWMJEJ,» (2.58)

n=1

a'ilj = <6i

Eq. (2.56) is reduced to

(:%Zz_li(l;:l)+%+ki2jﬁ ()=25 T2 E (1) 259

which can be integrated outward starting fransa and fitted to the asymptotic form at

r - oo, Suppose we havetotal channels and, open channels in the calculation, and we order

no first in the n channels so thak’>-->k? >kZ,, 2---2k’. Let us extendF(r) to the

double-index F, (r) where the additional indexis for then, linearly independent solutions.

The boundary conditions at — « are
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1 .
—(J; sing +K; cosd k? >0 (openchannels)
F(r) = JK o J ) (2.60)

3, exf-q) k?<0 (closedchannels)

where then, xn, reactance matriX; (K-matrix) is to be determined when we apply the

connection between internal and external wave fanstthroughR-matrix, and other parameters

are defined by
8 =kr —%hﬂ—/]i In(2kr)+argr(l, +1+i7,)

== (2.61)

Zz
ki
@ =kr _iln(zlkih)
|
Note that the parameterg are not related to the configuration functioq,a(xl...xN) that we

defined earlier. Now the wave function in the em&mregion will be done by solving Eq. (2.59)

and boundary conditions in Eq. (2.60) once wekget

2.2.9. Open channel solutions

In this section, we find the total wave functiorttwthe reduced radial functions; (r)
satisfying the boundary conditions in both the riné¢ and external region. If we change to

matrix format and use a dot as the abbreviatiothefderivative of (df /dr = f ), Eq. (2.50) is

expressed in the form of
F =aR[F -bRF (2.62)
which gives the values of the reduced radial fumgF at r =a, whereR is an nxn matrix.

We now introducen+n, linearly independent solutions Bf, in the external region satisfying

the boundary conditions
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5(r) = g, sing i=1n j=1n

0, cosY, I=1n j=1n, (2.63)
6 (r) = . .
e 0 exd-g) i=1Ln j=n, +1n

in which 8 and ¢ are defined in Subsection 2.2.8. The solutisrend c can be obtained

straightforwardly, and there are a few availablenatical packages for these solutions in the
market.F is a linear combination afandc:
F=s+cK (2.64)

and its first derivative is
F=5+c¢K. (2.65)
With these expressions, Eq. (2.62) becomes
s+cK =aR(s+¢K)-bR(s+cK), (2.66)
and the solution foK is
K =B™A (2.67)

where the matrice& andB are
. b
A:—s+aR(s—— J (2.68)
a
and
. b
B :+c—aR(c—5cj (2.69)

respectively. Th&-matrix thus carries the information from the imirregion through th&-
matrix and determines the wave function in the rexeregion. TheK-matrix is real and

symmetric.
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2.3. Radiative Process

In this section, we consider the interaction betwa@hoton with specified energy and an
atomic system. The atomic system in this casessrdeed by theN+1)-electron wave function

discussed above.

2.3.1. Closed channel solutions

When all channels are closed, the general fornh@fwave function in the internal and
the external region, as shown in Subsection 2.8 Subsection 2.2.8, stay the same, but the
boundary conditions change, thus changing the rragobf the solutions. The external wave

function has to satisfy the boundary conditions &fr) but not s, (r) in Eq. (2.63), to satisfy

the conditions

o (r) = 9, exp(- @) i=Ln j=1n (2.70)

where ¢ holds the same definitiof. is then given by the expansionmés

F =cx (2.71)
wherex replaceK as the coefficients df. Eq. (2.66) then gives

Bx =0 (2.72)
when we plug in the form of Eq. (2.71) to solve fgrwhereB is defined by Eq. (2.69). To
obtain nontrivial solutions of, the condition detB = 0must be met, which requires the energy

eigenvalues to be negative.
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2.3.2. Dipole matrices

In order to perform the dipole approximation ca#tign that was discussed in Section
2.1, we use the dipole matrix involving the initzadd final state wave functions as the formalism

to calculate the photoionization. We introducedipole length and velocity operators as

D =), (2.73)

and

D, =->.0, (2.74)

where the summation ofis over all electrons.
Using the convention of Fano and Racah [48], weodhice the reduced dipole matrix

D(a,b) between stata and staté as

D(a,b)= (l_a b} \\Lb)=m<%'\ﬂa D |L,M,, ) (2.75)
The normalization of the bound states is
(W, W) =8 (2.76)
and the normalization of the free state is
(We|We)=5(E-E). (2.77)
We divide D(a,b) into two terms as
D(a,b)=D"(a,b)+ D)(a,b) (2.78)

where D"(a,b) is the contribution from the internal region amf®(a,b) from the external
region. Now we discuss them separately.

a. bW
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Suppose there are two wave functiody and W, defined in the internal region.

With the expansion of¥. of Eq. (2.40), the dipole matrix for the intermaegion is

D(a,8)=(w,[D"|w,)
(2.79)
=> AuPAsMg
kk'
where M, is defined by
My = D" ). (2.80)
The coefficients A, can be written in matrix form, which we will appdiortly, by
AEl .. O
A = ' 2.81
T, A (2:81)

wherek is the element index arfelis a parameter of the matrix. With expansionygf in Eq.

(2.32), we can further writeM,,. as
M. = ;VMVWDM (2.82)
where the elements of reduced maDiare
D, =g.[0")¢..). (2.83)

If the constanb introduced by the boundary condition Eq. (2.3&édtas 0 (which is a common

setup in practice), the coefficientdy, , are

Au= e gy 2R @

_ 1 e
—ﬁ(WEFE )k (284)

= ﬁ—E)(\NE R;FE)

k
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where the superscript “T” is transpose, and whexdawe plugged in

F=1riF (2.85)
a

as the matrix form of Eq. (2.50) (with =0), and the parametét is labeled on each matrix to
distinguish A., at different energies. Now we introduce the diajonatrix G. with diagonal
elements (with indek)

1

Gy =—7——, 2.86
= 2a(E -E) (2.86)

Eq. (2.79) is in the final matrix form as
D" (a,B8)=F,"R;'W,G,MG,W;R;'F,, (2.87)

b. D©

Now let us focus on the length operator. Sincéhenexternal region, the exchange terms
between the photoelectron and the target electiorlsnger exist, we divide th® operator as

D=R+r where R is responsible for the target wave functions andor the photoelectron.

Its matrix elements between statand stat¢f are then
D(O)(a’ﬂ) = Z[Xii'(Fia|Fi'b)+ yii‘(Fia|r|Fi‘b)] (2.88)

where

= (o[Ro,)

LI (2.89)
Yir = (q)i ||r||q3i,)

The coefficients x,. are non-zero only when the transition betweertdlget states is permitted

by the optical selection rule, and whén=1,; the coefficientsy;. are non-zero only when the
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two channels are built by the same target statbwdren |, =I.. £ 1 The evaluation of Eq. (2.88)

is described by Seaton [49].

2.4. Bret-Pauli R-Matrix Theory

The fully relativistic Dirac equation of motion cére approximated by the Schrodinger
equation with the relativistic correction terms.eTBreit-Pauli Hamiltonian of the system is
expressed as

Hge =H +Hpe (2.90)
whereH has been fully discussed (a8 for (N+1)-electron system) in Section 2.2. In the

RMATRX1 code, H., contains the corrections up to the orderafZ*, which makes

Hee, =H, .+ Ho +Hg, (2.91)
where
aZ
H .= —?z 0% mass-correction term (2.92)
2
H,, =~ 082 Zmﬁ(rij one-body Darwin term (2.93)
-
Heo = azz > Ef” spin-orbit interaction (2.94)
n rn

in which the summation af covers all the electrons in the system. Each dribeothree terms

can be switched on or off optionally in the progrdmthese termsH ... and H,, commute
with L*, L,, S*, S,, andz, while H,, commutes with onlyJ?, J,, andz; thus, in the

Breit-Pauli calculation includingH,, the symmetry of the total wave function in Eq3@® is
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defined byJ andx instead oL, Sandz. That is to say, each-symmetry of theN+1)-electron
system goes through an independent run in the gnogr

In the Breit-PauliR-matrix (BPRM) program, the Hamiltonian in Eq. @)3the long-
range potential coefficients in Eqg. (2.58), and thgole matrix in Eq. (2.83) all need to be

transformed into the pair-coupling scheme, whictigBned by

oy

(2.95)

-
I
<Xy

+
+S

Al

where J, is the total angular momentum of the target siattheith channel,i and § are

the orbital and spin angular momentums of the piettron, andJ is the total angular
momentum of the final state. The whole proceduagsivith the calculation of these matrices in
LS-coupling first, as what we have shown in Sectid?y then, using an unitary transformation,
they are converted to the pair-coupling expressibiate that in BPRM, only th& symmetry in
the initial (N+1)-electron system is specified in each calcutatemd the contributions from all

theLSterms are taken into account.
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Initial state: Final state:
(N+1)-electron ion N-electron ion + photoelectron

L (@)

Doubly excited state

Figure 2.1. The photoionization process. It go#fseeistraight to the final ionized state or passes
an intermediate excited state.

Q)/r:hotoelectron

Boundary of discrete states

nucleus
r=a

Internal region:
(N+1)-electron system\

(N-electron state + photoelectron)

External region:
Two-body system

Figure 2.2. Th&r-matrix theory divides the configuration space itite internal region where all
exchange terms of thé+1 electrons are included, and the external regibare the system is

simplified as a two-body system.
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Figure 2.3. The Fano profile with differeqvalues. Theq=0 (solid) curve shows a symmetric
(downward) peak, and thg = (dashed) curve shows an asymmetric peak.
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3. METHOD OF CALCULATIONS

The main computational tools in this work are dne3 code [33] to generate the discrete
wave functions and energy levels, the modiffedATRX1 code [27] (including thé.S and BP
calculations) to calculate the cross sections, #red QB program [35] to characterize the
resonances using the eigenphase sum. Figure 3as she programs that we used in the present
work and the workflow through them. In separateisas, we discuss in detail the use of these
programs and how we optimized the calculations amtain both the accuracy of results and the

efficiency of the processes.

3.1. CIV3 Program

3.1.1. Introduction

The CIv3 program, developed by Hibbert [33], is a packagednstruct configuration
interaction (Cl) wave functions and energies, andalculate electric-dipole oscillator strengths.
The job ofciv3 in our present work is to generate the radial fions of the single-electron
orbitals of theN-electron target states for us to feed intoRhmatrix program.

As introduced in Chapter 2, the Cl expansion oftthial wave function is
M
QJLS:ZbI#S (3.1)
i=1

where ¢° are the configurations constructed by couplingsimgle-electron orbitals in a way

to keep the totdl and totalS common to all configurations, as indicatedU$on both sides of

the equation. We choodd to be large enough to cover all the non-negligitdafigurations

contributing to W'°. Each orbitalo, (F,m.) is a product of a radial functio®,(r), a
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spherical harmonicY,"(f), and a spin functiony(m,), as described in Section 2.2.2. The
coefficients b in Eq. (3.1) are determined by the diagonalizatbthe N-electron Hamiltonian
whose elements are

Hy =(4°H|&®), ij=1...,M (3.2)

and we can write thgh eigenvector as
lis = Zb(j)#s (3.3)

wherej goes up toM. The respective eigenvalueE(") are
(WOlH|w®) =gWs, . (3.4)
The condition

E(J) > E(i)

exact

(3.5)

must be true since in general the truncatedgét does not form a complete basis set.
The condition Eq. (3.5) allows us to find an apptodo optimize the orbitals as we

choose the best set d®, (r) to minimize EU), where theEY) now are viewed as the
variational functionals of{ P, (r)}.

The radial functions are represented in Slater-fgpmat as
k |
P,(r)=>Cr'™ exr{—(inlr), nxl+1 (3.6)
=

with the orthonormality condition

I: Py (r)P (r)dr =4, (3.7)
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where C,, are real numbers{,, are positive real numbers, and, are integers. If

jnl
k=n-1, for a fixed set of{l jn,,Zjn,}, the coefficientsC,, are uniquely determined by Eq.

(3.7). If k>n-1, we can choose some or all of the parameters teabational parameters.

The case ofk <n- 1lis simply forbidden by Eg. (3.7).

3.1.2. The computational setup

In the present work to construct the 3-electrongdtrstate wave functions, 9
configurations were considered. They als2s °S°®, 1s?2p ?P°, 1s”3s?S°®, 1s?3p 2P°,
1s°3d °D°®, 1s°4s°S°®, 1s’4p ?P°, 1s°4d °D°®, and 1s’4f °F°. A fixed core of 1s
effectively portrays the common part of the confegions because the present consideration of
ion selection and energy range allows only negdlgibner shell excitation or ionization.

As a general rule in our work, eanhorbital is optimized by varying its parameters to

minimize the corresponding state energy. For exami optimize 8 orbital, we take two

configurations, 1s°2s °S°® and 1s°3s °S°®, as basis, wherestand 2 are known functions (they
are better fixed befores3o reduce the chance of divergent outcome, althakig program offers
the option to vary more than one orbital at a tinae)d only 3 is to be determined. Then we

calculate the radial integrals of Eq. (3.2) andgdislize the2x2 Hamiltonian to obtain the
eigenvaluesE® and E®@ (with E® <E®). E®@ is the quantity that we try to minimize
when varying the parameters of Becausels®3s °S°® corresponds to, although not exactly, the
higher energy state. For another example, to op&ing orbital, we just takels’2p P°,
1s?3p 2P°, and 1s?4p 2P° as basis and repeat the procedure uBtd is minimized. Note

here that only the configurations of the saméave to be included as basis since the radial

integral is zero between states of different
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In each ion, we took thesland & radial functions from the HF calculations by Clerne
and Roetti [50] or Weiss [51] depending on the laglity. For other orbitals, the orbitals of
eachl value were optimized sequentially from lawto highn. Taking p orbitals ( =1) for

example, B, was given initially by

Py, = CZ,re %, (3.8)
where we have applietk =n—1 condition to the form in Eq. (3.6). The programmgeated the

iterations from (Cgp'l;pr'l) and updated the coefficients until they convergethe (uniquely)

optimized vaIues(Czpvl;Zzpyl). Thus B,, was determined. Then for
Py = Coyare ' +C5, roe (3.9)

we set the starting coefﬁcient@:é’pvl,cgpyz;Z;’pvl,prvz): (CZp,l’O;ZZp,l’ZZp,l) (where C,,; is 1

since » had only one term) and went through the iteraporcess to get the final coefficients
(C3p'1,Csp’Z,Zspvl,Zsplz). Then again for @, the coefficients of the first two terms were taeom

the resultant @ orbital, leaving C; ;=0 and {3,,={; ,. In our case, @was the highesp

orbital in this procedure; if it was not, we wouldve repeated it up to the desired higmgstif
the calculation did not converge for some orbitahich rarely happened, we rais&dby 1
(adding one more term in Eq. (3.6)) and tried theM process again, and so on and so forth
until it converged.

In Appendix B, we present the wave function daterfitheCivs calculations, along with
the HF data of 4and 2 orbitals, for all the ions in this study. Thesevedunctions are what we

fed into theR-matrix calculation.
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3.2. RMATRX Program

3.2.1. Module STG1

The wholeRMATRX package in use in the present work was the madiersion by
Badnell in 2002 [27] based on Berrington’s packigajg.

The main tasks in the first stageRMmatrix program RMATRX STG1) are to calculate the
continuum functions, defined in Eq. (2.35), andatculate the radial integrals as preparation for
constructing the Hamiltonian matrix in the nexig&taThree different types of radial integrals are
done here: the one-electron, two-electron, andipulé radial integrals. The one-electron radial

integral is to evaluate the single variable intégfahe one-electron operator

h=——+ -— (3.10)

between any two radial functions, which can beegithr both bound or continuum. The two-

electron radial integral is written as

k

R (n1|1’ nzlz’ I‘13|3, r‘4'4) = jora dr1'[;a dl’2 Pnlll ("1)Pnzl2 (rz )% R13|3 (rl)Pr14I4 (rz) (3.11)

wherer, andr. are the larger and the smaller ones;oandr, respectively. For the multipole
radial integrals, the velocity form and the lenfihm are processed in separate subroutines. In

the velocity form, only dipole term is included:

)= I:Ui(r)(i+gjuj(r)dr (3.12)

drr
with
(il =l \13
TT-1 i = - (3.13)

while in the length form, the integral of ordeis given by
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16 0) = [7ur)ru, (ar, (3.14)
where the ordek taken into account is up to some maximum valuenddf by the input
parameter.

In the present calculation, all the bound orbiteése provided in the input as Slater-type

functions, which we optimized usir@v3 program. This data is given in Appendix B.

3.2.2. Module STG2

In the second stageRMIATRX STG2), first, the target state Hamiltonian matrix in.Eq
(2.27) is diagonalized, which means the target ifldpstate wave functions are obtained. Then
the Hamiltonian matrix elements (Eq. (2.33)) anel dipole matrix elements (Eq. (2.83)) for the
(N+1)-electron states in the internal region are taonted, and the long-range potential
coefficients (Eq. (2.58)) are evaluated.

In the input tosTG2, all the configurations needed to build the tagjates and theNf1)-
electron states are listed separately as the comipéesis for the system, and all the target states
and (N+1)-electron states are specifiedLiiz terms here. In our case, the 9 configurations in
Section 3.1.2 were used in the target states,tserd ivere 81 4-electron configurations for initial
and final states, which were established by assignihe photoelectron an arbitrary orbital

ranging from 2to 4f, and attaching it onto the 9 target configuratidnsrief, we considered 14
LSt terms, *¥(s,P,D,F)* and “(P,D,F)°, for (N+1)-electron states whether being used in
the initial or the final states.

If the calculation is nonrelativistic, each of tid LSt terms constitutes a specific

Hamiltonian matrix and a specific dipole matrixdahwill go on to the next stage to carry out

an independent calculation for the initial and ffisiates, and obtain the cross section for a given
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photon energy. On the other hand, if the calcutatsorelativistic (Breit-Pauli), it will first go
through the recoupling process fru§-coupling to pair-coupling as described in Secfoh in
the optional stagrMATRX RECUPD (also calledRMATRX STGJK). The Hamiltonian matrices, the
long-range potential coefficients, and the dipolatmoes that are defined iI8TG2 are
transformed into the new coupling scheme wherartagices are cut into the blocks of different
Jr terms. Each Hamiltonian block, which is specifigdaJz now, is further diagonalized where
the relativistic corrections in Eq. (2.91) for tHamiltonian also come in. We will call the

nonrelativisticR-matrix calculation LS calculation” as an abbreviation.

3.2.3. Module STGH

The main tasks IRMATRX STGH are to diagonalize théN¢1)-electron Hamiltonian in
the continuum basis, and to process the dipoleiceatin the new form where the Hamiltonian
is diagonal. The program receives the matrices@dda eithel.S-coupling in the nonrelativistic
calculation or pair-coupling in BPRM. The transfation of the dipole matrices is shown in Eq.

(2.82). TheD matrix and thévl matrix can be in length form or velocity form.

3.2.4. Module STG4

This stage deals with the external region wavetfans. Eq. (2.59) is solved here where
the R-matrix is matched on the=a boundary, and all the photoionization and colhsio
observables are calculated. Subprograms used meliEB, STGF, andSTGBF, STGB andSTGF
consider the total wave functions with bound state continuum state boundary conditions,

respectively, andTGBF calculates the photoionization (or collision) data
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In the present work, for the nonrelativistic castion, we picked the'S® ground state

and the °P° metastable state as our initial bound states. ,Titngs photoionization transitions

allowed by the selection rules were
15228 (*s%)+ hv - [1s?nl +e7 (kI')[(P°) (3.15)
for the ground state and
152252p(°P° )+ hv - [1s°nl + e (kI")[(*s",°P° *D°) (3.16)
for the metastable state. In BPRM, the correspanttamsitions, i.SJterms, were
15°282('s¢)+ hv - Jis*nl + e (ki')|(*R°) (3.17)
for the ground state and
15°252p(°P2,, )+ hv = [1s%nl + e (kI')|(°S¢,.PE,,.°DS, ) (3.18)
for the metastable state. TH®° metastable state ihS case splits to threéP{ states in
BPRM. Notice that in BPRM, the transitions are ospecified byJz terms, which means that
only 0° - 1° was defined in the ground state transition, argl df - 1°, 1° - (Oe,le,ze), and
2° - (16,2‘3,3‘3) were defined in the metastable state transitions;each Jr term, the

contributions from the full range of theS terms were considered. Each of the four transtion

generated an individual cross section as a funcigrhoton energy.

3.3. QB Program

The QB program [35] is the tool for the analysisre$onances in photoionization and
collision theory, which is based on QB method [8#Quigley and Berrington. The resonance
energies (positionlg,, the widthsl", and the effective quantum numbersre calculated in this

program.
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Let us look at then, xn, K-matrix defined in Eqg. (2.60). Diagonalization Kfgivesn,
eigenvalued;. This can be easily written as
KX = X4, (3.19)
where A is the diagonal matrix with diagonal elementsThe eigenphase of eachs then
defined as
J=tan'A, i=1--,n,, (3.20)
and the eigenphase suiis defined as the sum éfover all open channels. Theoreticafyill
increase byt radians at the energy of a resonance (reme#li®r function of total enerdy, as
well asg; ando). In practice, since the width of a resonance oaube infinitesimal, the finite
width smooths outd(E) around the resonance; thus, the resonance poistitetermined to be
where J(E) changes most rapidly as a functiorEofOnce we find ' =dJd/dE (where we use

a prime () to denote the derivative with respectHp the local maxima of it are the resonance
positions.

The Breit-Wigner form [52] of 8(E) is described by
O\E)=9d(E)+tan* ——, 3.21
(E)=3(E) E_E (3.21)

where & is the background, andl and E; are the width and the energy of the resonance.
Assuming the background varies slowly enough V&thd' <<1/I'), the differentiation of Eq.

(3.21) gives

__ 2
M= ©).. (3.22)

which relates the resonance width to the derivabiveigenphase sum. In order to gé‘l(E)

first we notice the differentiation of Eq. (3.19yes
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A =XTK'X. (3.23)
Defining theQ-matrix as
Q=(-s+aR's+aRs)+(-c +aR'¢+aR¢')K , (3.24)
and following Eq. (2.67)' is given by
K'=B™Q. (3.25)

Combining Eg. (3.23), Eg. (3.25), and the differatmdn of Eq. (3.20), we obtairﬂ'(E).
SinceK-matrix is determined by the boundary conditiontloa final state wave function

at any specific final energl, in the QB program, the user specifies the symynaitity of the

final state but not the initial state. Each resamearepresents the interaction strength between a

bound (excited) state and the continuum statedrfittal state total wave function. In the present
calculation, only thel® final state is populated from the grouri state, i.e., thed® - 1°
transition. For the metastable state calculatibe, transitions0® - 1°, 1° - (Oe,le,Ze), and

2° - (16,26,3‘*) are all allowed. Since the differences among #méous finalJ-states are small,

we analyze the resonances of tife final state, which can be reached from each of the
metastable state. Also note that in the presedisthe bound state energy of tf8 state was
taken as the reference energy for the conversibmea®s v andE; of the resonances for all the

metastable states.
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'RMATRX RECUPD

CIV3 — Transform the matrices from |
Build bOUﬂleFbitaB LS to pair-coupling scheme |
Y R I P
RMATRX STG1 RMATRX STGH
Build continuum orbitals Build W,;» DiagonalizeH in
Calculate radial integrals continuum basis, Buil&y,,,
| !
RMATRX STG2 RMATRX STG4
Build N-electron states, Calculate cross section
Set upH and dipole !
matrix elements QB
Characterize resonances

Figure 3.1. The flowchart of the calculations. TétageRMATRX RECUPD, enclosed by the
dashed-lined box, is used only for BPRM but notrfonrelativistic calculations.
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4. RESULTS

4.1. Energy Levels

The comparison between our theoretical and therarpatal energy levels, including
target state and initial state energies, is a godatation of the quality of our wave functions.
We show the target state energies (relative talsf@s,, ground state energy) frons’2py, to
1s°2f7, of all 14 ions in Table 4.1, where the experimedgda is from the database of National
Institute of Standards and Technology (NIST) [53gry good agreement between our values
and the experiments can be seen throughout the. flwe higher percentage errors usually occur
in low n states such agp&tate, but among the sametates, higher states have bigger errors.
The average error of all levels in one ion is hgghe Be as 0.56%, and the error goes down
generally as the ion becomes heavier, where it sttber lowest error in Ti as 0.05%. Seven
out of the totally of 14 ions have the error ldssnt 0.1%. From this estimate, it appears that the
target state wave functions are built very pregisel

To check the quality of oumMNt1)-electron initial state wave function, we conmgaiur

ionization energies from the initial state of eaelh ofJz. In Table 4.2 and Table 4.3, we list the

ionization energies of all ions fromiS ground state and fron’PY metastable state
respectively. The differences among’, °P°, and °PY are usually less then one-thousandth
of their values. The largest splitting of the iation energies of thesdP® metastable states, in
Fe'? is 1.15 Ryd, which is less than 1% of B’ state ionization energy at 140.411 Ryd. For

this reason, the list of the ionization energyhef fR° and °P metastable states are omitted.

Similar to the target state case, the percentage kere also shows a pattern that starts highest
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in Be and drops down for heavier ions like Mgr Si*°, but differently from target state case, it
now rises whe goes still higher. The error of the ground statezation energy is 0.44% in Be
as the highest and 0.01% in"8ias the lowest. The error of the metastable stiiation
energy is 0.62% in Be as the highest and 0.01%gif s the lowest. The possible reason for
the descending error aloZgis that the orbitals are asymptotically hydrogemttenZ is large,
and in theciv3d program, the hydrogenic orbital is perfectly déss by the Slater form. That
the error rises again toward high&rmight be because of the size of the nucleus. & th
calculation, we take the nucleus as a point chamgthe Coulomb potential; in reality, the
nucleus spreads out in space and affects theldison of the electrons. A& increases, the
electrons are drawn near to the nucleus, and tedapvbetween the nucleus and the electrons
distorts the wave functions more significantly. Amer reason of the rising error withmight be
relativistic effects. Although in BPRM the Hamilian includes the relativistic terms, the
orbitals that we created @1v3 and fed intdR-matrix were not relativistic, as they would bevi
started with Dirac equation.

To sum up the comparison between our energy lematsthe NIST values, we have
demonstrated that our calculation is in very gogeeament with experiment. The average error
of the target state energies is 0.18%, and theageeerror of the ionization energies of ground
and metastable initial states are 0.13% and 0.X&%pectively, over all 14 ions. These evince

the high quality of our total wave functions in baarget states and initial state.

4.2. Ground and Metastable State Cross Sections

The cross sections of tht&s ground state and théR?, °P°, and °PY metastable

states of the 14 ions were calculated separatetire energy range from the ionization threshold

to the ¥°4f;;, threshold using the BPRM program. A constant ph@toergy interval was set for
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each case to make an even distribution of a tdtd0denergy points over the range; except a
few ions for which we increased the energy pointsnatch the other results with which we

compared our results, which will be discussed ertbxt two sections. Figure 4.1 and Figure 4.2
are respectively the ground and the metastable stass sections. The length and velocity gauge
agree very well in the cross sections; the pergenthfference between them is at most a few
percent, which further suggests the wave functiares quite accurate. With this agreement

between the two gauges, only the results in thgtlheform are presented in our report. For the

metastable state, since the thré®® cross sections are almost identical, we show titéstcal

average (1:3:5) of théP?, °P°, and °P’ cross sections in the picture. For each ion, thesc

sections of ground and metastable states are slbowthe same scale so that we can easily
compare the results. Some general features of ibkiteon of the cross sections with are
reported here.

Just above the ionization threshold, thenand 2nd resonances dominate. These
resonances are wide enough to hide at least a pengj@n of the background cross sections. At
the middle energy range of each picture the resmsagonverge to=3 thresholds. Here the
resonances are significantly narrower, but thenasoce profiles at the beginning of each series
are clearly seen, as they provide rich informafamus to investigate the structure of the system
and the properties of the process. At still higheergy range, where the resonances converge to
n=4 thresholds, the resonances are very narrow laord, svhose characteristics will not be seen
without a considerable enlargement of the crosticsegprofile. The interesting fact is that the
overall ground and metastable state cross sectawasalike, especially for higB-ions.
Quantitative similarity of them implies that thaeea connection between these continua with

opposite parities and with different spin-multijtiies.
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When we take a closer look at the evolution ofdhess sections of both states along the
sequence, some general comments on the backgraoosd section, the thresholds, and the

resonances can be drawn. We will report this amailgsChapter 5.

4.3. Cross Sections Compared with Experiments

In this section we show the total cross sectiontheffirst five ions, Be, B, C? N*,
and O, for which the measured data is available. Eagieement measured the absolute cross
section of the designated ion in a mixture of statéach experimental group reported the
fractions of each of these states in the mixture. fdlowed the information provided for the
fractions and obtained the total cross sectiorhadibear summation over the cross sections of

the individual states.

4.3.1. Be

For the neutral Be atom two experiments in sepaatrgy ranges have been reported,
both performed at the University of Wisconsin Symetfon Radiation Center (SRC). Wehlgr
al [54] measured the ground state cross section themonization threshold at 9.3227 eV to the
2p threshold at 13.277 eV with energy steyiE) 20 meV below, 5 meV beyond, 12.60 eV and
monochomator bandpass of 12 meV, which we takbeasutl width at half maximum (FWHM)
when convoluting our theoretical cross sectiondated with energy steffE = 68 ueV. Figure
4.3 shows the present BPRM and nonrelativiti® R-matrix cross sections along with the
experimental results from 9.2 eV to 13.3 eV. Frbm ¢omparison of the BPRM ah&results it
is clear that relativistic effects in the photomation of neutral beryllium are negligible. The
present theoretical results show excellent agreemih experiment below about 12.5 eV, but

the experimental peaks seem to be truncated, cemhpartheory, at higher energy. It is evident,
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however, that the positions of the resonancesraexcellent agreement over the whole range.
We can think of no explanation for the lower resw®s in the series being more accurate than
the higher members, so this could be an experirhprablem.

In the higher energy range, near tlsea8d 3 thresholds, SRC measurements were made
by Olalde-Velascet al[55] with energy step 15 meV from 16 eV to 19.5&\ 5 meV beyond
19.5 eV. With our energy stefE = 68 eV, we convolute our result with FWHM = 27.5 meV
and FWHM = 7.5 meV, below and beyond 19.5 eV respaly to compare with experiment.
BPRM and nonrelativistic cross sections as welth@smeasurement are shown in Figure 4.4.
Just as in the lower energy range, the differeretevéen BPRM and nonrelativistic results is
negligible. The overall background cross sectiothm calculation is about 0.6 Mb higher than

the measurement, and there is a 0.1 eV energytsifteen calculation and measurement.

43.2. B

The B calculation is compared with the measurement blgippers et al [56] at
Advanced Light Source (ALS) at Lawrence Berkeleytibiml Laboratory (LBNL). The
measurement was done witle = 4 meV from 22.50 eV to 31.26 eV, whereas oucwation

was performed witlAE = 13.6peV. In the calculation, we assume that the inliem has 71%
'S ground state ions and 2998° metastable state ions [56]. The calculations dwel t

measurement are shown in Figure 4.5. Both calamatare convoluted with FWHM = 25 meV.
Below the ground state ionization threshold at 25.8V (calculated result), the cross section is
purely metastable photoionization. The theoretihedshold for metastable state is 20.44 eV in
the present calculation, which the experiment cowldidentify because the photon flux was too
low. The difference between the BPRM result andntherelativistic result is clearly the splitting

of the resonances in this region. BPRM clearly shotve peaks that are missing in
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nonrelativistic cross section. The BPRM result rhagcthe measurement well except for an

overall energy shift of about 0.05 eV.

4.3.3. C™

In the C? ion, the experiment was conducted by Mieral [57] at ALS. It was done

with AE = 4 meV from 40.84 eV to 56.98 eV. We assume @886 of the ions were in the;
ground state and 40% in th®° metastable state in the initial ion beam; spedlific30% °PY

and 5% each ofR° and °PY [57]. The calculations used an energy step AEe= 12.2ueV

and are convoluted with FWHM = 30 meV. As showrFigure 4.6, similar to the ‘Bcase, the

splitting is the biggest difference between the tatculations. Compared with the experiment,
the experimental threshold energies 41.39 eV an894&V are higher than the present values
41.28 eV and 47.81 eV for metastable state andngraiate respectively. The theoretical

background cross section is a bit higher than exyetal cross section near ti&p,,, threshold

of 'SS ground state at 55.8987 eV. Other than that, dMRM® result matches the experiment

well in all resonance positions and widths.

4.3.4. N7

Experimental work on K ions was performed by Bizaet al [58] at ASTRID at the
University of Aarhus. They obtained the cross sectvith AE = 100 meV in the range 63.00 eV
to 90.00 eV. In our calculation, we us&H = 13.6peV and convoluted the result with FWHM =
230 meV. The fractions ofS’ ground state andP° metastable state are assumed to be 65%

and 35% respectively [58]; in the absence of anyengetailed information on the excited intital

states, we assumed that the three metastable s&tepopulated statistically. In Figure 4.7, it is
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seen that the difference between BPRM and the radivistic results is that the peak heights
and strengths in the metastable region below 7@&reMarger in the BPRM case. This is likely
because the inclusion of relativistic effects ire tBPRM calculation opens photoionization
channels that are forbidden in the nonrelativiéii® case, thereby increasing the resonance
oscillator strengths. Comparing our BPRM calculataith experiment, we find that in the low
energy range where only the metastable state botds, the background agrees well but the
resonances are slightly weaker than experimentyugeh closer than the nonrelativistic results.
In the higher energy range where ground state pinaation dominates, the experimental cross
section is very noisy and it is difficult to pickiothe higher resonances, but the first few show
reasonable agreement. The nonresonant backgroassl sections are in good agreement in the
lower energy region where only the metastablesrimrie, but theory is a bit higher than
experiment at the higher energies where ground ptadtoionization dominates.

In addition, there has been some recent high-résnlexperimental work in very narrow
energy ranges reported [59]; the region of the stakde thresholds, and the region of tpg2
resonances. Apart from a small energy shift, oloutations, convoluted with the experimental

resolution (not shown), show excellent agreement.

4.3.5. O™

The measured cross section was obtained by Champaal [60] at SuperACO at
LURE in France withAE = 56.4 meV in the range from 99.60 eV to 129.75 &V the

calculation, we had an energy step si¥é = 13.6 ueV and it was convoluted with the

experimental FWHM = 250 meV. The experiment rebfiactions of 50%'S; ground state

ions and 50%°P° metastable state ions in the beam; since no bosakdf the metastable part

of the beam was reported, we assumed a statigtistilbution as in the N case, discussed
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above. Similar to K ions, in Figure 4.8 the BPRM cross section shavesiger resonances than

those in the nonrelativistic one in the region lué spectrum due to metastable photoionization
only. The reason is presumably the same as thiteirN™® case. The comparison between our
calculation and the experiment is also similartte N case. The background and resonance
positions match well with experiment in the methlaegion, but it is much harder to read the

resonance information in the ground state regidhénexperiment.

4.4. Cross Sections Compared with Other Calculations

The details of Opacity Project (OP) are describg&daton [28]; the photoionization of Be-
like ions was studied by Tullgt al [61]. OP includes atomic data of 15 isoelectraaits up to
Fe'?? based on the nonrelativistiematrix calculation. To give the flavor of the coamison of
the OP results with the present BPRM data, andiholhanges along the isoelectronic sequence,
the comparison for Be, N& Ar** and F&** are shown in Figure 4.9 to Figure 4.12 respedtivel

for both ground and metastable states; our BPRMIteeare the statistical average of the three

’P° metastable states. For Be, in Figure 4.9, thergtastate comparison shows that the OP

ground state threshold energy is a bit lower the BPRM result and, thus, lower than the
experimental (NIST) value, by about 0.1 eV. For thetastable state, the OP threshold is too
low by considerably more than that. Consequentig, ®P metastable cross section at threshold
is about 10% too high. In addition, careful comgani reveals that the OP resonances are at
somewhat different energies than the present BPRMlts. Since the latter are in good
agreement with experiment, as detailed above,avident that the OP calculation is lacking in
this respect as well. Most importantly, however,thsit the energy mesh used in the OP

calculation is seen to be much too coarse to cityregproduce the resonances in both ground
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and metastable states. This results in much ofetb@nance oscillator strength being absent from
the OP cross sections, as seen in Figure 4.9.

For N€® shown in Figure 4.10, the comparison is qualiedgi similar, but the
discrepancies are quantitatively greater, owinghtofact that relativistic interactions are more
important in N&° than in neutral Be; for N& the OP thresholds are too low by several eV and
the 2p thresholds are seen to be even worse, alipdor the ground state. Further, owing to the
energy step size, the higherresonances are absent from the OP results.

Going up to Af', Figure 4.11, the comparison is seen to be draaibtiworse. The OP
thresholds are off by of the order of 20 eV. Iniidd, the resonances are almost unobservable;
and those that are seen are at rather incorrectjieaeOnly the OP background, nonresonant
cross section is reasonably good in this case. Mewveve note that the OP background cross
section is not significantly better than the resulif a central-field Hartree-Slater (HS)
calculation which give a threshold value of theugrd state cross section of about 0.11 Mb [62],
in good agreement with these results.

For F€??, Figure 4.12, the comparison is similar to thé*Acase, but even further apart.
The OP thresholds are so far off that the wholer&®nance region converging tp éanges
from 137 Ryd to 142 Ryd, but it ranges from 143 Ryd 48 Ryd in the present work, and there
no overlap between these regions between the tigalaaons. The OP thresholds are off by ~
100 eV! Again, the OP background cross sectioeaswonably accurate, but so is the simple HS
result of the compilation of Ref. [62].

Several photoionization calculation of lower mensbef the isoelectronic sequence, Be
[63][64], B* [65][66], and C? [67][68], have been calculated for both ground ametastable

states using a variation&matrix method (VRM) [69]. In these calculationhetls’ core is
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replaced by an effective potential which is optietizoy comparison of binding energies with
experiment, and the wave functions of the two oelectrons are solved by the Schrodinger
equation. The basic differences between this methiod the present calculation are: the
variationalR-matrix calculations are nonrelativistic while ounglude relativistic effects; also,
that method is semi-empirical, based on optimizimg potential due to inner-shell electrons to
fit experimental energies, while ours is purelp initio. In Figure 4.13 to Figure 4.15 a
comparison of the present BPRM photoionization €resctions with the variation&-matrix
results are shown for Be;’Band C? ions, respectively; all cross sections presentedrelength
gauge since the length and velocity results esantioincide in both calculations. Our cross

sections are generally in good agreement with #m@atronalR-matrix results, but there are a few
differences in all three cases. First, both d8f ground state andP° metastable state

ionization thresholds are lower than the variatioRanatrix values. Second, the inclusion of
relativistic effects opens more ionization channeidich cause splitting of some of the
resonances, as seen in the figures. Third, therditferences in the shapes of the resonances at
the beginning of some Rydberg series. For exampleigure 4.13, the thin resonance near 11.8
eV is seen to have a different shape in the twoutations which amounts to almost a vertical
flip, and a similar flip occurs around 23.2 eV in. Bhis means in the analysis of Beutler-Fano
profile of resonance, thg value has opposite sign in the two calculationsictv implies either
the discrete or the continuum final state at theesponding energy has a phase difference
between the calculations.

There have also been calculations of the photaétioiz of C? [70][71], N3 [70] and G*
[72] using orbitals obtained with ttJPERSTRUCTURE0de [73] and nonrelativistiR-matrix to

calculate the cross sections, except f& W@here a relativistic calculation was also donguFeé
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4.16 to Figure 4.18 show the comparison of our BPRMdss sections with the previous
nonrelativistic results [70][72] for both grounddametastable states of TN*3, and G* ions,
respectively. The general features of the crossiose; such as the ionization thresholds,
resonance positions and widths match pretty wedl.s@en in these figures, however, the main
difference between their calculations and ourshés gplitting of resonances due to relativistic
effects. Note further, that the comparison of thiesults with our nonrelativistic cross sections
(not shown) show excellent agreement, thereby atitig that these earlier calculations include
the important physics, except for the relativigtifects. To emphasize this point, note that using
the same methods for discrete states, but with RNBR rmulation for the continuum states, the
relativistic photoionization calculation for'©was performed [72] and included both ground and
metastable states [74]; the comparison with thegameBPRM results are shown in Figure 4.19,
where excellent overall agreement is seen, botlioaesonance positions and background
nonresonant cross sections. Some small differeseeseen in the amplitudes and shapes of the
very narrow resonances. Also, for the ground stabss section, the peaks of the Ref. [72]
higher resonances of the major series are erxaktite our results are not. We attribute this to a
lack of sufficient density of energy points in theighborhood of these resonance peaks in Ref.
[72]. A similar BPRM calculation [31] for T has been performed (not shown) and the
agreement with the present calculation is simitarttat of the ¢ comparison exhibited in
Figure 4.19.

BPRM calculations of the photoionization of 6], C* [57], and N* [59] using the
same discrete orbital methodology as used in tesemt paper have also been reported. For the
B* and C? cases, the results for the experimental admixtfirground and metastable states,

suitably convoluted with the experimental widthe ahown in Figure 4.5 and Figure 4.6
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respectively. As can be seen, they are almostimdnio the present BPRM results. This is
hardly surprising since the two calculations usedeatially the same target states, although
somewhat different versions of the BPRM code [78]e very slight differences in the results
around some of the narrow resonances can be lairgelsd to not using enough energy points in
the energy mesh to completely characterize thenegse [76]. For the case of N57], where
many energy points are used in very narrow eneagges, our calculated results match the
previous result essentially exactly. In any case &greement strongly suggests that both

calculations were done correctly.
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Table 4.1. Energy levels (in Rydbergs) in the pneseork and in NIST data [53] for the Li-like

target ions. All energies are relative 18°2s” °S’, ground state energy.

Present NIST Present NIST Present NIST Present STNI Present NIST
Be Z=4 B z=5 C?7=6 N z=7 O*z=8

2p?P%, | 0293 0291 0445 0441 0594 0588 0740 0.733 860.8 0.878
2p %Y, | 0293 0291 0445 0441 0594 0589 0742  0.736 910.8 0.883
3s%S°, | 0799 0.804 1637 1.642 2754 2760 4150  4.157 265.8 5.832
3pP5, | 0876 0879 1754 1758 2912 2917 4349 4354 666.0 6.070
3p%, | 0876 0879 1754 1.758 2912 2917 4350 4.354 676.0 6.071
3d°Df, | 0.888 0.894 1780 1.787 2953 2961 4407  4.414 416.1 6.148
3d D¢, | 0.888 0.894 1.780 1.787 2.954 2.961  4.407  4.414 416.1 6.148
4s?S?, | 1.047 1.052 2160 2.166 3.650 3.657 5518 5525 637.7 7.770
4p %P5, | 1077 1082 2207 2213 3714 3721 5599 5606 617.8 7.867
Ap?PS, | 1.077 1082 2207 2213 3715 3721 5599 5606 617.8 7.868
4d DS, | 1.082 1.088 2218 2225 3732 3.739 5625 5.631 927.8 7.900
4d DS, | 1.082 1.088 2218 2225 3732 3.739 5625 5.631 927.8 7.900
Af °FS, | 1.083 1.088 2218 2225 3732 3740 5624 5632 937.8 7.901

af %Fy, 1.083 1.088 2.218 2225 3.732 3.740 5624 5632 937.8 7.901
Ne® z=10 Mg® z=12 si%z=14 s'?z=16 Ar'*z=18

2p P, 1.176 1.168 1.467 1.458 1.759 1.750  2.053  2.045 5.3 2.342
2p P, 1.191 1.183 1503 1.494 1.833 1.825 2189  2.182 8125 2.575
3s°S;, | 10018 10.023 15331 15334 21.771 21.769 29.345.3429 38.060 38.055
3p?P), | 10.338 10.341 15733 15733 22.255 22.253 29.911.9089 38.709 38.697
3p?P), | 10342 10.346 15.743 15745 22276 22274 29.951.9499 38.776 38.766
3d DS, | 10.450 10.457 15.885 15888 22.453 22.452 30.163.1580 39.024 39.013
3d D, | 10451 10.455 15.888 15.892 22.460 22.458 30.175.1680 39.045 39.035
4s°S’, | 13.386 13.392 20.524 20.527 29.181 29.180 39.368.36389 51.093 51.083
4p °PS, | 13517 13.522 20.688 20.687 29.379 29.374 39.599 5939 51.358 51.348
4p Py, | 13519 13.524 20.692 20.687 29.388 29.384 39.616 .6129 51.387 51.377
4d °DS,, | 13.563 13570 20.756 20.753 29.461 29.459  39.703.7089 51.488 51.478
4d °Df,, | 13.564 13570 20.758 20.756 29.464 29.461 39.708.7089 51.497 51.487
A4f °F5, | 13565 13.573 20.754 20.759 29.467 29.467 39.713.7189 51.502 X
4f °F), | 13566 13.573 20.755 20.760 29.468 29.469 39.715.7129 51.507 X
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ca'®z=20 T8 z=22 Ci?z=24 Fé* z7=26
2p2|31‘;2 2651 2643 2956 2948 3.265 3.258 3.602 3.572

2pP%, | 3.019 3016 3515 3514 4082 4.086 4745  4.745
3s%S’, | 47.924 48.086 58947 58922 71.140 71.102 84.508.4984
3p 2P, | 48.657 48.648 59.764 59.739 72.043 72.005 85.515 .4685
3p %P, | 48.764 48.755 59.927 59.907 72.280 72.251 85.844 .8185
3d °DS, | 49.048 49.037 60.247 60.218 72.637 72594 86.234.1986
3d °DS, | 49.082 49.064 60.300 60.270 72.714 72.672 86.343.3286
4s°St, | 64.368 X 79.205 79.162 95.618 95557 113.627 1#3.58
Ap °P9, | 64.667 64.816 79.538 79.505 95.984 95.937 114.02IB.989
Ap °PY, | 64.711 64.865 79.604 79.576 96.080 96.040 114.154.185
4d DS, | 64.827 64.812 79.735 79.707 96.227 96.185 114.31B4.266
4d DS, | 64.842 64.847 79.757 79.729 96.259 96.217 114.3654.320
Af F0, | 64.848 64.838 79.764 79.736 96.267 x 114.374 1P4.34
Af %F°, | 64.855 64.838 79.775 79.745 96.283 X 114.397 184.37

Table 4.2. Binding energies (in Rydbergs) of #f2s* 'S ground state initial ion, in the
present work and in NIST data [53].

lon Present NIST lon Present NIST

Be Z=4 0.682 0.685 80z=14 35.008 35.012
B* z=5 1.844  1.849 $27=16  47.942 47.930
C?7=6 3514 3.520 At*Z=18 62.920 62.897
N z=7 5.688 5.694 C¥®z=20 79.957 79.900
0™ z=8 8.365 8.371 T#z=22 99.069 98.960
Ne®Zz=10 15.228 15.234 &P z=24 120.276 120.100
Mg*®z=12 24.107 24.100 Fé7=26 143.601 143.953

Table 4.3. Binding energies (in Rydbergs) of &f 2s2p °P° metastable state initial ion, in the
present work and in NIST data [53].

lon Present NIST lon Present NIST
Be Z=4 0.482  0.485 8Pz=14 33.456 33.464
B*Z=5 1502  1.509 ¥27=16  46.122 46.115
C?z=6 3.034 3.042 At*Z=18 60.831 60.813
N*z=7 5.072 5.082 C¥z=20 77598 77.546
o*z=8 7614 7.625 Ti8z=22  96.436 96.334
e®7=10 14.209 14.220 &Pz=24 117.365 117.202

22.821 22.820 FéZ=26 140.411 140.780
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Figure 4.1.1s?2s? 'S¢ ground state photoionization cross sections of Be,C", N, O™,

Ne™ Mg, si'? s12 Artt4 ca™® Ti*'8 Cr?° and F&%2 up to the 1%if thresholds of the three-
electron final state ion calculated using BPRM rodtiogy.
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statistical average of the three individu#®’ cross sections.
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Figure 4.3. Photoionization cross section of grostade Be from 9.2 eV to 13.3 eV; (a) present
BPRM result, (b) present nonrelativistic result) éxperiment [54]. Both theoretical cross
sections were calculated with energy ssp= 68 eV, and convoluted with FWHM = 12 meV

to match experiment.
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Figure 4.4. Photoionization cross section of grostade Be from 16 eV to 21.5 eV; (a) present
BPRM result, (b) present nonrelativistic result) éxperiment [55]. Both theoretical cross
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shifted by -22 meV and 4 meV, respectively, to mdle measurement.
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Figure 4.6. Photoionization cross section &f ffom 41 eV to 57 eV. The theoretical results are

a weighted sum of ground state (60%) and metasté®festate (30%),°R’state (5%), and

°py state (5%) cross sections [57]; (a) present BPRIte(b) present nonrelativistic result, (c)

previous BPRM result [57], (d) experiment [57]. Allesent results were calculated with energy
stepAE = 12.2peV and convoluted with FWHM = 30 meV to match expent. The previous

BPRM result was convoluted in the same manner.
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Figure 4.7. Photoionization cross section 8f flom 65 eV to 90 eV. The theoretical results are

a weighted sum of ground state (65%) and metastthte (35%) cross sections [58]; it was
assumed that the metastable fractions were stalisthown are (a) present BPRM result, (b)
present nonrelativistic result, (c) experiment [5Bpth present results were calculated with
energy step\E = 13.6peV and convoluted with FWHM = 230 meV to match expent.
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Figure 4.9. Comparison of the present BP photoaiion cross sections, (a) ground state, (c)
metastable state for Be with OP results, (b) grogtate, (d) metastable state [61]. The

metastable BP results shown are a statistical geesathe three3P].° Cross sections.
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5. ANALYSIS

5.1. General Appearance of Cross Sections

In this section we discuss the overall appearamdbeocross sections along the whole
sequence, as demonstrated by Figure 4.1 and Figdrdor ground state and metastable state,

respectively. To make the notations simple andrciea useTan as the threshold energy of the

nl; target state, ande for the energy range of study, which is from tAreshold to &,

range

threshold, i.e.E 0o =T, . ~Ty.

The area under the cross section curves, in Mb-Biydjed by 8.07 is the total oscillator
strength in over that energy region [77]; owingth® well-known sum rule [77], the total
oscillator strength from the outer shell is 2, tmember of outer-shell electrons. This sum
includes the discrete oscillator strengths for éReitations below the ionization threshold, and
these are large, e.g., in neutral Be, the-2 2p transition has an oscillator strength of 1.36 [78]

It is found, from the present results, that thellador strength inE range, is approximately

range
0.4 and is about the same for all of theonsidered and for both initial states. Then, esitie
energy scale increases roughly A$ (the hydrogenic energy scaling), it is evident tha cross
sections must decrease HZ? to preserve the oscillator strength; this is dyaghat is seen in
Figure 4.1 and Figure 4.2.

The energy separations betweanand nl', on the other hand, do not increaseZfs
along the isoelectric sequence; they increaseoblyt roughly linearly with increasing. To
better show the change of these splittings aldngve focus on the ratio of each splitting to

E namely the “scaled” splitting. In Figure 5.1 wkow the scaled energy separations

range ?
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betweennl andnl' for n=2, 3, 4 in each ion, and find that thesaugalchange smoothly down
with Z, but not as quickly as how the background crostises do. For example, the interval

betweenT,, and T,, ~is 0.293 Ryd in Be Z=4), which is about 27% ofE,.,.. This

range

percentage is down to 8.8% in RgZ=10), 5.5% in $ and 4.1% in F&% For a simple

double-exponential decay function, we have foursdfttiowing fitting parameters:

T, -T
2z 2 00380+ 238ex;(—ij + 0.292exr{—ij , (5.1)
range 122 S.74
T —T
¥z 3 = 00150+ 8.64exp{—ij + 0.134exr{—ij : (5.2)
. 0.579 470
T, -T
Az %5 = 000680+ 14.9ex;{—ﬁj + 0.0550ex;{—0%31j . (5.3)

range
Of course in theZz—w, hydrogenic, limit levels of the same principalagtum number are
degenerate (nonrelativistically) asymptotically,asdifferent energy dependence is expected. In
any case, owing to the differences in the depereteatthe thresholds of differingandl along
the isoelectronic sequence, the overlapping ofrm@sces converging to threshold having the
same principal quantum is considerably altered fasmetion of Z. Of course, with increasing,
spin-orbit effects become important since theyedase asZ*, so the situation for the high&r-
ions is rather more complicated.

The width of a resonance indicates the strengtth@fCoulomb matrix element of the

guasi-discrete resonance state with the final nantn state. The resonance widths increase
slowly with Z while the energy range grows &’ as described above; actually, in the
hydrogenic limit, the resonance widths are indepahdfZ [79]. As a total effect, the widths of
the resonances relative to the energy range decvadsincreasing, making a(E) a smoother

function and the resonance structures less impoirtaime sense that less of the energy range is
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resonant and more is nonresonant background cexggrs Thus, in the heavier ions, the
background cross section can be fit more easilyabgimple function without too much
disturbance by the resonances. At the lower enth@fsequence, owing to the extent of the
resonance widths, this is more problematic. Funtivee, the widths also decrease relative to the
energy separation of the resonances, with incrgagirstrongly affecting the resulting cross
section in the resonance region.

There is definitely a wealth of information condegithe evolution of the resonances
along the isoelectronic sequence. In Section 58w\ characterize the resonances, display

these features and analyze their evolution &ith

5.2. Relativistic Effects

To pinpoint the influence of relativistic effectslculations have been performed at both
theLS-coupling and BP levels, using exactly the sameldmhsis set and radial wave functions;
this procedure insures that any differences inctiess sections resulting from the two levels of
calculation are due solely to relativistic effedtsr the first five members of the sequence, both
theLS-coupling and BP calculations are shown in Figuw#td Figure 4.8. In this low-part of
the isoelectronic sequence, it was seen that there only small differences betweks and BP
results; of importance, however, is that in evease; the relativistic result is closer to
experiment. Owing to the experimental resolutiomttlour theoretical results have been
convoluted with, it is difficult from these figure® make any statement about how the
importance of relativistic effects changes with reasing Z. However, looking at our
unconvoluted results, it is clear that relativigcbmes more important with increasing

To explore this, the comparison for és shown in Figure 5.2 with no convolution for

both ground and metastable state cross sectionsnéastable BP result presented is a statistical
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average of the cross sections of the thteg metastable states. While the background cross

sections are the same, in both cases the resonarecesen to differ in position size and shape,
particularly for the excited state. As an examfibe,the ground state resonance at about 19.15
Ryd, the nonrelativistic position is about 0.04 R§cb4 eV) lower than the BP location, which is
caused by the relativistic shift of the ground estamergy plus the shift of the threshold energies
of the final states of the ion. Further, for theofaionization of the initial excited metastable
states, there is a marked difference in the sizkstvape of the resonances betwk&rand BP
results that is not evident for ground state plostiation. This is seen in Figure 5.2 in the 21.2
Ryd photon energy region where a large narrow nativestic resonance is “surrounded” by a
number of smaller relativistic resonances. Thigaglisement occurs primarily because the three
relativistic metastable states have differing thodd energies which results in the resonances
being located at somewhat different energies. Thus, statistical average, instead of a single
resonance, as in thes case, there are three resonances “sharing” thikatmcstrength which is
more or less preserved.

As Z increases further, the energy shifts are expectgpow larger, and, looking at the
comparison for 82 shown in Figure 5.3, this is true. Here, shiftatiresholds and resonances
of about 0.2 Ryd (2.7 eV) are evident. And, fof*Eeshown in Figure 5.5 and Figure 5.6, the
shifts of thresholds and resonances are as largesd2yd, more than 20 eV are noted. And, for
both S*? and F&** the discrepancies of the resonances for the eistate are evident, just as in
the N&® case discussed above. Furthermore, while onlyetofethe higher members of the
isoelectronic sequence are shown in detail, themothing special about those particular ions;
the above discussion applies to all of the highemimers of the sequence. In any case, it is clear

that relativistic shifts become more and more ingarwith increasing.
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The relativistic splitting of the “target part” tfie resonances, i.e. the splitting between
differentj in the resonancelin’l’;, can be largely summarized by the splitting ofrihéhreshold
levels for the different values which the resonances will converge to. ieidgu7 plots the scaled
J splitting of the thresholds along the whole se@eein Section 5.1, we have seen in Figure 5.1
that the scaled splittings decay exponentially witd; here, on the contrary, the scalpd
splittings, which reflect the relativistic effeciacrease asZ? along the sequence. Good fitting

parameters were extracted when the second-ordgngruolal function

SN =gy +gZ +c,27 (5.4)

range
was applied to these splittings. With the widepeglittings and the narrowed dowsplittings

(relative to E,,, ), we expect that thel; and thenl'; thresholds, who have the samandj but

range
differentl, will get closer wherZ increases. Examples arpsg with 3ds;,, and 4ls;, with 4fs),.
This might not be seen easily in all the crossigegiictures, since the thresholds with the same
n are already tightly close together, and the csestion is usually very messy with the narrow
resonances near the thresholds. However, it isdearly in Table 4.1.

Figure 5.5 and Figure 5.6 give an enlarged viethefground and metastable state cross
sections of F&% around the firsh=3 resonances, where the splitting of resonanceleasly seen
in the plots. Along with Figure 4.3 to Figure 4@ fthe light ions, the resonance splitting
increases witlZ along the sequence, as obviously seen in theefsgdrhe very small splitting of
resonances for Band C?, seen in Figure 4.5 and Figure 4.6 respective/péthe order of 100
meV. At the other end of the scale, fof £ethe splittings of the resonances can be as ksgs
the order of 10 eV. The overlapping of resonanceseés rather different in theSand BP cases

at the higheiZ's. Thus, relativistic effects play an importanteramn perturbing the resonance
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positions, splitting them into doublets, and chaggthe overlaps among resonance series
converging to different states of the final-staige.iThe details of the resonances, and how they

change as a function @f will be reported in a different section.

5.3. Resonances

5.3.1. Identification of resonances

The concept of photoionization resonance is intceduin Subsection 2.1.3. The
resonances in a cross section profile offer theontamt information of the atomic structure. As
mentioned in Section 1.2, although the recent exymts have improved greatly the accuracy
and the resolution of photon energy in cross seatieasurements, the experimental data is still
insufficient to study the details of resonancepeeglly at the near-threshold energy range.

To describe a resonance profile, we use the resenamergy (positionig,, the widthrl,
and the effective quantum number(coupled with quantum defegt) with respect to the
threshold to which the Rydberg series convergesdéscribed in Section 3.3, using the QB
program, we find many resonances, each charaaleby&, andl", covering the energy range

from the ionization threshold,, to the highest threshold in the present calculaflg, , for

all the ions. Note that there are an infinite numteresonances in each Rydberg series, so we
have to specify the highestin each energy range in the calculation (see @e&i3 for details).
Our goal is to give each resonance a proper labehé formnln'l’y in BP case, where we drop
1s* for abbreviation) that corresponds to an excitéstrdte state. We have developed a
systematic way of identification scheme, describeldw.

The resonances along a Rydberg series are exgedietiave similarly, or at least evolve

gradually as a function of principle quantum numtaunless perturbations from other series are
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presented. In the energy range betwdgn and T,, , perturbation by other series is weak
compared to any other energy region, so we talerégion as an example to describe how we
identify the resonances. The first step is to aividese resonances to groups. F8f ground
state photoionization, there are five Rydberg secenverging to the@thresholds:2p,,,ns,
2p,,Ns, 2p,,nd,,, 2p,,nd;,, and 2p,,nd;,,, SO the resonances are divided to five groups,

according to the regularity of their widths, eneggiand shapes in cross section. Figure 5.8
clearly shows that for F&, in this energy range, there are five “rows” afaeances that are
distinguished from one another. Each “row” thennfera group of a resonance series. Once
every resonances is put into one of the five grptips second step is to relate the groups to the
thresholds which the resonances converge to. Aarsho Figure 5.8, the members of two

groups have nearly constantvith respect toT,,, , while the members of the other three groups
have nearly constant with respect toT,, . Because2p,,ns and 2p,,nd,,, converge to

T

20,0 @Nd 2p;oNns, 2p,,nd,, and 2pg,nd;, converge toT,, , we can easily separate

the groups belonging t@p,,,nl; and the groups belonging ®p;,,nl;, and the quantum defect
u for each resonance is calculated. Then in thel thiep, since they| for 2p;ns should be
larger than they] for 2p,nd; (see next subsection for details of quantum defethe groups
are further assigned, and now the only unlabelealgg are 2p,,,nd,, and 2p,,nd;,, .

Finally, we employ the fact tha2p,,,nd,,,’s bound state energy is higher th&p,,,nd,,’s.

This fact comes from either a 4-electron bound ll@aculation or a table of experimental

values. All the groups are thus identified and lathe
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The resonances in higher energy regions are idgeohtih the same manner if the
perturbation is not too strong. However, in the enstrongly perturbed region, the regularities in
position and width, which are seen in an unperttifRgdberg series, are more or less destroyed.
The positions are shifted and the widths are wideoe narrowed through the interaction
between the series converging to different thregshdf two or more resonances are very close,
they may overlap and the shapes are also distairtethis case, the regularities in quantum
defect is still informative, but how the perturloatiaffects the resonances needs to be understood
and taken into account. Series perturbations amdapping of resonances will be discussed in
detail in Subsection 5.3.3.

We have characterized and identified tipnl and the Bnl’; resonances for all the 14
ions. Specifically, for the ground state photoiatian where the final state i¥’, there are 18

Rydberg series, which ar@p,,,ns, 2p,,ns, 2p,,nd;,, 2p,;,nd;,, 2p;,nd;,,, 3snQ,,,
3snp,,, 3p,,.ns, 3p;,ns, 3p,,nd;,, 3p;,Nd;,, 3ps,nds,, 3d;.np,,, 3d;,Npy, .,
3d;,,np,,,, 3d,,,nf,,, 3dg,,nf,,,, and 3d,,,nf,,,; for the metastable state photoionization,
where the final state we are considering1fs there are 17 Rydberg series, which are
20,,NP 5 s 2P1oNPsn s 2P5NPys s 2PsNBs 0 s 2Ps.0f,, . 3Sns, 3snd,,, , 3p,,np,,,
3P,5NPs5s 3PsNPRy,s 3PsNPsns 3Ps5N0E,,, 3d,,,ns, 3d,,,nd,,,, 3d,,,nds,,, 3ds,,nd,,,,
3d;,,nd;,,. The first five resonances in eacprf; series and the first three resonances in each

3linl’; series are listed in Table 5.1 — Table 5.14 fergtound state photoionization and in Table
5.15 — Table 5.28 for the metastable state phoization. For both states and for all the ions, it

is clearly seen that thep@l; resonances are more “well aligned”, i.e., regulaan the 8nl’;
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resonances. In the next two subsections, the gesteseriptions of their guantum defects and the

perturbation between channels will be discussed.

5.3.2. Quantum defects of resonances

Some general observations on the quantum defestbeanade. First, we notice that in
each Rydberg serieg,converges to a constant value wimebecomes very large. Secondfor
each resonance decreases Witlas shown in Figure 5.9. Thevalue whem goes to infinity is

denoted as asymptotic quantum defegt . Due to the facts stated above, we can focus our
attention on theseu, ., in different channels and for different ions i tequence. Figure 5.10
displays the i, ,, of the five Pnl; series as functions @ These five gnl; series have less

interaction between channels and less perturbatipnhigher resonances than the series
converging to higher thresholds.

Looking at the top panel of Figure 5.10 for theugrd state case, the twq,as curves
group together and the threg®l curves group together since the differgatcurvers will
merge into one in the nonrelativistic limit, whtlee curves of differeritare widely separate. For
all the ions, the @nd resonances have much lower (absolute value offitgmadefects than

what Zns resonances have. For neutral Be, . for 2pns are between 0.6 and 0.7, and
U, .| of 2pnd: are lower than 0.1; for &, these two values, correspondingly, are about 0.06

and less than 0.01. Similarly, this big differetetweenrs-orbital (=0) andd-orbital (=2) of the
photoelectron is seen in all the ions in betwedre 3imple explanation is that when thaf the

photoelectron is higher, its wave function is Ipsgetrating into the wave function of the target
(because of the centrifugal terir{l +1)/r? in Schrodinger equation), making the effective

potential more hydrogenic, thus yielding a smadjeantum defect. When this fact is applied to
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the metastable photoionization, the bottom panéligdire 5.10 shows that the foundp, series
are grouped together, with much lardes, .| than that of thegnf; series.

This basic rule also applies to higher resonangel as 8n'l'; and 4;n'l'; too. However,
the fact that the much compressed energy spacietggebn the thresholds accommodate more
Rydberg series make more chances for the resonémd®s strongly perturbed and to overlap.

The seemingly randomness makes it difficult to @ottry, . for these resonances shown in

Figure 5.10.

To describe quantitatively the general appearafcg 0, along the sequence, we have

tried different fitting functions for,unm(Z) and found that the double exponential decay in the

MRV R

works extremely well for all theghd: series, except at the latvend of the 2p,,,nd;,, and the

form of

2p,,,nd;,, series where the curves exhibit a little bumpindssr the 8n'l’; resonances,
although the iz, . is already hard to obtain due to the strong plestimns experienced by the
3lin'l'; resonances, the form in Eq. (5.5) still worksgf ., is replaced by the averageover

some largen, for example, the average Q-+, 4, -

5.3.3. Perturbation and overlapping of resonances

On one hand, since the resonance widths relatitleetavhole energy range decrease with
Z, the narrower resonances are less likely to “tbdleir neighbors, with more space around

each one. On the other hand, as relativistic effgobw, the group of resonances of the same
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nin'l', which are so close together at ldywstart to spread out because of the relativiglitting.
They now have more chance to “invade” other graamqd to cause perturbations. In addition to
using the regularities i and v, any perturbations must be taken into accountrirost all the
energy regions beyond,, ~for all the ions. We now describe how the resoranchange
under the strong perturbative circumstances.

Consider a simple case with two resonances. Supibeseexcited autoionizing states
with wave functionsg, and ¢,, are nearly degenerate. As demonstrated in Subsezil.3,
the widths of these resonances represent the atimmastrength between the continuum and

corresponding excited states. In the absence woitaraction betweenp, and ¢, , the widths of

these two  resonances are given byl = 771’\/LE‘2 = 74<¢1|H|1/1E>‘2 and

r, =77T\/2'E‘2 =17‘<¢2|H|z,£/E>‘2 , and the energy levels are given bl =(¢/H|g,) and
E, :<¢2|H|¢2>, following the notations given in Subsection 2,1pRis that the subscript &

includes the discrete state index 1 or 2. Howetlex, actual total bound state is the linear
combination of ¢, and ¢,, which is given by

-1
9. = ﬁ(¢1t¢2) (5.6)

for exact degeneracy, i.eE, = E,. The total width is thus

(5.7)
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In the case where the two resonances are abowsiathe size\(;¢ =V,.), [ is approximately
2, or 0, while in the case where one resonance idrhigger than the other on¥,( >>V, ),

I"is just I',. The resonance position is given by

E, =(¢.|H|g.)

, 5.8
-L(e +E,)srey,) oY

which implies the interaction between the two cl@sshifts the position of each by the same
amount from their original position. In the iderd#tion process for the resonances, the ideas
presented above were brought out and practicedantths

Other than the perturbation and overlap betweemrdbenances converging to the same
principle quantum number, sometimes the resonaincasigher series may be located below a
lower threshold and thus affects the lower setiemgly. For example, as shown in Figure 5.11,
when Z goes higher than five, the4p (the total angular momentuinis omitted because
relativistic effects are weak at such I@&vresonance starts moving into the energy regidéombe
Ty, @nd shifts down further in highés. Since 44p is much wider than any of the higher
3linl’; resonances near the=3 thresholds, its profile is cut apart into mangcgs by these
narrow resonances; more precisely speaking, g frofile becomes an envelope or a
background of these resonances, and its own cleaisits, such as position and width, are hard

to read. However, thes3p resonance is never below,, , which further guarantees the

“cleanness” of the@nl; resonance region.
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5.4. Partial Cross Sections

Experiments up to now measure only the total ploiaation cross section, but not the
partial cross section to each target state. Inpttesent work, the partial cross sections were
calculated and analyzed along the sequence, whi¢trn gave us more of the physics of the

atomic structure of our systems. The notatiap (E) is used throughout the whole dissertation

as the partial cross section t&1]; state, where the core orbitaks’ is omitted in the notation for
simplicity. In the present atomic systems, there H :anlj states from £2s to 1s%4f;,. We
have calculated these partial cross sections irleegy range between the ionization threshold

and theT,, ~ threshold for all 14 ions. Figure 5.12 shows #ult for ground state Fe. As a

general feature found in all the ions,,(E) is the main contribution to the total cross settio

and its fraction increases monotonically wgh This is reasonable because in the asymptotic
condition whereZ — o, the system is hydrogenic and the ground stagniply 1s’2s% the
direct ionization will give only £2s state as the target state.

To further study the composition of the total cresstion in each ion, we have calculated

the ratio of each partial cross sectiondg,(E). Furthermore,o,, (E) for differentj values are
linearly combined into aanl(E) to effectively simplify the analysis. The notation
r,(E)=c,,(E)/o,(E) is used here and later. Figure 5.13 displays thatiws for ground state
photoionization at the photon energy just abolg , to avoid the waviness due to the

resonances, for different ions. The ratios are shus: 1/Z in order to show that the high-
part of each curve converges to zero, the hydraegesult. In this figure, one also notes that for
each ion, the relative magnitudes of partial cisssions are generally in the same order as the

contribution of each target state to the CI of gneund bound state. That is to say,, (E) is
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bigger, at arounde =T,, , if the contribution ofl target state to the ground state Cl is bigger.

While this is true, it does not suggest that thetiglacross section and the target state

contribution have a proportional relationship. Aserved in Figure 5.13r2p(E) is about 29%

for Be. The fraction ofls*2p® in the ground state is about 10% in a MCHF cataurtawith 9

configurations. This comparison simply tells th&e tpartial cross section contains more
information than only the target states that go the construction of the initial state.
However, the same ratios, or ratio patterns, irufeigh.13 do not necessarily appear at

other photon energies, especially the ones muchehithanT,, . To observe how the ratios

change with photon energy, we have rescaled theoptemergy by al/(zZ - N)* factor, where

Z andN are the nuclear charge and the number of targetrehs (=3 in our work) for each ion,
respectively. The result for 4 widely different goare presented in Figure 5.14. First we note that
in general, all these ratio curves are higher atZoand decrease whéhincreases. For 0, as

the lightest ion in the figure, all the ratios,tire whole range of photon energy, are higher than

3x10™, and the highest curver,zp(E), is approximately 0.1 on average; for*¥eas the
heaviest ion in the figure, most of the ratios arehe range betweed0™ and 10™, and
r,,(E) is of the order of 0.01. The fact that aj} (E) decrease witZ and o,,(E) dominates
at high Z further confirms what we conclude Bt=T,, ~ that whenZ is infinity, the system

becomes hydrogenic.
Other than the overall behavior of these ration@ld, there are some complexities

among the ratios as functions®fFirst, all the ratios decrease wihexcept r, (E); r. (E) is

a rising function during the whole energy ranggs;(E) is curvier but inclined in most energy
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ranges; r,,(E) and r,4(E) are all decreasing functions in almost the whalage, except
r4p(E), which becomes an increasing function at sometpdims fact suggests that when the

photon energy increases, the system also behaveslike® a hydrogenic system. However, the
change from low to high energy is more complicateah the change from low to highZ,
where the photon energy crosses many regions whereomplex atomic structure strongly

affects how the partial cross sections behave.
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Table 5.1. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegiof 2;

and 3; photoionization resonances for ground state Be.

2p1oNs 2p3s
n=3 0.779 6.26(:6) 7.42(-1) 0.803 3.61(-2) 5.9p(-1
4 0.882 5.63(-5) 7.22(-1) 0.890 1.15(-2) 5.88(-1)
5 0.921 5.26(-5) 7.15(-1) 0.924 5.25(-3) 5.85(-1)
6 0.940 3.24(-5) 7.11(-1) 0.941 2.80(-3) 5.88(-1)
7 0.950 2.18(-5) 7.09(-1) 0.951 1.67(-3) 5.91(-1)
2p1/2NGsp 2032N0s/
n=3 0.867 9.33(-4) 3.66(-2)
4 0.914 4.62(-4) -1.60(-2)
5 0.934 1.85(-2) 7.09(-2) 0.936 2.79(4) 6.74(-3)
6 0.947 1.95(-2) 6.89(-2) 0.948 1.66(-4) -2.58(-3)
7 0.955 2.00(-2) 6.68(-2) 0.955 1.07(-4) 4.01(-4)
2P3/2NCs2
n=3 0.871 2.56(-5) 9.79(2)
4 0.916 1.04(-5) 9.51(-2)
5 0.937 5.99(-6) 9.11(-2)
6 0.949 3.67(-6) -0.01(-2)
7 0.956 2.64(-6) -8.89(-2)
3snp, 3snpy»
n=3 1.241 4.77(-3) 9.62(-1) 1.292 1.20(2) 7.05(-1
4 1.378 1.31(:3) 8.90(-1) 1.385 1.49(:3) 7.77(-1)
5 1.419 4.85(-4) 1.01(0) 1.426 6.35(-4) 7.77(-1)
3pu2Nns 3p3ns
n=4 1.457 8.01(-4) 8.54(-1) 1.468 2 .64(-4) 6.58(-1
5 1.503 2.82(-4) 7.27(-1) 1.500 1.71(:3) 8.44(-1)
6 1.522 1.48(-4) 6.86(-1) 1.525 5.86(-4) 4.69(-1)
3p12ndsp 3pa2nds,
n=3 1.434 7.02(-4) 158(1) 1.436 1.30(3) 1.3p(-1
4 1.490 2.88(-4) 1.64(-1) 1.492 5.71(-4) 1.15(-1)
5 1511 4.56(-6) 3.56(-1) 1516 2.65(-4) 1.09(-1)
3pa2ndk,
n=3 1.449 2.34(-3) 2.61(2)
4 1.495 5.12(-3) 2.51(-2)
5 1519 2.21(-4) -4.79(-2)
3ds/ NP2 3d3/2nPs/2
n=4 1.485 1.05(:3) 5.63(-1)
5 1519 1.43(-4) 5.79(-1) 1.518 2.15(-4) 6.37(-1)
6 1.537 3.43(-5) 5.43(-1) 1536 6.37(-6) 6.26(-1)
3ds/2n Pz 3dsonfs)o
n=4 1.492 2.34(-3) 4.18(-1)
5 1.524 3.92(-4) 3.48(-1)
6 1.539 1.74(-4) 3.39(-1)
3ds/Nfs 3ds/onf7
n=4 1510 3.42(-4) 6.16(-2)
5 1.529 1.46(-4) 4.80(-2) 1533 1.08(-4) -1.58(-1)
6 1.542 6.62(-5) 4.72(-2) 1.543 7.15(-5) 11.05(-1)
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Table 5.2. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground stdte B

2p1oNs 2p3s
n=14 1.97 1.73(-4) 4.73(1) 1.981 1.79(-2) 3.98(-1)
5 2.09 1.45(-4) 4.68(-1) 2.100 8.18(-3) 4.01(-1)
6 2.16 7.17(-5) 4.65(-1) 2.162 4.17(-3) 4.03(-1)
7 2.20 5.21(-5) 4.63(-1) 2.198 2.47(-3) 4.05(-1)
8 222 4.39(-5) 4.60(-1) 2.220 1.58(-3) 4.07(-1)
2p1/2NGsp 2032N0s/
n=3 1.849 4.41(-3) 1.15(2)
4 2.039 2.12(-3) 7.17(-3)
5 2.126 9.24(-7) 5.01(-2) 2.129 1.29(3) 1.59(:2)
6 2.176 2 45(-6) 4.76(-2) 2.178 6.38(-4) 2.12(-2)
7 2.207 4.41(-6) 4.55(-2) 2.207 3.82(-4) 2.43(-2)
2P3/2NCs2
n=3 1872 2.47(-3) 9.50(-2)
4 2.050 1.29(:3) -8.82(-2)
5 2.135 8.46(-4) -8.26(-2)
6 2.181 4.32(-4) -7.88(-2)
7 2.210 2.62(-4) -7.56(-2)
3snp, 3snpy»
n=3 2777 5.46(-3) 6.16(-1) 2.867 1.68(2) 44y(-1
4 3.150 1.73(:3) 5.22(-1) 3.155 1.54(:3) 4.98(-1)
5 3.269 2.40(-4) 6.57(-1)
3pu2Nns 3p3ns
n=4 3.223 1.07(:3) 7.34(-1) 3.238 5.25(:3) 6.68(-1
5 3.387 1.10(-4) 6.50(-1) 3.394 2.34(-3) 5.80(-1)
6 3.458 1.36(-4) 6.53(-1) 3.465 5.25(-4) 5.26(-1)
3p12ndsp 3pa2nds,
n=3 3.013 5.08(-3) 3.87(1) 3.023 3.03(:3) 3.6B(-1
4 3.280 8.09(-4) 4.53(-1) 3.293 4.14(-4) 3.83(-1)
5 3.404 4.63(-4) 4.62(-1) 3.421 2.56(-4) 2.47(-1)
3pa2ndk,
n=3 3.110 4.92(-3) 1.39(1)
4 3.326 2.22(-3) 1.66(-1)
5 3.443 2.15(-4) 6.71(-2)
3ds/ NP2 3d3/2nPs/2
n=4 3.316 6.38(-4) 3.99(-1) 3.350 4.38(-4) 1.8p(-1
5 3.409 1.75(-4) 6.85(-1) 3.429 2.76(-4) 4.70(-1)
6
3ds/2n Pz 3dsonfs)o
n=4 3.368 1.80(-3) 461(-2)
5 3.438 7.74(-4) 3.71(-1)
6 3.504 3.90(-4) 2.31(-1) 3.507 4.00(-4) 1.49(-1)
3ds/Nfs 3ds/onf7
n=4 3.394 2.34(3) 1.64(-1)
5
6 3.508 1.54E-3 1.24(-1) 3.513 8.69(-3) 5.75(-3)
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Table 5.3. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground state C

2p1oNs 2p3s
n=5 3.691 3.69(0) 351(-1) 3.700 9.52(-3) 3.08(-1)
6 3.826 3.83(0) 3.48(-1) 3.831 4.76(-3) 3.09(-1)
7 3.904 3.9(0) 3.45(-1) 3.907 2.84(-3) 3.11(-1)
8 3.954 3.95(0) 3.43(-1) 3.956 1.82(-3) 3.12(-1)
9 3.088 3.99(0) 3.41(-1) 3.989 1.22(:3) 3.14(-1)
2p1/2NGsp 2032N0s/
n=4 3.534 1.28(6) 4.03(-2) 3.542 3.74(:3) 1.3p(-2
5 3.742 7.86(-6) 3.86(-2) 3.746 1.96(-3) 2.04(-2)
6 3.855 1.73(-5) 3.61(-2) 3.856 8.94(-4) 2.40(-2)
7 3.922 2.63(-5) 3.39(-2) 3.923 5.47(-4) 2.59(-2)
8 3.966 3.28(-5) 3.14(-2) 3.967 3.62(-4) 2.71(-2)
2P3/2NCs2
n=4 3.565 3.05(-3) 6.82(-2)
5 3.757 1.69(-3) 6.16(-2)
6 3.863 8.00(-4) 5.72(-2)
7 3.928 5.02(-4) -5.39(-2)
8 3.970 3.45(-4) -5.08(-2)
3snp, 3snpy»
n=3 4877 5.86(-3) 4.56(-1) 5.005 1.94(2) 3.31(-1
4 5.565 8.81(-4) 4.22(-1) 5.578 2.13(-3) 3.88(-1)
5 5.803 1.11(:3) 5.99(-1) 5.829 2.88(-3) 4.70(-1)
3pu2Nns 3p3ns
n=4 5.674 1.15(3) 541(-1) 5.704 8.58(:3) 4.69(-1
5 5.985 1.65(-4) 4.81(-1) 5.998 3.82(-3) 4.14(-1)
6 6.130 2 24(-4) 4.83(-1) 6.136 6.15(-4) 4.35(-1)
3p12ndsp 3pa2nds,
n=3 5.230 3.37(3) 257(-1) 5213 6.05(:3) 27¥(-1
4 5.840 7.10(-4) 8.08(-2) 5.855 7.39(-4) 3.12(-2)
5 6.067 2.73(-4) -8.27(-3) 6.075 2.41(-4) 6.04(-2)
3pa2ndk,
n=3 5.381 7.60(-3) 6.61(-2)
4 5.906 2.65(-3) -1.60(-1)
5 6.095 1.52(-3) -2.09(-1)
3ds/ NP2 3d3/2nPs/2
n=4 5744 2.82(-4) 4.74(1)
5 6.017 4.39(-4) 5.30(-1) 6.036 5.75(-4) 4.34(-1)
6
3ds/2n Pz 3dsonfs)o
n=4 5773 8.74(-4) 4.00(-1) 5.913 3.12(-6) 2.91(-
5 6.043 6.14(-4) 3.96(-1) 6.109 3.75(-5) 8.75(-3)
6
3ds/Nfs 3ds/onf7
n=4 5.937 3.59(-5) 1.19(-0) 5971 3.63(-4) 2.5)(
5 6.111 5.09(-5) -2.65(-2) 6.114 7.61(-5) 4.74(-2)
6
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Table 5.4. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegiof 2;

and 3; photoionization resonances for ground staté N

E r H r
2p1oNs 2p3s
n=5 5710 4.28(-3) 2.81(-1) 5721 1.42(-1) 4.75(0)
6 5.939 3.34(-3) 2.78(-1) 5.946 7.12(-2) 5.75(0)
7 6.074 3.55(-3) 2.76(-1) 6.079 4.23(-2) 6.75(0)
8 6.160 3.63(-3) 2.74(-1) 6.164 2.68(-2) 7.75(0)
9 6.218 3.44(-3) 2.72(-1) 6.221 1.77(-2) 8.74(0)
2p1/2NGsp 2032N0s/
n=5 5.780 4.93(-4) 3.07(-2) 5.785 3.29(-2) 4.98(0)
6 5.979 8.26(-4) 2.82(-2) 5.983 1.53(-2) 5.98(0)
7 6.099 1.07(:3) 2.58(-2) 6.102 9.54(-3) 6.98(0)
8 6.177 1.16(-3) 2.33(-2) 6.179 6.37(-3) 7.98(0)
9 6.230 1.11(:3) 2.07(-2) 6.232 4.38(-3) 8.97(0)
2P3/2NCs2
n=5 5.802 3.05(-2) 5.05(0)
6 5.992 1.50(-2) 6.04(0)
7 6.107 9.76(-3) 7.04(0)
8 6.183 6.79(-3) 8.04(0)
9 6.234 4.83(-3) 9.03(0)
3snp, 3snpy»
n=3 7.702 2.12(-2) 2.63(-1) 7536 6.13(-3) 3.60(-1
4 8.663 2.35(-3) 3.10(-1) 8.642 9.26(-4) 3.42(-1)
5 9.179 1.63(-4) 7.32(-1) 9.142 2.12(-4) 2.07(-1)
3pu2Nns 3p3ns
n=4 8.782 1.21(33) 4.29(-1) 8.827 1.03(2) 3.65(-1
5 9.276 7.00(-4) 4.15(-1) 9.284 2 54(-3) 3.92(-1)
6 9.529 3.19(-4) 3.90(-1) 9.535 1.28(-3) 3.59(-1)
3p12ndsp 3pa2nds,
n=3 7.974 6.68(:3) 2.15(-1) 7.997 3.58(:3) 2.0p(-1
4 8.877 3.06(-4) 2.86(-1) 9.006 1.07(-3) 6.29(-2)
5 9.331 4.92(-4) 2.41(-1) 9.366 5.64(-4) 1.18(-1)
3pa2ndk,
n=3 8.204 9.01(-3) 461(-2)
4 9.072 4.80(-3) -6.99(-2)
5 9.396 1.29(-3) 7.20(-3)
3ds/ NP2 3d3/2nPs/2
n=4 8.917 7.16(-4) 3.15(-1) 8.961 1.03(3) 2 4B(-1
5 9.378 5.11(-4) 2.76(-1) 9.410 2.83(-4) 1.67(-1)
6 9.614 4.36(-4) 2.33(-1) 9.620 2.53(-4) 1.97(-1)
3ds/2n Pz 3dsonfs)o
n=4 8.991 3.36(-3) 1.94(1) 9.105 1.43(6) 1.98(-
5 9.439 2.13(-3) 6.26(-2) 9.456 2.02(-5) 5.66(-3)
6 9.624 1.02(:3) 1.73(-1) 9.648 8.98(-5) 1.85(-2)
3ds/Nfs 3ds/onf7
n=4 9.114 7.01(4) 3.93(2) 9.136 1.32(33) 3.93(
5 9.465 5.69(-5) -3.90(-2) 9.482 2.06(-4) -3.90(-2)
6 9.649 1.33(-4) 1.23(-2) 9.663 8.69(-4) 1.23(-2)
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Table 5.5. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegiof 2;

and 3; photoionization resonances for ground staté O

E r H r
2p1oNs 2p3s
n=6 8.499 6.57(:3) 232(-1) 8.509 7.63(-2) 2 1B(-1
7 8.705 6.8(-3) 2.30(-1) 8.712 4.47(-2) 2.15(-1)
8 8.837 6.34(-3) 2.28(-1) 8.843 2.81(-2) 2.16(-1)
9 8.926 5.44(-3) 2.27(-1) 8.931 1.85(-2) 2.16(-1)
10 8.989 4.48(-3) 2.27(-1) 8.994 1.28(-2) 217(-1)
2p1/2NGsp 2032N0s/
n=6 8.551 1.98(:3) 2.25(-2)
7 8.738 2.24(-3) 2.01(-2)
8 8.858 2.17(-3) 1.78(-2)
9 8.941 1.92(:3) 1.58(-2)
10 9.000 1.64(-3) 1.41(-2)
2P3/2NCs2
n=6 8.556 1.84(2) 2.07(-2)
7 8.742 1.16(-2) 2.19(-2)
8 8.863 7.80(-3) 2.26(-2)
9 8.945 5.39(-3) 2.30(-2)
10 9.004 3.84(-3) 2.33(-2)
3snp, 3snpy»
n=3 10.755 6.31(-3) 3.03(-1) 10.958 2 24(-2) 219(
4 12.378 9.75(-4) 2.87(-1) 12.406 2.49(-3) 2.58(-1)
5 13.091 9.27(-4) 2.32(-1) 13.094 1.00(-3) 2.26(-1)
3pu2ns 3p3ns
n=4 12548 1.25(3) 3.56(-1) 12.606 1.14(2) 3.00(
5 13.277 6.92(-4) 3.44(-1) 13.292 3.56(-3) 3.17(-1)
6 13.639 5.05(-4) 3.80(-1) 13.670 2.31(-3) 2.70(-1)
3p12nds 3pa2nds,
n=3 11.294 711(3) 17700 11.324 3.72(3) LB/
4 12.668 3.35(-4) 2.34(-1) 12.717 6.62(-4) 1.82(-1)
5 13.347 5.36(-4) 1.96(-1) 13.372 1.40(-3) 1.43(-1)
3pa2ndk,
n=3 11.587 1.01(-2) 3.59(-2)
4 12.773 1.04(:3) 1.17(-1)
5 13.380 8.80(-4) 1.26(-1)
3ds/ NP2 3d3/2nPs/2
n=4 12.809 3.67(:3) 161(1) 12.828 1.21(:3) 239
5 13.445 4.62(-4) 1.45(-1) 13.453 2.64(-4) 1.26(-1)
6 13.764 4.98(-4) 1.93(-1) 13.782 1.73(-4) 1.24(-1)
3ds/2npPsr2 3dsonfs)o
n=4 12.934 5.79(-3) 1.19(2)
5 13.496 1.81(:3) 2.58(-2) 13.507 1.46(-5) 2.97(3
6 13.791 5.65(-4) 8.83(-2) 13.808 5.66(-5) 1.35(-2)
3ds/oNfs 3ds/onf7
n=4 12.990 451(-5) 6.14(2) 13.053 168(4)  &(a)
5 13.519 5.88(-5) 13.33(-2) 13.552 3.64(-4) 1.29(-
6 13.811 9.99(-5) 3.96(-3) 13.830 6.19(-4) 8.08(-2
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Table 5.6. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground stat€®Ne

E r H r
2p1oNs 2p3s
n=7 15.353 1.44(-2) 1.73(1) 15.370 4.73(2) 1-8p(
8 15.604 1.13(-2) 1.72(-1) 15.621 3.00(-2) 1.65(-1)
9 15.775 8.63(-3) 1.72(-1) 15.791 2.01(-2) 1.65(-1)
10 15.897 6.57(-3) 1.72(-1) 15.912 1.44(-2) 1.65(-1
11 15.986 5.06(-3) 1.71(-1) 16.002 1.00(-2) 1.66(-1
2p1/2NGsp 2032N0s/
n=7 15.400 5.25(-3) 1.30(-2) 15.414 151(-2) 135
8 15.636 4.36(-3) 1.15(-2) 15.650 1.02(-2) 1.88(-2)
9 15.798 3.38(-3) 1.04(-2) 15.811 7.07(:3) 1.90(-2)
10 15.913 1.68(-3) 9.74(-3) 15.927 5.03(-3) 1.92(-2
11 15.999 2 35(-3) 8.89(-3) 16.013 3.70(-3) 1.98(-2
2P3/2NCs2
n=7 15.423 1.67(-2) 1.55(-2)
8 15.656 1.13(-2) 11.31(-2)
9 15.816 7.81(-3) 11.15(-2)
10 15.930 5.55(-3) 11.04(-2)
11 16.015 4.06(-3) -0.52(-3)
3snp, 3snpy»
n=3 18.873 6.55(-3) 2.27(-1) 19.150 242(-2) 165
4 21.822 1.05(:3) 2.17(-1) 21.863 2.66(-3) 1.94(-1)
5 23.136 1.08(:3) 1.81(-1) 23.137 9.78(-4) 1.79(-1)
3pu2ns 3p3ns
n=4 22.051 1.32(33) 2.66(-1) 22137 1.29(:3) 29p(
5 23.389 7.19(-4) 2.56(-1) 23.414 4.41(-3) 2.33(-1)
6 24.086 5.07(-4) 2.47(-1) 24.093 1.16(-3) 2.40(-1)
3p12nds 3pa2nds,
n=3 19.617 7.69(-3) 1.30(1) 19.660 3.90(-3) TD1(
4 22.224 3.68(-4) 1.71(-1) 22.293 6.14(-4) 1.33(-1)
5 23.489 6.00(-4) 1.42(-1) 23.530 1.07(:3) 9.93(-2)
3pa2ndk,
n=3 20.032 1.15(2) 255(-2)
4 22.421 4.07(-3) 5.52(-2)
5 23.545 9.08(-4) 8.16(-2)
3ds/ NP2 3d3/2nPs/2
n=4 22372 1.05(3) 1.50(1) 22448 1.39(3) -0p(
5 23.607 1.50(-3) 1.35(-1) 23.634 3.90(-4) 1.04(-1)
6 24.249 5.69(-4) 1.44(-1) 24.264 2.73(-4) 1.13(-1)
3ds/2npPsr2 3dsonfs)2
n=4 22.617 6.71(-3) 1.07(-4)
5 23.676 3.46(-3) 5.43(-2) 23.718 1.03(-5) 3.7V (4
6 24.282 1.37(:3) 7.66(-2) 24.312 3.30(-5) 9.10(-3)
3ds/oNfs 3ds/onf7
n=4 22.679 2.96(-5) 2.16(2) 22.775 137(4)  &@0)
5 23.733 6.79(-5) 11.76(-2) 23.784 3.13(-4) 8.83(-
6 24.318 7.09(-5) -2.04(-4) 24.345 4.31(-4) 6.20(-
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Table 5.7. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground statéiMg

E r H r
2p1oNs 2p3s
n=28 24.263 1.48(2) 1.39(1) 24300 3.27(2) TBH(
9 24.542 1.06(-2) 1.38(-1) 24.579 2.04(-2) 1.34(-1)
10 24.741 7.81(-3) 1.38(-1) 24.777 1.46(-2) 1.34(-1
11 24.887 5.88(-3) 1.38(-1) 24.923 1.07(-2) 1.38(-1
12 24.998 4.54(-3) 1.38(-1) 25.034 8.09(-3) 131
2p1/2NGsp 2032N0s/
n=28 24305 4.81(-3) 8.44(-3) 24339 1.19(2) 1B
9 24572 5.44(-3) 7.89(-3) 24.606 8.11(-3) 1.61(-2)
10 24.762 3.79(-3) 7.57(-3) 24.797 5.71(-3) 1.62(-2
11 24.903 2.84(-3) 7.32(-3) 24.938 4.16(-3) 1.68(-2
12 25.010 2.19(-3) 7.12(-3) 25.045 3.13(-3) L2
2P3/2NCs2
n=28 24346 1.28(2) 7.81(3)
9 24.611 8.69(-3) 6.87(-3)
10 24.800 6.12(-3) -6.18(-3)
11 24.941 4.46(-3) 5.65(-3)
12 25.047 3.35(-3) -5.21(-3)
3snp, 3snpy»
n=3 29.235 6.69(-3) 1.82(1) 29.589 2 54(-2) B9
4 33.904 1.12(:3) 1.74(-1) 33.955 2.77(:3) 1.56(-1)
5 35.998 1.25(:3) 1.47(-1) 36.002 1.10(:3) 1.45(-1)
3pu2ns 3p3ns
n=4 34.191 1.37(3) 2 13(1) 34.306 1.38(2) 78
5 36.318 7.74(-4) 2.04(-1) 36.354 4.80(-3) 1.86(-1)
6 37.435 5.31(-4) 1.96(-1) 37.452 1.65(-3) 1.88(-1)
3p12nds 3pa2nds,
n=3 30.189 8.05(:3) 1.03(1) 30.246 4.03(-3) 93p(
4 34.420 3.89(-4) 1.34(-1) 34.510 5.92(-4) 1.05(-1)
5 36.451 6.53(-4) 1.11(-1) 36.507 1.02(-3) 7.77(-2)
3pa2ndk,
n=3 30.726 1.25(2) 2.04(-2)
4 34.611 1.07(:3) 6.81(-2)
5 36.526 9.27(-4) 6.34(-2)
3ds/ NP2 3d3/2nPs/2
n=4 34.674 4.32(-3) 9.72(-2) 34.709 1.51(:3) 82)(
5 36.606 1.56(-3) 1.09(-1) 36.641 4.28(-4) 8.30(-2)
6 37.653 6.19(-4) 1.15(-1) 37.672 3.24(-4) 9.04(-2)
3ds/2npPsr2 3dsonfs)2
n=4 34.937 7.36(-3) 1.85(-3)
5 36.705 3.67(-3) 3.82(-2) 36.751 9.75(-6) 3.40(-4)
6 37.681 1.74(:3) 8.36(-2) 37.737 2.16(-5) 6.18(-3)
3ds/oNfs 3ds/onf7
n=4 35.008 3.03(5) 3.03(2) 35.139 121(4) %3
5 36.773 5.72(-5) 1.41(-2) 36.837 2.79(-4) 6.29(-
6 37.750 8.63(-5) 6.55(-3) 37.780 3.34(-4) 4.8)(-
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Table 5.8. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground staté’Si

E r H r
2p1oNs 2p3s
n=9 35.234 1.20(2) 1.16(-1) 35.309 2.19(-2) T158(
10 35.529 8.74(-3) 1.16(-1) 35.603 1.55(-2) 1.18(-1
11 35.746 6.53(-3) 1.16(-1) 35.820 1.14(-2) 1.18(-1
12 35.910 5.01(-3) 1.16(-1) 35.985 8.56(-3) 1.18(-1
13 36.038 3.95(-3) 1.16(-1) 36.112 6.59(-3) 1.18(-1
2p1/2NGs) 2032N0s/
n=9 35271 5.08(-3) 6.64(-3) 35.343 8.91(-3) 129
10 35.556 4.31(-3) 6.47(-3) 35.628 6.26(-3) 1.40(-2
11 35.766 3.22(-3) 6.35(-3) 35.838 4.56(-3) 1.41(-2
12 35.926 2.47(-3) 6.22(-3) 35.999 3.41(-3) 1.40(-2
13 36.051 1.95(-3) 6.04(-3) 36.123 2.59(-3) 1.48(-2
203/2NCs2
n=9 35.349 9.33(:3) 2.46(-3)
10 35.632 6.58(-3) 4.01(-3)
11 35.842 4.80(-3) -3.64(-3)
12 36.001 3.61(-3) -3.29(-3)
13 36.125 2.78(-3) -2.80(-3)
3snp, 3snpy»
n=3 41.851 6.79(-3) 153(1) 42.285 2.62(-2) T1)1(
4 48.633 1.18(:3) 1.46(-1) 48.695 2.83(-3) 1.31(-1)
5 51.691 1.32(:3) 1.24(-1) 51.696 1.14(:3) 1.21(-1)
3pu2ns 3p3ns
n=4 48.980 1.41(3) 1.78(1) 49.125 1.44(2) 29
5 52.079 8.67(-4) 1.69(-1) 52.128 4.97(-3) 1.56(-1)
6 53.712 6.13(-4) 1.62(-1) 53.741 1.79(-3) 1.57(-1)
3p12nds 3pa2nds,
n=3 43.022 8.28(:3) 851(2) 43.095 4.13(-3) 7-38(
4 49.266 4.22(-4) 1.10(-1) 49.379 5.83(-4) 8.77(-2)
5 52.245 6.99(-4) 8.94(-2) 52.317 1.02(:3) 6.45(-2)
3pa2ndk,
n=3 43.682 1.32(2) 1.75(2)
4 49.500 1.09(-:3) 5.74(-2)
5 52.341 9.41(-4) 5.25(-2)
3ds/ NP2 3d3/2nPs/2
n=4 49578 4.46(-3) 8.23(2) 49.624 1.59(:3) 7-2p(
5 52.439 1.59(-3) 9.15(-2) 52.484 4.56(-4) 6.94(-2)
6 53.990 6.33(-4) 9.60(-2) 54.016 3.36(-4) 7.41(-2)
3ds/2npPsr2 3dsonfs)2
n=4 49.909 7.76(:3) 1.01(-3) 49.916 553(5) 848
5 52.566 3.80(-3) 3.19(-2)
6 54.038 1.87(:3) 6.07(-2) 54.095 2 24(-5) 4.57(-3)
3ds/oNfs 3ds/onf7
n=4 49.992 3.34(-5) -2.32(-2) 50.157 1.15E -6.22E-
5 52.649 5.55(-5) -1.08(-2) 52.726 2.63E -5.16E-2
6 54.107 5.53(-5) 4.24(-4) 54.149 3.15E -3.78E-2
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Table 5.9. The energy positio&s (Ryd), the widthd™ (Ryd), and the quantum defegisof 2;

and 3; photoionization resonances for ground stdté. S

E r U E r U
2p1oNs 2p3s
n=9 47.999 2.26(-2) 9.74(-2)
10 48.271 9.28(-3) 1.00(-1) 48.408 1.59(-2) 9.7%(:2
11 48.573 6.89(-3) 1.00(-1) 48.709 1.16(-2) 9.75(-2
12 48.802 5.28(-3) 1.00(-1) 48.938 8.73(-3) 9.75(-2
13 48.980 4.18(-3) 9.99(-2) 49.116 5.05(-3) 9.79(-2
2p1/2NGs) 2032N0s/
n=9 48.039 9.26(-3) 1.23(2)
10 48.303 4.55(-3) 5.73(-3) 48.437 6.43(:3) 1242
11 48.597 3.37(-3) 5.67(-3) 48.731 4.65(-3) 1.95(-2
12 48.821 2.59(-3) 5.55(-3) 48.955 3.44(-3) 1.26(-2
13 48.994 2.08(-3) 5.21(-3) 49.129 2 34(-3) 1.95(-2
203/2NCs2
n=9 48.046 9.60(-3) 3.15(-3)
10 48.442 6.70(-3) 2.78(-3)
11 48.735 4.87(-3) -2.45(-3)
12 48.958 3.66(-3) -1.99(-3)
13 49.133 2.94(-3) -1.58(-2)
3snp, 3snpy»
n=3 56.736 6.86(-3) 1.32(1) 57.054 267(-2) 9-3p(
4 66.026 1.24(:3) 1.26(-1) 66.097 2.87(-3) 1.14(-1)
5 70.230 1.38(:3) 1.06(-1) 70.235 1.16(-3) 1.05(-1)
3pu2ns 3p3ns
n=4 66.433 1.48(3) 153(1) 66.611 1.48(2) =30
5 70.686 1.01(:3) 1.44(-1) 70.753 4.99(-3) 1.35(-1)
6 72.933 6.94(-4) 1.39(-1) 72.980 1.85(-3) 1.35(-1)
3p12nds 3pa2nds,
n=3 58.132 8.44(:3) 7.26(:2) 58.225 4.23(-3) 637(
4 66.781 4.53(-4) 9.31(-2) 66.920 5.78(-4) 7.54(-2)
5 70.888 7.51(-4) 7.40(-2) 70.980 1.03(:3) 5.55(-2)
3pa2ndk,
n=3 58.916 1.37(2) 1.58(2)
4 67.062 1.11(:3) 4.99(-2)
5 71.009 9.53(-4) 4.51(-2)
3ds/ NP2 3d3/2nPs/2
n=4 67.152 4.54(-3) 7.20(-2) 67.209 1.67(:3) 625(
5 71.126 1.60(-3) 7.91(-2) 71.180 4.96(-4) 5.96(-2)
6 73.278 6.46(-4) 8.26(-2) 73.311 3.52(-4) 6.26(-2)
3ds/2npPsr2 3dsonfs)2
n=4 67.552 8.09(-3) 4.48(-4)
5 71.280 3.89(-3) 2.84(-2) 71.345 1.37(-5) 2.3)(-6
6 73.343 1.83(:3) 5.03(-2) 73.406 2.42(-5) 2.82(-3)
3ds/oNfs 3ds/onf7
n=4 67.562 1.03(4) 1.42(3) 67.849 112(4) %8
5 71.380 5.76(-5) -8.38(-3) 71.470 2.58(-4) 4.29(-
6 73.423 5.05(-5) -0.58(-5) 73.471 2.86(-4) 3.20(-
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Table 5.10. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for ground stafé‘Ar

E r U E r U
2p1oNs 2p3s
n=10 62.980 9.75(-3) 8.82(-2) 63.212 1.63(2) 820
11 63.381 7.22(-3) 8.82(-2) 63.612 1.19(-2) 8.60(-2
12 63.684 5.56(-3) 8.81(-2) 63.916 7.43(-3) 8.65(-2
13 63.921 5.95(-3) 8.79(-2) 64.152 7.12(-3) 8.60(-2
14 64.108 3.24(-3) 8.84(-2) 64.339 5.58(-3) 8.6)1(-2
2p1/2NGs) 2032N0s/
n=10 63.018 4.76(-3) 5.19(-3) 63.246 6.61(-3) a0
11 63.409 3.51(-3) 5.13(-3) 63.637 4.73(-3) 1.1p(-2
12 63.706 2.73(-3) 4.89(-3) 63.935 1.64(-3) 1.16(-2
13 63.936 3.42(-3) 1.36(-2) 64.167 2.86(-3) 1.1p(-2
14 64.121 1.57(-3) 5.78(-3) 64.351 2.22(-3) 1.18(-2
203/2NCs2
n=10 63.252 6.84(-3) 1.97(3)
11 63.642 4.97(-3) 1.57(-3)
12 63.941 4.20(-3) -8.84(-3)
13 64.170 2.96(-3) -1.97(-3)
14 64.353 2.32(-3) -1.52(-3)
3snp, 3snpy»
n=3 73.905 6.92(-3) 1.17(1) 74513 271(-2) 8.28(
4 86.100 1.31(:3) 1.11(-1) 86.179 2.89(-3) 1.01(-1)
5 91.633 1.42(-3) 9.35(-2)
3pu2Nns 3p3ns
n=4 86.568 157(3) 1.35(0) 86.783 1.50(2) 15
5 92.159 1.18(:3) 1.26(-1) 92.251 4.91(-3) 1.19(-1)
6 95.117 7.67(-4) 1.22(-1) 95.190 1.86(-3) 1.19(-1)
3p12nds 3pa2nds,
n=3 75.539 8.53(:3) 6.33(:2) 75.655 4.33(-3) 625(
4 86.984 4.90(-4) 8.03(-2) 87.153 5.77(-4) 6.66(-2)
5 92.400 8.07(-4) 6.24(-2) 92.516 1.04(:3) 4.92(-2)
3pa2ndk,
n=3 76.449 1.42(-2) 1.47(-2)
4 87.415 4.57(-3) 3.07(-2)
5 92.551 9.66(-4) 3.97(-2)
3ds/ NP2 3d3/2nPs/2
n=4 87.314 1.13(3) 7.82(-2) 87.488 1.75(3) 5.28(
5 92.687 1.59(-3) 6.98(-2) 92.752 5.37(-4) 5.24(-2)
6 95.539 6.47(-4) 7.27(-2) 95.578 4.09(-4) 5.48(-2)
3ds/2npPsr2 3dsonfs)2
n=4 87.887 8.41(-3) 2 24(:3)
5 92.869 3.94(-3) 2.64(-2) 92.945 1.97(-5) 4.7D(-4
6 95.621 1.79(:3) 4.45(-2) 95.690 3.22(-5) 1.58(-3)
3ds/oNfs 3ds/onf7
n=4 88.005 4.03(-5) 1.46(2) 88.237 113(4) 43
5 92.988 5.86(-5) 6.51(-3) 93.091 2.57(-4) -3.83(-
6 95.714 4.94(-5) 3.07(-4) 95.768 2.77(-4) -2.55(-2
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Table 5.11. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for ground staté'Ca

E r U E r U
2p1oNs 2p3s
n=10 80.041 1.67(:2) 7.69(-2)
11 80.185 7.58(-3) 7.88(-2) 80.554 1.16(-2) 7.70(-2
12 80.575 6.34(-3) 7.92(-2) 80.943 9.40(-3) 7.70(-2
13 80.877 4.24(-3) 7.91(-2) 81.246 7.22(-3) 7.70(-2
14 81.117 3.44(-3) 7.91(-2) 81.486 5.77(-3) 7.70(-2
2p1/2NGs) 2032N0s/
n=10 80.081 6.79(-3) 1.00(2)
11 80.218 3.68(-3) 4.60(-3) 80.584 5.18(-3) 9.80(-3
12 80.601 3.70(-3) 2.16(-3) 80.966 3.79(-3) 1.01(-2
13 80.897 2.03(-3) 5.33(-3) 81.264 2.86(-3) 1.02(-2
14 81.133 1.63(-3) 5.12(-3) 81.500 2 34(-3) 1.OL(-2
203/2NCs2
n=10 80.087 7.02(-3) 1.39(-3)
11 80.588 3.90(-3) 6.15(-4)
12 80.970 3.89(-3) 1.57(-3)
13 81.267 2.97(-3) -1.16(-3)
14 81.502 2.40(-3) -1.68(-3)
3snp, 3snpy»
n=3 93.377 6.99(-3) 1.06(-1) 94.083 272(-2) 7-38(
4 108.877 1.39(-3) 1.00(-1) 108.964 2.89(-3) 925(-
5 115.925 1.44(:3) 8.36(-2)
3pu2Nns 3p3ns
n=4 109.408 1.71(33) 121(0) 109.666 150(2) 60D
5 116.520 1.36(-3) 1.12(-1) 116.649 4.78(-3) 1O)7(-
6 120.289 8.21(-4) 1.08(-1) 120.400 1.86(-3) LO)7(-
3p12ndsp 3pa2nds,
n=3 95.265 8.57(-3) 5.62(-2) 95.412 4.45(-3) 5.2p(
4 109.899 5.38(-4) 7.03(-2) 110.105 5.79(-4) 5.2(-
5 116.803 8.64(-4) 5.33(-2) 116.953 1.04(:3) 4.20(-
3pa2ndk,
n=3 96.305 1.46(:2) 1.42(:2)
4 110.395 4.55(-3) 2.89(-2)
5 116.995 9.82(-4) 3.55(-2)
3ds/ NP2 3d3/2nPs/2
n=4 110.285 1.16(:3) 7.09(-2) 110.485 184(3) 743
5 117.149 1.58(-3) 6.29(-2) 117.225 5.88(-4) 429(-
6 120.800 6.46(-4) 6.50(-2) 120.845 4.94(-4) 42)(-
3ds/2n Pz 3dsonfs)2
n=4 110.939 8.71(-3) 4.20(-3) 110.969 9.14(-5)  90p3)
5 117.362 3.95(-3) 2.53(-2) 117.449 2.92(-5) -0.4)(
6 120.902 1.75(-3) 4.08(-2) 120.975 4.44(-5) 6.40)(-
3ds/Nfs 3ds/onf7
n=4 111.083 4.45(5) 1.18(2) 111.348 117(4)  .1842)
5 117.503 5.88(-5) 5.01(-3) 117.617 2.58(-4) 2P
6 121.009 4.66(-5) 9.53(-4) 121.068 2.75(-4) 2.2
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Table 5.12. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for ground state®Ti

E r U E r U
2p1oNs 2p3s
n=11 99.562 1.25(2) 7.01(-2)
12 99.487 5.49(-3) 7.20(-2) 100.048 9.36(-3) 72p(
13 99.865 4.41(-3) 7.19(-2) 100.425 7.22(-3) 7P(-
14 100.164 3.56(-3) 7.19(-2) 100.724 5.76(-3) 720(
15 100.405 2.59(-3) 7.21(-2) 100.965 4.68(-3) 7.20(
2p1/2NGs) 2032N0s/
n=11 99.596 5.07(-3) 9.32(-3)
12 99.516 2.65(-3) 5.12(-3) 100.073 3.75(-3) 93y
13 99.887 2.08(-3) 4.78(-3) 100.445 3.01(-3) 9.3p(-
14 100.182 1.69(-3) 4.55(-3) 100.740 2.29(-3) 938(
15 100.419 1.52(-3) 5.51(-3) 100.978 1.87(-3) 9.33(
203/2NC2
n=11 99.601 517(-3)  -1.33E(-3)
12 100.078 3.87(-3) 19.49(-4)
13 100.448 3.07(-3) 11.40(-3)
14 100.742 2.38(-3) -7.30(-4)
15 100.980 1.93(-3) -8.96(-4)
3snp, 3snpy»
n=3 115171 7.06(-3) 9.73(-2) 115.987 273(2) 263
4 134.379 1.50(-3) 9.20(-2) 134.473 2.87(-3) 82p(-
5 143.130 1.44(:3) 7.55(-2)
3pu2Nns 3p3ns
n=4 134.975 1.90(3) 1.10(0) 135.285 149(2) 163
5 143.797 1.53(-3) 1.00(-1) 143.976 4.64(-3) 975 (-
6 148.471 8.59(-4) 9.78(-2) 148.632 1.91(:3) 9.83(-
3p12ndsp 3pa2nds,
n=3 117.334 8.57(-3) 5.06(-2) 117521 458(3) 743
4 135.549 5.97(-4) 6.25(-2) 135.803 5.84(-4) 5 28(-
5 144.124 9.22(-4) 4.6(-2) 144.319 1.04(-3) 4.06(-2
3pa2ndk,
n=3 118511 1.50(-2) 1.39(-2)
4 136.115 4.48(-3) 2.80(-2)
5 144.369 1.00(-3) 3.21(-2)
3ds/ NP2 3d3/2nPs/2
n=4 136.000 1.20(3) 6.52(-2) 136.228 1.94(3)  _ 86H
5 144.540 1.56(-3) 5.72(-2) 144.629 6.68(-4) 428(-
6 149.088 6.37(-4) 5.92(-2) 149.139 5.57(-4) 4.20(-
3ds/2n Pz 3dsonfs)2
n=4 136.736 8.97(-3) 6.27(-3) 136.784 8.06(-5)  637-3)
5 144.787 3.93(-3) 2.44(-2) 144.885 4.41(-5) 135
6 149.216 1.66(-3) 3.72(-2) 149.289 6.59(-5) 187
3ds/Nfs 3ds/onf7
n=4 136.912 4.91(-5) 9.37(3) 137.211 1.24(4)  .64®)
5 144.951 6.00(-5) -3.86(-3) 145.076 2.63(-4) By
6 149.338 4.98(-5) 1.05(-3) 149.401 2.70(-4) 129
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Table 5.13. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for ground stafé’Cr

E r U E r U
2p1oNs 2p3s
n=11 120.670 1.25(2) 6.46(-2)
12 120.444 5.78(-3) 6.62(-2) 121.262 8.16(-3) 6209(
13 120.905 4.58(-3) 6.60(-2) 121.723 7.38(-3) 625(
14 121.270 5.06(-3) 6.56(-2) 122.087 5.90(-3) 6.24(
15 121.563 2.91(-3) 6.58(-2) 122.381 4.76(-3) 6.213(
2p1/2NGs) 2032N0s/
n=11 120.708 5.07(-3) 8.70(-3)
12 120.476 2.74(:3) 4.54(-3) 121.291 4.56(-3) 83M(
13 120.930 2.18(-3) 4.33(-3) 121.745 3.00(-3) 8HL(
14 121.288 5.60(-4) 7.83(-3) 122.105 2.41(-3) 836(
15 121.580 1.38(-3) 4.42(-3) 122.396 1.94(-3) 833(
203/2NC2
n=11 120.714 5.20(-3) 8.18(-4)
12 121.297 4.27(-3) 2.86(-3)
13 121.749 3.09(-3) 6.81(-4)
14 122.108 2.47(-3) 7.59(-4)
15 122.398 2.00(-3) -7.00(-4)
3snp, 3snpy»
n=3 139.315 7.15(-3) 9.07(-2) 140.254 272(2) 163
4 162.634 1.63(-3) 8.57(-2) 162.738 2.81(-3) 735(-
5 173.280 1.42(-3) 6.89(-2)
3pu2Nns 3p3ns
n=4 163.297 2.15(-3) 1.02(0) 163.671 146(2) 762
5 174.020 1.66(-3) 9.09(-2) 174.264 4.50(-3) 8.2p(-
6 179.695 8.88(-4) 8.96(-2) 179.906 1.57(-3) 9.Bp(-
3p12ndsp 3pa2nds,
n=3 141.776 8.55(-3) 4.62(-2) 142.015 472(3) 163
4 163.964 6.71(-4) 5.63(-2) 164.281 5.90(-4) 5.2)7(-
5 174.393 9.79(-4) 4.00(-2) 174.650 1.04(:3) 3TN(-
3pa2ndk,
n=3 143.099 1.54(2) 1.39(2)
4 164.609 4.34(-3) 2.76(-2)
5 174.707 1.03(-3) 2.93(-2)
3ds/ NP2 3d3/2nPs/2
n=4 164.493 1.29(3) 6.08(-2) 164.750 205(:3) 942
5 174.897 1.54(-3) 5.26(-2) 174.997 7.64(-4) 3y(-
6 180.437 6.25(-4) 5.47(-2) 180.495 6.47(-4) 42B(-
3ds/2n Pz 3dsonfs)2
n=4 165.312 9.21(-3) 8.42(-3)
5 175.181 3.86(-3) 2.39(-2) 175.287 6.46(-5) 139
6 180.597 1.60(-3) 3.48(-2) 180.666 9.76(-5) 7.8
3ds/Nfs 3ds/onf7
n=4 165.863 1.34(4) 3.19(-2)
5 175.371 5.96(-5) -2.93(-3) 175.506 2.68(-4) p2p
6 180.735 5.44(-5) 1.28(-3) 180.802 2.72(-4) 13
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Table 5.14. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for ground staféFe

E r U E r U
2p1oNs 2p3s
n=11 143.927 1.26(2) 5.92(-2)
12 144.636 9.61(-3) 5.93(-2)
13 144.044 4.73(-3) 6.08(-2) 145.187 7.48(-3) 52)(
14 144.481 3.61(-3) 6.10(-2) 145.624 5.91(-3) 525(
15 144.833 2.97(-3) 6.10(-2) 145.976 4.70(-3) 526(
2p1/2NGs) 2032N0s/
n=11 143.968 5.06(-3) 8.00(-3)
12 144.668 3.86(-3) 8.04(-3)
13 144.071 2.22(-3) 3.91(-3) 145.212 2.99(-3) 83)7(
14 144,503 1.65(-3) 4.41(-3) 145.644 2.34(-3) 83)0(
15 144.851 1.35(-3) 4.21(-3) 145.993 1.75(-3) 825(
203/2NC2
n=11 143.975 5.22(-3) 4.93(-4)
12 144.673 3.93(-3) 6.21(-4)
13 145.216 3.04(-3) 6.34(-4)
14 145.647 2.39(-3) 5.38(-4)
15 145.995 2.11(-3) 1.31(-4)
3snp, 3snpy»
n=3 165.824 7.23(-3) 857(-2) 166.903 270(2) 16D
4 193.659 1.85(-3) 8.14(-2) 193.777 2.71(-2) 727(-
5 206.395 1.38(-3) 6.42(-2) 206.414 1.41(-2) 620(-
3pu2Nns 3p3ns
n=4 194.411 2.43(:3) 9.59(-2) 194.858 142(2) 263
5 207.225 1.76(-3) 8.42(-2) 207.550 4.33(-3) 8.2(-
6 214.015 8.95(-4) 8.14(-2) 214.351 1.41(-3) 8L (-
3p12ndsp 3pa2nds,
n=3 168.628 8.57(-3) 427(2) 168.932 487(3) 363
4 195.180 7.53(-4) 5.18(-2) 195.578 6.03(-4) 478(-
5 207.655 1.07(-3) 3.52(-2) 207.987 1.05(-3) 32p(-
3pa2ndk,
n=3 170.108 1.58(2) 1.42(2)
4 195.913 4.14(-3) 2.81(-2)
5 208.053 1.07(-3) 2.72(-2)
3ds/ NP2 3d3/2nPs/2
n=4 195.802 1.44(3) 5.75(-2) 196.090 217(3) 76D
5 208.252 1.53(-3) 4.93(-2) 208.366 8.79(-4) 3BP(-
6 214.892 6.36(-4) 5.02(-2) 214.953 7.23(-4) 38p(-
3ds/2n Pz 3dsonfs)2
n=4 196.705 9.45(-3) 1.07(-2)
5 208.582 3.78(-3) 2.38(-2) 208.694 8.91(-5) 23y(
6 215.086 1.54(-3) 3.33(-2) 215.146 1.34(-4) 0.4y (
3ds/Nfs 3ds/onf7
n=4 196.973 5.72(-5) 5.52(3) 197.342 143(4) 8122)
5 208.802 5.75(-5) 2.11(-3) 208.947 2.67(-4) e
6 215.241 4.42(-5) 1.87(-3) 215.312 2.62(-4) 1.27(
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Table 5.15. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable state Be

E r U E r U
2p12NPys2 2P12NPas2
n=3 0612 6.95(-6) 5.26(-1) 0.620 9.13(5) 46p(-1
4 0.696 5.44(-6) 4.40(-1)
5 0.727 1.97(-6) 4.31(-1)
6 0.743 1.49(-8) 4.66(-1) 0.743 5.84(-7) 4.27(-1)
7 0.752 2.05(-8) 4.61(-1) 0.752 3.42(-7) 4.25(-1)
2P32NPys2 2032NPa/2
n=3 0.633 8.37(-4) 3.48(-1)
4 0.701 3.96(-4) 3.35(-1)
5 0.729 1.87(-4) 3.33(-1) 0.731 4.02(-8) 2.66(-1)
6 0.744 1.14(-4) 3.31(-1) 0.745 8.50(-8) 2.65(-1)
7 0.753 7.61(-5) 3.31(-1) 0.753 1.54(-7) 2.65(-1)
2p3/o0f5)
n=14 0.714 4.01(7) 2.87(2)
5 0.736 496(-7)  -2.67(-2)
6 0.748 429(-7)  -2.67(-2)
7 0.755 4.61(-7) -2.65(-2)
8 0.760 439(-7)  -2.64(-2)
3sns 3sndy
n=3 1.100 1.76(-3) 6.55(-1) 1.126 1.02(-2) 459(-1
4 1.155 6.35(-5) 1.18(0) 1.194 2.18(-4) 6.23(-1)
5 1.215 3.76(-5) 1.13(0) 1.232 2.28(-4) 5.07(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 1043 2.29(-4) 1.04(0) 1045 8.18(5) 1.02(0)
5 1.298 5.41(-5) 8.99(-1)
6
3pa2NpPy2 3P3/2NPar2
n=4 1.055 6.87(5) 8.73(-1) 1.260 3.88(-3) 7.99(-1
5 1.298 3.46(-5) 8.94(-1) 1.308 3.82(-4) 5.25(-1)
6 1.318 2.60(-4) 9.51(-1) 1.320 9.47(-4) 8.09(-1)
3panfss,
n=14 1.295 7.31(-4) 1.38(-2)
5 1315 1.25(-4) 1.56(-1)
6 1.328 5.74(-5) 1.48(-1)
3d3/2ns
n=4 1292 2.00(-5) 421(-1)
5
6
3ds/onds, 3ds2ndko
n=4 1.084 3.78(-4) 5.83(-1) 1.301 1.20(3) 1.9p(-1
5 1317 2.80(-5) 6.39(-1) 1.325 7.02(-5) 2.95(-1)
6 1.336 1.13(-4) 5.48(-1) 1.340 1.35(-4) 2.50(-1)
3ds/,Nds2 3ds/2nds)2
n=4 1310 8.21(-4) 1.02(1)
5 1.329 8.24(-5) 7.78(-2) 1.330 1.18(-3) 7.71(:3)
6 1.341 3.56(-5) 7.83(-2) 1.342 5.66(-4) 1.26(-2)
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Table 5.16. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable state B

E r U E r
2p12NPys2 2P12NPas2
n=14 1.654 1.51(-7) 3.11(-1) 1.659 5.14(-5) 2.8p(-1
5 1.767 2.90(-7) 3.00(-1) 1.769 2.86(-5) 2.73(-1)
6 1.825 4.47(-7) 2.93(-1) 1.826 2.92(-6) 2.70(-1)
7 1.859 7.37(-7) 2.88(-1) 1.859 1.08(-6) 2.67(-1)
8 1.880 1.10(-6) 2.83(-1) 1.881 7.67(-7) 2.65(-1)
2P32NPys2 2032NPa/2
n=4 1.669 2.77(-3) 2.10(-1) 1674 3.21(2) 1.8p(-1
5 1.774 1.74(-3) 2.08(-1) 1.776 2.80(-6) 1.78(-1)
6 1.829 8.91(-4) 2.10(-1) 1.830 5.21(-6) 1.79(-1)
7 1.861 5.51(-4) 2.11(-1) 1.862 9.13(-6) 1.80(-1)
8 1.882 3.61(-4) 2.13(-1) 1.882 1.46(-5) 1.82(-1)
2p3/o0f5)
n=4 1.701 2.03(5) 2.64(-2)
5 1.789 335(5)  -2.42(-2)
6 1.838 7.01(6)  -2.23(-2)
7 1.867 429(-6)  -2.18(-2)
8 1.886 321(-6)  -2.15(-2)
3sns 3sndy
n=3 2541 1.58(-3) 4.15(-1) 2583 1.18(-2) 3.19(-1
4 2.756 4.17(-5) 7.70(-1) 2771 2 24(-4) 7.03(-1)
5 2.944 3.72(-6) 4.77(-1) 2.956 2.62(-4) 3.27(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 2.905 1.18(4) 6.28(-1) 2.906 5.11(-4) 6.2p(-1
5 3.052 7.83(-5) 5.79(-1) 3.056 2.19(-4) 5.30(-1)
6
3pa2NpPy2 3P3/2NPar2
n=4 2.916 8.45(5) 5.75(-1) 2.934 5.67(:3) 478(-1
5 3.063 3.53(-5) 4.60(-1) 3.067 6.23(-5) 4.07(-1)
6
3panfss,
n=4 2.982 2.79(-5) 1.83(1)
5 3.090 4.84(-5) 9.79(-2)
6 3.143 1.85(-3) 7.45(-2)
3d3/2ns
n=4 2.996 1.54(5) 2.66(-1)
5 3.104 1.07(-5) 2.66(-1)
6 3.156 4.39(-5) 3.68(-1)
3ds/onds, 3ds2ndko
n=4 2.928 1.13(-4) 6.40(-1) 3.009 1.55(-4) 17¥(-1
5 3.080 3.17(-5) 5.60(-1) 3.110 4.45(-5) 1.88(-1)
6 3.146 2.72(-4) 5.97(-1) 3.167 5.52(-4) 1.28(-1)
3ds/,Nds2 3ds/2nds)2
n=4 3.023 3.37(5) 7.30(-2) 3.030 3.60(-4) 1.9p(-2
5 3.115 3.60(-3) 1.09(-1) 3.116 7.53(-4) 9.79(-2)
6 3.172 2.97(-6) -2.1(-3) 3.173 2.77(-4) -3.01(-2)
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Table 5.17. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable stite C

E r U E r
2p12NPys2 2P12NPas2
n=5 3.234 2.47(-6) 2.21(-1) 3.247 2.98(5) 1301
6 3.359 3.46(-6) 2.15(-1) 3.366 5.54(-5) 1.31(-1)
7 3.432 5.38(-6) 2.10(-1) 3.437 9.65(-5) 1.27(-1)
8 3.479 6.62(-6) 2.07(-1) 3.483 1.33(-4) 1.20(-1)
9 3511 6.47(-6) 2.04(-1) 3.514 1.47(-4) 1.10(-1)
2P32NPys2 2032NPa/2
n=5 3.237 5.32(5) 2.08(-1) 3.245 3.47(:3) 1.58(-1
6 3.360 4.94(-6) 2.09(-1) 3.365 1.64(-3) 1.60(-1)
7 3.433 4.44(-6) 2.12(-1) 3.436 9.74(-4) 1.62(-1)
8 3.480 7.57(-6) 2.16(-1) 3.482 5.86(-4) 1.66(-1)
9 3.512 1.46(-5) 2.21(-1) 3.513 3.54(-4) 1.71(-1)
2p3/o0f5)
n=4 3.072 7.02(5) 2.13(-2)
5 3.271 576(-5)  -1.88(-2)
6 3.380 7.75(-6)  -1.70(-2)
7 3.446 7.88(-6)  -1.64(-2)
8 3.489 7.04(-6)  -1.60(-2)
3sns 3sndy
n=3 4550 1.54(-3) 3.04(-1) 4.605 1.23(-2) 2 4p(-1
4 5.021 4.37(-5) 5.75(-1) 5.127 2.76(-4) 3.09(-1)
5 5.334 3.80(-5) 5.47(-1) 5.377 3.08(-4) 3.18(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 5229 1.39(4) 457(-1) 5237 5.92(-4) 43p(-1
5 5.516 9.56(-5) 4.23(-1) 5.527 2.60(-4) 3.67(-1)
6 5.641 5.20(-6) 5.72(-1) 5.662 5.68(-5) 3.76(-1)
3pa2NpPy2 3P3/2NPar2
n=4 5.258 2.20(-4) 3.83(1) 5272 6.43(:3) 3.4p(-1
5 5.532 2.84(-3) 3.38(-1) 5.536 1.32(-4) 3.15(-1)
6 5.663 6.56(-5) 3.62(-1) 5.670 1.27(-3) 2.97(-1)
3panfss,
n=14 5.346 3.65(-5) 1.29(-1)
5 5.575 1.04(-4) 7.97(-2)
6 5.696 2.76(-5) 6.23(-3)
3d3/2ns
n=4 5399 1.37(4) 9.03(2)
5 5.601 6.08(-5) 1.77(-1)
6 5.721 9.37(-5) 1.88(-1)
3ds/onds, 3ds2ndko
n=4 5.287 1.52(-5) 417(1) 5.366 1.19(-5) 1.9p(-1
5 5.560 1.51(-5) 4.14(-1) 5.601 2.17(-5) 1.77(-1)
6 5711 2.08(-5) 2.99(-1) 5.719 4.11(-5) 2.15(-1)
3ds/,Nds2 3ds/2nds)2
n=4 5411 3.16(5) 481(-2) 5422 2.88(-4) L0y (-2
5 5.615 4.87(-5) 8.67(-2) 5.622 3.85(-4) 4.06(-2)
6 5.723 1.40(-5) 1.69(-1) 5.728 6.99(-4) 1.09(-1)
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Table 5.18. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable state N

E r U E r
2p12NPys2 2P12NPas2
n=5 5125 1.20(-5) 1.75(-1) 5.129 8.28(-5) 161(-1
6 5.341 1.54(-5) 1.69(-1) 5.343 1.77(-5) 1.57(-1)
7 5.469 2.02(-5) 1.65(-1) 5.471 2.97(-5) 1.52(-1)
8 5.552 2.00(-5) 1.63(-1) 5.553 5.91(-5) 1.46(-1)
9 5.607 1.72(-5) 1.62(-1) 5.608 9.22(-5) 1.40(-1)
2P32NPys2 2032NPa/2
n=5 5.140 4.76(-3) 1.30(-1) 5.143 1.61(-4) TIy(-1
6 5.350 2.11(-3) 1.32(-1) 5.352 3.01(-4) 1.19(-1)
7 5.475 1.15(-3) 1.36(-1) 5.476 4.08(-4) 1.20(-1)
8 5.555 6.49(-4) 1.42(-1) 5.557 4.13(-4) 1.21(-1)
9 5.610 3.62(-4) 1.47(-1) 5.611 3.56(-4) 1.21(-1)
2p3/o0f5)
n=5 5178 7.57(-5) 1.48(2)
6 5.372 135(5)  -1.33(2)
7 5.489 1.85(5)  -1.25(-2)
8 5.565 1.74(-5) 1.21(-2)
9 5.617 1.36(-5) 11.18(-2)
3sns 3sndy
n=3 7121 1.56(-3) 2.40(-1) 7.188 1.25(-2) 1.95(-1
4 7.945 5.05(-5) 4.61(-1) 8.087 3.27(-4) 2.46(-1)
5 8.471 2.42(-5) 3.85(-1) 8.529 2.23(-4) 1.97(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 8213 1.51(4) 3.60(-1) 8.227 6.13(-4) 3.4p(-1
5 8.686 1.09(-4) 3.34(-1) 8.688 1.90(-4) 3.28(-1)
6 8.028 6.79(-5) 3.02(-1) 8.931 9.35(-5) 2.84(-1)
3pa2NpPy2 3P3/2NPar2
n=4 8.254 2.56(-4) 2.99(-1) 8.270 6.81(:3) 2 7p(-1
5 8.693 7.10(-5) 3.15(-1) 8.707 3.05(-3) 2.69(-1)
6 8.934 3.40(-5) 2.74(-1) 8.938 1.46(-3) 2.47(-1)
3panfss,
n=4 8372 3.62(-5) 9.68(-2)
5 8.771 7.28(-5) 4.08(-2)
6 8.973 4.49(-5) 3.04(-2)
3d3/2ns
n=4 8.397 1.44(5) 155(-1)
5 8.802 9.40(-5) 1.38(-1)
6 9.011 3.60(-5) 1.55(-1)
3ds/onds, 3ds2ndko
n=4 8.290 2.00(-5) 3.32(1) 8.423 2.94(-4) Loy (-1
5 8.742 8.46(-5) 3.41(-1) 8.803 1.82(-5) 1.36(-1)
6 8.979 6.22(-5) 3.40(-1) 9.017 8.91(-5) 1.17(-1)
3ds/,Nds2 3ds/2nds)2
n=4 8.441 5.87(-5) 732(2) 8.475 3.03(-4) 8.5p(-3
5 8.824 5.39(-5) 5.74(-2) 8.831 3.13(-4) 3.07(-2)
6 9.017 3.52(-5) 1.14(-1) 9.024 4.82(-4) 7.09(-2)
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Table 5.19. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable stite O

E r U E r U
2p12NPys2 2P12NPas2
n=6 7772 4.65(-5) 1.39(-1) 7.775 6.9(-5) 1.28(-1)
7 7.969 4.92(-5) 1.37(-1) 7.971 1.43(-4) 1.22(-1)
8 8.096 4.34(-5) 1.36(-1) 8.008 2.22(-4) 1.17(-1)
9 8.182 3.49(-5) 1.35(-1) 8.183 2.37(-4) 1.13(-1)
10 8.243 2.74(-5) 1.34(-1) 8.244 2.08(-4) 1.11(-1)
2P32NPys2 2032NPa/2
n=6 7783 2.25(-3) 1.15(-1) 7.786 8.89(-4) 1.0p(-1
7 7.976 1.19(-3) 1.21(-1) 7.979 8.66(-4) 1.03(-1)
8 8.101 6.15(-4) 1.25(-1) 8.104 7.22(-4) 1.03(-1)
9 8.187 3.20(-4) 1.28(-1) 8.189 5.63(-4) 1.03(-1)
10 8.248 1.81(-4) 1.30(-1) 8.249 4.33(-4) 1.03(-1)
2p3/o0f5)
n=6 7813 2.91(-5) 1.07(-2)
7 7.996 3.89(-5)  -9.88(-3)
8 8.115 3.45(5)  -9.45(-3)
9 8.196 259(-5)  -9.19(-3)
10 8.255 1.90(-5) -0.02(-3)
3sns 3sndy
n=3 10.254 1.59(3) 1.99(1) 10.332 1.27(-2) TB)(
4 11527 5.71(-5) 3.85(-1) 11.704 3.73(-4) 2.06(-1)
5 12.281 4.13(-5) 3.57(-1) 12.369 2.63(-4) 1.68(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 11.856 1.59(-4) 2.98(1) 11.875 6.23(-4) 278
5 12.560 1.18(-4) 2.75(-1) 12.564 2.09(-4) 2.66(-1)
6 12.923 7.51(-5) 2.51(-1) 12.932 1.34(-4) 2.17(-1)
3pa2NpPy2 3P3/2NPar2
n=4 11.907 2.82(-4) 2.46(1) 11.927 7.05(:3) 2.25(
5 12.584 2.91(-4) 2.26(-1)
6 12.935 1.53(-3) 2.10(-1) 12.944 9.38(-5) 1.74(-1)
3panfss,
n=4 12.056 3.64(5) 7.82(:2)
5 12.659 1.98(-4) 5.53(-2)
6 12.975 7.60(-5) 4.90(-2)
3d3/2ns
n=4 12.086 1.63(5) 1.29(0)
5 12.709 1.84(-5) 1.11(-1)
6 13.031 3.23(-5) 1.22(-1)
3ds/onds, 3ds2ndko
n=4 11.951 2.69(-5) 277(-1) 12.120 3.14(-4) 8.2p(
5 12.634 2.09(-6) 2.76(-1) 12.720 8.43(-5) 8.35(-2)
6 12.990 5.85(-5) 2.81(-1) 13.038 4.80(-5) 9.56(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 12.160 5.47(5) 4.08(-2) 12.185 3.22(-4) 92D
5 12.739 5.30(-5) 3.86(-2) 12.744 2.96(-4) 2.68(-2)
6 13.041 8.38(-5) 8.30(-2) 13.048 3.92(-4) 5.47(-2)
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Table 5.20. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable staté& Ne

E r H r
2p12NPys2 2P12NPas2
n=7 14.355 1.41(-4) 1.03(-1) 14.360 7.28(-4) 8Bp(
8 14.600 1.10(-4) 1.02(-1) 14.603 6.23(-4) 8.52(-2)
9 14.767 8.21(-5) 1.01(-1) 14.769 4.77(-4) 8.42(-2)
10 14.885 6.11(-5) 1.01(-1) 14.887 3.60(-4) 8.37(-2
11 14.973 4.62(-5) 1.01(-1) 14.974 2.75(-4) 8.3%(-2
2P32NPys2 2032NPa/2
n=7 14372 9.44(-4) 9.85(-2) 14377 1.68(-3) 7-28(
8 14.615 4.85(-4) 9.97(-2) 14.619 1.24(-3) 7.98(-2)
9 14.782 2.81(-4) 1.00(-1) 14.784 9.06(-4) 7.97(-2)
10 14.900 1.79(-4) 1.00(-1) 14.902 6.73(-4) 7.96(-2
11 14.988 1.22(-4) 1.01(-1) 14.989 5.10(-4) 7.95(-2
2p3/o0f5)
n=7 14.402 9.37(5) 6.64(-3)
8 14.636 7.49(-5) 6.31(-3)
9 14.796 5.28(-5) 6.12(-3)
10 14.911 3.72(-5) -5.97(-3)
11 14.996 2.70(-5) 5.84(-3)
3sns 3sndy
n=3 18.203 1.66(:3) 1.48(-1) 18.302 1.28(2) TDH(
4 20.666 6.73(-5) 2.90(-1) 20.914 4.39(-4) 1.54(-1)
5 22.035 5.49(-5) 2.72(-1) 22.162 3.18(-4) 1.28(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 21116 1.70(-4) 221(1) 21.146 6.36(-4) 2-0/(
5 22.418 1.32(-4) 2.03(-1) 22.425 2.17(-4) 1.94(-1)
6 23.007 8.65(-5) 1.87(-1) 23.100 1.06(-4) 1.81(-1)
3pa2NpPy2 3P3/2NPar2
n=4 21.190 3.19(4) 1.82(1) 21214 7.32(3) 168
5 22 452 3.12(-3) 1.69(-1) 22 458 3.18(-4) 1.62(-1)
6 23.102 7.09(-5) 1.85(-1) 23.114 1.61(-3) 1.62(-1)
3panfss,
n=3 18.936 4.61(-4) 4.62(-2)
4 21.489 3.50(-4) 7.62(-5)
5 22 564 1.83(-4) 3.48(-2)
3d3/2ns
n=4 21.401 3.81(5) 121(0)
5 22628 1.39(-4) 8.77(-2)
6 23.254 6.44(-5) 9.37(-2)
3ds/onds, 3ds2ndko
n=4 21.249 4.30(-5) 2.09(1) 21.443 1.98(5) 9-Bp(
5 22525 6.55(-6) 2.07(-1) 22633 2.33(-5) 8.16(-2)
6 23.197 5.65(-5) 2.11(-1) 23.258 3.02(-5) 8.54(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 21.550 6.35(5) 3.06(-2) 21584 3.65(-4) 88B(
5 22.667 1.05(-4) 4.21(-2) 22683 2.98(-4) 2.23(-2)
6 23.274 9.59(-5) 5.50(-2) 23.281 3.24(-4) 3.91(-2)
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Table 5.21. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable staté.Mg

E r U E r U
2p12NPys2 2P12NPas2
n=8 22.996 1.79(-4) 8.21(-2) 23.001 8.67(-4) 6:35(
9 23.270 1.26(-4) 8.16(-2) 23.273 6.20(-4) 6.79(-2)
10 23.465 9.01(-5) 8.13(-2) 23.467 4.52(-4) 6.77(-2
11 23.609 6.66(-5) 8.11(-2) 23.610 3.38(-4) 6.75(-2
12 23.718 5.08(-5) 8.10(-2) 23.719 2.59(-4) 6.74(-2
2P32NPys2 2032NPa/2
n=8 23.032 4.47(-4) 8.15(-2) 23.037 1.61(:3) 6:35(
9 23.306 2.79(-4) 8.14(-2) 23.309 1.14(-3) 6.51(-2)
10 23.501 1.86(-4) 8.14(-2) 23.503 8.32(-4) 6.51(-2
11 23.645 1.31(-4) 8.14(-2) 23.647 6.22(-4) 6.50(-2
12 23.754 9.54(-5) 8.14(-2) 23.755 4.77(-4) 6.50(-2
2p3/o0f5)
n=8 23.060 1.05(-4) 2.63(-3)
9 23.325 6.83(-5) -4.46(-3)
10 23515 4.61(-5) -4.31(-3)
11 23.655 3.28(-5) -4.19(-3)
12 23.762 2.45(-5) -4.10(-3)
3sns 3sndy
n=3 28.399 1.71(3) 1.18(-1) 28.520 1.29(2) 00
4 32.442 7.45(-5) 2.34(-1) 32.763 4.86(-4) 1.23(-1)
5 34.608 6.29(-5) 2.19(-1) 34.774 3.57(-4) 1.03(-1)
3Pw2NPus2 3P1/2NP3s2
n=4 33.017 1.79(4) 1.75(1) 33.056 6.43(-4) 6p(
5 35.006 1.47(-4) 1.60(-1) 35.106 2.26(-4) 1.53(-1)
6 36.188 9.42(-5) 1.48(-1) 36.195 1.62(-4) 1.40(-1)
3pa2NpPy2 3P3/2NPar2
n=4 33.114 3.54(-4) 1.45(-1) 33.141 7.45(:3) 35
5 35.139 3.11(-3) 1.37(-1) 35.152 4.10(-4) 1.28(-1)
6 36.209 1.23(-3) 1.35(-1) 36.217 4.63(-4) 1.26(-1)
3panfss,
n=4 33.499 3.74(-4) 9.82(-4)
5 35.290 1.91(-4) 2.63(-2)
6 36.288 1.22(-4) 3.44(-2)
3d3/2ns
n=4 33.444 2.30(5) 7.66(2)
5 35.381 3.04(-5) 6.41(-2)
6 36.398 8.43(-5) 7.62(-2)
3ds/onds, 3ds2ndko
n=4 33.188 5.93(5) 1.69(1) 33.390 4.03(-5) 9-Bp(
5 35.238 1.07(-5) 1.67(-1) 35.374 1.43(-4) 6.94(-2)
6 36.324 5.78(-5) 1.68(-1) 36.394 1.08(-4) 8.06(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 33.582 7.37(5) 254(2) 33.626 4.05(-4) 83B(
5 35.432 1.11(-4) 2.87(-2) 35.444 3.11(-4) 1.94(-2)
6 36.407 2.43(-5) 6.89(-2) 36.435 2.61(-4) 3.16(-2)
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Table 5.22. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable staté Si

E r H r
2p12NPys2 2P12NPas2
n=9 33.698 1.68(-4) 6.85(2) 33.702 7.22(-4) 570(
10 33.988 1.19(-4) 6.83(-2) 33.991 5.22(-4) 5.70(-2
11 34.203 8.73(-5) 6.81(-2) 34.205 3.88(-4) 5.60(-2
12 34.365 6.60(-5) 6.80(-2) 34.367 2.96(-4) 5.68(-2
13 34.492 5.14(-5) 6.79(-2) 34.493 2.32(-4) 5.68(-2
2P32NPys2 2032NPa/2
n=9 33.772 2.91(-4) 6.86(:2) 33.776 1.32(3) 5.BB(
10 34.062 1.99(-4) 6.85(-2) 34.065 9.56(-4) 5.50(-2
11 34.276 1.41(-4) 6.85(-2) 34.279 7.13(-4) 5.50(-2
12 34.439 1.03(-4) 6.85(-2) 34.441 5.46(-4) 5.5p(-2
13 34.565 7.59(-5) 6.85(-2) 34.567 4.28(-4) 5.5p(-2
2p3/o0f5)
n=9 33.796 8.35(5) 3.41(-3)
10 34.080 5.53(-5) -3.28(-3)
11 34.289 3.87(-5) -3.17(-3)
12 34.449 2.85(-5) -3.09(-3)
13 34573 2.19(-5) -3.01(-3)
3sns 3sndy
n=3 40.854 1.76(:3) 9.86(:2) 40.996 1.29(2) 82 (
4 46.864 7.97(-5) 1.96(-1) 47.258 5.21(-4) 1.03(-1)
5 50.011 6.81(-5) 1.84(-1) 50.216 3.84(-4) 8.62(-2)
3Pw2NPus2 3P1/2NP3s2
n=4 47.568 1.91(4) 1.45(1) 47615 6.38(-4) TBH(
5 50.605 1.63(-4) 1.32(-1) 50.620 2.60(-4) 1.25(-1)
6 52.209 1.01(-4) 1.22(-1) 52.219 3.22(-4) 1.13(-1)
3pa2NpPy2 3P3/2NPar2
n=4 47.689 4.22(-4) 1.22(0) 47.719 7.49(3) T16(
5 50.658 2.98(-3) 1.17(-1) 50.679 5.31(-4) 1.07(-1)
6 52.238 1.18(-3) 1.16(-1) 52.253 4.05(-4) 1.03(-1)
3panfss,
n=4 48.163 3.94(-4) 1.95(:3)
5 50.851 1.99(-4) 2.13(-2)
6 52.341 1.17(-4) 2.67(-2)
3d3/2ns
n=4 48.008 2.59(5) 6.42(:2)
5
6 52.489 3.13(-5) 5.19(-2)
3ds/onds, 3ds2ndko
n=4 47.778 7.52(-5) 1.42(-1) 48.032 3.99(-5) 82p(
5 50.786 1.50(-5) 1.40(-1) 50.955 1.44(-4) 5.79(-2)
6 52.385 6.20(-5) 1.41(-1) 52.478 8.10(-5) 6.18(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 48.266 8.28(5) 230(2) 48321 4.37(-4) 83y(
5 51.029 1.26(-4) 2.42(-2) 51.042 3.11(-4) 1.75(-2)
6 52.509 1.31(-4) 4.02(-2) 52.524 2.77(-4) 2.69(-2)
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Table 5.23. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable stdfe S

E r H r
2p12NPys2 2P12NPas2
n=9
10 46.465 1.36(-4) 5.90(-2) 46.469 5.60(-4) 4.98(-2
11 46.764 9.89(-5) 5.89(-2) 46.766 4.14(-4) 4.98(-2
12 46.990 7.48(-5) 5.88(-2) 46.992 3.15(-4) 4.99(-2
13 47.166 5.86(-5) 5.88(-2) 47.168 2.47(-4) 4.91(-2
2P32NPys2 2032NPa/2
n=9 46.197 2.90(-4) 5.93(2) 46.202 1.43(:3) 23)(
10 46.601 1.97(-4) 5.92(-2) 46.605 1.03(-:3) 4.80(-2
11 46.899 1.40(-4) 5.92(-2) 46.902 7.63(-4) 4.81(-2
12 47.126 9.96(-5) 5.92(-2) 47.128 5.84(-4) 4.81(-2
13 47.302 4.04(-5) 6.00(-2) 47.304 4.74(-4) 4.8p(-2
2p3/o0f5)
n=9 46.226 8.59(5) 2.71(-3)
10 46.622 5.60(-5) -2.58(-3)
11 46.915 3.96(-5) -2.49(-3)
12 47.138 2.99(-5) -2.41(-3)
13 47.312 1.94(-5) -2.55(-3)
3sns 3sndy
n=3 55581 1.79(-3) 8.48(-2) 55.746 1.30(-2) 7-25(
4 63.945 8.36(-5) 1.70(-1) 64.417 5.48(-4) 8.93(-2)
5 68.258 7.22(-5) 1.58(-1) 68.503 4.04(-4) 7.41(-2)
3Pw2NPus2 3P1/2NP3s2
n=4 64.784 2.11(-4) 1.24(1) 64.839 6.25(-4) T15(
5 68.961 1.78(-4) 1.12(-1) 68.982 3.81(-4) 1.04(-1)
6 71.172 1.01(-4) 1.04(-1) 71.186 5.49(-4) 9.54(-2)
3pa2NpPy2 3P3/2NPar2
n=4 64.932 6.04(-4) 1.05(1) 64.963 7.36(:3) 9-9p(
5 69.026 2.75(-3) 1.03(-1) 69.059 6.57(-4) 9.15(-2)
6 71.215 9.51(-4) 1.02(-1) 71.238 4.19(-4) 8.76(-2)
3panfss,
n=4 65.497 4.09(-4) 2.60(:3)
5 69.264 2.06(-4) 1.79(-2)
6 71.344 1.17(-4) 2.20(-2)
3d3/2ns
n=4 65.426 2.98(5) 551(2)
5 69.405 4.46(-5) 4.38(-2)
6 71.524 3.26(-5) 4.20(-2)
3ds/onds, 3ds2ndko
n=4 65.036 9.17(5) 1.24(-1) 65.346 4.02(-5) 6-3)(
5 69.184 1.89(-5) 1.21(-1) 69.388 1.46(-4) 4.99(-2)
6 71.395 6.49(-5) 1.21(-1) 71.508 7.63(-5) 5.21(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 65.622 9.22(5) 212(2) 65.689 4.71(-4) SBy(
5 69.478 1.57(-4) 2.19(-2) 69.494 3.11(-4) 1.60(-2)
6 71.551 1.30(-4) 3.28(-2) 71.566 2.42(-4) 2.33(-2)
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Table 5.24. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable staté.Ar

E r U E r
2p12NPys2 2P12NPas2
n=10 60.908 1.53(-4) 5.21(-2) 60.912 5.93(-4) 435
11 61.304 1.11(-4) 5.20(-2) 61.307 4.37(-4) 4.30(-2
12 61.606 8.42(-5) 5.20(-2) 61.608 3.33(-4) 4.30(-2
13 61.840 1.76(-4) 5.15(-2) 61.842 2.27(-4) 4.2p(-2
14 62.025 4.95(-5) 5.20(-2) 62.027 2.03(-4) 4.36(-2
2P32NPys2 2032NPa/2
n=10 61.139 1.95(-4) 5.22(:2) 61.143 1.09(3) &2
11 61.535 1.35(-4) 5.22(-2) 61.538 8.10(-4) 4.27(-2
12 61.836 3.63(-5) 5.32(-2) 61.839 5.90(-4) 4.30(-2
13 62.070 8.86(-5) 5.20(-2) 62.072 4.75(-4) 4.27(-2
14 62.256 6.45(-5) 5.20(-2) 62.257 3.81(-4) 4.28(-2
2p3/o0f5)
n=10 61.163 584(5)  -2.09(-3)
11 61.553 4.15(-5) -2.00(-3)
12 61.850 2.67(-5) -2.08(-3)
13 62.081 2.28(-5) -1.97(-3)
14 62.265 1.84(-5) -1.93(-3)
3sns 3sndy
n=3 72.598 1.81(3) 7.47(:2) 72.787 1.30(2) 622
4 83.703 8.69(-5) 1.51(-1) 84.257 5.68(-4) 7.89(-2)
5 89.368 7.51(-5) 1.39(-1) 89.653 4.18(-4) 6.49(-2)
3Pw2NPus2 3P1/2NP3s2
n=4 84.684 2.48(-4) 1.08(1) 84.862 1.12(3) 82y(
5 90.181 1.84(-4) 9.69(-2) 90.211 6.43(-4) 8.91(-2)
6 93.097 1.00(-4) 9.07(-2) 93.115 7.22(-4) 8.22(-2)
3pa2NpPy2 3P3/2NPar2
n=4 84.748 6.04(-4) 1.09(1) 84.893 6.85(:3) 82p(
5 90.266 2.38(-3) 9.23(-2) 90.311 7.65(-4) 8.04(-2)
6 93.164 7.51(-4) 9.07(-2) 93.194 4.59(-4) 7.68(-2)
3panfss,
n=4 85523 4.21(-4) 3.19(-3)
5 90.551 2.13(-4) 1.56(-2)
6 93.318 1.17(-4) 1.90(-2)
3d3/2ns
n=4 85.447 3.60(5) 4.83(2)
5 90.720 5.19(-5) 3.72(-2)
6 93.532 4.29(-5) 3.47(-2)
3ds/onds, 3ds2ndko
n=4 84.980 1.10(-4) 111(-1) 85.353 4.02(5) 62 (
5 90.456 2.32(-5) 1.07(-1) 90.695 1.46(-4) 4.40(-2)
6 93.376 6.83(-5) 1.07(-1) 93.509 7.62(-5) 4.54(-2)
3ds/,Nds/2 3ds/2nds)2
n=4 85.671 1.02(4) 2.02(2) 85.751 5.06(-4) 83p(
5 90.801 1.88(-4) 2.08(-2) 90.823 3.02(-4) 1.48(-2)
6 93.563 1.46(-4) 3.00(-2) 93.583 2.27(-4) 2.10(-2)




125

Table 5.25. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable stat&Ca

E r U E r
2p12NPys2 2P12NPas2
n=10
11 77.840 1.24(-4) 4.65(-2) 77.843 4.59(-4) 3.88(-2
12 78.226 1.19(-4) 4.69(-2) 78.229 3.29(-4) 3.87(-2
13 78.526 6.88(-5) 4.66(-2) 78.528 2.67(-4) 3.90(-2
14 78.764 5.50(-5) 4.66(-2) 78.766 2.13(-4) 3.89(-2
2P32NPys2 2032NPa/2
n=10 77.700 1.96(-4) 4.66(-2) 77.704 1.15(-3) 833
11 78.208 1.06(-4) 4.69(-2) 78.211 8.69(-4) 3.88(-2
12 78.504 1.17(-4) 4.64(-2) 78.597 6.38(-4) 3.84(-2
13 78.894 8.23(-5) 4.65(-2) 78.896 5.01(-4) 3.84(-2
14 79.132 7.60(-5) 4.63(-2) 79.134 3.92(-4) 3.84(-2
2p3/o0f5)
n=10 77.728 6.16(-5) 1.74(:3)
11
12 78.610 2.93(-5) -1.64(-3)
13 78.907 2.26(-5) -1.60(-3)
14 79.142 1.69(-5) 11.62(:3)
3sns 3sndy
n=3 91.926 1.83(3) 6.70(:2) 92.139 1.30(2) 527(
4 106.158 8.97(-5) 1.37(-1) 106.800 5.83(-4) 720(-
5 113.363 7.68(-5) 1.25(-1) 113.689 4.29(-4) 579(-
3Pw2NPus2 3P1/2NP3s2
n=4 107.286 2.98(-4) 9.66(:2) 107.503 236(3) 212
5 114.287 1.83(-4) 8.58(-2) 114.328 9.89(-4) 74
6 118.008 9.98(-5) 8.01(-2) 118.030 8.11(-4) 720(-
3pa2NpPy2 3P3/2NPar2
n=4 107.366 5.92(-4) 9.95(:2) 107.536 558(3) 982
5 114.403 1.95(-3) 8.41(-2) 114.461 8.37(-4) 720(-
6 118.112 6.25(-4) 8.12(-2) 118.148 5.01(-4) 6.B4(-
3panfss,
n=14 108.265 4.27(-4) 3.71(-3)
5 114.737 2.20(-4) 1.38(-2)
6 118.289 1.18(-4) 1.68(-2)
3d3/2ns
n=4 108.188 4.73(5) 430(-2)
5 114.937 597(-5)  3.18(-2)
6 118.539 6.39(-5) 2.92(:2)
3ds/onds, 3ds2ndko
n=4 107.635 1.31(-4) 1.01(-1) 108.077 3.99(5) 962
5 114.625 2.82(-5) 9.66(-2) 114.900 1.45(-4) 3Dp(-
6 118.354 7.11(-5) 9.60(-2) 118.508 7.83(-5) 4DP(-
3ds/,Nds/2 3ds/2nds)2
n=4 108.439 1.14(4) 1.96(2) 108.532 5.42(4) 803
5 115.024 2 14(-4) 2.05(-2) 115.055 2.93(-4) 1239(-
6 118.574 1.55(-4) 2.89(-2) 118.600 2.27(-4) 124(-
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Table 5.26. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable staté Ti

E r U E r
2p12NPys2 2P12NPas2
n=11
12 96.866 9.26(-5) 4.27(-2) 96.870 3.48(-4) 3.55(-2
13 97.241 7.31(-5) 4.26(-2) 97.244 2.73(-4) 3.50(-2
14 97.538 5.86(-5) 4.25(-2) 97.540 2.18(-4) 3.58(-2
15 97.778 4.44(-5) 4.26(-2) 97.779 1.72(-4) 3.56(-2
2P32NPys2 2032NPa/2
n=11 96.944 1.43(-4) 422(-2) 96.948 8.62(-4) e3P
12 97.426 9.73(-5) 4.23(-2) 97.429 6.62(-4) 3.58(-2
13 97.801 8.99(-5) 4.21(-2) 97.803 5.10(-4) 3.5p(-2
14 98.098 5.81(-5) 4.22(-2) 98.100 4.13(-4) 3.50(-2
15 98.337 4.93(-5) 4.21(-2) 98.339 3.33(-4) 3.5p(-2
2p3/o0f5)
n=11 96.968 4.16(-5) 1.41(:3)
12 97.444 3.18(-5) -1.39(-3)
13 97.815 2.38(-5) -1.41(-3)
14 98.109 1.98(-5) -1.38(-3)
15 98.347 1.57(-5) -1.40(-3)
3sns 3sndy
n=3 113.586 1.84(3) 6.11(-2) 113.827 130(2) 662
4 131.333 9.17(-5) 1.26(-1) 132.067 5.96(-4) 6 B1(-
5 140.269 7.76(-5) 1.13(-1) 140.637 4.37(-4) 521 (-
3Pw2NPus2 3P1/2NP3s2
n=4 132612 3.47(-4) 8.79(-2) 132.876 4.05(3) 865
5 141.306 1.81(-4) 7.68(-2) 141.357 1.28(-3) 6 BA(-
6 145.925 9.70(-5) 7.26(-2) 145.953 8.56(-4) 6.2)7(-
3pa2NpPy2 3P3/2NPar2
n=4 132.718 6.35(-4) 9.26(:2) 132.919 3.80(3) 9D
5 141.468 1.59(-3) 7.69(-2) 141.539 9.00(-4) 6. B(-
6 146.082 5.79(-4) 7.42(-2) 146.124 5.03(-4) 620(-
3panfss,
n=3 115.738 7.87(-4) 1.90(-2)
4 133.753 4.24(-4) 4.17(-3)
5 141.851 2.27(-4) 1.24(-2)
3d3/2ns
n=4 133.952 1.27(-4) 1.49(2)
5 142.177 2.40(-4) 1.15(-2)
6 146.572 9.22(-5) 2.47(-2)
3ds/onds, 3ds2ndko
n=4 133.027 1.53(4) 9.36(:2) 133.545 3.91(5) 162
5 141.722 3.26(-5) 8.79(-2) 142.033 1.47(-4) 3BP(-
6 146.356 7.46(-5) 8.76(-2) 146.532 7.77(-5) 3B7(-
3ds/,Nds/2 3ds/2nds)2
n=4 133675 6.81(-5) 434(-2) 134.061 581(4) 603
5 142.084 7.37(-5) 3.63(-2) 142.220 2.93(-4) 13(-
6 146.616 1.49(-4) 2.74(-2) 146.649 2.13(-4) 1.27(-
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Table 5.27. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable state.Cr

E r U E r U
2p12NPys2 2P12NPas2
n=11
12 117.547 9.99(-5) 3.94(-2) 117.551 3.60(-4) 325(
13 118.005 7.87(-5) 3.92(-2) 118.008 2.82(-4) 328(
14 118.367 9.59(-5) 3.94(-2) 118.370 1.48(-4) 32)9(
15 118.660 5.02(-5) 3.90(-2) 118.662 1.82(-4) 328(
2P32NPys2 2032NPa/2
n=11 117.777 1.16(-4) 3.89(-2) 117.781 8.99(-4)  2782)
12 118.365 1.65(-5) 3.98(-2) 118.368 7.81(-4) 328(
13 118.822 6.92(-5) 3.87(-2) 118.825 5.38(-4) 325(
14 119.185 5.78(-5) 3.86(-2) 119.187 4.28(-4) 324(
15 119.477 4.70(-5) 3.85(-2) 119.479 3.47(-4) 323(
2p3/o0f5)
n=11 117.804 4.62(5) 1.23(3)
12 118.386 3.25(-5) -1.30(-3)
13 118.839 2.77(-5) -1.25(-3)
14 119.198 2.18(-5) -1.26(-3)
15 119.488 1.77(-5) 11.26(-3)
3sns 3sndy
n=3 137.608 1.84(3) 5.65(-2) 137.877 130(2) 668
4 159.253 9.39(-5) 1.17(-1) 160.088 6.04(-4) 626(-
5 170.116 7.68(-5) 1.03(-1) 170.526 4.42(-4) AZ0(-
3Pw2NPus2 3P1/2NP3s2
n=4 160.687 3.82(-4) 8.15(:2) 161.013 527(3) 163
5 171.267 1.75(-4) 6.96(-2) 171.327 1.46(-3) 6.2 (-
6 176.882 9.56(-5) 6.66(-2) 176.915 8.79(-4) 5.87(-
3pa2NpPy2 3P3/2NPar2
n=4 160.833 7.95(-4) 8.77(:2) 161.076 239(3)  29%1)
5 171.496 1.35(-3) 7.07(-2) 171.578 9.37(-4) -9.10(
6 177.111 5.63(-4) 6.84(-2) 177.158 5.04(-4) -0.1B(
3panfss,
n=3 140.066 8.49(-4) 1.76(2)
4 161.942 1.06(-4) 1.02(-2)
5 171.925 2.33(-4) 1.13(-2)
3d3/2ns
n=4 162.245 1.42(-4) 141(2)
5 172.293 2.52(-4) 9.81(-2)
6 177.665 1.36(-4) 2.15(-2)
3ds/onds, 3ds2ndko
n=4 161.791 3.83(5) 4.63(-2)
5 171.778 3.75(-5) 8.09(-2) 172.127 1.48(-4) 33p(-
6 177.416 7.81(-5) 8.09(-2) 177.614 8.31(-5) 337(-
3ds/,Nds/2 3ds/2nds)2
n=4 162.021 4.05(-4) 3.56(:2) 162.370 6.22(4) 71D
5 172.195 9.37(-5) 3.43(-2) 172.351 2.93(-4) 126(-
6 177.722 1.44(-4) 2.62(-2) 177.762 2.24(-4) 1B5(-
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Table 5.28. The energy positioks (Ryd), the widthd™ (Ryd), and the quantum defegtf 2;

and 3; photoionization resonances for metastable stdté.Fe

E r U E r U
2p12NPys2 2P12NPas2
n=11
12
13 140.865 8.23(-5) 3.64(-2) 140.869 2.87(-4) 228
14 141.300 6.28(-5) 3.65(-2) 141.303 2.25(-4) 229
15 141.651 5.10(-5) 3.65(-2) 141.653 1.82(-4) 2790(
2P32NPys2 2032NPa/2
n=11 140.756 1.12(-4) 357(-2) 140.760 9.29(-4)  0082)
12 141.461 8.71(-5) 3.57(-2) 141.464 7.05(-4) 37)1(
13 142.009 6.73(-5) 3.57(-2) 142.011 5.49(-4) 370(
14 142.443 5.08(-5) 3.57(-2) 142.445 4.36(-4) 323(
15 142.794 3.55(-5) 3.58(-2) 142.796 3.54(-4) 321(
2p3/o0f5)
n=11 140.785 4.23(5) 29.80(-4)
12 141.483 2.93(-5) -9.60(-4)
13 142.026 2.16(-5) -9.52(-4)
14 142.458 1.67(-5) -0.45(-4)
15 142.805 1.48(-5) -8.87(-4)
3sns 3sndy
n=3 164.008 1.84(3) 5.30(-2) 164.328 130(2) 363
4 189.937 9.59(-5) 1.11(-1) 190.885 6.15(-4) 526 (-
5 202.924 7.73(-5) 9.59(-2) 203.385 4.45(-4) 4.27(-
3Pw2NPus2 3P1/2NP3s2
n=4 191543 4.02(-4) 7.76(:2) 191.954 5.96(3) 963
5 204.209 1.71(-4) 6.45(-2) 204.283 1.55(-3) 5L(-
6 210.931 9.62(-5) 6.05(-2) 210.968 8.73(-4) 5.3 (-
3pa2NpPy2 3P3/2NPar2
n=4 191.746 1.06(3) 8.47(:2) 192.046 145(3)  763)
5 204.526 1.25(-3) 6.60(-2) 204.617 9.31(-4) 536 (-
6 211.251 5.25(-4) 6.23(-2) 211.300 5.32(-4) 5.25(-
3panfss,
n=3 166.822 9.10(-4) 1.66(2)
4
5 205.005 2.39(-4) 1.06(-2)
3d3/2ns
n=4 193.359 1.55(-4) 1.34(2)
5 205.417 2.45(-4) 8.08(-2)
6 211.854 1.65(-4) 1.96(-2)
3ds/onds, 3ds2ndko
n=4 192.150 1.84(-4) 8.39(-2) 193.026 165(4) 283
5 204.829 4.58(-4) 7.58(-2) 205.220 1.47(-4) 320(-
6 211.580 8.10(-5) 7.43(-2) 211.797 8.24(-5) 3A)(-
3ds/,Nds/2 3ds/2nds)2
n=4 193.110 3.68(-4) 3.47(2)
5 205.309 1.22(-4) 3.34(-2)
6 211.935 1.22(-4) 2.53(-2)
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Figure 5.9.Photoionization cross sections fo8 state and®P° state (with the statistical
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6. CONCLUSIONS

We have done a thorough investigation of the plooiaation of the Be-like ions from
neutral beryllium to the iron ion. Our calculatiprovides high resolution cross section data for
astrophysics and plasma studies. From the compaatour calculated cross sections for the
ground and metastable states of a number of mendfefse Be isoelectronic sequence with
experiment (where available) and previous caloohetj we find that the relativistic Breit-Pauli
R-matrix methodology, along with an extensive higlality set of discrete orbitals to represent
the final ionic (target) states and the initialtesa provides an extremely accurate description of
the photoionization process in the four-electrosteay. This is further confirmed by the
excellent agreement between length and velocitygesaywithin a few percent), and by the
excellent agreement of the initial state bindingrgres and target state excitation energies with
the NIST data compilation, presented in Table 4[able 4.3.

In our study, it has been found that the overalgniades of the cross sections decrease
with Z, which is necessary to satisfy the oscillatorrsite sum rule [77]. Inclusion of relativistic
effects is found to be of importance to achievenhagcuracy even at the lowest valuesZpf
owing to the splittings and shifts of the resonaneegendered by these relativistic effects. And,
since relativistic effects in energies increaseZds while electrostatic energies increasezfs
these effects become much more important at theehgs; for Fe? for example, relativistic

resonance energy shifts of close to 100 eV weradoénd for the excited states, relativistic
effects were even more important because the simgieelativistic *P° state is split into three
states,’Py, °R° and °Py, each with a different threshold energy. Furtitds, important to note

that these conclusions should be quite generahahdestricted just to the four-electron Be-like

systems studied in detail here.
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Many of the cross sections were seen to exhilelaumbers of very narrow resonances.
Thus, to calculate cross sections which includeoffihe oscillator strength, the calculational
energy mesh must be dense enough to include themaa{ these resonances. Furthermore, to
show the physics concerning the structure of tlsemances, the energy mesh should be even
denser in the range of each resonance, so thatradlss section and the eigenphase can be well
characterized in the vicinity of each resonancesden in some of the comparisons of theoretical
cross sections, some of the reported results cotih@ proper physics but are still inaccurate
owing to the failure to include enough points ia #mergy mesh.

In the analysis, we have characterized the resesamsing the QB program and
developed successfully a systematic way to idettiéyresonances. A large volume of resonance
data has been acquired. The comparison with otheorétical results is difficult because
relativistic effects split our resonances to margrencomponents thdrSresults, and there is no
exact correspondence between ours and. 8wesults. However, the features of the resonances,
with a complete characterization wih (coupled withv andu in each channel) arid have been
shown and described as they evolve alongp a Rydberg series and along the isoelectronic
sequence. The general behaviorsmhl2 resonances are fairly simple, since channel iotenas
have not played important roles in these resondeatires. For higher energy regions, the
Rydberg series converging to nearby thresholds stiengly mixed, and the perturbations
between the resonances are more obvious since dhenmore series compressed into smaller
energy regions.

How the quantum defects evolve along the isoelagirosequence have been

demonstrated by the asymptotic quantum defggts, of the Pynl; resonances, and we found

an analytical form to well describe the evolutidong Z, as well as other general features. For
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detailed discussions on the perturbations, we hdeweloped from basic theory how the
resonances are influenced by the perturbations, egpdied it in the identification for the
resonances. As a special and interesting cadp,ias shown how a wide resonance overlaps the
narrow ones converging to the lower thresholds.

The partial cross sections to different targetestatvhich are so far unavailable in
experiments, have been studied using BPRM. Thetkdraund values are displayed and
analyzed along the sequence. The ratios of théapaross sections suggest that at the very high
Z end of the sequence, the system will converghddiydrogenic result, which has already been
suggested by the analysis on the quantum defeedumMher note that high photon energy also

makes the system more hydrogenic, but the relagtadlsl are not understood yet.
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APPENDIX A ATOMIC SYSTEM INAN ELECTROMAGNETIC FIELD

Suppose there is an atomic system with a nucleuhaidgeZe and infinite weight and
with N electrons of chargee-and massn. The Hamiltonian consists of three summations: the
sum of kinetic and potential energies of the etarunder the central field of the nucleus, and
the sum of Coulomb interactions between each faelextrons. In Gaussian (cgs) units, the

Hamiltonian is written as

-3 (B2, e =

where 1, are the electron positions from the nucleus gndare the electron momentums.

The state of this atom is described by Mhelectron wave functionW(x,...x,) which is the
solution to the time-independent Schrodinger eguati

HoWe (X ... xy) = EW(x,...xy) (A.2)
corresponding to the total energyf the system, and, =1,,0, are the spatial coordinates and
the spin projections of the electrons. When anraateelectromagnetic field is added to the
system, we modify the Hamiltonian by including thector potential A(F,t) to the momentum

term:

o E DR = B

where V(t) represents the interaction term. The time-depar@eimrddinger equation

ihaw(xl...xN,t) SHW

P (xl...xN,t) (A.4)

is to be solved for the wave function.
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In the weak field assumption, th&? term in Eq. (A.3) is neglected. If we choose the

potential gauge satisfying] CA=0, the interaction between the atom and the electgmmetic

field in the Hamiltonian is

V(t)=—> A ,.t)mb, . (A.5)

Considering the electromagnetic field as a planeewat single frequency and wave number

k=al/c, traveling in the directionk which is perpendicular to the polarization direnti&,

A(F,t) is represented by
A(F,t) — Abé:(eilZm—ia,t +e—il2m+iwt)’ (A.6)

where thee™ term is responsible for absorption ami“ term is responsible for stimulated

emission. V(t) is then reduced to

( ) F'%ZN:( ik [, —i at +e—il2mn+ia,t)é:|:rjn ' (A.7)

n=1
It is well known in the perturbation theory thaetkfirst order) probability amplitude

c,(t) of state|B) evolves with time, in a system initially atr), as

ihaCaLt(t) =e“!(p\V(t)a) (A.8)

where @y, =(E5—Ea)/h. The total transition probability is&im‘cﬁ(t)r, and the transition

probability rate is defined by

= mM. (A.9)
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Suppose|a) and |B) are discrete states with the normalizatigria) =(8/8) =1 and their

eigenvaluesk, <E;,. If we look at the details of only the absorptase €' term), applying

the Fermi’s golden rule, the transition probabitéye is given by

W, :%K a>‘25(Eﬁ ~E, -hw) (A.10)
where
eA N ki,
mc;e mED,, (A.11)

and the delta function ensures the conservatioenefgy. If the final state},[;’) is continuum

state, the form of Eqg. (A.10) is integrated leho dE where ,0( ) is the number of

states per unit energy aroud

The exponential term in Eq. (A.11) has the expansio
e :1+iR[ﬂ’—%(R[ﬁ’)2+m (A.12)
Under the weak field condition that the wavelengtHong relative to the size of the atomic

system, i.e.k [F <<1 in our working region, the electric dipole (E1)papximation k" = 1is

a> Is given by

A

- , (A.13)

and Eq. (A.10) becomes

S(E, - E, -hw) (A.14)
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where we have defined the dipole velocity operasor

— N —
D, =>.0,. (A.15)
n=1
Applying the relation
[ Ho)=2 g, (A.16)
m
W, _, is also given by
27 AL @Ry 1) gn | \P
W, :%@g D, |a) (€, ~E, ~ha) (A.17)
where the dipole length operator is
N N
D =>F,. (A.18)

Eq. (A.14) and Eg. (A.18), namely velocity gauge &ngth gauge, are in principle equivalent.
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APPENDIX B ORBITALSBY THE CIV3CALCULATION

The coefficients in Eq. (3.6) optimized layv3 are listed here. To be consistent with the
published Hartree-Fock data, the Clementi-typefaoefts C', are used through out all tables

here instead of the Slater-type coefficie@s. C'jn are defined in terms of the normalized Slater-

type orbitals {/ij} as

k
I:)nl =chnl)(jnl ’ (Bl)
=1

andC', andCjy are related by

=C' (ZZjnI )I e

jnl 72

(21 )1

C (B.2)

jnl
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Table B.1. The coefficients of the B&*?, and C* orbitals optimized bgiv3a program.

Be+ B+2 C+3
I c { c { I c {
1 4.0000000 0.9171100 1 5.0000000 0.9329900 16.0000000 0.9437300
3 10.8100000 -0.0012900 3 12.0000000 -0.0015100 18.2300000 -0.0017200
1s 3 4.6800000 0.0796000 3 5.9700000 0.0639p00 37.2700000 0.0535100
3 3.4000000 0.0431400 3 4.2800000 0.0366{L00 3$H.1600000 0.0319500
3 1.9700000 -0.0033100 3 2.7000000 -0.0040P00 3B.4300000 -0.0043900
3 1.3100000 0.0017800 3 1.8630000 0.0019p00 3.4160000 0.0018600
1 4.0000000 -0.1992200 1 5.0000000 -0.2327p00 16.0000000 -0.2541900
3 10.8100000 0.0004500 3 12.0000000 0.0005000 13.2300000 0.0006100
s 3 4.6800000 -0.0108100 3 5.9700000 -0.0078f00 37.2700000 -0.0064900
3 3.4000000 0.0072800 3 4.2800000 0.0045100 3.1600000 0.0047400
3 1.9700000 0.4294300 3 2.7000000 0.4234400 3.4300000 0.4106400
3 1.3100000 0.6159900 3 1.8630000 0.6235p00 3.4160000 0.6376600
1 3.3304542 0.1321823 1 3.9660659 0.1693D43 14.5629781 0.1991709
3s 2 0.8986102 -1.194041) 2 1.1640852 -1.6244p24 21.2998607 -2.4936938
3 0.7387247 1.7013591 3 1.0868761 2.1222B34 31.4101801 3.0351461
3 3.3346249 0.0484321 3 4.1298510 0.0573B48 3.8946047 0.0625941
1 3.0977618 0.088835)7 1 3.8400517 0.1092443 14.4881866 0.1269501
4s 2 0.4074257 -4.482874)f 2 1.6108771 -0.3640869 2.7793965 -4.5990206
3 0.6955830 2.8095534 3 0.6682133 -2.6725457 31.8127226 0.9084591
4 0.7710069 1.5592736 4 1.1440490 2.5841563 41.4856833 3.6971358
2 1.0285432 0.9648286 2 1.5392912 0.9622B71 22.0462592 0.9631823
2p |2 1.9795848 0.039606R 2 2.7334581 0.0395B19 23.4644980 0.0370940
2 4.2236186 0.0130096 2 5.5359502 0.0128475 2.8204101 0.0120670
2 0.8011493 1.0642058 2 1.1774909 1.1029p78 21.6009661 1.1665611
3p 2 2.4589010 0.0416875 2 5.1545334 0.0133588 .6969447 0.0077833
3 0.6693055 -1.6440256 3 1.0056206 -1.6893B08 31.3375835 -1.6763067
3 3.4158230 -0.0156516 3 3.4533955 0.0166913 33.4743213 -0.0605406
2 1.3830550 0.2385109 2 1.2765885 0.6840p49 22.6362754 0.2502244
4p | 3 0.4320269 2.8553060 3 0.7243708 -3.6612D29 3.8541568 2.7499294
4 0.7150823 -2.6711706 4 0.7381173 3.7734627 M.4317722 -2.5727978
2d 3 0.6670936 0.999932p 3 1.0008012 0.9998[r92 31.3344598 0.9998457
3 3.4858469 0.0005869 3 4.5462539 0.0007676 3.6188048 0.0008187
3 0.5568674 1.5091079 3 1.2035699 0.4153p45 31.6049899 0.4155527
4d | 4 0.4938150 -1.9788648 4 0.7328835 -1.7298p94 4.9772786 -1.7305176
4 1.1581891 -0.0124900 4 1.0121284 0.9077D65 41.3492634 0.9082497
4 | 4 0.4999978 1.0000000 4 0.7500021 1.0000p00 4 Q@mwy» 1.0000000




149

Table B.2. The coefficients of the'fjlO™, and Né orbitals optimized bgiva program.

N+4 O+5 Ne+7
| C I C' c | C' I
1 7.0000000 0.9514900 1 8.0000000 0.9573800 10.0000000 0.9656800
3  14.4400000 -0.0018900 3 15.6500000 -0.0020900 18.0700000 -0.0024600
1s 3 8.5600000 0.0465600 3 9.8600000 0.0413p00 1B2.4500000 0.0342900
3 6.0400000 0.0277900 3 6.9200000 0.0246[00 3B.6800000 0.0197300
3 4.1500000 -0.0041900 3 4.8800000 -0.0039700 3.3500000 -0.0033200
3 2.9700000 0.0016800 3 3.5230000 0.0015p00 34.6300000 0.0011600
1 7.0000000 -0.2691700 1 8.0000000 -0.2802p00 10.0000000 -0.2954200
3 14.4400000 0.0008700 3 15.6500000 0.0010900 18.0700000 0.0016400
25 3 8.5600000 -0.0067800 3 9.8600000 -0.0067R00 B2.4500000 -0.0072400
3 6.0400000 0.0095000 3 6.9200000 0.011900 3B.6800000 0.0168100
3 4.1500000 0.3953400 3 4.8800000 0.3823p00 3.3500000 0.3592200
3 2.9700000 0.6512100 3 3.5230000 0.6641B00 3.6300000 0.6866400
1 5.1420949 0.2237521 1 5.7079659 0.2446R09 16.6878661 0.2860111
3s 2 15770703 -2.676887R 2 1.8627397 -2.7877471 2.7493987 -2.2447647
3 1.7316852 3.2051477 3 2.0545073 3.3016419 3R.7511866 2.6506986
3 5.6627806 0.0646773 3 6.4306027 0.0649[758 37.6794501 0.0715804
1 5.0622118 0.1433053 1 5.5757311 0.1591669 16.4314209 0.1918745
4s 2 0.9713345 -4.828074R 2 1.1662884 -5.0795B314 21.5638841 -5.6092072
3 2.3203887 0.9044489 3 2.8020756 0.9666083 3.7072470 1.1696812
4 1.8354091 3.9534682 4 2.1787225 4.1643p89 42.8523061 4.5300029
2 2.5510248 0.965122p 2 3.0544040 0.9671B58 24.0589654 0.9711854
2p |2 4.1822137 0.0342568 2 4.8873934 0.0316461 2.2927820 0.0271621
2 8.0907587 0.0111979 2 9.3497647 0.0103934 11.8641422 0.0089750
2 2.7770379 0.5010025 2 2.2733151 1.1877p52 22.6389721 1.7721534
3p 2 7.8574595 0.0076410 2 5.6653357 0.0330389 T1.3038661 0.0067014
3 1.6651547 -1.6303989 3 2.0084277 -1.7769p53 R.6977590 -2.3335337
3 2.2995966 0.6226624 3 7.7349580 -0.0108B19 3.0061634 -0.0652322
2 3.2405181 0.253875)7 2 3.8373884 0.2568p07 5.0218450 0.2608394
40 | 3 1.0641483 2.7323478 3 1.2735821 2.7200350 31.6920758 2.7077597
4 1.7881261 -2.5585024 4 2.1438432 -2.5488B10 4£.8538142 -2.5406051
2d 3 1.6680617 0.999827)7 3 2.0016157 0.9998[196 3.6686176 0.9998186
3 6.6963496 0.0008260 3 7.7764180 0.0008082 3.9403492 0.0007460
3 1.0034115 -1.6388030 3 1.4880384 2.1899p01 R.2111326 1.5428587
4d | 4 2.0632843 1.2593528 4 1.5013922 -2.7189B374 41.9787629 -2.0155077
4 4.7128846 0.103545p 4 44579198 -0.0118113
4 | 4 1.2500200 1.0000000 4 1.5000236 1.0000p00 4 Q3 1.0000000
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Table B.3. The coefficients of the Mg Si™*, and $*2 orbitals optimized bgiva program.

Mg"® Sl g3
I c ¢ c 9 I c ¢
1 11.5737000 0.9759300 113.5692000 0.9774100 1 15.5562000 0.9787700
1 21.8524000 0.0193500 124.9593000 0.0181200 1 27.9444000 0.0174900
Is| 2 5.4927400 -0.0073600 2 6.5046300 -0.0086500 2 7.5063500 -0.0082300
2 8.6105600 0.0120200 210.1935000 0.0113100 2 11.7901000 0.0097100
2  4.9354800 0.0053700 2 5.8752600 0.006430D0 2 6.8144100 0.0062800
1 11.5737000 -0.3190000 113.5692000 -0.3255000 1 15.5562000 -0.3303400
1 21.8524000 -0.0013400 124.9593000 -0.0007900 1 27.9444000 -0.0004500
2s |2 5.4927400 0.6370600 2 6.5046300 0.6683400 2 7.5063500 0.6954900
2 8.6105600 -0.3458100 210.1935000 -0.354770p 2 11.7901000 -0.3593300
2  4.9354800 0.6945400 2 5.8752600 0.673180Dp 2 6.8144100 0.6514700
1 7.8904342 0.3053758 1 8.9470758 0.3271048 1 9.9887022 0.3453276
3s 2 3.0295706 -3.0111154 2 3.6194631 -3.0701628 2  4.2120730 -3.1140270
3  3.3511972 3.4782091 3 4.0013965 3.5200976 3  4.6525242 3.5493910
3 9.4983495 0.0594372 311.0272823 0.055710p 3 12.5544642 0.0521331
1 7.4263522 0.2101621 1 8.4645517 0.2243175 1 9.4847229 0.2362469
4s 2 1.7068381 -7.8362825 2 2.0543374 -7.9094446 2 2.4046674 -7.9609595
3 2.0709063  19.2855776 3 2.4847254  19.341755p 3 2.9007821  19.3617698
4 2.3809746 -12.2472754 4 2.8508146 -12.2383968 4  3.3220916 -12.2138352
2 5.0617509 0.9744178 2 6.0636530 0.977075p 2 7.0650144 0.9792563
2p |2 7.6781465 0.0237658 2 9.0590249 0.0210932 2 10.4352956 0.0189553
2 14.3641346 0.0078763 216.8616664 0.006996)f 2 19.3562704 0.0062872
2 3.3075467 1.7425292 2 4.0915263 1.60370183 2  4.5625806 1.7856743
3p 2 13.7522280 0.0057843 216.1987887 0.005076p 2 18.6139339 0.0045506
3  3.3661608 -2.3101158 3 4.0341938 -2.1647008 3  4.6974640 -2.3678800
3 4.9559514 -0.054906p 3 5.9078479 -0.0472072 3 6.8162583 -0.0425696
2 6.1987604 0.2636121 2 7.3768738 0.2653024 2 8.5422989 0.2671262
4p | 3 2.1102083 2.7017643 3 2.5288044 27016836 3 2.9459749 2.6963852
4  3.5627628 -2.5375377 4 4.2704820 -2.5395102 4 4.9791699 -2.5359993
3d 3 3.3355240 0.999826R 3 4.0023697 0.99983638 3  4.6691744 0.9998468
3 12.1063538 0.0006786 314.2734005 0.000617¢ 3 16.4413314 0.0005636
3 2.0076536 1.6415446 3 4.5590394 0.4983061L 3 5.2610336 0.5168522
4d | 4 4.1233318 -1.2617538 4 2.9442409 -1.795944)y 4  3.4376456 -1.8096464
4  9.3999850 -0.1041397 4 3.9331287 0.8852632 4  4.5617707 0.8791405
4 | 4 2.5000421 1.0000000 4  3.0000418 1.0000000 4 0630 1.0000000
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Table B.4. The coefficients of the &f, Cd™*’, and Ti*° orbitals optimized byiv3 program.

A cal Titt°
I c ¢ I c 9 I c ¢
1 17.5357000 0.9800700 119.5095000 0.9813400 1 21.4790000 0.9826200
1 30.8607000 0.0171900 133.7538000 0.0170600 1 36.6670000 0.0169500
1s| 2  8.5000000 -0.0067100 2 9.4870300 -0.0045800 2 10.4693000 -0.0020700
2 13.3961000 0.0076100 215.0073000 0.0053200 2 16.6193000 0.0030000
2 7.7555000 0.0053100 2 8.7002400 0.0038500 2  9.6508100 0.0020400
1 17.5357000 -0.3341100 119.5095000 -0.3371700 1 21.4790000 -0.3397600
1 30.8607000 -0.0002400 133.7538000 -0.0000900 1 36.6670000 0.0000300
2s |2  8.5000000 0.7181800 2 9.4870300 0.737190Dp 2 10.4693000 0.7521500
2 13.3961000 -0.3614100 215.0073000 -0.362170p 2 16.6193000 -0.3623400
2 7.7555000 0.6316800 2 8.7002400 0.6142000 2  9.6508100 0.6001600
1 11.0178241 0.3609422 112.0362309 0.3745398 1 13.0454059 0.3865384
3s 2  4.8069922 -3.1480387 2 5.4038048 -3.1753582 2  6.0022173 -3.1978894
3 5.3044776 3.5707402 3 5.9571219 3.5868880 3  6.6103551 3.5994461
3 14.0793365 0.0488479 315.6023109 0.045873p 3 17.1234670 0.0431965
1 10.4882318 0.2465847 111.4779913 0.2556792 1 11.8440259 0.2836014
4s 2  2.7584370 -7.9922026 2 3.1148463 -8.0122043 2  3.0636417 -11.5978083
3 3.3194829 19.3448722 3 3.7402103  19.3110990 3  5.4380726 8.6460587
4  3.7950066 -12.1718091 4 4.2691673 -12.1235118 4  3.6578826 3.4395774
2  8.0660295 0.9810654 2 9.0668160 0.982592P 2 10.0674392 0.9838937
2p |2 118073223 0.0172126 213.1779103 0.015762L 2 14.5469103 0.0145380
2 21.8482627 0.0057061 224.3400204 0.0052204 2 26.8306929 0.0048098
2 5.1691162 1.8174426 2 5.2726804 22971288 2  6.8114529 1.5261249
3p 2 21.0239488 0.0041243 222.1762705 0.004731p 2 24.0138986 0.0066247
3 5.3605420 -2.4055016 3 5.8148556 -2.4132523 3  6.6985132 -2.1376925
3  7.7126756 -0.0390904 3 6.5692872 -0.557290F 3 16.2690571 0.0097865
2  9.7142448 0.2681660 2 6.7282579 0.854916f¢ 2  7.4001603 0.8733676
4p | 3 3.3642034 2.696711 3 3.8816715 -5.964352f 3  4.3288462 -5.9739325
4  5.6865908 -2.5376100 4 4.2955864 6.0290201 4  4.7814730 6.0177012
3d 3 5.3359506 0.999856)/ 3 6.0027067 0.999865p 3  6.6694472 0.9998741
3 18.6094715 0.0005174 320.7783359 0.000477p 3 22.9476129 0.0004429
3 5.9548345 0.5338553 3 6.6418442 0.5495091 3  5.4078813 1.6403478
4d | 4 3.9314251 -1.8219774 4 4.4255158 -1.8331524 4 4.9650913 -2.1251412
4  5.1862185 0.8732958 4 5.8071099 0.867737D 4 10.9561941 -0.0064000
4 | 4 4.0000566 1.0000000 4  4.5000556 1.0000000 4 66D 1.0000000




Table B.5. The coefficients of the €}, and F&*® orbitals optimized bgiv3a program.

cret Fe2
I c ¢ c ¢

1 23.4464000 0.9839300 1 25.4141000 0.9852700

1 39.6364000 0.0167800 1 42.6930000 0.0164700

1s| 2 11.4482000 0.0007100 2  12.4248000 0.0036300

2 18.2279000 0.0007800 2  19.8289000 -0.0012200

2 10.6086000 -0.0000500 2 11.5747000 -0.0023300

1 23.4464000 -0.3420400 1 25.4141000 -0.3441200

1 39.6364000 0.0001800 1 42.6930000 0.0003900

2s | 2 11.4482000 0.7631800 2 12.4248000 0.7706800

2 18.2279000 -0.3623700 2  19.8289000 -0.3626000

2 10.6086000 0.5898800 2 11.5747000 0.5833000

1 13.5474919 0.4191871 1  24.3834953 0.1981281

3s 2  7.3923897 -2.5359728 2 5.6766725 -1.0584557

3  7.3965898 2.8256307/ 3 13.7309493 -0.7740042

3 17.5771984 0.0512380 3 7.2314671 2.3110819

1 12.7325112 0.2927465 1 5.1953560 1.2648206

4s 2 3.3802657 -11.6459630 2 8.8057530 -2.2525467

3  5.9780469 8.7163549 3 5.0547813 6.9947757

4  4.0296366 3.4094387 4 5.6453173  -7.0629575

2 11.0678834 0.9849874 2  12.3678517 0.9340900

2p |2 15.9089098 0.0135205 2 9.4260799 0.0393047

2 29.3246217 0.0044572 2 9.5203407 0.0293982

2 7.5779710 1.4864859 2 8.1657554 1.5983298

3p 2 16.5767794 0.0191742 2 7.0264595 0.0042760

3  7.3620603 -2.0922845 3 7.2009279  -0.3554371

3 23.4188698 -0.0058268 3 8.2617170 -1.8498345

2  8.0675001 0.8901509 2  12.7730041 0.3567527

4p 3 47774091 -5.9821387 3  14.0098516 0.0101985

4  5.2680328 6.0068555 4 5.7342152 2.1047149

8.2258920  -1.8794994

3d 3  7.3361762 0.9998816 3 8.0183045 0.9891707

3 25.1165664 0.0004127 3 6.7934533 0.0110896

3  5.9352032 1.6512490 3 6.5021446 1.6243685

4d | 4 5.4634900 -2.1372653 4 5.9513282 -2.1086966

4 12.0358861 -0.0059310 4 12.0003765 -0.0058041

4 | 4 5.5000650 1.0000000 4 6.0000370 1.0000000
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