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Introduction

Astrophysics is the branch of physics which studies the Universe through
the observation and the study of celestial bodies. It developed as an "au-
tonomous" science, detaching both from astronomy and basic physics,
during the end of the XIX century and the whole XX century, making
huge forward steps in the comprehension of stars, galaxies and the uni-
verse as a whole.

Nevertheless, astrophysics is in any case a very multidisciplinary topic
which is, and it will always be, linked to the other fields of physics. Sev-
eral discoveries have been made starting from some kind of astronomical
observations. Many examples can be done, here three of them are re-
ported: the laws of gravitation, which is one of the four fundamental
interaction, has been discovered analyzing observations of the motion
of solar system bodies; the discovery of helium and infrared radiation,
which have been done observing the spectrum of the sunlight. There are
also cases in which the understanding of astrophysical phenomena needs
advances in the other field of physics, for example: a) the behaviour of
matter in the interior of stars and the occurring of nuclear reactions has
always needed (and still needs) advances in the field of nuclear physics; b)
the structure of compact objects is currently explained through quantum
behaviour of degenerate matter at extremes densities, which is studied in
the field of structure of matter; c) the energy and composition of cosmic
rays, and in general phenomena occurring in high energy astrophysical
environment, are partly explained through high energy particle physics
and the study of subnuclear interaction at extreme energy.
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In order to extract physical information from astronomical observa-
tions, some starting knowledge of what we are looking for is needed in
order to properly interpret data. This is true in particular when spec-
troscopy of astrophysical objects is performed, that is when light coming
from such objects is analyzed as a function of its "color". Many of the
radiation emitted (or absorbed) by celestial objects is due to emission of
(or absorption by) molecules, atoms or ions.

Interpretation of astrophysical spectra then requires the ability to rec-
ognize spectral features. When detectives examine a crime scene, a se-
ries of fingerprints and organics samples are collected. Then laboratory
analysis is able to attribute such fingerprints or samples to someone if
they match with fingerprints or DNA data from an existent database of
known people. More or less the same occurs when an unknown spectrum
is analyzed for the first time: if transition wavelengths and intensities are
known for a given atom or molecule, we will be able to recognize it in the
spectrum and ensure its presence in the celestial object which is observed.

Therefore knowledge of atomic and molecular data, in particular for
complex systems, such as many electron atoms or complex molecules,
is necessary. In the following paragraphs examples of what the absence
of reference atomic data means for the interpretation of the observations
are shown, together with a reference to next generation observatories and
their possible discoveries.

Interpretation of stellar spectra

Stellar spectra contain a huge amount of information about the physics of
stars. Even from a first look a stellar spectrum is able to give immediate
information about physical parameters of the star’s atmosphere, chem-
ical composition and line of sight component of velocity. This is possi-
ble mainly due to the observation and analysis of atomic (and sometimes
molecular) features in the spectrum. In order to properly infer such infor-
mation from spectral features, those have to be unambiguously associated
to their elements or molecules. In absence of knowledge, interpretation
of spectra becomes more and more difficult with increasing number of
features.
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Chemically peculiar stars

Since the XIX century stars have being classified through the characteris-
tics of their spectra. The current spectral classification scheme used for the
stars is the result of a work which lasted several decades and needed the
analysis of thousands of stellar spectra. With the improvement of obser-
vational capabilities, spectra with better resolution of increasingly fainter
stars have been available, and the classification of stellar sources through
their spectra has become more and more detailed.

Abundance of single elements in stars can be measured with a certain
degree of precision depending on the knowledge of spectral lines of that
element. Apart from the fraction of hydrogen and helium, which are usu-
ally treated separately, abundances of elements with z > 3 (improperly
indicated as metals in astrophysics) are usually reported as the logarithm
of the fraction of elements with respect to the total log N/ Njy;. Normal
stars generally have different overall quantities of metals, indicated as
metallicity, while difference in abundances for different elements tend to
be the same.

There exist stars for which spectral lines of certain elements are much
stronger (or weaker) than the majority of stars. This means that the abun-
dance of such elements significantly differs from that of normal stars.
These stars with "anomalous" chemical composition are known as chem-
ically peculiar stars (CP stars) and their classification is based upon the
elements which have non-standard abundance [1].

With respect to the Sun, in CP stars (as a class) Helium can be under
or over-abundant. Carbon, Nitrogen and Oxygen are underabundant of a
factor 100. Iron-peak elements are overabundant of a factor 1000 and rare
earths overcome the solar values up to 10°. For these reasons, CP stars
represent the most extreme challenge for spectral line identification.

The roAp star v Equ

Gamma Equulei (here after v Equ) may be taken as a prototype of chemi-
cally peculiar star. v Equ is a rapidly oscillating (ro) chemically peculiar (p)
A star in the constellation of Equuleus. roAp stars are a subclass of chem-
ically peculiar stars whose atmospheres pulsate with periods in the 2-20
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minutes range. The spectrum of the star is very "sharp-lined" suggesting
that the rotational velocity of the star is very low.

First photometric detection of oy Equ oscillations has been made in the
eighties, with the initial period estimation of 12.44 min [2]. Further spec-
troscopic observations showed radial velocity oscillations for single lines,
establishing that photometric variation is due to pulsation of the atmo-
sphere. Furthermore, it has been observed that radial velocity amplitude
of oscillations is greater for rare earths spectral lines [3].

From 1950’s to current days, Zeeman splitting and polarimetric mea-
surements allowed to derive modulus and the line-of-sight component of
magnetic field, yielding values of the order of kG. Such measurements
show variations in time in agreement with a period of ~ 100 y: the last
period estimation, carried out by [4], is 97 years.

The spectrum of v Equ shows overabundance of heavy elements, in
particular of rare earths as it is explained in [5]. Ryabchikova et al. in the
same work showed that different abundance values for different ioniza-
tion stages are required in order to reproduce the spectral lines of some
of the elements. This fact, together with radial velocity oscillations of in-
dividual lines and unusual line shapes due to the magnetic field, makes
the spectrum of oy Equ extremely difficult to interpret.

Line identification in chemically peculiar stars spectra such as v Equ
is reasonably good in the visible range. Figure (1| shows a comparison be-
tween high resolution (~ 115000) spectra acquired with the High Accuracy
Radial velocity Planet Searcher in North hemisphere (HARPS-N) at Telescopio
Nazionale Galileo (TNG) [6] and a synthetic spectrum, calculated using
the radiative transfer code SYNTHE [7]. The synthetic spectrum is calcu-
lated using T,rr = 7700 K, logg = 4.20, vy, = 2 km/s and vsini = 2
km/s. Abundance values are taken from [5] and spectral line data are
taken from VALD database [8]. The comparison shows that almost all the
lines are unambiguously identified. Line shapes are not perfectly repro-
duced due to presence of Zeeman magnetic splitting. Even if there are
still some unidentified spectral lines, the knowledge of spectral lines and
their log gf is quite complete in the visible range.

The situation is completely different for infrared lines. If the same
synthetic spectrum is used to reproduce the infrared part of the observed
spectrum of v Equ, a very limited number of lines is identified. A compar-
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Figure 1: Comparison between HARPS-N visible spectrum (black) and
synthetic spectrum (red) showed in three 10 A portions.
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ison between the same synthetic spectrum and a near infrared spectrum,
acquired simultaneously with the GIANO-B spectrograph at TNG [9], is
shown in Figure ﬂ Almost all the stellar features, which are easy to
distinguish from telluric lines due to their larger width, are not present
in the synthetic spectrum. That is most of the NIR lines are not yet
known and included in the atomic databases. Even if observed lines
are identified, the abundances used to reproduce such lines in the visi-
ble range do not allow us to do the same in the infrared. This could be
partly explained with the hypothesis of abundance stratification for sev-
eral elements, as it is pointed out by [10] to justify spectral anomalies in
the visible range. Knowledge of transition wavelengths and strengths is
essential to properly interpret the spectrum and quantify all the physical
phenomena occurring in the atmosphere of y Equ.

The spectra shown above are an example of the difficulty to repro-
duce infrared stellar spectra and, in turn, to use such spectra to infer
physical quantities. The comparison between theoretical and observed
spectra gives similar results if it is repeated for other CP stars we ob-
served. Unidentified infrared lines are also largely present in spectra of
normal stars.

Stellar spectroscopic observations with CAOS at OACT

The identification of a star as a CP star requires the determination of
single elements abundances, which in turn requires high resolution spec-
troscopy of the star. One of the most comprehensive catalogues of CP
stars is that edited by Renson in the 1970s titled Catalogue of Ap, HgMn
and Am stars, with the most recent edition published in 2009 [11]. Since
in this catalogue a lot of stars have been classified as CP stars through
photometry, there are more than 2300 entries for which the peculiarity is
doubtful.

A large observation program with the Catania Astrophysical Obser-
vatory Spectropolarimeter (CAQOS) is currently ongoing with the aim of
characterizing stars of Renson catalogue through high resolution spec-
troscopy. Aims are the research of possible binary systems and deter-

1Leone, F., Giarrusso, M., Ferrara, C., in preparation
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Figure 2: Comparison between GIANO-B near infrared spectrum (black)
and synthetic spectrum (red) shown in three 8 nm portions.
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mine atmospherical parameters and elemental abundances for these stars.
High resolution spectra with high signal to noise ratio are acquired for
the targets observable with CAOS at OACT. Such targets have a) declina-
tion § > —20 and b) magnitude my brighter than the limiting value for
CAOQOS, which is about 10 depending on sky conditions. In the framework
of this thesis work, the location of unknown spectral features has been
added to the goals of the observational CAOS program.

During this observational campaign, time resolved high resolution
spectroscopy of five single-lined binaries has been carried out [12]. The
tive targets observed in this study are HD 40788, HD 187959, HD 202431,
HD 134793 and HD 189652. Orbital periods and relative parameters have
been estimated from radial velocity time series fitting and abundance
determination for several iron peak elements has been performed: two
examples of fitted phase-folded radial velocity curves are reported in Fig-
ure 3| while Figure 4 shows examples of comparisons of the observed
spectra with synthetic spectra. Details of the observations, data reduc-
tion and analysis procedures can be found in the paper [12]. This study
has revealed that: one of these stars (HD 189652) is a normal star (in the
sense that no chemical peculiarity has been observed); HD 40788 and HD
187959 are marginal Am stars; HD202431 is an Am star and HD 134793
is a STEuCr Ap star. Table 2 of the paper reports abundances derived
for the investigated stars. While abundances of iron peak elements have
been derived for all the five targets, this is not the same for rare earths:
Ce abundance for HD 134793 is missing, Nd and Gd abundances have
been derived only for two of the five stars and La abundance only for HD
202431, which is the only "sharp-lined" target due to its low rotational ve-
locity. Since it is also caused by the line broadening due to stellar rotation,
which lets weakest lines disappear, the lack of identified lines in stellar
spectra is the main reason for the missed abundance determination for
rare earths.

The observational campaign has been also extended to active stars
with high energy phenomena in their atmospheres. In the context of a
spectroscopic survey of already known X-ray sources, six stellar systems
have been characterized through high resolution spectroscopy. Collecting
CAOQOS spectra for these double-lined stars during 7 years, radial velocity
curves have been measured and orbital parameters have been derived.
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Figure 3: Phase-folded radial velocity curves for two of the five targets of
the study (Figure adapted from [12]).

Once that atmospheric parameters have been derived, a template with
the corresponding parameters has been subtracted from the spectra. This
operation revealed the signature of atmospheric activity in these stars,
which is chromospheric emission in the core of some lines: an example
for the Ha is shown in Figure 5| Again, details can be found in the paper
of the study [13].

The recurrent nova RS Ophiuchi

On August 9, 2021 the recurrent nova RS Ophiuchi (RS Oph) had one of
its periodic outbursts. The magnitude of RS Oph increased up to 5 in
V and exponentially decreased in the following days/weeks. Very High
Energy gamma rays were detected immediately after the beginning of
the outburst by the MAGIC cherenkov array and the gamma ray emis-
sion of RS Oph was also followed during the decay. Simultaneously to
gamma ray observations, optical high resolution spectra were acquired
with CAOS at OACT. The analysis of the Ha profiles in the spectra of RS
Oph allowed us to derive the expansion velocity of the envelope ejected
during the nova outburst, measuring value up to 4750 km/s. The analysis
of the decay of gamma ray emission, combined with the ejecta parame-



CONTENTS 12

HD40788
0.8

0.4

nbi134793 ]
0.8 r b

HD189652

©c 2
NSO

Normalized flux

{HRKK

e 2
NSO
J

D202431

e Qe
OGS

4840 4860 4880 5160 5180 5200 5220 5240 6540 6560 6580
Wavelength [A]

Figure 4: Observed (black) and synthetic (red) balmer lines (Ha and Hp)
and metal lines in a 100 A portion of the spectrum for the five stars stud-
ied (Figure adapted from [12]).



CONTENTS 13

F 04
0.2F 3 E 3
0.2

TYC3386—868-1 BD+10 2953
V2ET ps7a3s ' ‘ 1.2k ' ' B
10 %".{' N F Jo-oe81g ]
Py VOB R s et g
oaf [ ERLATETEP AR p
3 osfl | S L
osf F - i 3
u E u E P 1
u E ' oBfF 4
‘n..\f Q.4 :? L -‘;V\E'] ]
g

ook 3 E "
s ?“-memwwﬂ HW,M«M 0.0 sty o v Wt g, A :
“r L L L -0.20 L s L |
6550 6380 6570 6580 B350 B560 8570 6580
» (&) (&)
V1079 Her BD+62 1880
12 ' ' ' B 12k ' ‘ ' B
[ JD-5BBIE E JD757336
1.0 B i o 0 P
OA- (".‘_ o -
E; ‘t: esE s 14 E
D4f | E
E VoA ] M% ? 1
C 1 L}
I e N e ettt oo Ef"«e'f\ WWMWM mqumw@ww
-0.20 ' ' ' 1 -0.20C ' L '
B550 B560 B570 B580 B550 B560 B570 6580
W (A) » (&)
TYC4279-1821—1
“2E posrase '
R ] T :
o m-mﬁwww;? @mﬁhﬁﬂm
osf || IIII ‘U E
2 04F p 3 3
02 Iﬂ B
oo |Pt rfjl \ —:
o L A A i V|V
6550 6260 6370 6580
»(A)
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is evident (Figure adapted from [13]).
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ters derived from light curves and spectra, allowed to establish that the
particles accelerated in the outburst are protons and they may represent
a significant contribution to the galactic component of cosmic rays in the
close neighbourhood of such objects.

Understanding the RS Oph spectrum represents one of the most dif-
ficult challenges in this context. As a consequence of thermonuclear re-
actions on its surface and consequent high energy phenomena, spectral
lines of uncommon elements (e.g. short-lived ”Be as it is reported in [14]),
particularly of highly ionisation stages, are expected to be identified [15].

High resolution spectra acquired with HARPS-N during the first month
after the outburst reveal the presence of several emission lines. As it
has been already observed in the previous outburst event [16], which oc-
curred in 2006, Fe VII forbidden lines have been observed in emission
with their intensity increasing with time after the outburst: two of these
lines (5721.15 A and 6086.92 A) are shown in Figure @ for three epochs
after the outburst. Unlike these lines, several emission and absorption
features in RS Oph spectra remain unidentified, highlighting the diffi-
culty of interpretation for these spectra in high resolution.

Kilonova light curve and spectral synthesis

On August 17, 2017 a gravitational wave signal has been detected by the
Advanced Laser Interferometer Gravitational-Wave Observatory (LIGO) and
(VIRGO) observatories [17]. This event has been catalogued as GW170817
and the analysis and interpretation of the GW signal showed that it was
due to a merging event between two neutron stars. The GW170817 event
is important because it was the first, and up to now unique, GW event for
which an optical counterpart has been observed. The transient AT20170
has been detected by several observatories and it has been unambigu-
ously associated to GW170817 [18]. Light curves and low resolution spec-
tra have been acquired and they are in agreement with a Kilonova event.
Signatures of r-process element have been found for the first time in the
spectrum of AT20170 by Chornock et al. [19].

A kilonova is the electromagnetic radiation emitted by the radioactive
material ejected by the merging of two neutron stars. An exhaustive re-
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view about the history and the basic physics of kilonovae has been made
by Metzger [20]. The first hypothesis of emission from a neutron stars
merger, together with the first toy model, has been made by Li [21]. In
the following years, other numerical models have been developed and the
tirst estimate of the luminosity scale of a kilonova has been done.

The problem of the interpretation of the low resolution spectra of
AT20170 has been tackled in several works, such as [22] and [23], con-
tirming that absorption features due to several heavy elements partly re-
produce the observed spectra and light curves. Synthetic light curves and
spectra of kilonovae are calculated using radiative transfer codes similar
to those used for supernovae. Several studies about spectral synthesis of
such events have established that the main source of opacity is the line
blanketing due to heavy (r-process) elements transitions [24].

Therefore, a comprehensive knowledge of atomic transitions for heavy
elements, which have complex atomic structure, is needed in order to
obtain reliable results with spectral synthesis of kilonovae emission. Ob-
servation of other events like GW170817, and their proper interpretation,
would be essential for the understanding of the r-process nucleosynthesis
and the astrophysical environments in which it occurs.

The Extremely Large Telescope and its spectro-
graphs

The current decade and the following ones will be characterized by the
realization of the thirty meter class telescopes, which will be the biggest
observatories ever built. Currently two main projects are under develop-
ment: the Thirty Meter Telescope (TMT) and the Extremely Large Telescope
(ELT), with the latter being already under construction. Such large tele-
scopes will allow to carry out observations with limiting magnitudes and
angular scales never seen before, therefore having the potential to achieve
the most unexpected scientific results.

ELT is a telescope under construction by the European Southern Obser-
vatory (ESO) in the Atacama desert in Chile. The diameter of its primary
mirror will be 39 m. Its first light is planned in 2027 and, when it will be
completed, ELT will be the largest optical and infrared telescope in the
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Table 1: ELT instruments with spectroscopic capabilities with their spec-
tral range (in um) and spectral resolution R = A/AA. Superscript "2"
indicates second generation instruments. Data are taken from [25] and
the official ELT website [26]

Instrument Spectral range [pum] R
HARMONI 0.47 +2.45 3500 - 18000
METIS 3+13 400 --100000*
ANDES? 04+18 100000
MOSAIC? 047 +1.8 5000 - 20000

world. Science goals of ELT span from solar system to cosmology and
fundamental physics.

Several instruments for high resolution imaging and spectroscopy will
be located at the two Naysmith foci of ELT. All the instruments but the
imaging camera MICADO are expected to be spectrographs or at least
to have spectroscopic capabilities [25]. Table [I| resumes spectral range
and and resolution for such instruments: among these, HARMONI and
METIS are expected to operate just after the technical first light of the
telescope (1% generation instruments), while ANDES and MOSAIC will be
installed later (2 generation instruments). A brief outline of the instru-
ments and their scientific goals is given in the following;:

* High Angular Resolution Monolithic Optical and Near-infrared Integral
field spectrograph (HARMONI): a "low-to-high" resolution spectro-
graph provided with an integral field unit, capable of acquiring
spectra with 2D spatial resolution. The instrument will be devoted
to the study of stellar population in other galaxies and the spectral
characterization of giant exoplanets.

* Mid-infrared ELT Imager and Spectrograph (METIS) is both an imager
and a spectrograph and it will work in the L, M and N bands in the
mid infrared. Among the main science goals of METIS are of par-
ticular interest the spectroscopy of circumstellar disk for the study
of planetary formation and the spectroscopy of brown dwars.

» ArmazoNes high Dispersion Echelle Spectrograph (ANDES): this will be
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main instrument devoted to high resolution spectroscopy. ANDES
will be a high resoluton echelle spectrograph covering the visible
and near infrared range simultaneously at a resolution of 100000 for
a single object. A high resolution and high coverage spectrograph
attached to such a large telescope will be able to achieve many un-
precedented results. Some examples are 1) the observation of high
resolution spectra of the most ancient stars, population III stars; 2)
detection of life-signatures in atmospheres of earth like planets; 3)
direct spectroscopic observation of the acceleration of the expansion
of the universe.

* MOSAIC will be a multi object spectrograph, operating in the VIS
and NIR ranges. Similarly to HARMONI, MOSAIC will be dedi-
cated to extragalactic astronomy, being capable to characterize the
stellar population of the very first (and distant) galaxies and, at the
same time, study the properties of the intergalactic medium at high
spectral resolution.

Such collection of high resolution instruments, where the word "reso-
lution" may be intended in a "wide" sense (spatial, temporal and spectral),
will be able to produce a lot of spectra with several unknown features to
decrypt. The huge amount of spectroscopic data that will be produced
by ELT will require atomic and molecular data at an accuracy level much
greater than the current one. One of the working group of the ELT con-
sortium is completely devoted to increase knowledge of reference data,
which are also necessary to properly wavelength-calibrate all the instru-
ments.

The current knowledge of atomic data

In order to analyze the current status of knowledge of atomic param-
eters, some preliminary considerations must be done. Given an atomic
specie, that is an atom in a given ionization stage, atomic data of astro-
physical interest can be resumed in these main categories: a) energy level
data; b) transition wavelengths; c) transition probabilities (or oscillator
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strengths, depending on the formalism used); d) damping constants and
other relevant parameters of a given transition.

In principle, all of these atomic data should be known for each ele-
ments in each of its ionization stages, which might be a lot for heavy ele-
ments. Regarding spectral lines, this may lie in the ultraviolet (UV), visi-
ble (VIS) or infrared range (IR) of the electromagnetic spectrum, suggest-
ing that very different experimental techniques are necessary to measure
lines across the whole spectrum. Therefore, an (ideal) complete knowl-
edge of such data requires a huge effort both in theory and experiments,
combining expertise from different subfields of physics.

At the date of this thesis, three main databases of atomic data are
continuously updated with new data and are used by the astronomical
community:

* The Atomic Spectra Database of the National Institute for Standard and
Technologies (NIST-ASD) [27]. This is a database containing critically
evaluated energy levels, transition wavelengths, transition proba-
bilities and ionization energies for several elements. Data are al-

most exclusively from experiments and are updated year-by-year
by NIST-ASD team.

e The Vienna Atomic Line Database (VALD) [8]. This database contains
several entries, both theoretical and experimental, of spectral lines
including energy level classification and line strengths, expressed as
oscillator strengths. VALD includes also data from the Database on
Rare Earths At Mons University (DREAM), a database of theoretical
data (based on experimental lines and energy levels) increasing the
number of known lines for rare earths.

* The database of atomic spectral lines compiled and maintained by
Dr. Robert Kurucz [28]. This is currently the largest collection of
data about spectral lines of astrophysical interest and such data are
widely used as input for spectral synthesis and opacity calculation
codes. The majority of transition wavelengths and line strengths
are theoretical. The spectral line list is reasonably comprehensive
for elements with Z < 30, while for higher Z much less lines are
included.
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Table 2: Overview of the current content of databases for rare earths
lines: number of lines in the NIST database (Nyjst), the VALD database
(Nyarp) and the Kurucz database (Nk,,) are reported for each element in
the visible (4000 + 9000 A) and the NIR (9000 < 25000 A) range.

El Visible Near infrared
Nnrist Nvarp Nkw Nnist Nvarp  Nkur

La 57 496 489 1459 9 4 0
Ce 58 560 10520 1630 23 680 0
Pr 59 685 1169 513 19 291 0
Nd 60 460 1171 945 0 3 0
Pm 61 315 0 0 0 0 0
Sm 62 482 1213 1074 0 31 0
Eu 63 342 439 892 0 17 10
Gd 64 491 1017 866 5 18 1
Tb 65 363 148 42 0 7 0
Dy 66 325 939 512 0 240 0
Ho 67 320 234 74 0 6 0
Er 68 299 587 374 0 81 0
Tm 69 522 5577 271 0 193 0
Yb 70 177 2771 118 2 1173 0
Lu 71 134 128 82 0 9 3

An analysis of these three databases and the underlying studies about
atomic data reveals that a) spectral lines wavelengths and strengths are
reasonably known for neutrals or low ionization stages; b) lines are less
known for elements with high Z; c) almost no lines are known for high
ionization stages of high-Z elements. Spanning over the electromagnetic
spectrum, we note that knowledge of spectral lines is good in the visible
range, partly good in the UV and scarce in the infrared.

An example of comparison between current knowledge in the visible
and infrared for rare earth elements is given in Table 2l Number of lines
for rare earths (including all the ionization stages) is reported for each
database for an "extended" visible range (4000-9000 A) and the near in-
frared (9000-25000 A ). It is evident that almost no lines are known for
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A > 9000 A for rare earths. Even if databases might not contain all infor-
mation from all possible studies of measurement of atomic parameters,
a bibliographic search in the literature reveals that very few studies have
been carried out in the infrared for rare earth elements.

Outline of the thesis

In this thesis experiments to measure spectral line wavelengths and in-
tensities for rare earths have been carried out. Two high resolution spec-
trographs, the Catania Astrophysical Observatory Spectropolarimeter (CAOS)
at Catania Astrophysical Observatory and the GIANO-B spectrograph at
Telescopio Nazionale Galileo have been adapted to acquire emission spec-
tra from plasma sources and measure previously unknown spectral line
wavelengths. Spectroscopy of hollow cathode lamps of high Z elements
has been performed in the visible range with CAOS and the near infrared
with GIANO-B. Spectral line lists have been derived from the spectra, and
for spectral lines in the visible an estimation of the line strengths has been
made. For some of the elements observed in the near infrared, the here
compiled lists represent the first collection of spectral lines in the infrared.

The thesis is structured as follows: Chapter 1| contains an overview
of the basic physical concepts of spectroscopy, with an introduction to
the basic quantities and a brief overview of the instruments necessary
to make spectroscopic measurements; Chapter 2| reports the results of
the measurements performed in the visible with CAOS, with an exhaus-
tive explanation of the data acquisition, data reduction and analysis pro-
cesses; Chapter (3| reports the same for the measurements in the infrared
with GIANO-B; finally, Chapter [4 contains the conclusive remarks and a
highlight of the future perspectives in this research path.



Chapter 1

Tools for atomic spectroscopy

Atomic spectroscopy is the technique of analysis of light emitted, ab-
sorbed or scattered by atoms as a function of its frequency (or its wave-
length, as we will see in the following). Spectroscopy is a powerful tech-
nique to study the properties of matter: in almost any case it is non-
invasive and it allows to measure physical parameters, relative to the
matter which interacts with light, with great precision.

In this chapter we will show the basic concepts to deal with optical
spectroscopy. Section [1.1]is a short introduction about the basic physical
quantities of optical spectroscopy. Section [1.2| explains atomic line emis-
sion mechanism and its main formulas, while Section [1.3| introduces the
concept of line profile and gives an overview of line broadening mecha-
nisms. Finally, in Section [1.4] the basic working principles of the instru-
ments necessary to make spectroscopic measurements are reported.

1.1 The quantities of optical spectroscopy

The definition of spectrum used in our treatment refers, of course, to
electromagnetic radiation and processes, therefore we define a spectrum,
either theoretical or measured, as a quantity related to the energy emitted
as (or absorbed) as electromagnetic radiation by a certain volume of mat-
ter as a function of its wavelength or frequency. In this section we follow
the treatment of Carroll [29], which in turn follows the formalism of Mi-

22
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Figure 1.1: Geometry for the definition of specific intensity. The bunch of
light rays, also defined radiation pencil, hits the elemental surface dA with
an angle 6 carrying the energy E, (Figure adapted from [29]).

halas [30]. Also Kunze [31] is followed for some definitions for the basic
quantities.

The velocity of light ¢, the frequency v and the wavelength A are re-
lated through the well known relation (in vacuum)

Avac = (1-1)

c
1_/.
Very common units for wavelength are nanometers (1 nm = 10~° m) and
angstroms (1 A= 10710 m), with the latter, which is very widely used in
astronomy and astrophysics, which will be the quantity used in this work.
Frequencies are usually expressed in Hertz (1 Hz = s~1). We will often
speak about electromagnetic radiation in terms of photons of energy E =
hv, being h the Planck’s constant; the value of h depends on the unit used
for the energy.

The starting point for our treatment is the definition of specific inten-
sity. If we consider the geometry shown in Figure where a bunch
of photons with wavelength between A and A + dA, passing through the
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elemental surface dA and covering the solid angle d(), carries the energy
E), = 0dE/0JA in an interval of time dt, we define the specific intensity as

ol E,dA

W= 3% = drdidA cos ga0

(1.2)
I) is measured in Wm™2m~!sr~!, that is an energy per unit time, unit
surface, unit wavelength and unit solid angle (not per unit volume!).
The specific intensity is a spectral quantity, which yields the total quantity
when integrated over a given wavelength interval (A1, A;). For example,

for the I, we have
A

(A, M) = / “L(A)dA (1.3)

M
which is an integrated intensity with respect to the wavelength interval
(A1, A2).

In the most general case the specific intensity depends on the direc-
tion. The average of I, over the whole solid angle (that enclosed by a
sphere) is known as the mean intensity and is given by

1
<h>=i / LdAdO (1.4)

which is equal to I, if the radiation field is isotropic.

The specific energy density is defined considering an imaginary volume
through which the radiation pencil carries its energy in the time inter-
val dt. Such imaginary volume may be a trap, of arbitrary shape, with
perfectly reflecting walls: the energy inside the trap is the same as what
would be stored in the electromagnetic field at that location if the trap
were removed. It can be demonstrated that the spectral energy per unit
volume is given by the expression

urdA = % / LdAdO = 47” < I, > dA. (1.5)

The integral of the Equation [1.5{ over all the wavelength is the total energy
density and it is measured in J/m 3.
A quantity which is important for the measurement of the radiation is

the specific radiative flux. The specific radiative flux is the energy carried
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Figure 1.2: Observation of (a) resolved source; (b) unresolved source. In
the (b) case, which is the case of stellar observation with a telescope, the
ideal image of the point source is a diffraction 2D pattern called Airy disk
(Figure adapted from [29]).

by the rays with wavelength between A and A + dA passing through the
unit area projected on the z-axis and it is defined as

2w 7T
FdA = / I,dA cos 0dO) — / / I\dAcos0sin0dodg.  (1.6)
0 0

It is important to note that if the field is isotropic Iy does not depend on
6 and ¢ and therefore the integral over the spherical solid angle goes to
zero (and so does the radiative flux).

The quantity which is actually measured by an instrument at the tele-
scope focus depends on the kind of source we are observing. This con-
cept is explained through Figure By definition a source is spatially
resolved, if its light comes from an angle larger than the telescope reso-
lution. In this case (Figure (a)) the measured quantity is the specific
intensity, with the solid angle dQ) being 6,,;,,. In the case of an unresolved
source (Figure (b)) the detected quantity is the radiative flux, because
if the source is unresolved the whole surface will be covered by the mini-
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mum solid angle defined by 0,,;,, and therefore the quantity observed by
the detector is the integral over the surface shown to the observer, i. e. the
radiative flux. An important consequence is that as the observer-source
distance r increases, the energy falling in the "image" of the unresolved
point source, which is called Airy disk, decreases as 1/ 2. A rigorous
explanation of this fact can be found in Mihalas [32].

Up to this moment we exposed the concept of specific intensity of elec-
tromagnetic radiation, and related quantities, without determining the
processes which influence the amount of such quantity or its variation.
In the following subsection, we carry out an overview of such processes
introducing the concepts of emission and absorption of radiation

1.1.1 Emission and absorption processes
(Brief) review of light-matter interaction processes

In the physics literature the expression "radiation-matter interaction" groups
all the processes of interaction between matter and radiation, with the
latter word intended in a "broad" sense, that is both energetic particles
and electromagnetic radiation interacting with any kind of matter. Here
we are interested in the relevant processes for our purposes, which are
those of optical (and infrared) radiation interacting with particles that are
atoms or ions (plasma). In this context, we will focus on four main kind
of processes:

* Bound-bound transitions. These are transitions between two states
of an atom (or ion) for which the electron is still bound to the atom,
which are known as excitation and de-excitation. If the transition is
from a lower energy level to an upper one the atom is absorbing the
photon energy and we have a bound-bound absorption; in the opposite
case, if the electron goes from an upper lever to a lower level, we
have a bound-bound emission. In both cases such processes are visible
in the spectrum as a sharp feature at the wavelength which corre-
sponds to the difference between the energy levels involved in the
transition and therefore we call this kind of processes line emission
or absorption. We will come back to these concepts in Section
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¢ Bound-free and free-bound processes. When an electron in an
atom moves from a bound state to a free state, that is it breaks
its bound with the atom and the atom becomes an ion (or, if it
is already an ion, increases its ionization stage) we have a ioniza-
tion. When the ionization occurs due to absorption of energy by
a photon the process is called photoionization. The opposite pro-
cess is the recombination. Radiation emission and absorption due to
bound-free and free-bound processes are characterized by a wave-
length /frequency threshold which is related to the bounding energy
of the electron and the atom/ion.

* Free-free processes. This kind of process occurs when a free elec-
tron absorbs a photon and gains energy, increasing its kinetic en-
ergy. It can be demonstrated that, in order for the process to respect
both conservation of energy and momentum, the electron must be
in the vicinity of an ion to absorb the photon. The emission of a
photon due to deceleration of a photon in the vicinity of an ion is
a free-free emission process and it is known as bremsstrahlung emis-
sion.

* Scattering. We define scattering as a process for which the photon
is absorbed and it is re-emitted with the same energy or a slightly
different energy, possibly in a direction different from the direction
of arrival resulting in an attenuation of the flux along the line of
sight. One of the most relevant processes in dense plasma environ-
ments is the electron scattering, which is scattering of photons due to
free electrons. Using a classical approximation, electron scattering,
also known as Thomson Scattering, may be thought as an oscilla-
tion of the electron in the electromagnetic field of the wave, which
causes the re-emission of the wave (and therefore the propagation
of the photon) in a different direction. The scattering of a photon
by an electron which is loosely bound to an atom is either known
as Compton scattering or Rayleigh scattering depending on the wave-
length of incoming radiation. Compton scattering occurs when the
photon wavelength is much smaller than the characteristic dimen-
sion of the atom while Rayleigh scattering occurs in the opposite
case. Cross section for Rayleigh scattering is proportional to 1/A%
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and therefore increases with decreasing wavelength of the scattered
light. This 1/A* behaviour, as it is well known, is responsible for
the blue color of the sky during daytime.

As it is explained above, all of these processes contribute both to emission
(through the emission coefficient) and absorption (through the opacity).

The emission process

The emission process is the process of increase of specific intensity due
to the addition of photons to the radiation beam. If a radiation pencil
of wavelength A is travelling for a distance ds in a gas of density p, the
increase of specific intensity is

dIA = jApds. (1.7)

The proportionality constant j, is the emission coefficient: in general it does
depend on the wavelength and it is measured in m s~?sr~!. Explicit forms
for the emission coefficient are given for a series of emission processes.
The expression of j, for the process which is of major interest for this
work, which is line emission, is given in Section

The absorption process

When photons are removed from the radiation beam we talk about ab-
sorption or scattering depending on the process which subtracts the pho-
tons from the beam. If the photon is absorbed by a particle and then
is re-emitted with the same energy (or a slightly different energy) we
talk about photon scattering. Instead if the photon is absorbed and it is
not re-emitted photon energy is absorbed by the particle and it may be
transformed by kinetic energy of the gas through collisions: in this case
the process is defined as absorption. In some of the treatments (such as
Mihalas) scattering and absorption are grouped together using the term
extinction. For the sake of simplicity, we will refer here to absorption
including scattering processes.

It is an experimental evidence that the amount of absorption is pro-
portional to the specific intensity I,. With the same notation of Equation
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the variation dI) of specific intensity for a bunch of rays travelling for
ds along the s direction is given by

dIA = —k/\pIAdS. (1.8)

The factor k, is known as opacity. It is measured in cm?/g and it describes
the absorption of radiation as a function of the wavelength. An overall
expression for the opacity used in astrophysics is

kx = kapp +kaps +kafr+ kes + kp- (1.9)

which includes contributions from all the processes previously listed and
described: ky pp, kppr and k, rr are the opacity contributions from bound-
bound, bound-free and free-free processes respectively; ks is the contri-
bution due to electron scattering; ky- is the opacity contribution due to
H™ ion, which is relevant in some stellar atmospheres (see [29] for de-
tails).

Thermodynamic equilibrium

A system is in thermodynamic equilibrium when it is thermal, mechan-
ical and chemical equilibrium. The main property of a system in ther-
modynamic equilibrium is that all process are balanced by their inverses,
which means that if a process X — Y has a rate Rxy, if Y — X is the
inverse process, we must have Rxy = Ryx. In practice, an ideal example
of a system in thermodynamic equilibrium is that of a cavity at a temper-
ature T in which radiation and matter are in thermal equilibrium with
the walls of the cavity. In the literature such system is usually indicated
as holraum or, more simply, as a blackbody.

If a small hole through the walls of the holraum is made such that ra-
diation can escape from the system, it has been demonstrated by Planck
that the specific intensity inside the cavity, which can be observed through
the hole, depends only on the temperature and the frequency of the radia-
tion. The expression of the specific intensity B(A, T') inside the blackbody
is given by

2hc? 1

Bi(A,T) = A5 hc/AKpT _ 1

(1.10)
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and it is commonly known as Planck’s law. The wavelength at which the
specific intensity is maximum is inversely proportional to the temperature
according to the relation

AmaxT = 0.002897755 m - K. (1.11)

Equation is known as Wien law and it states that radiation due to
hotter bodies/systems peaks at shorter wavelengths than radiation due
to colder systems. Integrating Equation over all the wavelengths we
obtain the so called Stefan-Boltzmann law which is

L=AocT* (1.12)

where A is the area of the emitter, T its temperature and ¢ is the Stefan-
Boltzmann constant, which has the value 5.67 - 108 W/ (m?K*).

1.1.2 The equation of radiative transfer

In the most general case, along the very small path ds both emission
and absorption of radiation may occur. In this case, the specific intensity
varies along ds according to

dly = —kyplyds + jrpds. (1.13)
Dividing both members of Equation by —k,pds we obtain
1 dl/\ — I — ]_A

tod -k (1.14)

At this point we introduce the source function, given by the ratio of the
emission and absorption coefficients

5, = IA (1.15)
kx
Therefore, becomes
1 dI
_bdh s (1.16)
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commonly known as equation of radiative transfer. Equation describes
the evolution of the radiation field I, travelling (in one dimension) through
matter with characteristic j, and k,.

The solution of Equation depends on the functions j, and k,. In
most cases Equation has no analytical solution, but there are cases,
such as pure emission as we will see in Section for which the solution
is analytical and simple.

The pure absorption case and the optical depth
If we consider Equation for j5 = 0 it becomes
1.dIy I dly

k/\p s A % = —I}\k)\p (1.17)

The formal solution is easily found integrating between s = 0 and the
position of the observer and is given by

Iy = I g™ Jokawds, (1.18)

For the simple case in which k, does not depend on the position s, Equa-
tion takes the form
I = I ge PS (1.19)

which tells us that specific intensity exponentially decreases as it moves
towards the observer.

Because of Equation[1.18} propagation of the specific intensity strongly
depends on the ability of matter to absorb radiation, a quantity which
better represents the "transparency” of the matter to radiation would be
useful to better describe radiative transfer. Such a quantity is commonly
defined as optical depth (or optical thickness) and, at a given wavelength A,
is given by

dT/\ = —kApdS (120)

that is the opposite of the product of the infinitesimal distance coordinate
ds and the absorption coefficient, defined as kjp.

Since k)p has units m 1, the optical depth is a dimensionless quantity.
Note that: a) the optical depth depends on the wavelength of radiation; b)
the optical depth is defined with opposite sign with respect to the linear
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coordinate s, that is T, decreases as s increases towards the observer. The
difference in optical depth between s = 0 and the position of the observer
is obtained (formally) integrating Equation obtaining

s
TAs —TA0 = _/0 k/\pds. (121)

As a first approximation for the stellar case, we can assume that light
travels without absorption to the observer once that outermost layer are
being passed. At this point s Ty = 0 and the integral definition of optical
depth becomes

S
TM):/O kypds (1.22)

which yields for the pure absorption equation (dropping the subscript 0)
I)\ = I)\Ioe_T)‘pS. (123)

Equation[I.23|helps to understand the usefulness of the concept of optical
depth: 7y = 1 is the coordinate at which radiation is reduced by a factor
e~ 1 due to absorption and scattering. For a radiation pencil travelling in
a given volume of gas or plasma, such volume of matter is defined as
optically thin if Ty << 1 and optically thick in the opposite case T >> 1.

Pure (optically thin) emission

Starting from Equation if we suppose that there is no absorption and
scattering, we can put k) = 0 obtaining the (simple) relation

% = jap (124)
Therefore, at a given position s along the path followed by the radiation
pencil, the value of the specific intensity only depends on the product
of the emission coefficient times the density of the emitting matter. The
expression of the emission coefficient of course depends on the process
which is responsible for the emission of radiation. In Section [1.2| we will
analyze the expression for j, in the case of atomic line emission.
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1.2 Atomic spectroscopy

When an electron of an atom undergoes a transition between two bound
states electromagnetic radiation is emitted at a very "precise” wavelength.
If the level with greater energy is indicated as u and that with lower
energy as /, a photon is emitted due to the transition and it has frequency

E(u) — E(1)

. (1.25)

Vul =
and (vacuum) wavelength A,; = c¢/v,;. In the following subsections we
will introduce the basic quantities of atomic emission and the expression
for the atomic line emission coefficient will be given, which is linked to
the quantity which is measured in the laboratory.

1.2.1 Two level system

The treatment of emission and absorption of photons for an ideal system
made of only two levels has been developed by Einstein in 1916 [33, 34].
He stated that three process occur in a two level system in a radiation field
I): spontaneous emission, (induced) absorption and induced (or stimulated)
ermission.

Spontaneous emission is the emission of a photon due to decay of
an atomic electron from an upper level u to a lower level | without any
external influence. If we call n;(u) the number density of emitters of
charge state z in the state u, the variation of n,(u) with respect to time
due to spontaneous emission is given by

_dnz(u)

g = Aunz(u) (1.26)

therefore, it is proportional to n(u) through the constant A,;. The pro-
portionality coefficient A,; is usually known as Einstein coefficient for spon-
taneous emission and it depends exclusively on the states # and [ and their
wave functions. In principle the final state of the transition may be any
of the lower energy states /. The inverse of the summation of all the A,
with u fixed and I being all the possible lower states is defined as lifetime
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of the level u and is given by

o 1 1
U= a1 . 7
Yi<u Aul Ay
Decay to the lower level and emission of a photon may occur also due
to the interaction of the system with another photon of the same energy:
this process is known as stimulated emission and it has been theorized
by Einstein. The decrease of n,(u) due to stimulated emission is

(1.27)

_dnz(u)
dt

= Bulynz(u) (1.28)

where the coefficient B, is the Einstein coefficient for stimulated emission.
Finally, n,(u) increase due to absorption of photons which excite the
electron from [/ to u. The rate equation for such process is

dndz—t(l) = Blul/\nz(l). (1.29)

1.2.2 Level population in thermodynamic equilibrium

The occupation number n; for a given level [ in general is not known and
must be derived solving a system of equations, usually called rate equa-
tions, which include all radiative and collisional processes that populate
and depopulate the level I. The resolution of rate equations is in almost
all cases numerical and it may be difficult if a lot of physical processes
and level are involved. In some particular cases, such as thermodynamic
equilibrium, statistical mechanics is useful to find useful analytical rela-
tions which give level populations for a given temperature and density.

For a gas in thermodynamic equilibrium with temperature T, the ve-
locity distribution is the Maxwell-Boltzmann distribution. For a gas with
total number density n made of particles of mass m the expression for the
number of particles with velocity between v and v 4 dv per unit volume,
indicated by n,, is

3/2
m -
nydv = n <2nkBT) e 2T 4 2 gy (1.30)
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with the most probable velocity being vy, = +/2kT/m. If we indicate as
n; and n, the number density of particles in the levels I and u, the ratio
between the two populations is given by the Boltzmann distribution

= = kT

S e (1.31)
where g, and g; are the multiplicity (2] 4+ 1) of the two levels u and [.
Therefore, under the hypothesis of thermodynamic equilibrium, the rela-
tive level populations are known for a given temperature T if the energy
E and the total angular momentum number | of the levels are known.
The ratio between level population 7, and the total number density n
can be obtained summing Equation over all the levels | obtaining the
relation

M _8u s

=TT " (1.32)

where E; is the energy of the ground state ¢ and U(T) is the partition
function of the system, which is defined by

E;—Eg

u(T) = Z‘,g(z‘)e*W. (1.33)
=g

The reliability of the calculated partition function U(T) depends of course
on the knowledge of the energy levels E; of the given ionization stage. If
some of the energy level are not included in the summation of Equation
the value of U(T) is underestimated and, in turn, the value of the
ratio n, /n is overestimated.

As we have shown above, the calculation of the number of ions n,, with
energy E, becomes very simple in a plasma in thermodynamic equilib-
rium. Even if such an equilibrium state is typical of ideal systems, or
systems in extreme physical conditions, in the following we will see that,
with further hypothesis, it can be applied also to systems which are not
strictly in thermodynamic equilibrium.

Local thermodynamic equilibrium

Thermodynamic equilibrium is a condition that is quite difficult, if not
impossible, to strictly reproduce in a laboratory environment. High tem-
perature and density plasmas, such as those in the interior of stars, in
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which matter and radiation are in equilibrium and the latter is not able to
escape the plasma, are a good example of thermodynamic equilibrium.
Such a high density environment is impossible to generate in the labora-
tory for a long time interval.

If we consider a plasma of sufficiently high density, so that collisions
between particles are sufficiently frequent, such collisions may establish
equilibrium between atoms and ions and the temperature is the param-
eter which determines the energy distribution of the particles. Since
electron collisions are much more frequent than ion collisions, thermal
equilibrium will be established by electrons, and the electron temperature
would be the "main" temperature of the plasma. This kind of equilibrium
is more likely to happen locally, which means in a small spatial region of
the given plasma environment, and therefore such an equilibrium condi-
tion is defined as Local Thermodynamic Equilibrium (LTE).

LTE usually is not valid for all the transitions between all the pair of
energy levels of a system. Griem demonstrated that a criterion to establish
if LTE holds for a transition between two levels u and [ is given by

ne > 1.4 x 102 (E, — E;)® (kT,)'/? (1.34)

where the electron density n, is in m 3 and the energies, including kT,
are expressed in eV [31].

Relations between Einstein coefficients

Thermodynamic equilibrium allows us to derive relations between the
three Einstein coefficients defined in Equations [1.26 [1.28) and [1.29] Un-
der the hypothesis of thermodynamic equilibrium the specific intensity is
given by the ratio between the level populations is given by Equation
and the rate of processes in opposite directions balance, that is the
sum of Equations [1.26| and [1.28| must be equal to Equation Substi-
tuting the equilibrium quantities in Equations the two relations
are derived:

SuBui = 1By (1.35)

8mthc
ul
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These relations become useful to define the strength of an absorption line
as the oscillator strength, as we will see in the following.

The oscillator strength

For historical reasons, transition probabilities/line strengths in astrophysics
are usually expressed in terms of the oscillator strength, which is a defi-
nition related to the classical treatment of absorption. In the classical
description of absorption of electromagnetic radiation, a bound electron
is treated like an oscillator with a characteristic frequency wyp, which be-
comes a driven oscillator by an electric field of frequency w. A detailed
explanation of this classical picture can be found in the book of Mihalas
[30].

It is useful to express the absorption transition probability as a dimen-
sionless quantity f;, defined by

4egm
flu = hvlue—QeBlu (1-37)

being €p the dielectric constant in vacuum and being e and m, the elec-
tron charge and mass respectively. Combining the two relations between
Einstein coefficients (Equation and [1.36) with Equation and sub-

stituting numerical values we obtain
Qifin = 149921071622 ¢, A, (1.38)

where A, is expressed in angstroms and A, is expressed in s~!. Taking
the logarithm of the product g;f;, we obtain the standard definition of
the log ¢f of an absorption spectral line, which is

log (81fiu) = log (1-4992 : 10‘16Ai1guAuz) . (1.39)

Equation is the standard form used to store line strengths in spectral
lines databases used as input for astrophysical spectral synthesis codes.
In Section [2.4| we will expose two methods to estimate log ¢f from mea-
sured line intensities.
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1.2.3 Atomic line emission coefficient

Following the formalism of Kunze [31], in the case of atomic line emission
in an optically thin gas, the expression for the emission coefficient is

hv
Eul = 4_;1Aulnul (1-40)

that is the emitted intensity by a spectral line is directly proportional to
the population of the upper level u and the spontaneous emission coeffi-
cient A,;. The frequency v,; is derived by the energy difference E, — E;
as defined in Equation "Real" spectral lines are not infinitely sharp.
The emission coefficient is shaped by a profile function L(v) and therefore
is

hvul
o Al (V). (1.41)

The most used line profile functions, together with a brief explanation
of the physical processes underlying them, are listed in the following
section.

&y =

1.3 Spectral line profiles

Spectral lines measured in experiments, unlike ideal lines, have a finite
width in wavelength. Therefore a line is well described by a line pro-
file function f(A) and this function may be due to several line broadening
processes, which are described in the following.

There are several analytical functions which can describe experimental
line profiles. One of the most used profile functions is the gaussian profile
defined as

fo(A) = Age03((A=A1)/A2)%, (1.42)

where we define A as the peak, A; as the center and A, as the sigma of
the gaussian. An important quantity of line profiles is the Full Width at
Half Maximum (FWHM) which is the width of the profile measured at the
50% of its peak value. For gaussian profile, the FWHM is related to the
sigma by

AAS ), = 2/210g2A4,. (1.43)
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Another common line profile function is the Lorentzian function, de-

fined as A
fild) = —2— (1.44)

2
A—A
() +1
where A; is usually called the gamma of the lorentzian. For the lorentzian
profile the FWHM is

AAT/, =2A, (1.45)

These functions, which are usually fitted to experimentally measured pro-
files, are not normalized, that is they do not have unit area. The normalized
profile as a function of frequency L£(w) is commonly used in theoretical
calculation and is defined as

/Z. L(w)dw =1 (1.46)

and f(A) and L£(A) are linked by the relation

fA) = S5 Lw). (1.47)

Imposing the normalization condition with Equation the number of
free parameters of profile function decreases by one. The peak is related

-1
to the width of the curve, having Ag = <A2 vV 271) for the gaussian and

Ao = (1tAy) ! for the lorentzian.

The convolution of a gaussian and lorentzian profiles gives the Voigt
profile. Substituting the gaussian and lorentzian function in the definition
of convolution we obtain the Voigt profile function:

a [® et

V(x,a) = L / ¢ (1.48)

oo g 4 (x —t)?

where the x and 4 parameter are defined as

v = AOZ\/logZ (1.49)
AT
AML

1/2
_ JIoa 2. 1.50
" aAG, V8 (1:50)
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We introduced these functions without doing any physical consideration
about those. In the following, some of the main broadening mechanism
are shortly reviewed and the link between such mechanisms and the func-
tions introduced above will become more clear.

1.3.1 Natural broadening

The Heisenberg’s uncertainty principles applies to decay of an atomic sys-
tem from an energy state to another state. That is, if AE is the uncertainty
on the energy level and At the time interval during which a measure of
the energy of the level can be carried out, the relation AEAt > 1 holds.
Therefore an energy level u has a "width" which is inversely proportional
to its lifetime T, as it is shown in Figure Therefore, the decay between
the two energy levels instead of a sharp line generates the emission of ra-
diation at different wavelength near to the central wavelength A,;. It can
be demonstrated that the resulting emission profile is a lorentzian and
the FHWM of the profile is
Arip Ay
Ay 2mc
with A, and A; being the inverse of the lifetimes of the two levels u
and /. If we substitute numbers in Equation for the Lyman-« line of
hydrogen (1216 A) we find a relative width of ~ 10~8, which, as we will
see, is a very small quantity compared to other broadening effects.

[Au+ A)] (1.51)

1.3.2 Doppler broadening

Electromagnetic radiation from a source which is either approaching or
moving away from the observer is detected with a "bluer" or "redder"
wavelength respectively: this phenomenon is known as Doppler effect and
it has a role also in spectral lines formation. Considering a gas or plasma
in thermodynamic equilibrium, the velocity distribution of gas particles
is the Boltzmann distribution and the mean velocity of particles is kT, as
we have shown in Section

The emitting particles which have a velocity component along the line
of sight connecting the observer and the emitting volume will emit ra-
diation at a (slightly) redshifted or blueshifted wavelength, producing a
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Figure 1.3: Natural broadening due to the width of energy levels (Figure
adapted from [31]).
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gaussian line profile. It can be shown that the FWHM of the profile is
given by

G
A)tl/Z — ./81o kTion

1 1.52
/\ul 5 mionc2 ( )

where Tj,, and m;,, are the ion temperature and mass. For the hydrogen
Ha line at kT = 0.43 eV (5000 K) we have relative broadening of 5- 10>
(~ 0.3 A ), which is much larger than the natural with.

1.3.3 Stark broadening

Line broadening due to interaction with other atoms or ions in the gas (or
plasma) is called pressure broadening when is caused by neutral particles
(atoms or molecules), while is called Stark broadening when it is due to
perturbation of the emitter by ions. Pressure broadening occurs only in
neutral gas or weakly ionized plasmas and if present, its magnitude is
negligible compared to Stark broadening.

The treatment of Stark broadening is complex because depends on the
complex atomic structure of emitting (and interacting) atoms and this is
particularly true for heavy elements with many electrons. A review of
the various approaches and models has been made by Griem [35] and a
bibliographic database of Stark broadening data (usefull parameters and
tabulated widths) is currently maintained by NIST [36].

Even if the problem is complex, some general aspect can be high-
lighted. The magnitude of the broadening is generally proportional to
the density, therefore this effect is relevant mainly in high density plasmas
and the shape of the profiles is usually well reproduced by Lorentzian or
Voigt profiles. For isolated lines of atoms or ions the Stark broadening is
mainly due to electron impact and the interpretation of the line width is
usually done starting from tabulated theoretical line widths. A compila-
tion of such calculations has been made by Griem [35]; a FWHM can be
then derived simply scaling with electron density, using the equation

A)Ll/z ~ 2 X 10nwtab1’l€ (153)

where the power of ten depends on the unit in which the tabulated
halfwidth w, the electron density n, and the FWHM are expressed.
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1.3.4 Instrumental broadening

The instrument used to measure spectral lines is responsible for a further
broadening process, the instrumental broadening. As we will see in the
following section, it is related to the (finite) spectral resolution of the
instrument and it is the smallest width which can be measured for a line
using a spectrograph. This means that no broadening of lines lower than
the instrumental width can be detected using that instrument.

1.4 The observed quantities

A spectrograph (or spectroscope, or spectrometer, depending on the con-
text) is an instrument which is used to analyze the light as a function of
its wavelength. There are a lot of types and different designs for spectro-
graphs, often depending on the context in which they are used and the
environments in which such instruments operate. Most of astronomical
spectrographs transform the wavelength dependence of light intensity I,
in a spatial dependence I, which is measured with several detectors placed
in several positions. The relation x = x(A), once derived through the
wavelength calibration as we will see in Section allows the experimenter
to convert the function I, in the specific quantity I,.

While the wavelengths measured by a spectrograph are "absolute"
measurements, in the sense that they are directly comparable with theo-
retical wavelengths, measured intensities are not immediately compara-
ble with theoretical spectroscopic quantities unless the instrument is ab-
solutely calibrated. Astronomical spectrographs, such as those used in this
work, often are not absolutely calibrated, since those instruments extract
the scientific information of interest from relative measurements. This
means that, given a radiation flux F), we measure only a quantity which
is proportional to the emitted radiation flux, according to the relation

F)y = ®I, (1.54)

where I is the observed spectrum (as indicated above). For simplicity,
we decide to group in a constant ® all the factors related to the particular
experimental setup, such as the geometry and the solid angle covered by
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the input window of the instruments. This concept will become more
clear in Section 2.4 where the process of estimate of log gf for some of the
observed lines in the visible is explained.

One of the most important quantities of a spectrograph is the spectral
resolution, that is the ability of the instrument to separate two different
wavelengths. Given two peaks for two different wavelengths, we impose
that the two wavelengths are separated when the peak of one coincides
with the first zero of the other (Rayleigh resolution limit). Therefore, for
each dispersive element there is a minimum wavelength interval AA for
which two features with wavelength A and A, with Ay — Ay = AA can
be separated.

For astronomical spectrographs, spectral resolution is usually expressed
using the quantity R defined by

A

R=—
AA

(1.55)
where A is the measured wavelength and AA is the minimum resolved
wavelength interval as defined above. The advantage of defining spectral
resolution R through Equation is that a greater number express a
greater ability to separate wavelength. Depending on the value of R we
talk about low or high resolution spectrograph. From a historical point of
view, starting from R > 10000 spectrographs have been usually defined
as high resolution instruments, even if high resolution astronomical spec-
trographs mounted at large telescopes may achieve R values much higher
than the limit expressed above.

Two main kinds of spectrographs there exist: refracting spectrographs
and grating spectrographs. Both types of spectrographs are encountered
in optical design of astronomical instruments, even if (reflective) grating
spectrograph are the most suitable design for achieving high resolution
in a wide wavelength range. An exhaustive review of the working princi-
ples of various kinds of spectrographs can be found in the book of Kitchin
about astronomical instrumentation [37]. The two spectrographs used in
this work are both Echelle spectrographs, which is an optical design used
for a lot of high resolution astronomical spectrographs, because it guar-
antees a wide wavelength coverage in a single exposure. Again, details
about the design of such instruments are contained in Kitchin [37] and
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in the monograph of Eversberg about astronomical spectrographs [38].
Description of the spectrographs used in this work is given in Chapter
and [3| for CAOS and GIANO-B respectively.

In echelle spectrographs the "white" light entering the instruments is
spread on a two-dimensional (x,y) plane, requiring a 2D array of detect-
ing elements which is usually a CCD or CMOS. Therefore, the "image"
acquired by the 2D detector, which may be expressed as a I = I(x,y)
function, is not a data product ready for the analysis. The analysis pro-
cess necessary to derive the observed spectrum I = I(A) from the I(x,y)
matrix acquired by the 2D detector is usually called data reduction. The
detailed steps of this process will be described in Section [2.3| of Chapter
2l



Chapter 2

Measurement of rare earth

transitions in the visible with
CAQOS

The knowledge of atomic data and their validation is possible through
plasma spectroscopy made in laboratory experiments under controlled
conditions. This method is effectively the only way to measure atomic
parameters. Its strength is due to the fact that it is not invasive (does
not modify the physical condition of plasma) and it allows to perform
simultaneously plasma diagnostics.

In this section results of high resolution spectroscopy measurements
of hollow cathode lamps (HCLs) are reported. Data acquisition has been
carried out in 2021 at Serra La Nave observatory at mount Etna, Catania,
Italy. Detection of rare earths spectral lines in HCLs allowed to confirm
previously measured atomic data, to identify lines deriving from atomic
transitions between known energy levels and derive transition strength
for a large number of spectral lines. Here reported results have been sub-
mitted to Monthly Notices of the Royal Astronomical Society and those
have been positively reviewed by the referee and the editor of the journal
[39].

The chapter is structured as follows: Section 2.1| describes the hollow
cathode lamps and their working principles; Section describes the
experimental setup used for lamp spectroscopy, together with description

46
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of the spectrograph and the procedures of spectra acquisition. Sections
and 2.4]show data reduction and analysis respectively. Finally, Section
reports the results.

2.1 The hollow cathode lamps

The light source used for the measurements of the atomic transition wave-
lengths are Hollow Cathode Lamps (HCLs). A hollow cathode lamp is a gas
discharge continuous light source which produces a line emission spec-
trum, with the lines in the spectrum belonging mainly to the gas and
the element of which the cathode is made of. The main reasons because
hollow cathode lamps are used for this kind of work are:

* they emit a sharp-lined emission spectrum of a given element, with
the possibility of get lamps of almost any chemical element;

* hollow cathode lamps are produced industrially and therefore their
procurement is easy and their aging well known;

* they are easy to operate and implement in an experimental set-up
for spectroscopy.

The main practical application of hollow cathode lamps is atomic ab-
sorption spectroscopy (AAS), a technique which allows to detect the pres-
ence of a chemical element in a sample. In AAS a small vapour of the
sample is created and absorption of the hollow cathode lamp light is
measured through a spectroscope: if the element searched is in the gas
vaporized from the sample, the observed line emitted from the lamp will
be absorbed by the gas.

Working principles of a hollow cathode lamp

Figure taken from [40] as the hereafter explanation, shows the struc-
ture and the different parts of a hollow cathode lamp. The main consti-
tuting elements of a hollow cathode lamp are: the electrical circuit (anode
and cathode); the fill gas; the getter; the glass bulb with its window.
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LENGTH - 14.5 ecm
MASS - 70.9 gm UNPOTTED

CERAMIC SLEEVE

PLATE  2.54 cm Mg F,
| WINDOW
|
7740 PYREX

MICA SPACERS

CATHODE:

O0.D. - 0.64 cm
I.D. - 0.229 cm
LENGTH - 0.80 cm
MASS - 4.0 gm
DEPTH - 0.41 cm

Figure 2.1: Schematic drawing of a hollow cathode lamp with character-
istic dimensions. Window material can vary depending on applications
and operating wavelength range (Figure adapted from [40]).
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The bulb contains the filling gas, which is an inert gas such as Argon
or Neon, at a defined pressure. Light is observed through a front window
which is usually of a different glass from that forming the bulb. The
window material depends on the wavelength at which light emitted by
the lamp has to be observed: very common choices for window material
are quartz for the UV - visible range and MgF, for the near infrared.

The lamp is supplied at a voltage of few hundred volts and an electri-
cal discharge forms in the filling gas between the anode and the cathode.
The ions of the filling gas generated by the discharge impact the cathode
with kinetic energy much higher than the electronic work function of the
cathode metal, which is generally of few eV. This generates the "emis-
sion" of the atoms from the cathode surface: this phenomenon is known
as sputtering. The sputtered atoms become part of the plasma generated
by the discharge and dissipate their high kinetic energy through collision
with plasma atoms and ions. Such gas+metal plasma emits light under
the form of sharp atomic and emission lines, which forms the line emis-
sion spectrum characteristic of hollow cathode lamps.

Since outgassing is unavoidable and contaminates the lamp with vari-
ous impurities, a layer of reactive metal, called getter and usually made of
barium or zirconium, is vaporized onto the inner wall of the glass tube.
The getter chemically traps the contaminant introduced by outgassing
and maintains the environment inside the bulb clear.

If the lamp spectrum is very "crowded" of narrow emission lines the
lamp is suitable for the wavelength calibration of astronomical spectro-
graphs. For low/medium resolution spectrographs, usually gas lines are
sufficient to properly calibrate the instrument and therefore He-Ne-Ar or
similar lamps are used. For high resolution echelle spectrographs much
more lines are needed: Th-Ar or Th-Ne lamps have established as a stan-
dard for the calibration of echelle astronomical spectrographs in the visi-
ble range, while in the near infrared range Uranium lamps are generally
employed.

The list of the elements investigated in this study, together with atomic
number Z, supplier name and filling gas, is given in Table All the
lamps are filled with Ne but the Hafnium lamp, which is filled with Ar.
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Table 2.1: Elements, atomic number Z, Noble Gas (N.G.) filling the HC
lamp bulb, and Supplier: GS = Green Scientific, HR = Heraeus.

Element Z N.G. Suppl. | Element Z N.G. Suppl
Cs 55 Ne GS Ho 67 Ne HR
Ba 56 Ne GS Er 68 Ne HR
Pr 59 Ne HR Tm 69 Ne GS
Nd 60 Ne GS Yb 70 Ne GS
Sm 62 Ne GS Lu 71 Ne GS
Eu 63 Ne GS Hf 72  Ar HR
Gd 64 Ne GS Re 75 Ne GS
Tb 65 Ne HR Os 76  Ne GS
Dy 66 Ne GS - - - -

2.2 The experimental set-up

2.2.1 The Catania Astrophysical Observatory Spectropo-
larimeter

The Catania Astrophysical Observatory Spectropolarimeter (CAQOS) is a high
resolution echelle spectropolarimeter mounted at the cassegrain focus of
the 91 cm telescope of Serra la Nave observatory at Mount Etna, in Cata-
nia [41]. The instrument has been designed to perform spectropolarime-
try of astrophysical objects, mainly stellar objects, giving the full Stokes
parameters in a series of exposures. CAOS can be used either in spectro-
scopic or polarimetric mode. For the spectroscopic measurements carried
out in this thesis CAOS is used only in spectroscopic mode.

Details of the optical layout of the instrument and its specifications can
be found in the instrument main paper [41]. Table 2.2/ resumes the main
features of the instrument. Spectral resolution can be varied regulating
the width of the slit and goes from 45000 to about 60000, with this latter
setting used for this work. The detector is a 2048x2048 Charge Coupled
Device (CCD) model E2V42-40 with 13.5 ym square pixels: Its 27.6x27.6
mm image area guarantees full coverage of the spectrum up to 856 nm
and 95 % coverage in the 856 - 1000 nm range due to incomplete order
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Spectral resolution 45000 = 60000
Spectral range [A] 3700 - 10000
Cross disperser Prism
Detector E2V42-40 2048 x 2048 CCD
Thermal stability [K] 0.01

Table 2.2: Main features of CAOS (data taken from [41]).

overlapping.

A portion of a typical raw CAOS science frame for a stellar source is
shown in Figure[2.2|(a), while the analogue for a lamp spectrum in Figure
(b). In the stellar raw spectrum, the various orders of the echellogram
are visible with their absorption lines (the dark grooves perpendicular to
the order trajectory), while in the raw lamp spectrum emission features
are clearly visible emerging from the background. In order to extract the
1D spectrum from the science frame, the data reduction process is per-
formed on raw data: such process is described in Subsection

2.2.2 Acquisition of hollow cathode lamp spectra

Since CAOS is a fiber-fed spectrograph, an opto-mechanical set-up has
been designed to illuminate the optical fiber of CAOS with the lamp light
maximizing the input into the instrument.

A scheme of the setup used for the acquisition is shown in Figure
The same optical fiber, which is drawn in orange in Figure when
connected in positions 1/2/3 allows to: (1) collect light from CAOS cal-
ibration unit, which contains the Thorium-Argon lamp for wavelength
calibration and the halogen lamp for order tracing and flat fielding; (2)
collect light from the rare earths HC lamp; (3) collect light from the flux
calibrated lamp box. Light from rare earths HC lamps has been focused
into the fiber input using a BK7 biconvex lens. The fiber was mounted
on a x-y translation stage in order to position the fiber exactly on the fo-
cus of the lens, maximizing in this way the collected light. The orange
fiber then brings light to the CAOS interface, which is attached at the
cassegrain focus of the telescope. Here the fiber illuminates a 45° mirror
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Figure 2.2: Chunk of CAOS raw spectrum for: (a) a stellar source; (b) a
HC lamp. In long exposure times many neon spectral lines are saturated
to extract the weakest features from readout noise.
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Figure 2.3: Schematic drawing of the experimental setup. When the or-
ange fiber is in (1) it collects light from the CAOS calibration unit; when
it is in (2) collects light from the HC lamp of the measured element; when
it is in (3) is connected to the flux calibrated lamp box.

which reflects light to the main fiber of CAOS (blue fiber in Figure ,
which is usually illuminated by the star light collected by the telescope.
Such fiber sends light to the spectrograph which is placed in another
room. Since the opto-mechanical set-up used did not allowed a simple
"plug-and-play" substitution of the lamps, a procedure of focusing has
been carried out each time a new lamp was mounted. Such procedure
consisted in: a) positioning and alignment of the lamp to the optical axis
of the lens; b) positioning of the orange fiber core in the focus of the lens.
In order to monitor the amount of light entering the orange fiber, images
of the blue fibers illuminated by lamp’s light have been acquired with the
CAOS autoguiding camera. This camera acquires an image of the focus
of the telescope, showing the amount of light actually reaching the blue
fiber. Movements of the x-y position of the orange fiber have therefore
been made trying to maximize the light flux measured by these images.
In the case of saturation of autoguiding images, optimization has been
made examining the flux of a Ne line using shortly exposed spectra.
Once that alignment procedures have been finished, for each lamp
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Table 2.3: List of number of exposures , exposure time t.,, and operating
current 7 for each lamp.

El. n Xtexp [s] i[mA]| El. 71 Xtep [s] i[mA]
Cs 3 x 600 6 Ho 1 x 600 15
Ba 3 x 600 6 Er 3 x 600 15
Pr 4 x 400 15 Tm 3 x 600 8
Nd 3 x600 8 Yb 3 x 600 6
Sm 3 x600 8 Lu 3 x 600 8
Eu 2 x 600 6 Hf 3 x 700 15
Gd 3 x600 8 Re 3 x 600 6
Tb 3 x 600 15 Os 3 x 600 8
Dy 3 x600 6 - - -

both a set of short exposure time and long exposure time spectra have
been acquired. Preliminary extraction showed that short (1 + 60 s) ex-
posure times did not allow to extract signal of weak lines from readout
noise: such lines were only visible in those with longer exposure time
(~ 600 s). Table [2.3lists the effectively used exposure times; total integra-
tion time has been acquired averaging n exposures in order to eliminate
spikes due to the impact of cosmic rays in the CCD.

Each lamp has been supplied at its standard operating current with
the Green Scientific G200 precision power supply. Operating current is
that current value indicated by the manufacturer. Operating current value
for each lamp is listed in Table

2.3 Data reduction

Data reduction is the process which allows the experimenter to derive
the final "analyzable" data, reflecting the physical quantity which has to
be measured, from raw data. In the case of echelle spectroscopy, data
reduction is necessary to derive the spectrum [ = I(A) from raw image
data. Therefore, for echelle data reduction a series of image analysis
operations are performed to extract the spectrum from the echellogram
maximizing the signal to noise ratio and the amount of information which
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can be derived.

Several high-level programming languages, such as Python or IDL
(provided by Harris Geospatial) allow to construct programs able to per-
form the operations necessary to reduce spectroscopic data. Data reduc-
tion for CAOS has been performed using the Image Reduction and Analysis
Facility (IRAF) [42], a suite of programs for image and spectroscopic data
analysis based on the C language. Despite the first version of IRAF has
been developed at the end of 1980s, these programs still represent a very
efficient and reliable solution to build up a data reduction environment,
organizing the basics operations as blocks. IRAF programs are grouped
in tasks, with each task that is capable of performing a given operation
(or a set of operations). IRAF tasks are written and called through a dedi-
cated language which is called command language (cl). We will refer to the
whole program developed for data reduction as the data reduction pipeline
(or simply pipeline), since it is designed to receive as input a raw im-
age and give as output the reduced spectrum performing automatically a
sequence of operations.

In the following the basic pipeline for the reduction of CAOS spectra
is explained. The data reduction steps are explained one by one and
intermediate data products are exposed and analyzed.

The standard pipeline for CAOS spectra

The type of images acquired during a typical session of stellar spec-
troscopy with CAQOS are listed below:

* BIAS frames. Zero level BIAS frames are "zero seconds" exposures
taken with the shutter closed in order to determine the readout
noise level of the sensor. An average BIAS calculated averaging a
certain number of BIAS frames (~ 10) will be subtracted to all raw
images.

e FLAT frames. FLAT frames are spectra of a continuous source, in
our case a halogen lamp, which are necessary to identify and trace
the apertures and perform pixel-by-pixel efficiency correction for
a single order. For the spectroscopy of rare earths lamps, a flux
calibrated lamp has been used as FLAT.
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e THAR frames. THAR (which is an abbreviation for THorium-
ARgon) frames are the frames which allow to wavelength calibrate
the spectra. The extracted apertures are initially in the form of in-
tensity as a function of the pixel. Wavelength calibration allows
to convert the pixel scale to a wavelength scale through a function
which fits the position of known wavelength lines in the 2D non
calibrated spectrum.

* SCIENCE frames. SCIENCE frames are the raw spectra which con-
tain the information of the object that we want to analyze, which in
the stellar case are continuous spectra with atomic absorption (and
eventually emission) lines. In the case of lamp spectra, they are
emission line spectra. Science frames are zero-level corrected, ex-
tracted and wavelength calibrated to derive the reduced spectrum.

It is important to note that the calibration frames listed above are es-
sential to derive an accurate reduced spectrum. Therefore, a spectroscopy
session using an echelle spectrograph must include the time necessary to
acquire such calibration data. Such operation for echelle spectrographs
mounted at astronomical telescopes are usually carried out during the
initial (or final) part of the night of observation.

The standard CAOS pipeline is made of two main blocks: the cali-
bration block and the science block. A schematic illustration of the whole
process is shown in Figure while the detailed description of the op-
erations performed in each block is reported in the following.

The first block of operations takes as input the calibration frames and
gives in output the calibration data which is necessary to reduce science
spectra, which are apertures traces file and wavelength solution file. Cal-
culation of calibration data may also be performed using already existing
calibration data as reference. This is usually done if condition under
which measurements are performed do not differ too much from condi-
tions under which reference calibration data have been determined.

The science block, instead, takes in input the science frames and the
calibration data and gives as output the science reduced spectra. Cali-
bration data taken as input are those coming from the calibration block,
which are calculated using calibration frame from the same dataset.
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Figure 2.4: Flowchart reporting the two main blocks of the data reduction
process. The calibration block can calculate calibration data either start-
ing from current calibration frames or using past calibration data from
preceding calibration frames.

The calibration block carries out the following operation on calibration
frames (the relative IRAF tasks used are reported in parenthesis):

mean BIAS calculation (zerocombine);

zero level correction (ccdproc);

mean FLAT calculation (flatcombine);

mean THAR calculation (flatcombine);
definition and tracing of apertures (aptrace);
scattered light subtraction (apscatter);

calculation of the wavelength solution (ecidentify/ecreidentify).

The main steps of the science block are listed below:

zero level correction (ccdproc);

scattered light subtraction (apscatter);
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Figure 2.5: Comparison between a single bias exposure (white curve) and
the average of N = 14 bias exposures (red curve).

* extraction of apertures (apsum);

* pixel to wavelength conversion (refspectra-dispcor);

* heliocentric velocity correction (rvcorrect, for stellar spectra only);
e division by flat spectrum (sarith).

In order to increase signal-to-noise ratio (SNR) of the exposures, for
all the calibration frames a series of exposures is acquired. Then such
exposures are averaged using the task imcombine with different parame-
ters for different kind of calibrations. Usually a pixel-by-pixel rejection
criterion and a scaling of images is employed when combining images
for average. For example, the set of 14 BIAS frames is usually combined
with zerocombine, which combines images calculating the average using
the minmax rejection criterion, which reject pixels with the maximum and
minimum value (if the number of combined images N is > 3). Figure
shows the comparison between a single BIAS frame (in white) and the
average BIAS frame (in red). The average bias has a SNR of 2045 which
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is 3.75 ~ /14 times greater than the single bias SNR, showing that SNR
scales roughly as /N, being N the number of exposures.

Figure shows a 1D cut (perpendicular to the grating dispersion
direction) of a flat frame. The position of the centers of the various aper-
tures are marked interactively using the task apsum. The trajectory of the
aperture is therefore reconstructed, again with the apsum task, to obtain
a curve such as that shown in Figure The reconstructed trajectory is
then fitted to obtain the analytical curve of the aperture over the frame,
that is the (analytical) (x,y) position of the center of the aperture in the
frame. Such position is then used to extract the spectrum signal for each
order.

Before the extraction, the scattered light subtraction from the raw spec-
trum is performed. Scattered light, sometimes also indicated as straylight,
is the light collected by the detector pixels which does not follow the opti-
cal path of the rays in the spectrograph. Scattered light signal is summed
to the "actual" signal in the orders and therefore it has to be modeled and
subtracted in order to derive the true signal for each order. The shape of
the scattered light surface is fitted through 2D polynomials in the space
between the orders as it is shown in Figure The fit is done using the
task apscatter and the result of the subtraction is shown in Figure

The extraction of the spectrum is performed by the task apsum. After
the tracing procedure described above, spectral signal is extracted "mov-
ing" the position of the aperture center along the trajectory and summing
all pixels in an interval around the aperture center. Such interval can be
either of fixed or variable size.

The extraction procedure return as output a 2D (71,;y, 11,4) array, where
each order is in practice a 1D array of n,;, flux value. In order to assign a
wavelength value to each pixel in each order, wavelength calibration has
to be performed. This is done analyzing the extracted THAR frame. Since
the THAR spectrum is made of several sharp Th and Ar emission lines
with known wavelength, the ecidentify performs fit of the line peaks and
assigns to each value of the line center in pixel (and order) its wavelength
value. The result of such procedure is a set of points A; = A;(x;,y;), where
y is the order number and x is the pixel number along the order. These
points are then fitted with a 2D polynomial, which usually is a Legen-
dre or Chebyshev polynomial, in order to derive the analytical function
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Figure 2.6: (a) cut of the flat frame along the cross-dispersion direction;
(b) trajectory of one of the apertures across the detector fitted with an 8th
order Legendre polynomial.
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Figure 2.7: (a) fit of the scattered light along a line of the flat frame:
note that pixels corresponding to apertures are not considered; (b) zero-
level corrected flat frame (white curve) and zero-level and scattered light
subtracted flat frame (red).
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A = A(x,y), which allows us to convert pixel and order values in wave-
length values. Figure 2.8|shows the residual of the fit as a function of x for
all the orders: typical values of the rms are of 1072 + 10~* A depending
on the quality of the THAR frame and on the number of orders extracted.
In our case, the rms resulting from the fit is 5 - 1073 A: we will take this
value as our uncertainty on observed wavelengths.

Since the task is not able to start this procedure from scratch, an inter-
active bootstrap is needed where the user inserts the correct wavelength
values visually identifying spectral lines from orders in pixel using a spec-
tral line atlas, which is usually typical of the lamp and the instrument.
In any case, this operation has not to be carried out for each data reduc-
tion: the task ecreidentify is able to find the solution A = A(x,y) starting
from an existent solution, calculated for another spectrum of the same
(npix, Norg) dimension. The ecreidentify task is that usually called in the
data reduction pipeline, even if periodically the reference solution (that
made from scratch) is updated in order to keep track of eventual changes
in the instrument. Once the solution is calculated for the given set of
observations, it is applied to all the spectra using the tasks refspectra and
dispcor.

An operation specific for the observation of stellar sources is the radial
velocity correction. In order to correctly analyze stellar spectra the fact
that the observer is moving due to the rotation of the earth, the motion of
the earth along its orbit around the sun and the motion of the solar system
in its orbit around the galaxy has to be taken into account. Therefore,
spectra have to be corrected for the so called heliocentric radial velocity or
barycentric earth radial velocity, depending on the reference frame chosen
for the correction. Such wavelength and time correction is calculated
using the task rovcorrect and applied with dopcor.

For standard CAOS spectroscopic data reduction, wavelength cali-
brated (and corrected) spectra I;(A) are "flat-fielded" using the spectrum
of a halogen lamp. Even if the source spectrum is not effectively constant
with wavelength, it may be reasonably considered constant along one or-
der (~ 100 A), since flux variation with wavelength due to the shape of
the blaze function are much greater than those due to the spectral flux
distribution of the source. Order by order division of the science spec-
trum by the flat spectrum, performed using the task sarith, then returns
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Figure 2.8: Residuals of the fitted A(x,y) function as a function of the x
pixel value for all orders. The rms is ~ 51073

a divided spectrum which is "pixel to pixel corrected" for each order, but
not order to order corrected. This is useful in order to properly measure
and fit line profile shape functions.

For rare earths lamps spectroscopy flat correction has been performed
using a flux calibrated lamp model Avantes AvaLight-DHc. The Avantes
light source is made of two lamps, a deuterium lamp (2000 = 4000 A) and
a halogen light source (4000 <+ 25000 A), providing a light source with well
known (< 2%) flux distribution in the 2000 <+ 25000 A range. Therefore
the spectrum I(A) corrected for the relative intensities is reconstructed
using the relation

I(A) = L;(A)/ Favo(A) - Fane(A) (2.1)

where Fy;:(A) and Fyy0(A) are respectively the observed and the cali-
brated flux distribution of the Avantes light source. As it is shown in
Figure the observed spectrum of the Avantes light source (white
curve) includes the modulation of the efficiency due to the spectrograph
blaze function, with the shape of the orders evident all over the spec-
trum. Dividing the scientific spectrum by the observed Avantes spectrum
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Figure 2.9: Observed spectrum of Avantes light source (black curve) and
"real" spectral distribution of the same light source provided by the man-
ufacturer (red).

and multiplying the result for the calibrated Avantes flux distribution,
we obtain the corrected I(A) spectrum, which allows pixel-by-pixel and
order-by-order comparison of spectral line fluxes.

2.4 The analysis of spectra

2.4.1 Identification of rare earths spectral lines

Examples of reduced spectra (Nd, Dy and Eu lamps) are shown in Figure
The spectra are substantially made, as expected, of several sharp
emission lines, emitted by the atoms of the filling gas and the element
constituting the cathode. The three panels show three different regions
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in the blue and red parts of the spectrum. In the three portions of the
spectrum, common Ne lines, which are present in all the three spectra,
are evident.

The search of rare earths spectral lines has been done starting from
known energy level of the given specie. This has been done mainly for
two reasons:

1. a "blind" search of all the peaks in the spectrum would have been
very difficult due to the complex overall structure of the spectrum;

2. with the experimental setup used in this work, distinguish between
neutral and ion lines without having information about energy level
is not possible.

Furthermore, only spectral lines belonging to the neutral or the first ion
of the element have been searched. This choice has been made due to the
established knowledge of HC lamps used for astronomical calibration,
and the only presence neutral and singly ionized lines has been confirmed
by preliminary inspection of the spectra.

The list of energy levels for each specie has been taken from NIST
database. The choice of NIST database is mainly because a) it contains
a significant number of energy level data for neutral and singly ionized
elements also for heavy elements; b) lists of energy levels (and spectral
lines) are compiled taking data from several works across years and, most
importantly, they are critically evaluated.

Calculation of theoretical spectral lines has been performed writing a
program in IDL which, taking as input the list of energy levels for a given
specie, gives as output a list of theoretical wavelengths, usually called
Ritz wavelengths, with energy level data for the two levels involved in the
transition. For a set of n energy levels E,, with u = 1,...n, the program
calculates all the Ritz wavelengths for the n(n — 1) /2 transitions using the

simple formula
Auloac = 10%/ (Eu — Ey) (22)

where energy levels are expressed in cm ™! and the Ritz wavelengths are
in angstroms. Once that all the transition have been calculated, the pro-
gram excluded all the transition for which the electric dipole selection rules
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Figure 2.10: Three 10 A portions of the spectra of Nd (black), Dy (red)
and Eu (blue) lamps superimposed. Common Ne lines are clearly visible
in the spectra.
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were not fulfilled. Such selection rules are

A] =0,%1 (2.3)
parity change (2.4)

Ritz wavelengths calculated in this way are in vacuum, therefore such
wavelengths were converted to air wavelengths using the vacuum-to-air
conversion formula derived by Ciddor [43], as coded in the vactoair IDL
procedure.

Spectral line selection

Starting from the theoretical line list derived as described above, an "ex-
plorative" fit in the spectrum has been performed in the neighborhood
of each line. The fitted region of the observed spectrum covers the in-
terval [Ay; , — 2AM1 /2 caoss Autr + 28M1 /2 ca0s], Where the width Ay 5 (405 1S
derived from the nominal CAOS resolution as

A1 2 ca0s = Auty/ R with R = 60000. (2.5)

The region has been fitted using the gaussian profile function written in
Equation modified with the addition of a background term A3

fo(A) = Age™0S((A=A/A2f 4 45, (2.6)

For each line the observed wavelength is the value of the centroid Aj,
while the intensity is the analytical integral of the gaussian function,
given by

[ = AgA,V2m. (2.7)

The uncertainty on the observed quantity is dominated by the rms of the
residuals of wavelength solution, while the uncertainty on the intensity is
derived through the standard error propagation formula [44], obtaining

o] = \/27‘[ (A%aio + A%O’iz) (2.8)

All the fitted profiles are then stored for the selection of good profiles.
The criteria chosen for the identification of a spectral feature as a "good"
spectral line are the following;:
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¢ the subtraction of the fitted profile let the standard deviation of the
titted region decrease of a factor > 3;

* the peak value is greater than the standard deviation of the back-
ground value of a factor 3;

e fitted features have widths consistent with the (instrumental) width
of a spectral line (to reject spikes due to bad pixels or residual cos-
mic rays);

e the centroid A; discards more than the HWHM of the nominal
CAOS resolution at the A; wavelength.

¢ the baseline Aj of the line does not exceed a maximum value to
reject lines located near saturated Ne lines;

* the intensity does not exceed a maximum value determined by the
saturation threshold of the detector.

Since the number of theoretically derived Ritz wavelengths is high (>
10000), preliminary analysis of data showed that a theoretical line may
have coincided with a well known Ne line. This of course would include
wrongly identified features in our line lists. In order to exclude such
lines, the process of line search and selection described above has been
performed in five (randomly extracted) other lamps of other elements. If
the feature appeared in at least two other lamps, it has been cautiously
assumed that it is not due to the given rare earth and it has been excluded
from the list.

2.4.2 Estimating transition probabilities

Equation gives the expression of the emission coefficient for a spec-
tral line as a function of the transition probability and population of the
upper level involved in the transition. As we explained in Section
since absolute calibration is not a simple task for high resolution instru-
ments, for most astronomical spectrographs the radiative flux is not mea-
sured in absolute units. On the other hand, relative flux is much more
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simple to derive following for example the procedure described in the
data reduction subsection.

Therefore, a "direct" derivation of the transition probability of a tran-
sition using Equation is not possible in our case. However, if we
know the value of A,; for some of the measured lines, we will see in the
following that at least an estimate of the transition probability of a line is
possible even using line relative intensity.

The cascade method

Assuming that our measured intensity is simply proportional to ¢,; ac-
cording to

Eul = 47Iul (2.9)
solving Equation for the transition probability A,; we obtain
4
A= T (2.10)

if we measure the intensity I, for a transition u — I’ for which we know
the transition probability A,;;, we can derive the ratio between ¢ and n,,

obtaining
Aul’ 47 (P

Al hon Oy (2.11)
Given an upper level u, Equation is valid for any transition to any
lower level I’. Therefore, for infinitely precise measurements, the quantity
on the left-hand side of Equation2.1T|should be equal to the same number
(4rt¢/heny) for all the transitions from the level u, ie. J,y = 6. Of
course this is not true for any real experiment, therefore the values of ¢,
will be different, with standard deviation that should be of the order of
magnitude of the uncertainty propagated to J,. In this case, given N one
may take the weighted average value as the "real" value of J,, given by

YN wiAyi Ayilyi
Zf’i1 Wi

for all the N observed transition to the lower levels i, where the weights
w; are the inverse squared uncertainties on A,;. Once that u is estimated

<(Su >=

(2.12)



CHAPTER 2. MEASUREMENTS WITH CAOS 70

for the given upper level u, the transition probability of the new line A,
can be derived by the expression

Ay = Ayl <6y > (2.13)

We will refer to this method to estimate the transition probabilities as the
cascade method. Note that, in order to estimate a transition probability A,
using this method, the intensity I, for at least another transition u — I’
starting from u with known A, has to be measured. This strongly limits
the number of observed lines to which this method can be applied.

The Boltzmann plot method

Assuming that local thermodynamic equilibrium is valid for our plasma,
ratios between level populations is governed by Equation In partic-
ular, the ratio between the level population 7, and the total density N is
given by

" 8u _kElf

L e Fsle 2.14

N  U(T,) @14
where the quantity U(T,) is the partition function of the given element
in the given ionization state. Substituting Equation in the expression
for the emission coefficient for a given transition u — [, we obtain the
relation

Ayl heN By
= e, 2.15
quAy  AmpU(T)° @15)

which, taking the natural logarithms of both members, becomes

A ZI l) E, ( hcN )
lo ) =——Flog | ———— |- 2.16
& (guAul keT. 0 \4mgU(T,) (216
Equation is the equation of a straight line y = ax + b, with variables
x = E, and y = log (%) and coefficients 2 = —1/kgT, and b =

log <4m};c%> If the transitions u — [ obey to LTE, (x,y) points for such
transitions should lie on this straight line. This kind of representation in
plasma diagnostics literature is called Boltzmann plot, and since the slope
of the line is —1/kpT,, determination of the slope would allow us the

estimation of the electron temperature of the plasma.
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Following the same principle used for the cascade method, if we know
transition probabilities A, for a set of spectral lines, we can make the
Boltzmann plot and fit the a and b coefficients from such lines. Once
that we know a and b, if we have a given transition for which we want
to derive A,; we can do it solving Equation with respect to Ay,
obtaining

Ay = Autlit o~ (aku 1) (2.17)
Su
We will refer to this method to determine the transition probabilities as
the Boltzmann plot method.

The two methods for the estimate of line strength described above rely
on a set of lines, which we will call hereafter reference lines, with already
measured transition probability. Such set of lines have been composed
verifying the presence of single lines by visual inspection of the spectra,
in order to check that they were unblendend and with high signal-to-
noise ratio. The reference lines have been taken from NIST-ASD when
available, while values from single studies have been taken when such
lines were not available in NIST-ASD. Table 2.4 lists all the references for
these lines: for some of the species, indicated with "-" in the table, no
estimation of log ¢ f has been possible due to the lack of reliable reference
lines.

2.5 Results

All the Boltzmann plots and the complete tables for all the elements are
reported in the Appendix and rather than here for the ease of
reading. Given a specie, that is an element in the neutral or singly-ionized
stage, the result of the line identification and selection process is a ta-
ble containing observed wavelength, relative intensity, Ritz wavelength,
NIST energy level classification and estimated log g f when available. The
columns of the tables contain the following quantities:

* ARit; - Ritz wavelength of the observed transition in angstroms, as
calculated by the program explained in Section
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Table 2.4: Transition probability references for available species (element

+ ion state).

El. Ion Reference | El. Ion Reference
I ; I [45]
Cs I i Ho I _
5, | NISTASD| . I NIST-ASD
4 I NIST-ASD 1 [46]
_ ; T I  NIST-ASD
" m NIST-ASD | ™ I NIST-ASD
I NIST-ASD I -
Nd 1 Nistasp | Y2 @ -
I [47] I NIST-ASD
Smo [48] Lu -
e, I NISTASD| . T NIST-ASD
Y I NIST-ASD I [49]
I NIST-ASD I -
Gd I i Re I i
I ; I -
o ; Os -
Dy I NIST-ASD

II

NIST-ASD
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Eyp - energy of the upper level in eV, with superscript ? for levels
with odd parity;

Jup - ] of the upper level;

Ejyp - energy of the lower level in eV, with superscript ° for levels
with odd parity;

Jiow - ] of the lower level;

Ao - measured wavelength in angstroms, eventually given with the
flags: (b) - possible blend between multiple transitions; (c) - coin-
cidence with a transition of the corresponding ionised (or neutral)
state; (n) - reference line for the estimate of log gf;

I - relative intensity of the line, calculated using Equation
log ¢f estimated with Cascade method;
log ¢f estimated with Boltzmann method;

log gf for reference lines.

For species for which no log gf estimate has been possible, a table made
only of columns 1-8 has been compiled.

In the following we report an example of the results obtained for one
of the lamps, the Nd lamp.
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The case of Nd

An example of the line list of Nd I is shown in Table which is a
sample made of the first 20 rows of the table, while distribution of spectral
lines in wavelength and intensities for Nd I are reported in Figures
and As it is evident in the histogram of wavelengths, number of
lines decreases with increasing wavelength, even if the lower efficiency of
CAOS at longer wavelengths plays a role. Intensity distribution of our
lines (Figure shows that the majority of lines are weak lines: the
region showed in the plot, which is the intensity range 0-1000, which is
much smaller than the max value of a non saturated line (=~ 10°) includes
about the 96 % of the lines. This tells us that we managed to detect the
weakest lines, optimizing the amount of light entering the spectrograph
and employing a long exposure time for our spectra.

Table 2.5: Measured wavelengths (A,) and intensities of Nd I spectral
lines. Energy level classification is reported as follow: A, - Ritz wave-
length of the transition; E,, - energy of the upper level in eV; J,,;, - J of the
upper level; Ej,,, - energy of the lower level in €V; Jj,,, - ] of the lower level.
Last three columns report log gf values of spectral lines: 1) estimated
with cascade method (Casc.); 2) estimated with Boltzmann plot method
(Boltz.); 3) NIST value for reference lines. A superscript to wavelengths
indicates a blend (b), a coincidence with a transition of the corresponding
ionised state (c) or the adopted literature log g¢f (n). In the Appendix|A.2
the full table is reported.

)\Roitz Eup Jup Elow Jiow /\00 I log ¢f
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3982.272 3.2523° 4.0 0.1399 5.0 3982.277¢ 43.6 -14
3992.969 3.9427 7.0 0.8386° 6.0 3992.983 324 -0.6
4037.632 39084 7.0 0.8386° 6.0 4037.643 34.7 -0.6
4053.508 3.1976° 4.0 0.1399 5.0 4053.513¢ 36.5 -1.5
4066.841 3.0477° 5.0 0.0000 4.0 4066.854 32.2 -1.8
4083.896 3.0350° 4.0 0.0000 4.0 4083.904 146.1 -1.1
4092.646 3.1684° 5.0 0.1399 5.0 4092.650°¢ 30.8 -1.6
4103.002 3.8595 5.0 0.8386° 6.0 4103.010 17.8 -1.0
4122.980 3.0062° 4.0 0.0000 4.0 4122.979¢ 38.0 -1.7

4126546  3.1435° 6.0 01399 5.0 4126.551 23.4 -1.8
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Continued from previous page

)\Roitz Eup Jup Ejow Jiow /\oo I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
4142.016  3.2858° 5.0 0.2934 6.0 4141.995 10.9 -1.9
4160.628  3.2724° 70 02934 6.0 4160.618 13.6 -1.8
4176.092 3.4245° 7.0 0.4565 7.0 4176.094¢ 13.6 -1.6
4205.263  3.4039° 6.0 04565 7.0 4205.263  21.1 -1.4
4205.272  3.5733° 80 0.6259 8.0 4205.263  19.1 -1.3
4210979  3.0833° 50 01399 5.0 4210.986°  106.1 -1.1
4252.949 4.3229 3.0 1.4085° 4.0 4252.967 20.2 -0.3
4256.462  29120° 3.0 0.0000 4.0 4256.467¢  452.3 -0.7
4258.095  3.0507° 4.0 01399 5.0 4258.100 79.0 -1.3
4265.659  3.7443 5.0 0.8386° 6.0 4265.675" 38.9 -0.7

Figure shows the quantity (A, — Ar)/A, as a function of the wave-
length of the line A, for Nd I lines. For an echelle spectrograph, A, — A,
should increase with wavelength according to R = A/AA, with R being
the spectral resolution of the instrument. Therefore the scaled difference
(Ar — Ao) /A, should be roughly constant with wavelength, as it is evident
from Figure This confirms the fact that the wavelength calibration of
the instruments been performed properly, with no residual instrumental
trends as a function of the wavelength.

Finally, top panels of Figures and show the Boltzmann plot
for Nd I and Nd II lines. For each lamp the electron temperature has been
estimated using the specie (I or II) with the largest number of lines, so
that the linear fit of Boltzmann plot gave a more reliable result. Then the
Boltzmann plot of the other specie has been fitted constraining the slope
to the already determined temperature. In this case, temperature has been
determined using Nd II lines and then used to constrain the fit of Nd I
lines. However, for most elements, determinations of the temperature
from I and II lines yielded similar values.

Bottom panels of Figures and report the difference between
the values of log gf for reference lines and these values recalculated with
the Boltzmann plot method, giving an idea of how good the Boltzmann
plot method is for the determination of the transition probabilities (and
log gf). Differences plotted in Figures and present zero average
and standard deviation of ~ 0.1 in log gf. These discrepancies between
reference and calculated values depends on the analyzed lamp but the
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Figure 2.11: Observed wavelength histogram (a) and intensity histogram
(b) for Nd I transition observed with CAOS in the visible.
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Figure 2.12: (A, — A;)/ A, as a function of A, for Nd I visible transitions.
No systematic trends with wavelength are visible.

order of magnitude, except for some specific cases, is the same for all the
lamps.

The overall results

Table 2.6 resumes the results in term of number of lines and transitions
measured for each elements. Nj;,, is the total (I + II) number of observed
lines for a given element. For each ionization stage N,z is the number
of transitions, calculated starting from N5 energy levels, which can be
attributed to an observed line. Note that the sum of N,,,4,; I and N,;;p4.; I
is always greater than Nj;,,; due to multiple transitions able to reproduce
an observed line (lines with ¢ and © flags in the tables).

The number of observed lines is in general large for almost all the el-
ements and is significantly large for the rare earths: Nj;;,,s > 1000 for Nd,
Sm, Tb and Er. Even if an estimate of the log ¢f has not been possible for
all of these lines, this results confirm the power of a large scale approach
using an astronomical echelle spectrograph, which is able to acquire the
whole 3700 — 10000 A in a short time interval.
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Figure 2.13: Boltzmann plot (top) and difference between "correct" and
estimated values of log ¢f using Boltzmann method (bottom) for Nd I. In
the Boltzmann plot Yp = In (AI/gA).
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Table 2.6: Overview of the results obtained in the visible: Ny, is the
number of lines observed in each lamp, attributed either to a neutral or
ionic transition. Ny,e4.; is the number of lines corresponding to a pre-
dicted transition. Finally, Nj.s is the number of energy levels used for
the calculation of theoretical transitions.

El.  Njiues Ion. Nyoder Nievels EL Nipes Ion.  Nyodger  Nievels
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Ba 162 III 11534 %33 Er 1668 III 1375191 228
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Chapter 3

Measurement of rare earth

transitions in the infrared with
GIANO-B

In the introductory chapter we showed that very limited knowledge of
spectral lines of heavy elements there exists, in particular in the infrared
range. From the theoretical point of view, this is due to the complex
"many-electron” structure of such elements which makes the calculus
very computational power consuming. Regarding experiments, the lack
of precise measurements is probably due to difficulty to combine large
high resolution spectroscopic instruments to intense and stable plasma
sources to be used in spectroscopy.

In this chapter the results of spectroscopy of five rare earths hollow
cathode lamps using an high resolution astronomical infrared spectro-
graph are reported. High resolution lamp spectra have been acquired
during a two months period spent in 2022 at Telescopio Nazionale Galileo,
in La Palma, Canary Island, Spain.

For this "pilot" work, five rare earths (La, Pr, Nd, Eu and Dy) have
been investigated in the infrared. The choice of these elements has been
motivated by the observation of the pulsation of spectral lines of such el-
ements in the atmospheres of roAp stars, as it is pointed out in the work
of Ryabchikova et al. [50]. Since, as it is shown in the introductory chap-
ter, the infrared spectra of such stars contain a lot of unidentified spectral
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features, spectroscopy of such lamps has the potential of identifying some
of these lines as rare earths spectral lines. As we will see in the follow-
ing, compilation of spectral line lists containing wavelengths, (qualitative)
intensity and energy level identification has been done.

Since the work reported in this chapter is almost analogous to that
performed in the visible with CAOS, this chapter will contain several
references to the previous Chapter 2| Of course differences between two
cases will be highlighted and some of the descriptions and formulas will
be repeated for ease of reading.

The chapter is structured as follows: Section 3.1| contains the explana-
tion of the experimental set-up and the procedure of spectra acquisition;
Section 3.2 describes the process of data reduction; Section [3.3| describes
the process of data analysis, consisting of the line selection and fitting
process; Section |3.4| reports the results of the measurements and contains
an example of the obtained line lists.

3.1 The experimental set-up

3.1.1 The GIANO-B high resolution echelle spectrograph

GIANO-B is a high resolution near infrared echelle spectrograph mounted
at the Naysmith B focus of Telescopio Nazionale Galileo (TNG) of Istituto
Nazionale di Astrofisica (INAF), at the Roque de los Muchachos observa-
tory in La Palma (Canary Islands, Spain) [9]. The main science goals of
GIANO-B are: a) the search and characterization of exoplanets around
very low mass stars; b) the study and characterization of cool stars and
giant stars.

GIANO-B is a cross dispersed echelle spectrograph which operates in
vacuum. Details of the optical layout and the functioning of the instru-
ment can be found in the papers of the instruments [51, 9]. Table
resumes the main features of GIANO-B. The spectral range of GIANO-
B is 940 = 2450 nm and the coverage is full without gaps up to ~ 1800
nm, 80 % in the 1800 + 2450 nm interval. For stellar observations, the ac-
tual interval is limited by the atmospheric absorption to the Y (960-1080),
J (1110-1330), H (1470-1790) and K (1990-2400) bands. The maximum
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Spectral resolution max =~ 50000
Spectral range [nm] 940 = 2450
Cross dispersers Prism
Detector HAWAII-2 2048x2048
Pixel size / scale 18 ym, 0.25" on sky
Resolution element 2 pix for 0.5" slit

Table 3.1: Main features of GIANO-B (adapted from TNG website [52]).

achievable resolution is ~ 50000 depending on the position of the line on
the echellogram.

3.1.2 Acquisition of hollow cathode lamp spectra

The GIANO-B spectrograph, together with his pre-slit setup, has been
designed and constructed at INAF - Osservatorio di Arcetri and then in-
stalled at TNG. The optical setup, necessary to feed the instrument with
HC lamp light, has been made at Fundacion Galileo Galilei - INAF (INAF-
FGQG) optics lab and then coupled to the existing pre-slit at the Naysmith
B focus of TNG. Light emitted by HC lamps has been injected in the
spectrograph pre-slit setup using a 400 um core low OH fiber. Figure
(adapted from [53]) is a scheme of the GIANO-B pre-slit area, while Fig-
ure is a picture of the final opto-mechanical acquisition setup at the
Naysmith B focus of TNG. The HC lamp is held by a micrometric moving
stage which allowed two translation movements (in the plane perpendic-
ular to the optical axis) and two tilting movements. An "image" of the
emitting region of the HC Lamp has been focused on the fiber core with
the aim of maximizing the light entering in the fiber. Such maximization
process has been made substituting the fiber going into spectrograph with
a fiber connected to a "real time" photometer in order to maximize the in-
put in the fiber. Once found the optimal configuration, the GIANO-B
fiber has been connected to the holder. Since the replacement of the lamp
did not allow the positioning of the lamp exactly in the same place, fine
adjustments for the alignment of the optical train have been repeated for
each lamp.
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Figure 3.1: Preslit area of GIANO-B. Light from HC lamps is injected in
the main optical path rotating the GM2 towards the fiber connected to

the acquisition setup. The absorption cell is not present in the current
GIANO-B preslit (Figure adapted from [53]).
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to'GIANO-B
preslit

e———

Figure 3.2: Picture of the acquisition setup at the Naysmith B focus of
TNG. The light coming from the lamp (on the left) is focused on the fiber
using an eyepiece. From left to right: 1) precision power supply; 2) hollow
cathode lamp with its holder; 3) optical eyepiece; 4) low OH fiber (with its
holder) going directly to GIANO-B preslit; 5) power meter to fine-adjust
the optical alignments.
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Table 3.2: Elements, atomic number Z and Supplier (GS = Green Scien-
tific, HR = Heraeus) for each lamp.

Element Z Supplier
La 57 GS
Pr 59 HR
Nd 60 GS
Eu 63 GS
Dy 66 GS

The lamps investigated in this study are four of those investigated in
the visible with CAOS and previously listed in Table 2.T] of Section
(Pr, Nd, Eu and Dy) with the addition of another lamp: La. Such lamps
are listed again here in Table together with Z number and supplier.
All the lamps have Neon (Ne) as filling gas.

First lamp spectra have been acquired using a "test" setup consisting
of two lens focusing the light on the fiber which sends light to the preslit.
Preliminary analysis of such spectra revealed the presence of very few
lines of the rare earth element, instead of the very numerous and intense
lines of Ne. Preliminary search of element lines detected ~ 100 lines
for the Nd spectrum and << 100 lines for the other spectra. Therefore,
efforts in order to increase the signal in the spectra and reduced their
noise have been made. Since the exposure time was already the maximum
achievable with GIANO-B (600 s), optimization work focused on these
three aspects:

* optimization of the optical set-up;
¢ improvement of the extraction procedure;
e variation of the lamps operating current.

The principal effect of varying lamp currents was the (roughly) linear
increase of the flux emitted by the lamp. Therefore, since all standard
operating currents were < 10 mA (except for Pr which has 15 mA), sup-
plying lamps with a 20 mA current would have guaranteed us a gain in
the observed flux of a factor > 2 for all the lamps except Pr. The effect of
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improving the extraction procedure is to increase the signal-to-noise ra-
tio of the spectra; the details of such improvement are shown in the next
section. Finally, the optimization of the optical setup has been done sub-
stituting the two lens set-up with an eyepiece with a 28 mm focal length,
as it is shown in Figure This change allowed to better focus the light
on the fiber and obtain a factor ~ 3 improvement in the observed flux.

The final scientific spectra have been acquired with the following con-
figuration: 3x600s exposure time, lamp + eyepiece set-up, 20 mA supply
current. In addition to science frames, also dark frames with the same ex-
posure time of science frame and an UNe lamp frame for the wavelength
calibration have been acquired.

3.2 Data reduction

Data reduction has been carried out using the GIANO-B Data Reduction
Software (DRS). The GIANO-B DRS is the official data reduction suite of
GIANO-B, is completely web-based and, for stellar scientific observation,
allows the observer to obtain extracted and wavelength calibrated spectra
in real time. Details of the structure of the DRS and its usage can be found
in [54]. In order to reduce our lamp spectra, the following reduction steps
have been performed:

e dark frame subtraction;
e trace 2D geometry correction;
® spectra extraction;

¢ wavelength calibration.

The average of N dark frames is subtracted from each scientific frame in
order to correct them from background. Since the traces of the orders fol-
low a 2D trajectory in the detector, a "straightening" process is performed
in order to obtain 1D traces from which the signal can be extracted. The
details of the geometrical correction process can be found in [55].

The extraction of the spectra is usually performed defining a window,
centered in the center of the aperture, in the 1D corrected trace and tak-
ing the sum of the pixel for each point along the trace. In our spectra this
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Figure 3.3: Comparison between the "sum extraction" (black) and the "me-
dian extraction" (red), multiplied by a proper factor, for a 3 nm spectral
region at 1200 nm.

resulted in the presence of a lot of spurious features due to a) bad pixels
in the detector, b) patterns of noise fluctuations. The impact of such fea-
tures in the spectrum has been strongly reduced extracting spectra taking
the median of the pixels in the window instead of the sum. Figure
shows the comparison of the spectra extracted in the two different ways
explained above in a 3 nm portion. It is evident how the extraction using
median improves the overall quality of the spectrum, almost cancelling
the spikes and the features due to imperfections of the detector.

Wavelength calibration is made through a Uranium-Neon lamp spec-
trum. Starting from a set of known lines with known position in the
spectrum, the DRS calculates a pixel-to-wavelength solution for the here
acquired UNe frame and it is then adapted to all scientific spectra. Table
lists all the orders with central wavelength A, and rms of the fit of the
wavelength solution for the center of the order in nm. Following the same
method adopted for measurements in the visible with CAOS, we decided
to take these values as the error on our measured wavelengths.
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Table 3.3: Order number 1,, central wavelength A and rms of the solution

for all GIANO-B orders.

no A¢[nm] rms[nm] | n, A;[nm] rms [nm]
32 2396 0.0027 | 57 1344 0.0013
33 2324 0.0009 | 58 1321 0.0017
34 2255 0.0001 | 59 1298 0.0021
35 2191 0.0022 | 60 1277 0.0014
36 2130 0.0015 | 61 1256 0.0016
37 2072 0.0011 | 62 1236 0.0011
38 2018 0.0025 | 63 1216 0.0010
39 1966 0.0020 | 64 1197 0.0009
40 1917 0.0015 | 65 1178 0.0014
41 1870 0.0016 | 66 1160 0.0007
42 1825 0.0014 | 67 1143 0.0007
43 1783 0.0029 | 68 1126 0.0007
44 1742 0.0014 | 69 1110 0.0008
45 1703 0.0015 | 70 1094 0.0013
46 1666 0.0014 | 71 1078 0.0010
47 1631 0.0015 | 72 1063 0.0009
48 1597 0.0012 | 73 1049 0.0011
49 1564 0.0011 | 74 1035 0.0009
50 1533 0.0018 | 75 1021 0.0007
51 1503 0.0019 | 76 1007 0.0010
52 1474 0.0013 | 77 994 0.0009
53 1446 0.0012 | 78 981 0.0007
54 1419 0.0015 | 79 969 0.0009
55 1393 0.0010 | 80 957 0.0006
56 1368 0.0019 | 81 945 0.0005
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3.3 Identification of rare earths spectral lines

Figure shows three 5 nm portions of the acquired spectra of three
lamps (Nd in black, Eu in red and La in blue). The common Ne lines are
clearly visible in all the three spectra, while rare earth lines are easy to
distinguish because they are present only in one of the three spectra.

As it has been done for the analysis of CAOS spectra in the visible, the
search of rare earths spectral lines has been done starting from the energy
levels list taken from the NIST ASD database. For each of the potential
transitions satisfying the electric dipole selection rules, calculated using
the program described in Chapter 2, a gaussian peak has been searched in
the spectrum. In order to unambiguously identify a spectral lines, some
aspects, like possible wrong identifications and signal-to-noise ratio of
the peaks, must be taken into account.

Identification of common Ne lines

In the case of coincidence of a theoretical rare earth transition with a
line emitted by filling gas atoms (in this case Ne), such gas line may
be wrongly attributed to our rare earth element. In order to avoid such
wrong identifications, a list of "common lines" between all the lamps has
been made. This has been possible due to the fact that all the lamps have
the same gas as filling gas.

The selection of common Ne lines has been made starting from the
NIST ASD Ne I-1I spectral line list for the wavelength range of GIANO-B.
Taking as starting point such set of lines, the selection of further common
Ne lines has been made extending the NIST list visually inspecting the
superposition of all the five spectra and manually selecting the common
features. A final "forbidden wavelengths" list of about 900 lines (including
NIST Ne lines) has been compiled as the result of this procedure.

Estimation of the noise

In order to well define a spectral feature a comparison between the "mag-
nitude" of the feature and the noise level of the spectrum must be done.
We define the noise of the spectrum as the standard deviation of a region
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Figure 3.4: Three portions of the Nd, Eu and La spectra in the 1200, 1500
and 2000 nm regions. Common Ne lines are visible in all the spectra.
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of the spectrum with no spectral lines. In order to avoid "by-eye" criteria
for the selection of the background region, an automatic method has been
used to estimate the noise value. For each order standard deviation has
been calculated in a 400 pixel window moving along the order with 100
pixel steps. The minimum value of these standard deviations has been
taken as the starting point for the estimation of the noise that order. Since
the presence of many intense lines in a given order can make such esti-
mate difficult for that order, standard deviation as a function of the order
number has been plotted and an outlier-resistant polynomial fit has been
performed to derive the noise across the entire detector, as it is shown in
Figure These 50 fitted values will be our noise levels for each order.

Line fit and selection

Given a theoretical Ritz wavelength A,, a short interval [A, — dA, A, + dA|
is cropped to perform an "explorative" gaussian fit. The half length of
the region dA is chosen in such a way that, given theoretical gaussian
profile of R;, = A+/AA = 20000, dA is 1.5 times the Full Width at Tenth of
Maximum (FTWM) of this gaussian. Such a wide region to fit is chosen in
order to have a reasonable number of points to fit.

Therefore, a gaussian fit is performed using the function

_ (A=4p)?

f(A)=Age 2 +A; 3.1)

where Ay is the peak intensity of the line, A; is the line center, A is the
sigma and Aj is the background value. The value of A; is taken as our
measured wavelength (or observed wavelength) for the given transition, while
Aj is considered as the (qualitative) intensity of the line.

Once determined the parameters of the fit, a line is considered a valid
spectral line if satisfies the following criteria

1. [Ay — Ay| < HWHM, where HWHM = FWHM/2;

2. the measured resolution Ry,eqs of the spectral line is Ry, < Ryjeas <

3. the peak intensity is at least three times the noise level as defined
above;
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to "exclude" orders with a lot of lines, where estimation of the noise is
difficult.
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4. A, — A;| < HWHM for each A. belonging to the "common line list"
described above.

The criterium number 2 is particularly important in order to exclude any
possible residual defect of the detector from the line list, while condition
4 is necessary to exclude the cases of possible wrong identifications of
spectral lines.

Each observed line which satisfies all the conditions 1-4 is then identi-
tied as a good, unambiguous rare earth line and stored in the correspond-
ing line list.

3.4 Results

Using the same standard used for CAOS data, the line lists resulting from
the search of I and II transitions in our spectra are stored in tables similar
to those compiled for the visible lines. The complete tables for all the five
elements are reported in the Appendix The content of the columns
of the tables is explained in the following:

* ARit; - Ritz wavelength in vacuum of the observed transition in nm,
as calculated by the program explained in Section

* E,p - energy of the upper level in eV, with superscript ° for levels
with odd parity;

* Jup - ] of the upper level;

* Ejoy - energy of the lower level in eV, with superscript ¢ for levels
with odd parity;

® Ji,w - ] of the lower level;

* A, - measured wavelength in vacuum in nm, eventually given with
the flags: (b) - possible blend between multiple transitions; (c) - co-
incidence with a transition of the corresponding ionised (or neutral)
state;

* 7,, - uncertainty on measured wavelength in nm (wavelength-dependent);
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* | - peak intensity, given by coefficient Ay of the fitted line profile

(Equation B.1);

Following the same principle adopted for line lists in the visible, here
we report again the case of Nd spectrum as an example of the obtained
results.

The case of (infrared) Nd

A 20-row sample of the Nd I table is reported in Table while his-
tograms of wavelength and peak intensity for Nd I transition are shown
in Figures and Similarly to the Nd I visible spectrum, the num-
ber of transitions decreases with increasing wavelength, with a larger
concentration of lines in the Y band region (900-1000 nm). The intensity
histogram shows that, even in the infrared case, most of the transitions
generate weak lines, with an inverse proportionality which is qualitatively
visible.

Table 3.4: Measured wavelengths (A,), uncertainty on measured wave-
lengths (0,,) and peak intensities of Nd I infrared spectral lines. Energy
level classification is reported as follow: Agj, - Ritz wavelength of the
transition; E,, - energy of the upper level in eV; ], - ] of the upper level;
Ejow - energy of the lower level in eV; Jj,, - ] of the lower level. In the
Appendix the full table is reported.

ARitz Eup ]up Elow ]low /\0 TA, Peak intensity

[nm] [eV] [eV] [nm] [nm] [a.u.]
940.6266  2.8816 6.0  1.5636° 7.0 940.6311°  0.0005 45.0
940.6354  2.4482° 7.0 11301 6.0 940.6310°  0.0005 454
940.6402  3.6339 5.0 2.3159° 6.0 940.6310°  0.0005 454
941.0539  1.7739° 6.0 04565 7.0 941.0606°  0.0005 1103.8
941.5312  3.2427° 7.0 19259 8.0 941.5339 0.0005 304
942.4399 28791 6.0 1.5636° 7.0 942.4460°  0.0005 81.1
943.8157  3.0035 4.0 1.6899° 3.0 943.8238"  0.0005 49.9
943.8160  3.0472 5.0 1.7336° 4.0 943.8238"  0.0005 49.9
944.7517  2.6355 4.0  1.3232° 4.0 944.7596 0.0005 29.3
9454571  3.2678 5.0  1.9565° 6.0 945.4668°  0.0005 229

946.5743  2.7874° 7.0 14776 7.0 946.5669°  0.0005 26.4
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Continued from previous page

ARitz Eup Jup Ejow Jiow Ao ), Peak intensity

[nm] [eV] [eV] [nm] [nm] [a.u.]
946.9128 1.6027° 7.0 0.2934 6.0 946.9222%  0.0005 796.0
946.9176 2.9453° 6.0 1.6360 6.0 946.9222¢ 0.0005 795.0
947.0226 3.1028 7.0 1.7936° 8.0 947.0276"  0.0005 107.1
947.0248 3.5621 5.0 2.2530° 6.0 947.0276"  0.0005 107.1
947.2662 3.0002 5.0 1.6913° 5.0 947.2733 0.0005 92.2
9479007  2.9439° 7.0 1.6360 6.0 947.9095°  0.0005 22.6
948.1738 39123 5.0 2.6047° 4.0 948.1772°  0.0005 21.2
948.4591 2.9603° 7.0 1.6531 8.0 948.4696°  0.0005 74.0
948.7220 2.8404 3.0 1.5336° 3.0 948.7272¢  0.0005 1824

The (A, — A+)/ A, plot for lines observed with GIANO-B is reported
in Figure The difference between Ritz wavelengths and observed
wavelengths as function of the wavelength shows no dependence on the
wavelength. GIANO-B is an echelle spectrograph such as CAOS, so the
behaviour of the instrument in measuring wavelengths is that expected
and the wavelength calibration is good.

The overall results

An overview of the spectral lines measured with GIANO-B is given in
Table The format is the same used to report CAOS visible results:
Niines is the total (I + II) number of observed lines for a given element; for
each ionization stage N,,y4¢ lines is the number of transitions, calculated
starting from Nj,,.;s energy levels, which can be attributed to an observed
line. Also in the infrared spectra, for several observed lines different
possible transition reproducing that line have been identified. For this
reason the sum N,,p40 I and Ny,40; 11 is always greater than Ny, due to
multiple transitions able to reproduce an observed line (lines with * and
¢ flags in the tables). For each element a number of lines > 100 has been
observed. This represents a great result considering the almost total lack
of measurements of atomic spectral lines in the infrared range for rare
earths, in particular using a "large scale" approach such as that used in
this work.



CHAPTER 3. MEASUREMENTS WITH GIANO-B 97

Nd | transitions
J—IIIIIIII|III|III|III|III]II—L

B )] (o]
o o o

Number of transitions

N
o

IIIlllIIIlIlIIlIl

1000 1200 1400 1600 1800 2000 2200 2400
Wavelength [nm]

(a)

Nd | transitions
T | | I | I | I | I | | | I | | |

150 f- —

100 - —

Number of transitions

w
o

0 200 400 600 800 1000
Peak intensity [arbitrary units]

(b)

Figure 3.6: Observed wavelength histogram (a) and peak intensity his-
togram (b) for Nd I transitions observed with GIANO-B in the near in-
frared.
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Figure 3.7: (A, — Ay)/A, as a function of A, for Nd I NIR transitions.
Similarly to CAOS Nd spectrum, no systematic trends with wavelength
are visible.

Table 3.5: Overview of the results obtained in the near-infrared: Nj;,,,s is
the number of lines observed in each lamp, attributed either to a neutral
or ionic transition. Nj,e4. is the number of lines corresponding to a pre-
dicted transition. Finally, Nj.s is the number of energy levels used for
the calculation of theoretical transitions.

EL Nlines Ton. Nmodel Nlevels
I 152 301

La 139 3 113
Pr 314 III 34524 ;LSZ
NG 60 T2
B 135 0 gy
by 6 L1 82 707

II 174 563




Chapter

Conclusions

In the context of this thesis, measurements of spectral lines of rare earths
of astrophysical interest have been carried out. The aim of this work is to
enlarge the available atomic databases used in astrophysics and eventu-
ally replace theoretical values with experimental ones.

Experimental wavelengths and relative intensities are provided for 17
elements, mostly rare earths, in the neutral and singly ionized states in
the visible range (3700-10000 A), while measured wavelengths and (qual-
itative) intensities for five rare earths are given in the near infrared (9000
- 25000 A). For some elements, log ¢f of visible spectral lines have been
estimated.

An overview of the potential impact of the here provided measure-
ments is given in Tables .1 and For each element the total number
of observed lines (taking both lines attributed to I and II transitions) and
the number of "new" lines are reported. These new lines are not present
in any of the three main databases used as a reference in astronomical
spectroscopy: the NIST database, the VALD database and the Kurucz
database. For most elements, the number of new lines is of several hun-
dreds. As to the infrared, the quasi-totality of lines would be a new entry
in the databases.

Even if not all the parameters provided here are immediately ready
to be used as an input for a spectral synthesis code, these data may still
represent a relevant contribution to the current knowledge of atomic data
Even at a first glance, is evident that the line parameters provided in this
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Table 4.1: Comparison of the results in the visible with existing databases:
Niot is the total number of lines (I+1I) found in a lamp; Ny, is the number
of lines which are not present in the databases (NIST+VALD+KURUCZ).

EL Ntot Nnew EL Ntot Nnew
Cs 82 10 Ho 373 292
Ba 162 7 Er 1631 1277
Pr 833 648 Tm 950 396
Nd 1286 927 Yb 557 317
Sm 1526 813 Lu 45 14
Eu 474 213 Hf 816 131
Gd 698 267 Re 88 43
Tb 2041 1941 Os 339 134
Dy 726 356

Table 4.2: Comparison of the results in the near-infrared with exist-
ing databases: Ny is the total number of lines (I+II) found in a lamp;
Nyew is the number of lines which are not present in the databases
(NIST+VALD+KURUC?Z).

El. N tot N new
La 139 139
Pr 313 313
Nd 633 633
Eu 135 135
Dy 623 615
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work would add a significant number of records to these three databases,
increasing the number of atomic data available to the astronomical com-
munity.

Starting from these data, a systematic work of line identification in CP
stars may be carried out, possibly improving the interpretation of such
spectra and the quality of the parameters derived through spectral syn-
thesis. If we come back to the near infrared spectrum of v Equ with our
new spectral line lists we find that some of these lines are now identified
in the stellar spectrum. Figure4.1/shows two examples of potential identi-
tication of two Nd II lines, with the GIANO-B spectrum plotted with the
synthetic spectrum (calculated using y Equ literature abundances, as it
has been explained in the introduction) and a telluric reference spectrum.
Even if we would need a new synthetic spectrum calculation including
the new lines in order to establish that these two lines are actually Nd II
lines, Figure [4.1| suggests that (at least part of) our lines can be probably
found in stellar spectra, in particular in CP stars.

Furthermore, due to their large number of records, such lists can be
used as input for opacity calculation codes. In fact, as it has been showed
in the introductory chapter, opacity of kilonovae (and supernovae) is
dominated by line blanketing, and in this case the quantity of spectral
lines used as input data may be as important as the precision of the mea-
surements.

Spectral wavelengths and intensities with no measured transition prob-
ability are in any case of interest, because such data can be compared
with results obtained using atomic structure calculations, allowing atomic
physicists to rule out models or confirm others. In addition, starting from
relative intensities, derivation of log ¢f may be possible through more
complex modelling of the level population in our plasmas, as it has been
done in this work using the LTE hypothesis. This aspect, that is compar-
ison with atomic structure model, has not been tackled here because it is
not a straightforward task and this work concentrated on the measure-
ment process, which alone requires a lot of effort and specific expertise.
However, these data may represent a good starting point for the improve-
ment of atomic structure models for atoms with many electrons, such as
those treated in this work.

In principle here found spectral lines impact also on the characteriza-
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Figure 4.1: Nd II 1283.33 (a) and 1308.11 (b) spectral lines in GIANO-
B v Equ spectra, together with synthetic spectrum (in red) and telluric
reference spectrum (in blue).
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tion of laboratory plasmas. In particular, passive spectroscopy of Tokamak-
like devices can result in the identification of metal impurities also re-
sponsible of plasma cooling.

Future perspectives

Since in the last three decades technology has moved forward much faster
than laboratory astrophysics experiments did, a lot of branches in the
field of atomic parameters measurement are ready to be explored. Plasma
devices are increasingly available in many kind of physics laboratories
and this will probably result in an increasing number of atomic physics
experiments with astrophysical applications.

One of the next goal of this kind of research activity is the extension
of spectral lines measurements to the widest possible wavelength range.
Near infrared line lists provided in this work represent a first step towards
this goal, but most of the work still has to be done. Next generation
spectrographs such as METIS@ELT will provide high resolution spectra
of astrophysical sources in the mid infrared, therefore requiring extension
to spectral lines databases also to this spectral region.

Increasing the number of known spectral lines in the ultraviolet is of
particular interest for the next challenges in the interpretation of astro-
physical spectra. A quick look in the NIST-ASD bibliographic database
reveals that the knowledge of spectral lines of highly ionised atoms is
mostly theoretical. These lines are likely to be present in the spectra of
high energy plasmas, such as those of high energy astrophysical environ-
ments such as Active Galactic Nuclei and supernovae: the high resolution
spectrum of the RS Oph nova shown in the introduction is an example of
that. As another example, when it will be operative, ANDES@ELT will be
able to observe very high redshift sources such as quasars at a resolution
~ 100000. The very high redshift of these sources will cause the visi-
ble spectra to have ultraviolet lines redshifted to the visible, dramatically
complicating the interpretation of such spectra if previous knowledge of
these ultraviolet lines will not be available.

In order to tackle this problem, an ultraviolet echelle spectrograph has
been designed and constructed at INAF-OACT with the aim of measur-
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ing ultraviolet lines of high charge state ions [56]. The UV spectrograph
has been designed to be portable so that it can be moved to various lab-
oratories and adapted to several plasma devices. The availability of a
such versatile high resolution spectrograph should facilitate a lot the UV
spectroscopy of high temperature and density plasmas, allowing us to
measure line wavelengths and intensities for a large number of elements
in a high charge state.

These two research paths, i.e. extending spectroscopy to a) the in-
frared and ultraviolet ranges and b) to highly ionised species, represent
the two most important paths which have to be followed in the field of
measurement of atomic parameters of astrophysical interest. Achieving
these goals will help to reach a comprehensive knowledge of atomic data
for all the elements in the periodic table, which is in turn essential for
the understanding of the Universe using the tools of physics and astro-
physics.
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A.2 CAOS visible lines

Table A.1: Measured wavelengths (A,) and intensities of Cs I spectral
lines. Energy level classification is reported as follow: A, - Ritz wave-
length of the transition; E,, - energy of the upper level in eV; J -]
of the upper level; Ej,,, - energy of the lower level in €V; Jj,, - ] of the
lower level. A superscript to observed wavelengths indicates a blend (b),
a coincidence with a transition of the corresponding ionised state (c). In
the machine readable table, full information about the energy levels is
reported.

)ngitz Eup Iup Ejow Jiow /\00 I
[A] [eV] [eV] [A] [a.u.]
3876.146  3.1977° 1.5 0.0000 0.5 3876.152 915.8
3888.611  3.1874° 0.5 0.0000 0.5 3888.622 68.1
5083.954  3.8239 0.5 1.3859° 0.5 5083.966 49.2
5143260 3.8645 25 1.4546° 1.5 5143.262 18.0
5256.567  3.7438 1.5  1.3859° 0.5 5256.553¢ 4.9
5413.621  3.7441 25 1.4546° 15 5413.621 29.6
5465944  3.6535 1.5 1.3859° 0.5 5465.933 212.7
5502.885  3.7070 2.5  1.4546° 1.5 5502.879 96.0
5503.856  3.7066 1.5  1.4546° 1.5 5503.855 10.1
5568410 3.6118 0.5 1.3859° 0.5 5568.411 36.2
5573.677  3.6784 0.5  1.4546° 1.5 5573.681 21.0
5635213  3.6541 25 1.4546° 15 5635.208 457.8
5636.691  3.6535 1.5  1.4546° 15 5636.689 32.0
5664.018  3.5742 1.5 1.3859° 0.5 5664.013 873.5
5745723  3.6118 0.5 1.4546° 15 5745.721 62.8

5838.834  3.5087 0.5 1.3859° 0.5 5838.833 189.3
5845.141  3.5751 25 1.4546° 1.5 5845.137 1439.3
5847.572 35742 1.5 1.4546° 1.5 5847.569 157.4
6010490 3.4481 1.5 1.3859° 0.5 6010.489 3344.4
6028.052  3.8538° 1.5 1.7976 1.5 6028.015 742.7
6034.089  3.5087 0.5 1.4546° 1.5 6034.086 240.4

6288.579  3.7807° 25 1.8097 25 6288.607° 3.7
6288.588  3.7807° 3.5 1.8097 25 6288.607° 3.7
6326200  3.7569° 25 17976 15 6326.218 16.8
6354554 33364 05 1.3859° 0.5 6354.549 932.7
6365.508  3.7569° 2.5 18097 25 6365.534" 17.1

6365.520  3.7569° 3.5 18097 25 6365.534" 17.1
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Algitz Eup ]up Ejow Jiow /\oo I

[A] [eV] [eV] [A] [a.u.]
6431963  3.7247° 25 17976 15 6431.974 28.5
6472.601 3.7247° 25 1.8097 25 6472.625" 67.0
6472.617  3.7247° 35 18097 25 6472.625Y 66.7
6548.051  3.702¢° 15 1.8097 25 6548.071¢ 15
6586.019  3.679¢° 25 17976 15 6586.026 167.6
6586.510  3.3364 0.5 1.4546° 15 6586.509 1535.8
6628.657  3.6796° 3.5 18097 2.5 6628.662 206.5
6723290 32294 15 1.3859° 0.5 6723.279  18176.0
6743.964  3.6476° 15 18097 25 6743.975 3.8
6824.649  3.6138° 2.5 1.7976 1.5 6824.651 550.7
6870418  3.6138° 2.5 18097 2.5 6870.460°  1104.0
6870.453  3.6138° 35 1.8097 25 6870.460"  1087.9
7061.779  3.5649° 15 1.8097 25 7061.778 21.1
7228532  3.5123° 25 1.7976 1.5 7228.534 2641.1
7279.899  3.5123° 25 18097 25 7279.956"  3887.9
7279955  3.5123° 35 1.8097 25 7279.956"  3889.8
7583.772  3.4320° 15 17976 15 7583.776 8.7
7608903  3.0149 05 1.3859° 0.5 7608.899 6870.9
7609.564  3.4265° 05 17976 1.5 7609.562 56.1
7640.331  3.4320° 15 1.8097 25 7640.336 138.8
7943882  3.0149 05 1.4546° 15 7943.896  12892.2
8015.726  3.3439° 25 17976 15 8015.726  13421.9
8930.374  3.1977° 15 18097 25  8930.385 726.9
9208533 28006 1.5 1.4546° 15  9208.536° 24582.9

Table A.2: Measured wavelengths (A,) and intensities of Cs II spectral

lines. Meaning of symbols is given in Table[A.T}

/\Igitz Eup ]up Elow ]low )&0 I
[A] [eV] [eV] [A] [a.u]
3891.609 22.7062° 4.0 19.5213 3.0 3891.581 31.5
3959.505 16.5096 0.0 13.3793° 1.0 3959.512 63.0
4039.856 18.9499° 3.0 15.8818 2.0 4039.857 38.9
4213.142  18.9499° 3.0 16.0080 3.0 4213.143 8.0
4264.702 18.9143° 4.0 16.0080 3.0 4264.708 95.8
4288.375 19.0077° 2.0 16.1174 1.0 4288.386 34.3
4363.299 19.0543° 3.0 162136 2.0 4363.312 40.8
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/\Igitz Eup ]up Ejow Jiow )&o I
(A [eV] [eV] [A] [a.u]
4373.036 162136 2.0 13.3793° 1.0 4373.031 61.3
4501.552 16.5096 0.0 13.7562° 1.0 4501.552 416.1
4526.742 16.1174 1.0 13.3793° 1.0 4526.744 126.5
4538.966 18.9443° 2.0 162136 2.0 4538.978 28.3
4595.892 21.1975 2.0 185006° 2.0  4595.863 29.7
4763.636 17.7741 1.0 15.1722° 0.0 4763.656 249
4830.186 15.8818 2.0 13.3158° 2.0 4830.193 213.9
4870.039 17.7793 2.0 15.2342° 1.0 4870.041 60.3
4952.852 15.8818 2.0 13.3793° 1.0 4952.852 475.0
4972.596 18.5006° 2.0 16.0080 3.0 4972.599 422
5043.803 162136 2.0 13.7562° 1.0 5043.805 688.3
5249385 16.1174 1.0 13.7562° 1.0 5249.383 114.7
5256.596 18.8676° 1.0 16.5096 0.0 5256.553¢ 49
5370.988 15.6870 1.0 13.3793° 1.0 5370.985 214.0
5419.673 18.5006° 2.0 162136 2.0 5419.704 12.0
5814.164 16.1174 1.0 13.9856° 2.0 5814.155 15.7
5831.140 15.8818 2.0 13.7562° 1.0 5831.139 225.2
5925.631 16.0080 3.0 13.9163° 4.0 5925.632 299.1
6174477 22.7556° 4.0 20.7482 3.0 6174.484 220.1
6495.533 16.0080 3.0 14.0998° 3.0 6495.536 20.4
6548.062 225600 3.0 20.6671° 2.0 6548.071¢ 1.5
6646.566 17.7741 1.0 159093° 2.0 6646.577 5.6
6955.500 15.8818 2.0 14.0998° 3.0 6955.503 88.1
6979.668 16.1174 1.0 14.3416° 2.0 6979.674 26.0
7149.541 17.7793 2.0 16.0457° 3.0 7149.566 6.4
7182.585 219580 2.0 20.2324° 1.0 7182.610 6.1
7460.760 22.4280° 1.0 20.7667 1.0 7460.714 2.0
7879.807 22.7043° 2.0 21.1314 3.0 7879.763 3.2
7997438 162136 2.0 14.6638° 3.0 7997.458 77.0
8047.127 15.8818 2.0 14.3416° 2.0 8047.141 13.5
8509.023 221646 2.0 20.7079° 3.0 8509.073 33.6
9208.548 223064 6.0 20.9604° 6.0 9208.536"  24509.4
9208.558 22.3064 5.0 20.9604° 6.0 9208.536%  24509.4
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Table A.3: Measured wavelengths (A,) and intensities of Ba I spectral
lines. Energy level classification is reported as follow: A, - Ritz wave-
length of the transition; E,, - energy of the upper level in eV; ], - ] of
the upper level; Ej,,, - energy of the lower level in eV; Jj,, - J of the lower
level. Last three columns report log g¢f values of spectral lines: 1) esti-
mated with cascade method (Casc.); 2) estimated with Boltzmann plot
method (Boltz.); 3) NIST value for reference lines. A superscript to ob-
served wavelengths indicates a blend (b), a coincidence with a transition
of the corresponding ionised state (c) or the adopted literature log gf (n).
In the machine readable table, full information about the energy levels is

reported.
)\Roitz Eup ]up Ejow Jiow ){a I log sf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3889.326 3.1868° 1.0 0.0000 0.0 3889.331" 111.8 2.3 2.1
3892.655 4.5969° 2.0 1.4128 2.0 3892.662 91.2 -1.1
3909.909 4.2901° 2.0 1.1200 1.0 3909.903" 438.1 -0.7 -0.3
3935.717  4.2918° 3.0 1.1425 2.0 3935.711" 749.9 -0.5 -0.1
3937.868 4.2901° 2.0 1.1425 2.0 3937.852" 166.1 -1.1 -0.9
3993.399 4.2936° 4.0 1.1898 3.0 3993.397" 1264.3 -0.2 0.1
3995.655 4.2918° 3.0 1.1898 3.0 3995.649" 40.7 -1.7 -0.8
4084.867  4.7098 3.0 1.6756° 2.0 4084.871 51.5 -1.2
4132.427  2.9994° 1.0 0.0000 0.0 4132.427" 366.1 -1.9 -2.0
4179.349 46413 2.0 1.6756° 2.0 4179.350 9.8 -1.9
4223.963 44551 1.0 1.5208° 0.0 4223957 31.0 -1.6
4239.555 45991 1.0 1.6756° 2.0 4239.548" 23.3 -1.6 -0.7
4242.605 44882 2.0 1.5667° 1.0 4242 598" 15.5 -1.9 -1.1
4254.348 5.1525 1.0 2.2391° 1.0 4254.330 10.3 -14
4264.417 44273 1.0 1.5208° 0.0 4264.413" 63.1 -1.3 -0.9
4283.097  4.3067° 3.0 1.4128 2.0 4283.097" 1293.6 -0.1 0.1
4291.157 44551 1.0 1.5667° 1.0 4291.161 26.8 -1.6
4323.003 44338 20 1.5667° 1.0 4323.000" 124.4 -1.0 -0.9
4332.915 44273 1.0 1.5667° 1.0 4332.906" 52.0 -1.4 -0.9
4350.325 44158 2.0 1.5667° 1.0 4350.319" 958.7 -0.1 -0.1
4402.538 43820 20 1.5667° 1.0 4402.534" 918.4 -0.1 -04
4406.832 44882 20 1.6756° 2.0 4406.829" 33.5 -1.5 -0.8
4431.894 43174 1.0 1.5208° 0.0 4431.884" 876.6 -0.2 0.0
4467.091 44502 3.0 1.6756° 2.0 4467.086" 62.3 -1.2 -0.9
4488.980 44367 3.0 1.6756° 2.0 4488.977" 623.7 -0.2 -0.2
4493.638 44338 2.0 1.6756° 2.0 4493.632" 3154 -0.5 -0.5
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)\Roitz Eup Jup Ejow Jiow )to I log gf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
4505924 43174 1.0 1.5667° 1.0 4505.912" 697.9 -0.3 0.0
4523.167 44158 2.0 1.6756° 2.0 4523.156"  1349.8 0.1 0.2
4573.853 4.2766 0.0 1.5667° 1.0 4573.844" 716.5 -0.3 -0.4
4591.824  3.8418° 2.0 11425 2.0 4591.821" 21.7 2.2 -1.6
4599.717 42614 0.0 1.5667° 1.0 4599.706" 246.4 -0.8 -0.9
4604.983  3.8116° 0.0 11200 1.0 4604.975" 107.0 -1.5 -1.6
4619920 42036 1.0 1.5208° 0.0 4619.909" 56.0 -1.5 -1.6
4628.331  3.8205° 1.0 11425 2.0 4628.316" 164.5 -1.3 -1.2
4673.619  3.8418° 20 11898 3.0 4673.612" 202.0 -1.2 -1.0
4691.614 43174 1.0 1.6756° 2.0 4691.606" 992.9 -0.1 0.2
4699.095 48768 2.0 22391° 1.0 4699.092 87.4 -0.6
4700.422 42036 1.0 1.5667° 1.0 4700.421 158.6 -1.1 -1.0
4724.713 4.1901 2.0 1.5667° 1.0 4724.714 9.0 2.2
4726434  4.0352° 1.0 14128 2.0 4726.424" 849.0 -0.4 -0.5
4877.647 47802 2.0 2.2391° 1.0 4877.648 135.8 -0.5
4902.848 4.2036 1.0 1.6756° 2.0 4902.840" 1154 -1.1 -1.2
4947312 47445 2.0 22391° 1.0 4947.321 56.0 -0.9
5159.876  4.6413 2.0 2.2391° 1.0 5159.872 234.7 -0.3
5168.690 5.1336 1.0 2.7356° 2.0 5168.668 23.8 -0.8
5253.803 45983 2.0 2.2391° 1.0 5253.796 26.0 -1.3
5305.701 45752 1.0 2.2391° 1.0 5305.701 13.0 -1.6
5365.055 5.0459 3.0 2.7356° 2.0 5365.080 14.9 -1.1
5407.778 5.1528 2.0 2.8608° 2.0 5407.806 10.3 -1.1
5447.130  5.1529° 1.0 28775 0.0 5447.104 9.1 -1.2
5519.044  3.8125 2.0 1.5667° 1.0 5519.033"  4590.9 0.3 0.1
5535.481 2.2391° 1.0 0.0000 0.0 5535.463"  94151.9 0.2 0.2
5535.869  3.8057 1.0 1.5667° 1.0 5535.868 1613.8 -0.1
5588.741  5.0953° 1.0 2.8775 0.0 5588.750 35.3 -0.6
5593.308 44551 1.0 2.2391° 1.0 5593.291 15.5 -1.5
5680.176  3.7488 2.0 1.5667° 1.0 5680.175 138.4 -1.2
5777.619  3.8209 3.0 1.6756° 2.0 5777.604"  5781.0 0.5 0.4
5784.043 43820 2.0 2.2391° 1.0 5784.033 13.2 -1.9 -1.6
5800.226  3.8125 2.0 1.6756° 2.0 5800.212" 743.2 -0.4 -0.2
5805.681  3.3247° 3.0 1.1898 3.0 5805.679" 990.1 -0.7 -0.7
5805.715  5.0124° 1.0 2.8775 0.0 5805.679" 996.6 0.8
5818.813  3.8057 1.0 1.6756° 2.0 5818.812 37.1 -1.7
5826274  3.5402° 1.0 14128 2.0 5826.261"  3080.0 -0.0 -0.2
5870.495  5.1528 2.0  3.0414° 2.0 5870.451 40.6 -0.4
5907.637  3.2181° 2.0 1.1200 1.0 5907.635 165.1 -15 -1.6
5971.698 3.2181° 2.0 1.1425 2.0 5971.684" 2420.0 -0.4 -0.4
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
5978.461 3.7488 2.0 1.6756° 2.0 5978.459 20.8 -2.0
5997.087  3.1868° 1.0 1.1200 1.0 5997.074"  2108.9 -0.5 -0.3
6019.469 3.1791° 0.0 1.1200 1.0 6019.456" 2228.1 -0.4 04
6063.114  3.1868° 1.0 1.1425 2.0 6063.104"  4103.8 -0.2 -0.0
6083.394 42766 0.0 2.2391° 1.0 6083.403" 28.4 -1.3 -1.2
6110.783  3.2181° 2.0 1.1898 3.0 6110.762"  5779.1 0.0 04
6129.233 42614 0.0 2.2391° 1.0 6129.214" 8.7 -1.8 -1.5
6341.680  3.0970° 3.0 1.1425 2.0 6341.666"  2791.3 -0.3 -0.3
6448.475  5.1655° 1.0  3.2434 1.0 6448.493 7.8 -1.0
6450.851 3.0414° 2.0 1.1200 1.0 6450.835" 1700.3 -0.6 -0.5
6457.396  4.7802 2.0 2.8608° 2.0 6457.391 35 -1.7
6482.908  3.3247° 3.0 14128 2.0 6482.898"  6335.2 0.2 0.3
6498.760  3.0970° 3.0 1.1898 3.0 6498.753"  12295.0 0.3 04
6527.311 3.0414° 2.0 1.1425 2.0 6527.299"  5290.2 -0.1 0.0
6564.360  4.7332 4.0 2.8450° 3.0 6564.359 4.8 -1.6
6595.326  2.9994° 1.0 1.1200 1.0 6595.315"  4211.9 -0.2 -0.1
6654.114 45983 2.0 2.7356° 2.0 6654.108 30.6 -0.9
6693.842  3.0414° 2.0 1.1898 3.0 6693.828"  2457.6 -0.4 -0.3
6699.277 51749 3.0 3.3247° 3.0 6699.324 5.2 -1.1
6761.881 46781 40 2.8450° 3.0 6761.901 2.7 -1.8
6771.859  4.6911 20 2.8608° 2.0 6771.859 16.1 -1.1
6865.686  3.2181° 2.0 14128 2.0 6865.685 198.1 -1.3 -1.3
6867.905 4.6498 3.0 2.8450° 3.0 6867.904 45.8 -0.6
6893.429  5.0414° 1.0 3.2434 1.0 6893.442°¢ 8.3 -1.0
6961.485  4.6413 2.0 2.8608° 2.0 6961.480 5.7 -1.5
7059.943  2.9454° 40 1.1898 3.0 7059.943"  23022.1 0.6 0.5
7069.501 45983 2.0 2.8450° 3.0 7069.498 4.1 -1.7
7089.908 44838 3.0 27356° 20 7089.908 354 -0.8
7120.331 2.8608° 2.0 1.1200 1.0 7120.316"  3821.3 -0.3 -04
7153.623  4.6781 4.0 29454° 40 7153.620 48.5 -0.5
7195229  3.2434 1.0 1.5208° 0.0 7195.217" 305.2 -1.0 -0.9
7208.255 44551 1.0 2.7356° 2.0 7208.248 9.5 -1.4
7213599  2.8608° 2.0 1.1425 2.0 7213.598 6.7 -3.1 -3.0
7228.796  4.4502 3.0 2.7356° 2.0 7228.791 199.9 0.3 -0.1
7229563 45752 1.0 2.8608° 2.0 7229.551 3.6 -1.7
7326.864 44273 1.0 2.7356° 2.0 7326.870 5.6 -1.2 -1.6
7339.438  4.6543° 3.0 29655 2.0 7339.430 1.6 -2.0
7375.501 45413 3.0 2.8608° 2.0 7375.500 22.6 -0.9
7392.406 3.2434 1.0 1.5667° 1.0 7392.396" 1063.2 -0.4 04
7410.008 4.7141 1.0 3.0414° 2.0 7410.002 6.7 -1.3
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
7417536  2.8608° 2.0 1.1898 3.0 7417.533 228.4 -1.5 -1.4
7459.664 45066 4.0 2.8450° 3.0 7459.658 278.0 0.1
7488.075 2.8450° 3.0 1.1898 3.0 7488.053" 2471.9 -0.4 04
7513455  4.6911 2.0 3.0414° 20 7513.467 2.0 -1.8
7523.639 47445 2.0 3.0970° 3.0 7523.633 74 -1.2
7528.179 43820 2.0 2.7356° 2.0 7528.176 6.6 -1.9 -1.6
7575.302 47332 4.0 3.0970° 3.0 7575.298 1.8 -1.8
7610.468 4.9460° 1.0 3.3174 0.0 7610.475% 929 0.1
7610.478  3.0414° 2.0 14128 2.0 7610.475° 93.2 -1.5 -1.6
7616.356 4.4882 2.0 2.8608° 2.0 7616.348 1.7 -14 2.1
7642.793 45672 5.0 29454° 40 7642.796 353.9 0.3
7672.085  2.7356° 2.0 1.1200 1.0 7672.069"  6671.9 -0.0 -0.2
7706568  4.6498 3.0 3.0414° 20 7706.560 37.2 -0.6
7751.752 45983 2.0 29994° 1.0 7751.751 20.6 -0.9
7766.661 45413 3.0 29454° 40 7766.662 6.1 -14
7780.479  2.7356° 2.0 1.1425 2.0 7780.465"  3204.3 -0.3 -0.5
7798.161 44502 3.0 2.8608° 2.0 7798.156 6.4 -1.1 -1.5
7801.352  4.4338 2.0 2.8450° 3.0 7801.348 3.3 -1.8 -1.8
7839570 4.6781 4.0 3.0970° 3.0 7839.573 499 -0.4
7865.108  4.4367 3.0 2.8608° 2.0 7865.118 6.2 -1.5 -1.5
7877.798 3.8125 2.0 22391° 1.0 7877.783" 9.9 -1.9 -1.1
7905.747 32434 1.0 1.6756° 2.0 7905.750 1100.6 -0.2 -0.3
7911.330 1.5667° 1.0 0.0000 0.0 7911.331 3237.1 -14
7934509 47802 2.0 3.2181° 20 7934.508 1.8 -1.7
7939.296 45066 4.0 29454° 40 7939.289 5.4 -1.5
7957373 47445 2.0 3.1868° 1.0 7957.368 3.1 -1.5
7961.317 45983 2.0 3.0414° 20 7961.313 5.2 -14
7970.660 44158 2.0 2.8608° 2.0 7970.673 35 -1.7 -1.8
7982440 4.6498 3.0 3.0970° 3.0 7982.407 5.2 -14
8018.255  2.7356° 2.0 1.1898 3.0 8018.254 4.3 -3.3 -3.2
8056.930  4.4838 3.0 2.9454° 4.0 8056.958 1.8 -2.0
8115.344 47141 1.0 3.1868° 1.0 8115.332 3.8 -14
8147.669  4.7081 2.0 3.1868° 1.0 8147.695" 11.8 -0.9
8147.702 4.3820 2.0 2.8608° 2.0 8147.695¢ 11.6 -1.5 -1.2
8158.000 4.5187 1.0 2.9994° 1.0 8157.993 3.3 -1.7
8210.240  3.7488 2.0 2.2391° 1.0 8210.231 992.0 0.1
8285.102 4.7141 1.0 3.2181° 2.0 8285.127 4.7 -1.3
8325.230  4.4882 2.0 2.9994° 1.0 8325.244 124 -0.4 -1.1
8514.262 44551 1.0 2.9994° 1.0 8514.255 13.6 -1.0
8515.576  4.7802 2.0  3.3247° 3.0 8515.562°¢ 3.5 -1.3
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
8799.836  4.7332 4.0  3.3247° 3.0 8799.857 425 -0.3
8861.014 29655 2.0 1.5667° 1.0 8861.006 232.3 -1.1
8937.709 44838 3.0 3.0970° 3.0 8937.689 5.3 -1.4
9159.559  4.4502 3.0 3.0970° 3.0 9159.570 4.6 -1.1 -14
9215260 41901 2.0 2.8450° 3.0 9215.277 74 -1.4
9307.979  4.0672 1.0  2.7356° 2.0 9307.956 26.5 -1.0
9324.387 41901 2.0 2.8608° 2.0 9324.423 48.3 -0.6
9370.120  2.7356° 2.0 14128 2.0 9370.127"  1352.1 -0.5 -0.3

Table A.4: Measured wavelengths (A,) and intensities of Ba II spectral
lines. Meaning of symbols is given in Table|A.3

)‘Roitz Eup ]up Eiow Jiow /\OO I loggf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3891.779  5.6969 1.5 25120° 0.5 3891.776" 494.5 0.6 0.3
4130.649 57223 25 27217° 15 4130.648" 850.7 0.9 0.5
4166.001  5.6969 1.5  2.7217° 1.5 4166.000" 759 -0.2 -0.4
4524926 52512 0.5  2.5120° 0.5 4524.918" 240.1 0.0 -0.4
4554.033 2.7217° 1.5 0.0000 0.5 4554.024" 31041.9 -0.1 0.1
4899.927 52512 05 27217° 15 4899.918" 462.1 0.4 -0.1
4934.077  2.5120° 0.5  0.0000 0.5 4934.067"  13100.8 -0.6 -0.2
5521.735 9.8871 15 7.6424° 1.5 5521.766 21.5
6141.713  2.7217° 15 0.7036 2.5 6141.721"  1727.8 -1.0 -0.0
6496.898  2.5120° 0.5 0.6043 1.5 6496.891"  1069.0 -1.3 -0.4
6893451  9.8068 2.5  8.0087° 2.5 6893.442¢ 8.4
8515.526  9.8467 2.5 83912° 1.5 8515.562°¢ 3.5
8710.768  7.1452° 35 57223 25 8710.783" 19.8 1.5 0.9

Table A.5: Measured wavelengths (A,) and intensities of Pr I spectral lines.

Meaning of symbols is given in Table[A.T]

)\Igitz Eup ]up Elow ]low /\00 I
[A] [eV] [eV] [A] [a.u]
3924.485 3.9410° 55 0.7827 5.5 3924.509" 371
3924.498 3.1583 4.5 0.0000° 4.5 3924.509" 37.1
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[A] [eV] [eV] [A] [a.u.]
3925475  3.3281 5.5 0.1707° 5.5 3925.457°¢ 109.5
3946.191  3.1409 5.5 0.0000° 4.5 3946.207 60.1
4001.968  3.2678 5.5 0.1707° 55 4001.964 139
4065.407  3.0488 5.5 0.0000° 4.5 4065.417 23.8
4169.653  2.9726 4.5 0.0000° 4.5 4169.668 93.2
4214.448  3.1117 5.5 0.1707° 55 4214.460 39.0
4313.141 3.0444 6.5 0.1707° 5.5 4313.154 16.4
4314.675  3.4222° 55 0.5495 45 4314.665 37.1
4320364  3.4184° 55 05495 45 4320.356° 43.1
4323.067  3.4704° 6.5 0.6034 5.5 4323.066 47.8
4343.390  3.4032° 55 05495 45 4343.375 50.1
4360.941  2.8422 4.5 0.0000° 4.5 4360.949 23.8
4361.521 2.8418 4.5 0.0000° 4.5 4361.523¢ 21.7
4392.445  2.9925 5.5 0.1707° 5.5 4392.462 17.1
4395.796  2.8197 55 0.0000° 4.5 4395.781¢ 63.0
4408.137 3.5337° 45 0.7219 45 4408.147 62.9
4430.125  2.7978 3.5 0.0000° 4.5 4430.125 311.7
4441.342  2.7907 4.5 0.0000° 4.5 4441.334 16.7
4447857  3.3362° 45 05495 45 4447.858 65.5
4454.680  2.9531 4.5 0.1707° 5.5 4454.684 63.5
4463.711 3.3263° 4.5 0.5495 45 4463.709 87.4
4488.586  2.7614 3.5 0.0000° 4.5 4488.593 549.1
4492.905 3.1117 5.5 0.3529° 6.5 4492 917 229.8
4528903  3.2800 6.5 0.5432° 75 4528.912 83.1
4531.831  3.0880 55 0.3529° 6.5 4531.856 30.8
4532.330  2.7347 3.5 0.0000° 4.5 4532.337 582.9
4541.268  2.7293 3.5 0.0000° 4.5 4541.268 1192.9
4552.829  3.3258° 55 0.6034 55 4552.830 95.6
4565.001  3.3185° 55 0.6034 55 4565.022 49.7
4566.847  3.3174° 55 0.6034 55 4566.846 46.8
4569.373  3.2621° 55 0.5495 45 4569.372 25.7
4569.615  3.2556 6.5 0.5432° 75 4569.624 201.3
4570.342  3.0649 5.5 0.3529° 6.5 4570.354 352.0
4572127  2.8816 4.5 0.1707° 5.5 4572.134 1037.5
4587978  2.7015 3.5 0.0000° 4.5 4587.976 59.8
4597.663  3.0488 5.5 0.3529° 6.5 4597.670 27.7
4598.949  3.0480 5.5 0.3529° 6.5 4598.950 352.2
4602.556  2.6930 3.5 0.0000° 4.5 4602.559 213.7
4605.205  2.8621 6.5 0.1707° 5.5 4605.229" 71.7
4605.245  3.0444 6.5 0.3529° 6.5 4605.228° 43.4
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)\Igitz Eup ]up Ejow Jiow /\oo I
[A] [eV] [eV] [A] [a.u.]
4617.721  2.6841 3.5 0.0000° 4.5 4617.721 740.8
4622.690  3.4032° 55 07219 45 4622.719% 64.0
4622.722  3.0342 7.5 0.3529° 6.5 4622.719" 66.6
4632271  3.2791° 6.5 0.6034 55 4632.276" 1614.8
4632.275  3.2189 6.5 0.5432° 7.5 4632.276" 1614.8
4635.667  2.6738 3.5 0.0000° 4.5 4635.687 4528.9
4639.548  2.8422 45 0.1707° 5.5 4639.553 4862.5
4640.205  2.8418 45 0.1707° 5.5 4640.202 1752.0
4646.990  2.6672 3.5 0.0000° 4.5 4646.995 1461.2
4652.650  3.3859° 5.5 0.7219 4.5 4652.673" 74.4
4652.672  3.0169 55 0.3529° 6.5 4652.673" 75.6
4655.966  2.6621 5.5 0.0000° 4.5 4655.964 56.2
4658.361  3.0137 55 0.3529° 6.5 4658.359¢ 100.6
4658.728  3.2037 6.5 0.5432° 7.5 4658.734 605.8
4659.722  3.4924° 55 0.8324 55 4659.750 63.7
4670.544  3.0067 5.5 0.3529° 6.5 4670.548 441.2
4674.801  2.8220 45 0.1707° 5.5 4674.797 2523.7
4682.688 28176 6.5 0.1707° 5.5 4682.690 55.6
4689.559  2.8137 45 0.1707° 5.5 4689.556 809.2
4690.573  3.1920° 3.5 05495 45 4690.569 144.3
4697.128  3.1819 8.5 0.5432° 7.5 4697.148 111.1
4698.867  3.4924° 55 0.8546 5.5 4698.865 36.8
4699.577  3.1869° 4.5 0.5495 4.5 4699.573 188.7
4709.515  3.1750 6.5 0.5432° 7.5 4709.515 1960.9
4711.841  3.2339° 4.5 0.6034 55 4711.834 272.2
4714.145  3.1724 6.5 0.5432° 7.5 4714.150 1372.3
4729127  3.2243° 45 0.6034 55 4729.123 95.9
4733370 26186 5.5 0.0000° 4.5 4733.371 113.7
4733.737  3.1679° 5.5 0.5495 4.5 4733.744 374.7
4734.017  3.1614 6.5 0.5432° 7.5 4734.023 184.8
4740.961 2.7850 5.5 0.1707° 5.5 4740.965 108.0
4744.163  2.6126 3.5 0.0000° 4.5 4744.155 4061.0
4750.507  2.9621 6.5 0.3529° 6.5 4750.524 116.7
4751.624  2.7792 6.5 0.1707° 5.5 4751.628 63.4
4753.893  3.1568° 5.5 0.5495 4.5 4753.887 202.7
4764.442  2.6015 55 0.0000° 4.5 4764.443 208.1
4765.789  3.2041° 6.5 0.6034 55 4765.796 42.0
4773.435 25966 5.5 0.0000° 4.5 4773.438" 38.4
4773455  3.3185° 5.5 0.7219 4.5 4773.438" 38.4
4774529 25960 4.5 0.0000° 4.5 4774.538 191.1
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4775414  3.1450° 55 0.5495 45 4775.417 238.3
4788.282  2.5885 4.5 0.0000° 4.5 4788.286 514.0
4791.952 3.1899° 45 0.6034 5.5 4791.944 147.4
4795.241 3.1343° 55 0.5495 45 4795.242 202.0
4795.826  3.4032° 55 0.8187 6.5 4795.822 54.9
4797529  3.1869° 45 0.6034 55 4797.503 46.0
4807.227  3.3886° 45 0.8103 35 4807.231 79.5
4808.168  2.5778 3.5 0.0000° 4.5 4808.182 1612.3
4826.474  3.3508° 4.5 0.7827 55 4826.480 29.8
4828.080  3.3859° 55 0.8187 6.5 4828.064 231.7
4840.475  2.5606 3.5 0.0000° 4.5 4840.478 496.9
4842.564  3.1027 8.5 0.5432° 75 4842.580 130.1
4848.896  3.3886° 4.5 0.8324 55 4848.875 34.1
4857.361 3.1012° 35 05495 45 4857.357 722.0
4876.587  3.1450° 55 0.6034 55 4876.576 68.6
4879.529 3.2621° 55 0.7219 45 4879.536 106.8
4882.245  2.5387 4.5 0.0000° 4.5 4882.242 1886.4
4884.459  2.5376 3.5 0.0000° 4.5 4884.456 425.8
4889.660  3.1382° 6.5 0.6034 55 4889.658" 235.6
4889.662  3.9337° 55 1.3989 5.5 4889.658° 235.6
4896.505  3.3859° 55 0.8546 55 4896.497 48.8
4897265  3.1343° 55 0.6034 55 4897.265 123.2
4903.342  2.6985 5.5 0.1707° 55 4903.361 871.8
4909.835  3.4704° 65 09460 6.5 4909.822 43.9
4911419  3.5552° 45 1.0316 4.5 4911.457 121.1
4921.756  3.3508° 4.5 0.8324 55 4921.760 98.5
4924600  2.6876 5.5 0.1707° 55 4924.599 12430.9
4932.154  2.5130 3.5 0.0000° 4.5 4932.158 989.5
4935994  3.0542 7.5 0.5432° 75 4936.003 3434.3
4938.425  2.5098 5.5 0.0000° 4.5 4938.426 14459
4938.872  2.6803 6.5 0.1707° 5.5 4938.888 1774.6
4939.740  2.8621 6.5 0.3529° 6.5 4939.742 10643.7
4950.479  3.3362° 45 0.8324 55 4950.466 47.2
4953.206  3.2243° 45 0.7219 45 4953.213¢ 33.4
4956.045  2.5009 5.5 0.0000° 4.5 4956.057 2428.1
4960.262  2.4988 4.5 0.0000° 4.5 4960.256 3944.8
4965.448  3.3508° 45 0.8546 55 4965.450 78.3
4974922  2.6621 5.5 0.1707° 5.5 4974919 42947
4975.749  3.0342 7.5 0.5432° 75 4975.750 3299.6
4976.396  2.4907 5.5 0.0000° 4.5 4976.391 7092.6
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5000.611 3.2006° 4.5 0.7219 45 5000.609 171.8
5005.548  3.4222° 55 09460 6.5 5005.544 169.1
5007.629  2.4752 4.5 0.0000° 4.5 5007.628 1133.5
5013.207  3.4184° 55 09460 6.5 5013.200 150.5
5014.685  3.3263° 4.5 0.8546 55 5014.686 70.4
5015.709  3.3258° 5.5 0.8546 55 5015.718 77.7
5019.739  2.8221 7.5 0.3529° 6.5 5019.760 7497.3
5024.767  2.8197 5.5 0.3529° 6.5 5024.762 17.6
5026.981  2.6363 6.5 0.1707° 55 5026.963 12709.7
5028.295  3.1869° 4.5 0.7219 45 5028.285 100.8
5028.999  2.8176 6.5 0.3529° 6.5 5029.001 657.8
5031.016  2.4636 4.5 0.0000° 4.5 5031.012 126.9
5040.193 3.1811° 45 0.7219 4.5 5040.193 116.6
5042.176  3.5410 5.5 1.0828° 6.5 5042.168 52.5
5044.236  3.4032° 55 09460 6.5 5044.231¢ 23.4
5045.522 29997 8.5 0.5432° 75 5045.521 6312.3
5053.395  2.6234 6.5 0.1707° 5.5 5053.398 7064.0
5062.111 2.4485 3.5 0.0000° 4.5 5062.112 76.6
5063.395  2.6186 5.5 0.1707° 5.5 5063.396 1500.5
5067422  3.1679° 5.5 0.7219 45 5067.407 123.7
5072.840  3.2621° 5.5 0.8187 6.5 5072.845 45.5
5084.460  3.2480° 25 0.8103 35 5084.450°¢ 219.2
5086.455  2.4368 3.5 0.0000° 4.5 5086.452 149.6
5087.107  2.7894 7.5 0.3529° 6.5 5087.121 6846.6
5090.526  3.1568° 5.5 0.7219 45 5090.541 48.9
5096.272  2.7850 5.5 0.3529° 6.5 5096.272 233.2
5098.967  2.6015 5.5 0.1707° 5.5 5098.974 398.1
5103.444  3.2114° 65 0.7827 55 5103.455 60.4
5107.608  3.4222° 55 09955 45 5107.643 63.8
5108.595  2.7792 6.5 0.3529° 6.5 5108.595 103.3
5109.269  2.5966 5.5 0.1707° 5.5 5109.273 135.9
5113.183  2.9736° 3.5 05495 45 5113.173 47.0
5115.211 3.1450° 55 0.7219 4.5 5115.216° 143.5
5118.815  3.2041° 6.5 0.7827 55 5118.779 292.0
5120.577  3.0239° 6.5 0.6034 55 5120.570°¢ 207.3
5124.109 2.9621 6.5 0.5432° 75 5124.127 101.6
5129.178  2.9660° 5.5 05495 45 5129.177 63.0
5133.424  2.4145 5.5 0.0000° 4.5 5133.441 18457.7
5145.830  3.1306° 5.5 0.7219 45 5145.838 28.3
5147.459  2.5786 6.5 0.1707° 5.5 5147.467 1239.2
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5148432  3.2621° 55 0.8546 55 5148.434 49.0
5149.867  2.9500 8.5 0.5432° 75 5149.883 1230.3
5165.105 2.5704 5.5 0.1707° 55 5165.113 46.1
5170.528  2.9467° 5.5 0.5495 45 5170.502 239
5177.367  2.7469 6.5 0.3529° 6.5 5177.368° 1202.2
5179.617  3.1757° 6.5 0.7827 55 5179.620 45.5
5194.398  2.5568 6.5 0.1707° 5.5 5194.415 6075.5
5194924  2.5566 4.5 0.1707° 5.5 5194.938 52.7
5196.069  3.2041° 6.5 0.8187 6.5 5196.072 121.0
5196.588  3.1679° 5.5 0.7827 5.5 5196.557 167.4
5201.755  3.4782 5.5 1.0954° 5.5 5201.760 41.0
5212.468  2.9274° 55 05495 45 5212.466 278.4
5217.019 3.4704° 6.5 1.0946 5.5 5217.028 36.7
5242583  3.1469° 6.5 0.7827 55 5242.595 87.0
5246.079  2.9660° 5.5 0.6034 55 5246.070 246.3
5246.856  3.1450° 5.5 0.7827 5.5 5246.854 72.8
5249.842  29105° 5.5 05495 45 5249.843 811.5
5258.732  3.1757° 6.5 0.8187 6.5 5258.732 133.8
5262.200  2.9049° 45 05495 45 5262.224 87.6
5283.023  3.1288° 6.5 0.7827 55 5283.026 155.7
5289.343  2.9467° 55 0.6034 55 5289.340 1418.5
5295905  2.8899° 5.5 0.5495 45 5295.910 505.1
5304.163  2.8863° 4.5 0.5495 45 5304.167 237.3
5307.199  4.0547° 45 1.7193 3.5 5307.204° 26.9
5307.210  3.1679° 5.5 0.8324 55 5307.204° 27.0
5309.085  2.6876 5.5 0.3529° 6.5 5309.079 22.4
5312.577  3.2791° 6.5 0.9460 6.5 5312.563 63.0
5313.642  2.5033 4.5 0.1707° 5.5 5313.650 142.8
5314.325  3.1869° 45 0.8546 55 5314.295 98.9
5319.042  2.5009 5.5 0.1707° 55 5319.042 49.9
5322.638  2.6816 7.5 0.3529° 6.5 5322.638 844.6
5323.647  3.1469° 6.5 0.8187 6.5 5323.654 82.2
5323900  2.4988 45 0.1707° 55 5323.898 23.9
5325216  3.4222° 55 1.0946 5.5 5325.224 63.3
5328.008  3.3281 5.5 1.0018° 5.5 5328.041° 581.2
5328.0564  3.1450° 5.5 0.8187 6.5 5328.041° 579.8
5333.884  3.4184° 55 1.0946 5.5 5333.884 52.9
5340.010  3.1757° 6.5 0.8546 55 5340.008 215.8
5343.663  3.1382° 6.5 0.8187 6.5 5343.664 180.8
5353.650  3.1255° 45 0.8103 35 5353.660 72.5

144



APPENDIX A. TABLES OF SPECTRAL LINES

Continued from previous page

)\Igitz Eup ]up Ejow Jiow /\oo I
[A] [eV] [eV] [A] [a.u.]
5358.988  2.8624° 4.5 0.5495 4.5 5358.990 1145.4
5365.353  3.1288° 6.5 0.8187 6.5 5365.357 144.5
5383.886  3.1568° 5.5 0.8546 55 5383.882 39.3
5388.837  2.6530 7.5 0.3529° 6.5 5388.818 421.0
5393.303  3.9410° 5.5 1.6428 6.5 5393.258 56.1
5402595  3.3258° 5.5 1.0316 4.5 5402.574 382.0
5405.227  3.5838 7.5 1.2907° 6.5 5405.232 127.4
5405.492 24636 4.5 0.1707° 5.5 5405.489 150.9
5405.741  3.4924° 5.5 1.1995 5.5 5405.772 112.0
5418.777  2.8369° 5.5 0.5495 45 5418.772 321.0
5420.622  2.8899° 55 0.6034 55 5420.627 37.9
5427243  3.3666 5.5 1.0828° 6.5 5427.247 350.4
5427.735  2.8331° 5.5 05495 45 5427.737 137.8
5436981  3.1343° 55 0.8546 5.5 5437.015 122.4
5439.469  2.8282° 5.5 0.5495 4.5 5439.466 121.7
5449.627  2.8176 6.5 0.5432° 7.5 5449.623 51.9
5449987  3.1288° 6.5 0.8546 5.5 5449.985 31.9
5450.379  3.5968 6.5 1.3228° 75 5450.393 31.9
5450.753  2.8773° 5.5 0.6034 55 5450.755 2225
5457.061  2.8145 8.5 0.5432° 7.5 5457.063 473.2
5471229 32673 6.5 1.0018° 5.5 5471.264° 112.9
5471.268  3.2114° 6.5 09460 6.5 5471.264° 114.6
5473.485  3.3362° 4.5 1.0717 4.5 5473.469 37.2
5481.748 22611 55 0.0000° 4.5 5481.765" 1689.9
5481.754  3.5838 7.5 1.3228° 75 5481.765" 1689.9
5488.938  3.2041° 6.5 0.9460 6.5 5488.936 368.1
5493.752  3.3508° 4.5 1.0946 5.5 5493.773" 49.7
5493.761  3.2006° 4.5 09444 35 5493.773b 52.3
5497.613  3.2480° 2.5 09935 3.5 5497.608 451.4
5504.718  2.9736° 3.5 0.7219 45 5504.718 210.2
5509.596  3.5337° 4.5 1.2840 4.5 5509.627" 226.2
5509.620  2.7992° 55 0.5495 4.5 5509.627" 228.9
5510.489  3.2722 4.5 1.0229° 45 5510.443 17.6
5514.513  3.5410 55 1.2933° 55 5514.530 74.1
5519.793  3.1899° 4.5 09444 35 5519.791°¢ 40.7
5520.884  2.8484° 6.5 0.6034 55 5520.930 56.2
5631.163  3.4369 6.5 1.1960° 7.5 5531.149 690.2
5538.373  3.3207 5.5 1.0828° 6.5 5538.374 559.4
5541.320  3.3859° 55 1.1491 55 5541.326 45.2
5549.752 24040 6.5 0.1707° 5.5 5549.773 340.0
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5556.896  3.2621° 5.5 1.0316 4.5 5556.895 37.5
5560.067  2.5822 6.5 0.3529° 6.5 5560.069 48.3
5569.019  2.5786 6.5 0.3529° 6.5 5569.032 117.5
5575.451 3.0418° 55 0.8187 6.5 5575.452 49.3
5578.808  2.8251° 6.5 0.6034 55 5578.810 277.0
5615.289  2.8107° 6.5 0.6034 55 5615.281 94.1
5619.961 2.9274° 55 0.7219 45 5619.968 53.2
5624.001  2.5568 6.5 0.3529° 6.5 5624.043 141.0
5645.687  2.7386 7.5 0.5432° 75 5645.676 74.7
5650.260  3.2891 4.5 1.0954° 55 5650.220 150.4
5650.630  3.0259° 5.5 0.8324 55 5650.627 139.3
5653903  3.1382° 6.5 09460 6.5 5653.904 49.3
5663.432  2.9105° 55 0.7219 45 5663.432 118.6
5664.073  3.1343° 55 09460 6.5 5664.073 34.0
5666.221  3.4782 5.5 1.2907° 6.5 5666.193 32.1
5672957  3.4782 5.5 1.2933° 55 5672.952 69.3
5678.190  3.1288° 6.5 09460 6.5 5678.186 142.0
5687.380  2.1793 55 0.0000° 4.5 5687.391 895.3
5695.471  2.9950° 7.5 0.8187 6.5 5695.470 270.2
5704.385  3.9410° 5.5 1.7682 4.5 5704.377 349.3
5708.297  3.0259° 5.5 0.8546 55 5708.295 244.8
5708.626  2.9899° 6.5 0.8187 6.5 5708.644 33.5
5713.533  3.3185° 55 1.1491 5.5 5713.567 191.0
5722265  2.1660 5.5 0.0000° 4.5 5722.232 182.9
5724972  3.2604 6.5 1.0954° 5.5 5724.979 47.9
5729.546  2.9736° 3.5 0.8103 3.5 5729.554 64.8
5743.704  2.1580 5.5 0.0000° 4.5 5743.704 338.8
5744915  2.9899° 6.5 0.8324 55 5744.919 189.7
5746.533  2.5098 5.5 0.3529° 6.5 5746.540 86.4
5750.652  3.1869° 4.5 1.0316 4.5 5750.643 197.5
5751.850  2.7044° 5.5 0.5495 45 5751.857 178.2
5758.493  3.1382° 6.5 09858 6.5 5758.496 20.3
5772.491 3.9410° 55 1.7938 4.5 5772.529 143.3
5779272  2.9274° 55 0.7827 55 5779.281 985.5
5792278  2.3105 4.5 0.1707° 55 5792.277 203.5
5805.952  3.5337° 45 1.3989 5.5 5805.907 105.6
5807.210  3.4184° 55 1.2840 4.5 5807.203 88.6
5819.135  3.1255° 45 09955 45 5819.116 241
5824.662  2.9467° 55 0.8187 6.5 5824.666 16.8
5832.192  3.1568° 5.5 1.0316 4.5 5832.223 96.7
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5833.713  4.0547° 4.5 1.9300 5.5 5833.744 63.8
5835.126  2.7275° 6.5 0.6034 55 5835.117 1415.0
5836.632 32064 7.5 1.0828° 6.5 5836.639 16.2
5837222  2.8453° 55 0.7219 4.5 5837.225 42.0
5841.017  3.4448 8.5 1.3228° 75 5841.021 177.5
5843.486  3.3508° 4.5 1.2297 3.5 5843.491 50.5
5855.468  3.2114° 6.5 1.0946 5.5 5855.466 53.5
5857.112 33122 6.5 1.1960° 7.5 5857.141 68.6
5858.629  3.4448 8.5 1.3291° 85 5858.618 228.2
5860.532  2.8369° 5.5 07219 45 5860.536 77.6
5867.511  2.6619° 5.5 0.5495 4.5 5867.514 175.4
5874.720  2.6530 7.5 0.5432° 7.5 5874.713b¢ 208.5
5874734  3.1117 55 1.0018° 5.5 5874.713b¢ 206.5
5875.711  3.2041° 6.5 1.0946 5.5 5875.716 118.7
5878.102  3.3046 7.5 1.1960° 7.5 5878.098 399.5
5879.077  3.2037 6.5 1.0954° 55 5879.037 576.8
5884.742  2.8282° 5.5 07219 45 5884.697 278.7
5886.156  3.4924° 55 1.3867 4.5 5886.162 36.8
5897.719 34244 75 1.3228° 7.5 5897.704 95.1
5915958  3.0411° 7.5 09460 6.5 5915.973 434.2
5917313  2.9049° 45 0.8103 3.5 5917.324 35.9
5920.762  2.9121° 7.5 0.8187 6.5 5920.761 1266.8
5924.190 3.1750 6.5 1.0828° 6.5 5924.182°¢ 126.0
5931.518  3.1724 6.5 1.0828° 6.5 5931.516 49.4
5935.438  2.6916° 6.5 0.6034 55 5935.435 422.8
5946.265  2.2551 4.5 0.1707° 5.5 5946.272 183.8
5959.942  2.8624° 4.5 0.7827 55 5959.942 29.5
5962.188 22496 5.5 0.1707° 5.5 5962.168 413.3
5963.013  3.1614 6.5 1.0828° 6.5 5963.014 363.0
5966.935  2.7992° 5.5 07219 45 5966.952°¢ 42.3
5967.605  3.1724 6.5 1.0954° 55 5967.601 12.3
5978.880  3.1559 6.5 1.0828° 6.5 5978.877 126.3
5987.137 34262 55 1.3559° 45 5987.145 183.5
5996.060  3.2678 5.5 1.2007° 6.5 5996.061 156.8
5997.643  3.2673 6.5 1.2007° 6.5 5997.689 147.6
5999.486  3.1614 6.5 1.0954° 55 5999.490 73.4
6000.263  2.8484° 6.5 0.7827 55 6000.267 69.7
6008.554  3.1583 4.5 1.0954° 55 6008.550 247.7
6009.190  3.1343° 55 1.0717 4.5 6009.236" 55.0
6009.277  2.8453° 5.5 0.7827 55 6009.236" 53.4
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6011.217  3.9410° 5.5 1.8791 6.5 6011.205 19.9
6012.287  2.4145 5.5 0.3529° 6.5 6012.312 40.0
6013.774 3.1438 6.5 1.0828° 6.5 6013.783 47.7
6022465  2.6614° 6.5 0.6034 55 6022.452 116.4
6024.149  2.8899° 55 0.8324 55 6024.139 38.2
6039.981  2.8624° 45 0.8103 35 6040.001 35.1
6048.356  3.4032° 55 1.3539 45 6048.368 25.7
6049.257  2.9950° 7.5 09460 6.5 6049.250 474.7
6050.831 3.3392 7.5 1.2907° 6.5 6050.879" 152.8
6050.871 3.1438 6.5 1.0954° 55 6050.879" 156.0
6052.388  2.4008 7.5 0.3529° 6.5 6052.397 41.0
6057.361  3.0480 5.5 1.0018° 5.5 6057.338 174.7
6059.553  3.1409 5.5 1.0954° 5.5 6059.564 94.9
6065.144  3.1382° 6.5 1.0946 5.5 6065.151 59.9
6069.744  3.0649 5.5 1.0229° 4.5 6069.695 86.1
6082.710  3.1205 7.5 1.0828° 6.5 6082.741 64.4
6087.325  3.2368 6.5 1.2007° 6.5 6087.316 354
6089.505  2.5786 6.5 0.5432° 75 6089.494 42.8
6108.549  2.3820 6.5 0.3529° 6.5 6108.550 148.1
6109.097  2.6322° 6.5 0.6034 55 6109.065 343.8
6110.285  3.0303 4.5 1.0018° 5.5 6110.242 9.0
6111.940 2.8107° 6.5 0.7827 55 6111.958 40.0
6113551  3.3207 5.5 1.2933° 55 6113.552 13.8
6122.165  3.3473 7.5 1.3228° 7.5 6122.147 178.0
6127.073  2.0229 5.5 0.0000° 4.5 6127.082 12.2
6139419  3.3122 6.5 1.2933° 55 6139.428 34.9
6147.452  3.1117 5.5 1.0954° 55 6147.453 60.9
6148235  2.8484° 6.5 0.8324 55 6148.226° 159.2
6153.132  2.8331° 55 0.8187 6.5 6153.141 10.3
6165.415 3.2064 7.5 1.1960° 7.5 6165.423 190.1
6168.215  2.8282° 55 0.8187 6.5 6168.216 224
6170.633  2.1793 5.5 0.1707° 55 6170.651 56.1
6177.637 2.8251° 6.5 0.8187 6.5 6177.612 145.1
6181.358  3.0880 5.5 1.0828° 6.5 6181.382 45.2
6187.962  3.2037 6.5 1.2007° 6.5 6187.956 124.9
6189.586  2.5520° 5.5 0.5495 45 6189.590 20.5
6198.843  2.1702 6.5 0.1707° 5.5 6198.875 34.3
6201.285 1.9987 5.5 0.0000° 4.5 6201.291 10.0
6202.724  2.8307° 6.5 0.8324 55 6202.765 402.2
6210.596  3.2891 4.5 1.2933° 5.5 6210.588" 133.7
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6210.604  2.8282° 55 0.8324 55 6210.588” 133.7
6214.797  3.0259° 55 1.0316 4.5 6214.778 56.3
6230.192  3.3122 6.5 1.3228° 7.5 6230.152 35.9
6240.062  3.0691 7.5 1.0828° 6.5 6240.064 39.9
6253.227  3.0649 5.5 1.0828° 6.5 6253.233¢ 35.5
6253.701 3.0774 5.5 1.0954° 5.5 6253.719 74.0
6255.508  2.9274° 55 0.9460 6.5 6255.501" 20.1
6255.524  3.2791° 6.5 12977 7.5 6255.501" 20.5
6262.327  2.5288° 45 0.5495 45 6262.336 187.2
6277.797  3.3263° 4.5 1.3519 5.5 6277.840 38.8
6277.884  3.1750 6.5 1.2007° 6.5 6277.838 35.9
6279.240  3.2673 6.5 1.2933° 55 6279.237 38.8
6281.548  3.5852 6.5 1.6120° 7.5 6281.550 36.1
6283.823  2.5156 6.5 0.5432° 75 6283.816 55.9
6285.620  1.9719 5.5 0.0000° 4.5 6285.623 62.0
6287.059  3.0542 7.5 1.0828° 6.5 6287.040 77.2
6290.105  2.8251° 6.5 0.8546 55 6290.097 84.6
6291.304  3.0418° 55 1.0717 4.5 6291.312 81.3
6293.348  3.0649 5.5 1.0954° 55 6293.369 70.4
6294.275  2.5187° 55 05495 45 6294.302° 35.3
6294.327  1.9692 5.5 0.0000° 4.5 6294.301° 34.0
6298.006  3.4244 7.5 1.4563° 6.5 6297.996 114.4
6308.311 3.1382° 6.5 1.1734 6.5 6308.312° 47.0
6308.335  3.3207 5.5 1.3559° 4.5 6308.312° 48.0
6309.414 2.9105° 55 0.9460 6.5 6309.411° 447
6309.446  3.2936 8.5 1.3291° 85 6309.411° 45.5
6316.610  3.2556 6.5 1.2933° 55 6316.625 70.3
6318.750  3.0444 6.5 1.0828° 6.5 6318.751 58.8
6320.436  2.5106° 5.5 05495 45 6320.424 64.3
6325.238 3.4244 7.5 1.4648° 7.5 6325.221 10.6
6339.333  3.1559 6.5 1.2007° 6.5 6339.363 32.2
6343.870  3.4124 8.5 1.4585° 85 6343.904 203.6
6345.268  3.0488 5.5 1.0954° 55 6345.271 6.1
6347.717  3.0480 5.5 1.0954° 5.5 6347.709 102.5
6352299  2.9467° 55 09955 45 6352.315 29.1
6357207  2.9726 4.5 1.0229° 45 6357.181°¢ 3184
6359.031 34262 105 1.4770° 9.5 6358.981 614.1
6363.414  3.1438 6.5 1.1960° 7.5 6363.408 31.9
6369.098  3.2368 6.5 1.2907° 6.5 6369.091 29.2
6371.806 3.2744 7.5 1.3291° 85 6371.852 321
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6373289  2.7275° 6.5 0.7827 55 6373.287 78.1
6376.065  2.8899° 5.5 09460 6.5 6376.063 6.9
6377.610  3.2368 6.5 1.2933° 55 6377.606 167.4
6377944  3.1394 7.5 1.1960° 7.5 6377.915 305.1
6378.575  3.1438 6.5 1.2007° 6.5 6378.586 333.0
6388.223  3.1409 5.5 1.2007° 6.5 6388.217° 26.8
6388.227 3.2243° 45 1.2840 4.5 6388.217" 26.8
6408.378  3.0169 5.5 1.0828° 6.5 6408.384 35.3
6415419  3.2548 8.5 1.3228° 75 6415.436 667.7
6419.175 3.0137 5.5 1.0828° 6.5 6419.173 58.2
6419.616  2.5341° 6.5 0.6034 55 6419.619" 152.4
6419.621 3.3174° 55 1.3867 4.5 6419.619" 152.3
6435.572  3.0088 6.5 1.0828° 6.5 6435.564 12.3
6437.466 ~ 2.5288° 45 0.6034 55 6437.469 26.1
6450.180  3.4369 6.5 1.5153° 6.5 6450.213 11.8
6459.036  2.4685° 5.5 05495 45 6459.040 33.8
6461.114  2.5217° 6.5 0.6034 55 6461.098 186.1
6463.333  3.3740 6.5 1.4563° 6.5 6463.332 6.1
6468.309  3.2722 4.5 1.3559° 4.5 6468.293 12.1
6470.235  3.2064 7.5 1.2907° 6.5 6470.243 110.0
6478.075  3.0088 6.5 1.0954° 5.5 6478.080 19.5
6485.993  3.1117 5.5 1.2007° 6.5 6486.016 81.5
6490916  2.0802 5.5 0.1707° 55 6490.918 100.2
6491.759  3.0047 6.5 1.0954° 55 6491.764 804.9
6493492  2.7275° 6.5 0.8187 6.5 6493.491 332.2
6494.888  2.9912 7.5 1.0828° 6.5 6494.895 214.7
6497.109 3.3725 8.5 1.4648° 7.5 6497.110 140.6
6500.725  3.1027 8.5 1.1960° 7.5 6500.738 364.8
6504.066  3.1964 7.5 1.2907° 6.5 6504.094 203.3
6515.240  2.8484° 6.5 09460 6.5 6515.242 61.7
6517.142 29846 6.5 1.0828° 6.5 6517.138 167.0
6524.454  3.1004 5.5 1.2007° 6.5 6524.479 22.4
6525.868  2.8453° 5.5 09460 6.5 6525.855 15.8
6548.850  3.0418° 55 1.1491 5.5 6548.854 20.3
6549.515 29752 6.5 1.0828° 6.5 6549.520¢ 52.1
6553.301  2.7238° 5.5 0.8324 55 6553.296 246.7
6555.016  2.8369° 5.5 0.9460 6.5 6555.001 69.2
6560.733  2.9846 6.5 1.0954° 5.5 6560.719 163.4
6568.130  2.8331° 5.5 09460 6.5 6568.123 19.3
6576.460  2.8307° 6.5 09460 6.5 6576.462 14.2
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6578.009  3.1750 6.5 1.2907° 6.5 6578.004 61.9
6581.287  2.6052° 5.5 0.7219 45 6581.305 58.5
6583.315  2.4259 7.5 0.5432° 7.5 6583.322 54.7
6587.046  3.1724 6.5 1.2907° 6.5 6587.055" 19.0
6587.089  3.1750 6.5 1.2933° 55 6587.055" 20.7
6590.750 33392 7.5 1.4585° 85 6590.715 17.6
6593.541 29752 6.5 1.0954° 55 6593.558 21.6
6595463  2.9621 6.5 1.0828° 6.5 6595.478 88.4
6612.726  3.3392 7.5 1.4648° 7.5 6612.707 17.4
6615.650 1.8735 5.5 0.0000° 4.5 6615.650 13.6
6615.650  3.3258° 5.5 1.4522 45 6615.650° 13.6
6616.670  2.9560 7.5 1.0828° 6.5 6616.664 1312.7
6625910 3.1614 6.5 1.2907° 6.5 6625.910 27.7
6630.990  2.7238° 5.5 0.8546 5.5 6630.987 86.2
6637.788  3.1964 7.5 1.3291° 85 6637.776 14.9
6645.505  3.1559 6.5 1.2907° 6.5 6645.539” 17.9
6645514  2.4685° 5.5 0.6034 55 6645.539" 17.9
6646.217  3.1583 4.5 1.2933° 55 6646.206 38.8
6647.118  2.8107° 6.5 09460 6.5 6647.115 391.7
6662.787  2.8621 6.5 1.0018° 55 6662.758 178.2
6664.440  2.0305 5.5 0.1707° 5.5 6664.436 13.3
6670.211  3.0542 7.5 1.1960° 7.5 6670.259" 125.5
6670256  2.6409° 5.5 0.7827 55 6670.259” 127.6
6672.175  2.4008 7.5 0.5432° 7.5 6672.189 88.8
6688.419  2.7992° 5.5 09460 6.5 6688.442 30.9
6690.124  3.1450° 5.5 1.2923 6.5 6690.094¢ 69.5
6695.250  3.3666 5.5 1.5153° 6.5 6695.230 10.4
6697.995  3.0239° 6.5 11734 6.5 6698.046" 18.3
6698.031  3.1438 6.5 1.2933° 55 6698.046" 19.0
6699.238  3.0259° 5.5 1.1758 5.5 6699.253Y 721
6699.252  3.1409 55 1.2907° 6.5 6699.253Y 721
6700.491  2.7044° 5.5 0.8546 55 6700.497 15.4
6701.547  2.6322° 6.5 0.7827 55 6701.525 34.2
6708.670  3.1409 55 1.2933° 55 6708.677 57.8
6709.228 33122 6.5 1.4648° 7.5 6709.244 48.7
6714.753  3.1382° 6.5 1.2923 6.5 6714.784°¢ 43.2
6722501  2.3933° 45 0.5495 4.5 6722.509 30.6
6727.640  2.8282° 5.5 09858 6.5 6727.633 12.6
6733.314  3.1341 55 1.2933° 55 6733.314° 29.1
6733.354  2.9899° 6.5 1.1491 55 6733.314 29.3
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6736.785  3.3046 7.5 1.4648° 7.5 6736.795 131.7
6739.282  2.6494° 2.5 0.8103 3.5 6739.304 827.6
6740.491 2.3820 6.5 0.5432° 7.5 6740.491 11.7
6754.568  3.1869° 4.5 13519 5.5 6754.577 29.2
6771216  1.8305 4.5 0.0000° 4.5 6771.235 175.5
6773.051  1.8300 5.5 0.0000° 4.5 6773.043 38.6
6796.706  3.2800 6.5 1.4563° 6.5 6796.724 14.5
6800.826  2.6052° 5.5 0.7827 55 6800.868 13.4
6802.038  2.6409° 5.5 0.8187 6.5 6802.045 31.8
6806.855  3.1117 55 1.2907° 6.5 6806.867 14.2
6816.578  3.1117 5.5 1.2933° 55 6816.597 29.1
6817.591 32744 75 1.4563° 6.5 6817.619 47.4
6819.103 1.8176 5.5 0.0000° 4.5 6819.054 43.5
6822.844 31394 75 1.3228° 75 6822.850 107.1
6834.580  2.6322° 6.5 0.8187 6.5 6834.582 99.0
6839.013 34244 75 1.6120° 7.5 6839.007 19.3
6842327 32678 5.5 1.4563° 6.5 6842.336 10.0
6844.388  3.2673 6.5 1.4563° 6.5 6844.391 78.8
6846.802  2.9049° 4.5 1.0946 55 6846.803 36.8
6859.072  3.1004 55 1.2933° 55 6859.056 30.6
6866.808 21580 5.5 0.3529° 6.5 6866.807 526.6
6870.451  3.0047 6.5 1.2007° 6.5 6870.465 81.1
6873.498  3.1899° 4.5 1.3867 4.5 6873.481 6.4
6881.205 19719 55 0.1707° 5.5 6881.219 726.7
6884.617  3.4124 85 1.6120° 7.5 6884.670 459
6892.705  3.4448 8.5 1.6465° 8.5 6892.720" 98.8
6892.753  3.2791° 6.5 14809 55 6892.721° 70.8
6893.380  2.3476° 55 0.5495 4.5 6893.393 109.3
6896.600  3.0880 5.5 1.2907° 6.5 6896.609 6.4
6904.616  2.9912 7.5 1.1960° 7.5 6904.670 19.1
6906.581  3.0880 5.5 1.2933° 55 6906.601 17.2
6909.741  1.7938 4.5 0.0000° 4.5 6909.754 228.0
6918.784  2.3948° 6.5 0.6034 55 6918.775 542.0
6944.468 19555 6.5 0.1707° 5.5 6944.515 24.0
6954202  2.3318° 55 0.5495 4.5 6954.193 299.0
6961.868  3.1343° 55 1.3539 4.5 6961.920 20.2
6969.755  3.0691 7.5 1.2907° 6.5 6969.767 18.0
6971903  2.7238° 55 09460 6.5 6971.892 23.2
6974574  2.8599 55 1.0828° 6.5 6974.576 29.8
6983.109  3.9410° 55 21660 5.5 6983.153" 15.1
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6983.182  2.7978 3.5 1.0229° 45 6983.1547 15.5
6984.558  2.9752 6.5 1.2007° 6.5 6984.570 10.8
6986.184  3.0649 5.5 1.2907° 6.5 6986.179 27.1
6988.586  3.1027 8.5 1.3291° 85 6988.587" 63.1
6988.591  3.1255° 45 1.3519 5.5 6988.587" 73.5
6990.546 1.9437 6.5 0.1707° 5.5 6990.571 18.5
6991.543  2.6052° 5.5 0.8324 55 6991.538 38.9
7004.348  1.7696 4.5 0.0000° 4.5 7004.366¢ 182.1
7009.509  3.0411° 75 1.2729 6.5 7009.516 44
7009.922 1.7682 4.5 0.0000° 4.5 7009.941 85.6
7040.381  3.3725 8.5 1.6120° 7.5 7040.395 31.8
7042.410 2.9560 7.5 1.1960° 7.5 7042.408°¢ 134.7
7047.066 1.7588 4.5 0.0000° 4.5 7047.093 412.2
7048.776 ~ 2.7044° 55 09460 6.5 7048.772 9.6
7053.246  3.0480 5.5 1.2907° 6.5 7053.223 13.0
7062.704 1.9256 4.5 0.1707° 5.5 7062.718° 289.4
7066.578  2.9274° 5.5 1.1734 6.5 7066.596 6.7
7068.067  3.0444 6.5 1.2907° 6.5 7068.068 241
7070.491 3.4184° 55 1.6654 4.5 7070.537" 19.8
7070.521 1.7530 4.5 0.0000° 4.5 7070.537° 20.2
7072.617  3.2678 5.5 1.5153° 6.5 7072.616 8.2
7074.043  2.1051 6.5 0.3529° 6.5 7074.053 369.2
7077.063  2.5341° 6.5 0.7827 55 7077.079 219
7079.950  2.8453° 55 1.0946 5.5 7079.987%¢ 290.1
7080.040  2.6052° 5.5 0.8546 55 7079.987%¢ 295.3
7087.615 3.0411° 75 1.2923 6.5 7087.626¢ 5.5
7090.445  3.1469° 6.5 1.3989 5.5 7090.499 63.9
7093.775 1.9179 5.5 0.1707° 5.5 7093.798°¢ 84.2
7095.714  2.0997 55 0.3529° 6.5 7095.720 24.6
7096.656  2.4685° 5.5 07219 45 7096.673 18.6
7097.331  2.8418 4.5 1.0954° 55 7097.358° 98.0
7097.356  2.2896 7.5 0.5432° 75 7097.358" 98.6
7098.762  2.5288° 45 0.7827 55 7098.781 7.1
7106.195  2.3476° 5.5 0.6034 55 7106.197 133.7
7114.549  2.8249 6.5 1.0828° 6.5 7114.551¢ 136.7
7129.720  2.8331° 55 1.0946 5.5 7129.724 10.6
7137.080  2.5469° 3.5 0.8103 3.5 7137.036 17.9
7143.077 1.9059 6.5 0.1707° 5.5 7143.093 61.0
7152.609  2.0858 6.5 0.3529° 6.5 7152.593 7.5
7153.791 1.7326 4.5 0.0000° 4.5 7153.793¢ 8.1
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7162.643  2.8251° 6.5 1.0946 5.5 7162.661 60.9
7170.848  2.3318° 55 0.6034 55 7170.833 21.7
7172.252 2.8773° 55 1.1491 5.5 7172.257 32.3
7180.402  3.0169 5.5 1.2907° 6.5 7180.410 14.0
7187376  2.7474 3.5 1.0229° 4.5 7187.324 5.9
7188.539  2.8197 5.5 1.0954° 5.5 7188.586" 12.2
7188.559 3.4924° 55 1.7682 4.5 7188.586" 12.2
7191.222  3.0169 5.5 1.2933° 5.5 7191.250 8.3
7193913  2.2661 7.5 0.5432° 75 7193.929% 6.0
7193960  3.0137 55 1.2907° 6.5 7193.928Y 6.5
7200.105  3.0774 5.5 1.3559° 4.5 7200.130 7.8
7202.470  3.0142 5.5 1.2933° 5.5 7202.483 7.3
7204.821 3.0137 5.5 1.2933° 55 7204.813 8.8
7206.613 1.7199 5.5 0.0000° 4.5 7206.638 180.6
7207975  2.5520° 5.5 0.8324 55 7207.966 194
7209.274 1.7193 3.5 0.0000° 4.5 7209.296 197.6
7214.560 3.0088 6.5 1.2907° 6.5 7214.561 40.6
7222.890 2.8107° 6.5 1.0946 5.5 7222.899 59.0
7231.536  3.0047 6.5 1.2907° 6.5 7231.530 130.0
7232.583 1.7137 4.5 0.0000° 4.5 7232.584 61.6
7254.163 1.7086 3.5 0.0000° 4.5 7254173 52.0
7259.183  2.2570° 5.5 0.5495 45 7259.219 270.8
7269909  3.1819 8.5 1.4770° 95 7269.901 11.6
7278.717 1.8735 5.5 0.1707° 55 7278.727¢ 170.6
7282.636 1.7020 5.5 0.0000° 4.5 7282.648 14.5
7287.631  3.3473 7.5 1.6465° 8.5 7287.598 50.3
7289.188 2.9912 7.5 1.2907° 6.5 7289.190 105.4
7291.043  2.5187° 5.5 0.8187 6.5 7291.058 9.5
7306.812  2.5288° 45 0.8324 55 7306.807 74.6
7312.814  2.6409° 55 09460 6.5 7312.808 74
7314472 3.2114° 6.5 1.5169 5.5 7314.446 8.6
7317.230  2.9846 6.5 1.2907° 6.5 7317.232 56.9
7326.168  2.5106° 5.5 0.8187 6.5 7326.157 17.7
7328.467  2.9846 6.5 1.2933° 55 7328.477¢ 46.8
7347.831 1.6868 4.5 0.0000° 4.5 7347.862 26.8
7369.426  2.9752 6.5 1.2933° 55 7369.437 10.2
7381.146 2.9726 4.5 1.2933° 55 7381.157 15.7
7382.024  3.1438 6.5 1.4648° 7.5 7382.035 9.9
7388.554  2.0305 5.5 0.3529° 6.5 7388.572 12.3
7396.059  2.3978° 45 0.7219 45 7396.083¢ 9.6

154



APPENDIX A. TABLES OF SPECTRAL LINES

Continued from previous page

)\Igitz Eup ]up Ejow Jiow /\oo I
[A] [eV] [eV] [A] [a.u.]
7396.880  3.3185° 5.5 1.6428 6.5 7396.842 10.0
7401584 31394 7.5 1.4648° 7.5 7401.583°¢ 24.5
7403.525  2.5288° 45 0.8546 55 7403.527 92.9
7427.651 29621 6.5 1.2933° 55 7427.668" 35.0
7427.711  3.3886° 4.5 1.7199 55 7427.669" 35.7
7442570  1.6654 4.5 0.0000° 4.5 7442.611 316.3
7448.053  3.1205 7.5 1.4563° 6.5 7448.088 5.1
7454529  2.6562° 3.5 09935 3.5 7454.532 22.7
7458311  2.0148 6.5 0.3529° 6.5 7458.322 26.7
7459.869  2.8107° 6.5 1.1491 5.5 7459.856 4.6
7466.449 26619 6.5 1.0018° 55 7466.448 10.0
7467960  2.9531 4.5 1.2933° 55 7467.974 23.6
7470.047  2.6052° 5.5 09460 6.5 7470.086" 205.4
7470.053  2.8599 5.5 1.2007° 6.5 7470.086" 205.4
7484.846  2.6494° 25 09935 35 7484.8420 30.9
7484.880  2.5106° 5.5 0.8546 5.5 7484.8420 31.0
7491302  2.9274° 55 12729 6.5 7491.321 10.8
7495570  2.2570° 55 0.6034 55 7495.591 1167.4
7502.461  3.1450° 5.5 14929 6.5 7502.460 6.2
7504.252  2.8251° 6.5 11734 6.5 7504.302 16.1
7513.010  3.2548 85 1.6050° 9.5 7513.046" 74.3
7513.038  2.4685° 55 0.8187 6.5 7513.046" 73.4
7513.067  3.1306° 5.5 14809 5.5 7513.046" 76.6
7515.009  2.8251° 6.5 1.1758 5.5 7515.041° 5.4
7515.066  3.3362° 4.5 1.6868 4.5 7515.041° 5.7
7525299 32936 85 1.6465° 8.5 7525.299 29.8
7525.758 1.8176 5.5 0.1707° 5.5 7525.776 22.3
7532216 1.6456 4.5 0.0000° 4.5 7532.232¢ 9.4
7542280  2.9274° 55 1.2840 4.5 7542.316 7.3
7567452 31027 85 1.4648° 7.5 7567.493 909.8
7603.591  1.9831 7.5 0.3529° 6.5 7603.546 12.7
7608.007  2.7238° 55 1.0946 5.5 7608.014 9.1
7612.879  3.1382° 6.5 1.5101 5.5 7612.933 2.5
7614.914 1.7984 5.5 0.1707° 5.5 7614.936 70.8
7618.065 21702 6.5 0.5432° 7.5 7618.070 47.7
7623718 21690 8.5 0.5432° 7.5 7623.746 50.9
7624.491 2.3476° 5.5 0.7219 45 7624.519 7.6
7629251  2.6562° 3.5 1.0316 4.5 7629.263 38.1
7635281  1.7940 6.5 0.1707° 5.5 7635.306° 6.3
7636308  1.7938 4.5 0.1707° 5.5 7636.331 16.9
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7656.490  3.4924° 55 1.8735 5.5 7656.504 28.2
7659.887  2.9105° 55 12923 6.5 7659.893 12.1
7661.384 2.1610 7.5 0.5432° 75 7661.407 5.3
7669.101 1.6162 5.5 0.0000° 4.5 7669.118 28.2
7671.508  2.6985 5.5 1.0828° 6.5 7671.500 8.9
7685.349  3.0691 7.5 1.4563° 6.5 7685.372 25.2
7698.968  2.3318° 5.5 0.7219 45 7698.955 28.0
7710285  3.0411° 7.5 1.4336 6.5 7710.244 51
7717.642  2.5520° 55 09460 6.5 7717.664 6.4
7756.762  3.0542 7.5 1.4563° 6.5 7756.766 10.7
7758.345  2.8899° 5.5 12923 6.5 7758.349 15.0
7758.809  3.3174° 55 1.7199 5.5 7758.858" 44.0
7758.833  2.6803 6.5 1.0828° 6.5 7758.858" 43.9
7758.851 1.7682 4.5 0.1707° 55 7758.858" 43.9
7761170  2.1402 7.5 0.5432° 75 7761.217 421
7764.027  29736° 3.5 1.3771 25 7764.025 87.1
7783170  2.5880° 3.5 0.9955 45 7783.164 11.0
7791.517 1.9437 6.5 0.3529° 6.5 7791.546¢ 13.6
7793.692  3.0239° 6.5 14336 6.5 7793.707 5.5
7798.111 3.0542 7.5 1.4648° 7.5 7798.112 6.6
7804.662  2.5341° 6.5 09460 6.5 7804.669 98.6
7807.697  2.3978° 4.5 0.8103 3.5 7807.750 5.3
7809.253 1.7579 5.5 0.1707° 5.5 7809.272 64.8
7820.169 4.0547° 45 2.4697 5.5 7820.229% 18.6
7820.218  2.8773° 55 12923 6.5 7820.229" 18.7
7829913  2.3933° 45 0.8103 3.5 7829.954 171
7843.379 1.5803 4.5 0.0000° 4.5 7843.416 45.6
7859.133  1.9300 5.5 0.3529° 6.5 7859.190 12.8
7865.038 1.7466 6.5 0.1707° 55 7865.068 37.7
7876.191 2.6052° 5.5 1.0316 4.5 7876.185 6.9
7881.084  2.5187° 55 09460 6.5 7881.091 172.2
7897.745  3.3473 7.5 1.7779° 85 7897.730 23.9
7898.880  2.8599 5.5 1.2907° 6.5 7898.891 10.7
7901.921 3.2114° 6.5 1.6428 6.5 7901.984 13.7
7911977  2.8599 5.5 1.2933° 55 7911.994 30.3
7918.212  2.3978° 45 0.8324 5.5 7918.205 178.0
7920.709  2.3476° 5.5 0.7827 55 7920.718 21.0
7922.096  3.4704° 6.5 1.9059 6.5 7922.108° 113.3
7922.140  2.5106° 55 09460 65 7922.108" 1139
7928926  2.5567° 2.5 09935 35 7928.929 30.3
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7935490 1.7326 4.5 0.1707° 5.5 7935.515 27.0
7941.063  2.3933° 45 0.8324 55 7941.066 531.0
7943233  3.1724 6.5 1.6120° 7.5 7943.187 7035.9
7962948  29105° 55 1.3539 4.5 7962.980" 10.5
7962967  2.5520° 55 0.9955 4.5 7962.980" 10.5
7963.608  2.5880° 3.5 1.0316 45 7963.569 97.3
7978.753  2.5469° 3.5 09935 3.5 7978.736 38.5
7981.480 19059 6.5 0.3529° 6.5 7981.490 4.7
8000.540 1.7199 55 0.1707° 5.5 8000.580 18.3
8001.116  2.3318° 5.5 0.7827 5.5 8001.117 46.9
8015.775  2.7469 6.5 1.2007° 6.5 8015.797" 5.7
8015.781  2.6409° 55 1.0946 5.5 8015.797" 5.8
8031.914  2.3978° 4.5 0.8546 55 8031.927 104.8
8032.527  3.0239° 6.5 14809 5.5 8032.584" 35.7
8032.559  1.7137 4.5 0.1707° 5.5 8032.584" 35.7
8055.426  2.3933° 45 0.8546 55 8055.438 206.9
8073.256  2.5288° 4.5 09935 3.5 8073.233 30.8
8074.535  2.2570° 5.5 07219 45 8074.593 9.3
8078.893  2.8249 6.5 1.2907° 6.5 8078.892 35.0
8085.133  2.8307° 6.5 1.2977 7.5 8085.174 19.2
8093.793  2.8221 7.5 1.2907° 6.5 8093.807 3.8
8114.948 3.1394 75 1.6120° 7.5 8114.974 19.7
8118.560  3.4704° 6.5 1.9437 6.5 8118.502 4348.7
8141.104  2.4685° 5.5 09460 6.5 8141.120 242.0
8151.207  1.8735 5.5 0.3529° 6.5 8151.171¢ 20.3
8163.700  2.9049° 4.5 1.3867 4.5 8163.757" 33.5
8163.814  2.0614 6.5 0.5432° 7.5 8163.755" 28.1
8171.281 1.5169 5.5 0.0000° 4.5 8171.324 12.0
8174294  2.5880° 3.5 1.0717 4.5 8174.289" 30.6
8174294  3.4222° 55 1.9059 6.5 8174.289" 30.6
8174962  1.6868 4.5 0.1707° 5.5 8175.009 11.0
8177169  2.3345° 6.5 0.8187 6.5 8177.190 64.7
8179.243  2.5469° 3.5 1.0316 4.5 8179.250 37.3
8180.608  2.3476° 5.5 0.8324 5.5 8180.626 63.3
8191481  2.3318° 55 0.8187 6.5 8191.489% 759
8191.494  2.9467° 5.5 14336 6.5 8191.489%¢ 759
8193293  2.6619° 5.5 1.1491 55 8193.295 4.6
8200.693 25132 55 1.0018° 5.5 8200.711° 6.5
8200.706  2.6848° 7.5 11734 6.5 8200.711° 6.5
8205.088  2.6052° 5.5 1.0946 5.5 8205.109 15.0

157



APPENDIX A. TABLES OF SPECTRAL LINES

Continued from previous page

Algitz Eup ]up Elow ]low /\OO I
[A] [eV] [eV] [A] [a.u.]
8213.386  2.9899° 6.5 14809 55 8213.3937 39.5
8213.393  2.3415° 45 0.8324 55 8213.393° 38.8
8213433  3.0259° 5.5 1.5169 5.5 8213.393° 39.4
8238.504  1.8574 5.5 0.3529° 6.5 8238.529 12.6
8245598  3.5337° 45 2.0305 55 8245.583 8.5
8308.700  2.6409° 5.5 1.1491 5.5 8308.729 12.4
8311.670  2.9560 7.5 1.4648° 7.5 8311.671 25.8
8326.963  3.3185° 5.5 1.8300 5.5 8326.944 401.2
8335.795  2.3415° 4.5 0.8546 55 8335.831% 14.2
8335.885  3.3174° 55 1.8305 4.5 8335.831° 11.2
8341.700  2.8418 4.5 1.3559° 4.5 8341.663 95.8
8345.669  2.9500 8.5 1.4648° 7.5 8345.678° 23.4
8345.718  2.9660° 5.5 14809 5.5 8345.678" 23.5
8363.130 1.8350 7.5 0.3529° 6.5 8363.174 11.3
8369.971 1.4809 5.5 0.0000° 4.5 8369.957 20.0
8383.693  2.8773° 55 1.3989 5.5 8383.700 4.0
8392.364  29105° 5.5 14336 6.5 8392.375 7.1
8395980  2.8282° 5.5 1.3519 5.5 8395.962 34.7
8403.842  1.6456 4.5 0.1707° 55 8403.868 80.8
8483.277  3.3185° 55 1.8574 5.5 8483.251 31.0
8520.723  2.7275° 6.5 1.2729 6.5 8520.731 11.0
8528.319  2.3978° 45 09444 35 8528.348 54
8534.995  1.4522 4.5 0.0000° 4.5 8535.008" 60.0
8534995  3.3258° 5.5 1.8735 5.5 8535.008° 60.0
8554.832  2.3933° 4.5 09444 35 8554.848 8.3
8591.326  3.2006° 4.5 1.7579 5.5 8591.317 43416.5
8602.793  2.4636 4.5 1.0229° 45 8602.730 54
8610.580  2.5341° 6.5 1.0946 5.5 8610.593 6.5
8625.862  2.4685° 55 1.0316 4.5 8625.849 101.9
8636.414 2.7275° 6.5 1.2923 6.5 8636.415 12.6
8642.723  2.5288° 4.5 1.0946 5.5 8642.765°¢ 9.5
8700.936  2.2570° 5.5 0.8324 55 8700.970 80.7
8760.814  2.2472° 45 0.8324 55 8760.833 447
8824.177  3.2621° 55 1.8574 5.5 8824.216 8.6
8835.267  2.5520° 5.5 1.1491 5.5 8835.265 13.6
8838.423  2.2570° 55 0.8546 55 8838.462 38.7
8849.775  3.3185° 5.5 19179 5.5 8849.832° 7.7
8849.799 1.9437 6.5 0.5432° 75 8849.8320 77
8857985  2.6916° 6.5 12923 6.5 8858.041 5.3
8860.544  1.3989 5.5 0.0000° 4.5 8860.532 35.1
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)\Igitz Eup ]up Ejow Jiow /\oo I
[A] [eV] [eV] [A] [a.u.]
8873592  2.4685° 55 1.0717 4.5 8873.645 6.2
8935.359  2.6848° 7.5 1.2977 7.5 8935.329 35.3
8936.701  2.6803 6.5 1.2933° 55 8936.715 9.6
8938.563  1.3867 4.5 0.0000° 4.5 8938.551 19.6
8943.777  2.3318° 5.5 09460 6.5 8943.765 19.2
8983.559 24625 5.5 1.0828° 6.5 8983.585 30.4
9021.923  2.4685° 5.5 1.0946 5.5 9021.949 111.3
9030.357  2.5217° 6.5 1.1491 55 9030.355 61.7
9088.654  2.6614° 6.5 1.2977 7.5 9088.604 38.4
9109.980  2.3540° 3.5 09935 3.5 9109.980" 42.2
9110.005  3.0259° 55 1.6654 4.5 9109.980° 41.3
9125.106  2.5880° 3.5 1.2297 3.5 9125.066 7.8
9154.661 13539 4.5 0.0000° 4.5 9154.731 104.2
9167.043  2.3476° 5.5 0.9955 4.5 9167.094 12.8
9188.013  1.7020 5.5 0.3529° 6.5 9188.055 64.8
9192.845  2.5217° 6.5 11734 6.5 9192.873 14.4
9547.339  3.2041° 6.5 1.9059 6.5 9547.409 1280.4
9806.955 27792 6.5 1.5153° 6.5 9807.020 29.3
9908.656  3.1568° 5.5 19059 65 9908.596 33.0
10085.090  3.1469° 6.5 19179 5.5 10085.040 57.9
10103.447  2.9467° 55 1.7199 5.5 10103.502 86.9

Table A.6: Measured wavelengths (A,) and intensities of Pr II spectral

lines. Meaning of symbols is given in Table[A.3]

)\Iiitz Eup Jup Elow Jiow /\oo I loggf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3815870  3.3030 5.0 0.0548° 5.0 3815.843 787.4 0.7 0.7
3880.464 3.1941 3.0 0.0000° 4.0 3880.486 120.9 -0.3
3885.195 3.3947 50 0.2044° 6.0 3885.175 66.9 -0.2
3920.532  3.1615 5.0  0.0000° 4.0 3920.540 402.4 0.2 0.2
3925466  3.1575 4.0  0.0000° 4.0 3925.459" 109.5 -0.4 -0.3
3927463 33721 50 0.2162° 5.0 3927.477 53.2 -0.4
3962450 3.3442 50 0.2162° 5.0 3962.444 244 -0.7
3982.052 3.5345 6.0 0.4219° 6.0 3982.054 178.6 0.5
3997.040 34727 70 03717° 7.0 3997.055" 39.1 -0.3 -0.2
4004.702 33112 50 0.2162° 5.0 4004.696" 78.3 -0.3 -0.2
4015.391 3.3030 5.0 0.2162° 5.0 4015.388" 60.1 -0.4 -0.4
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
4038455  3.0691 4.0 0.0000° 4.0 4038.438 95.3 -0.6
4044.813 3.0643 5.0  0.0000° 4.0 4044.785" 83.2 -0.7 -0.3
4054.860 32729 6.0 0.2162° 5.0 4054.859"  240.0 0.2 0.2
4058.800  3.4757 6.0 0.4219° 6.0 4058.813" 28.2 -0.4 -0.4
4062.805 34727 7.0 0.4219° 6.0 4062.8147 554.5 1.0 0.9
4062.806 34225 6.0 03717° 7.0 4062.814"  645.7 0.9
4083.341 32516 4.0 0.2162° 5.0 4083.334 66.0 -0.4
4096.820  3.2416 5.0 0.2162° 5.0 4096.825" 90.8 -0.3 -0.3
4107.507  4.1750° 5.0 11575 4.0 4107.510 32.3 0.9
4129.147  4.0406° 5.0 1.0389 5.0 4129.164 39.0 0.7
4130.771 34225 6.0 04219° 6.0 4130.765 33.2 -0.4
4141224 35431 70 0.5501° 8.0 4141.2120 443.5 0.9
4141.228 34757 6.0 04827° 6.0 4141.212% 4435 0.8 0.8
4169.446 3.3947 5.0 0.4219° 6.0 4169.461 29.1 -0.5
4174907  4.1678° 6.0 11990 6.0 4174.910 19.8 0.7
4175622  4.1258° 5.0 11575 4.0 4175.638 10.8 0.3
4206.719 34965 8.0  0.5501° 8.0 4206.705"  160.3 0.4 0.3
4208.313 31615 5.0 0.2162° 5.0 4208.315" 39.6 -0.8 -0.5
4216179 34225 6.0 04827° 6.0 4216.182  1036.1
4282452 34444 8.0 0.5501° 8.0 4282.409" 72.5 0.0 -0.1
4297766  2.8840 5.0  0.0000° 4.0 4297.750 2889  -0.7 -0.3
4307907  4.3559° 6.0 14787 5.0 4307.899 684.2
4320377  4.1258° 5.0 12569 6.0 4320.356¢ 32.1 0.8
4329.416 3.0791 6.0 0.2162° 5.0 4329.417" 37.7 -0.9 -0.9
4338.700 32787 7.0 04219° 6.0 4338.708 65.4 -0.3
4351.842  3.0643 5.0 0.2162° 5.0 4351.834 166.6  -0.0 -0.3
4354911  3.8241° 5.0 09780 5.0 4354.909 44.8 0.5
4361.547  4.1394° 50 12976 5.0 4361.523¢ 21.8 0.7
4395.761 32416 5.0 04219° 6.0 4395.781°¢ 922  -0.2 -0.2
4403.595 34444 8.0 0.6297° 7.0 4403.577" 30.3 -0.3 -0.4
4406.633  2.8127 4.0  0.0000° 4.0 4406.617 13.0 -1.8
4413.769  3.0244 6.0 0.2162° 5.0 4413.762"  204.0 -0.2 -0.6
4429126 27984 5.0  0.0000° 4.0 4429.133"  429.2 -0.3 -0.5
4470369  4.1678° 6.0 13952 7.0 4470.378 63.6
4496458 28113 5.0 0.0548° 5.0 4496.386" 32.2 -1.4 -0.4
4516.125  4.3667° 5.0 1.6222 6.0 4516.109 74.1
4522701  4.1394° 50 13989 6.0 4522.716" 92.0
4522.742  4.2192° 6.0 14787 5.0 4522.716" 99.3
4535923 27325 5.0  0.0000° 4.0 4535.916"  355.3 -0.4 -0.7
4553497  4.2192° 6.0 14972 6.0 4553.491 44.8
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
4612.080 2.6874 5.0 0.0000° 4.0 4612.063 39.6 -1.5
4658.398  4.1394° 5.0 1.4787 5.0 4658.359¢ 101.2
4742.336 4.4010° 5.0 1.7874 6.0 4742.303 105.2
4802.867  4.2192° 6.0 1.6386 6.0 4802.880 50.6
4855.297  4.1750° 5.0 1.6222 6.0 4855.324 35.5
4869.359  3.1752 6.0 0.6297° 7.0 4869.330 208.2 0.2
4874998 29142 6.0 03717° 7.0 4875.015 283.3 -0.1
4925.624 2.7325 5.0 0.2162° 5.0 4925 .655° 65.8 -1.3 -1.1
4925673  3.0244 6.0 0.5080° 5.0 4925.655" 65.8 -0.9 -0.6
4953.214  4.1460° 4.0 1.6436 3.0 4953.213¢ 33.3
4984.929  4.3667° 5.0 1.8803 5.0 4984.904 79.0
5044213 29399 50 04827° 6.0 5044.231°¢ 26.4 -1.1
5084.429 28095 7.0 0.3717° 7.0 5084.450¢ 219.0 -04
5110.371 29334 40 0.5080° 5.0 5110.408 375.9 0.1
5110.760  3.5727 9.0 1.1475° 10.0 5110.778 53.0 0.3
5115.179 34757 6.0 1.0526° 5.0 5115.216¢ 142.8 0.6 0.6
5120.545  3.3428 6.0  0.9222° 5.0 5120.570°¢ 204.4 0.5
5129.533  3.0643 5.0 0.6480° 6.0 5129.530" 92.5 -0.3 -0.1
5135.140 3.3634 8.0 0.9497° 8.0 5135.137" 59.4 0.0 -0.1
5145.167 2.9170 4.0 0.5080° 5.0 5145.133 191.7 -0.2
5161.744  2.8840 5.0 0.4827° 6.0 5161.723" 163.6 -0.4 -0.7
5173.902 3.3634 8.0 0.9677° 9.0 5173.901" 160.5 0.5 0.4
5177.337  4.1678° 6.0 1.7738 7.0 5177.368° 1193.2
5201.376  4.2192° 6.0 1.8363 7.0 5201.339 37.9
5219.045 31701 70 0.7952° 7.0 5219.053" 444 -0.4 -0.1
5220.108 3.1701 7.0  0.7957° 8.0 5220.102" 169.4 0.2 0.3
5227.158 24260 4.0 0.0548° 5.0 5227.187  1087.5 -0.3
5259.728 29899 6.0 0.6333° 7.0 5259.728" 141.7 -0.2 0.1
5263.874  2.8374 5.0  0.4827° 6.0 5263.732" 105.1 -0.6 -0.6
5280.838 3.5431 7.0 1.1960° 6.0 5280.854 34.0 0.1
5292.619 29899 6.0 0.6480° 6.0 5292.626" 70.4 -0.5 -0.3
5311.115  3.4444 8.0 1.1107° 9.0 5311.076 35.0 -0.1 -0.0
5321.069  2.8374 5.0 0.5080° 5.0 5321.061 29.2 -1.1 -1.1
5352.398 2.7984 5.0 0.4827° 6.0 5352.410" 67.2 -0.8 -0.7
5411544 27984 50 0.5080° 5.0 5411.560 64.5 -1.0 -0.8
5434.480 3.3302 7.0 1.0495° 6.0 5434.519 42.6 -0.1
5435.098 2.3353 6.0 0.0548° 5.0 5435.127 77.3 -1.6
5482998 24650 6.0 0.2044° 6.0 5483.022 31.9 -1.7
5485.860 2.8095 7.0  0.5501° 8.0 5485.903 105.7 -0.6
5501.452  3.1752 6.0  0.9222° 5.0 5501.489 97.9 0.0
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
5509.147 2.7325 5.0 0.4827° 6.0 5509.150 91.9 -1.0 -0.8
5511.628 24650 6.0 0.2162° 5.0 5511.660 529.8 -0.5
5519.823  4.1258° 5.0 1.8803 5.0 5519.791°¢ 41.0
5535.166  3.1615 5.0  0.9222° 5.0 5535.167" 18.2 -0.7 -0.8
5551.086  3.4929 7.0 1.2601° 6.0 5551.070 89.3 0.5
5565.559  3.2312 5.0 1.0042° 4.0 5565.529 379.1 0.7
5754.237  4.1678° 6.0  2.0138 6.0 5754.261 56.2
5823.722 23445 50 0.2162° 5.0 5823.674 49.3 -1.6
5847.054  3.2516 4.0 1.1318° 4.0 5847.026 331.8 0.7
5859.676  3.5345 6.0 1.4193° 5.0 5859.662 36.2 0.3
5873.851 3.2729 6.0 1.1628° 5.0 5873.846 26.7 -0.3 -0.3
5874.731 3.2416 5.0 1.1318° 4.0 5874.713¢ 208.5 0.6 0.5
5924.218 3.4225 6.0 1.3303° 6.0 5924.181¢ 126.8 0.6
5945944  2.7325 5.0 0.6480° 6.0 5945.933 70.5 -1.1 -0.8
5966.914 34929 7.0 1.4157° 7.0 5966.952¢ 43.0 0.3
5968.261 4.3667° 5.0  2.2900 4.0 5968.289 379.1
6006.331 3.7217 7.0 1.6581° 8.0 6006.307 18.9 0.3
6090.040 3.2312 5.0 1.1960° 6.0 6090.014 88.4 0.2
6148243 34727 7.0 1.4567° 6.0 6148.226°¢ 159.2 1.0 0.9
6158.886  3.3428 6.0 1.3303° 6.0 6158.877 79.5 0.3
6161.179  3.0643 5.0 1.0526° 5.0 6161.182" 46.8 -0.4 -0.2
6165.891 29334 40 09232° 4.0 6165.927 49.7 -0.6
6253.231 3.4444 8.0 1.4623° 7.0 6253.233¢ 35.5 0.1 0.2
6281.276 29334 4.0 0.9601° 3.0 6281.277 72.2 -0.4
6357.227 32040 5.0 1.2543° 4.0 6357.181°¢ 317.2 0.8
6389.570  3.1941 3.0 1.2543° 4.0 6389.587 187.7 0.5
6498.933  3.1615 5.0 1.2543° 4.0 6498.925" 6.4 -1.0 -1.2
6549515 25404 7.0 0.6480° 6.0 6549.520°¢ 52.1 -1.1
6615.667 3.3302 7.0 1.4567° 6.0 6615.650¢ 13.6 -0.3
6656.834  3.6852 8.0 1.8233° 9.0 6656.827 12.1 0.2
6673.408 34727 7.0 1.6154° 8.0 6673.408" 9.9 -0.2 -0.1
6690.129  4.4010° 5.0 2.5483 6.0 6690.094°¢ 69.5
6714.771 2.4939 6.0 0.6480° 6.0 6714.784°¢ 41.5 -1.3
6749.187  2.3445 5.0 0.5080° 5.0 6749.215 143.9 -1.0
6753.619 24650 6.0 0.6297° 7.0 6753.615 155 -1.7
6766.899 24650 6.0 0.6333° 7.0 6766.908 20.4 -1.6
6783.231 23353 6.0 0.5080° 5.0 6783.200 14.3 -2.0
7004.387  2.1915 5.0 04219° 6.0 7004.366°¢ 181.6 -1.1
7042.430 2.8095 7.0 1.0495° 6.0 7042.408°¢ 134.7 -0.2
7062.679 32729 6.0 1.5180° 7.0 7062.718°¢ 281.4 1.0
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7079.980  4.0406° 5.0  2.2900 4.0 7079.987¢ 294.4

7087590 3.0791 6.0 1.3303° 6.0 7087.626¢ 5.4 -1.1 -1.1
7093.806  3.2040 5.0 1.4567° 6.0 7093.798¢ 84.7 0.3
7099.503 27984 5.0 1.0526° 5.0 7099.561 26.6 -1.0 -0.9
7114570  3.1615 5.0 1.4193° 5.0 7114.551¢ 137.2 0.5 0.5
7153.735 1.7874 6.0 0.0548° 5.0 7153.793¢ 7.3 -3.2
7278.722 29629 7.0 1.2601° 6.0 7278.727°¢ 170.6 0.2
7328.451 2.8127 4.0 1.1214° 3.0 7328.477°¢ 46.7 -0.6
7396.038 1.8803 5.0 0.2044° 6.0 7396.083¢ 9.6 -2.8
7401.552 2.8374 5.0 1.1628° 5.0 7401.583¢ 24.8 -0.8 -0.8
7467230  3.0244 6.0 1.3645° 7.0 7467.197 17.1 -1.0 -0.6
7514512 24451 8.0 0.7957° 8.0 7514.551 11.9 -1.8
7532.205 4.1394° 5.0 2.4939 6.0 7532.232¢ 94

7540.989 1.6436 3.0 0.0000° 4.0 7541.013 3.8 -3.6
7546.186 29728 6.0 1.3303° 6.0 7546.213 31.8 -0.4
7569.377  3.0770 7.0 1.4395° 8.0 7569.323 15.0 -0.6
7635.328 27861 6.0 1.1628° 5.0 7635.306° 6.5 -14
7786.141 2.0138 6.0 04219° 6.0 7786.180 25.1 2.1
7791572 25404 7.0 0.9497° 8.0 7791.546°¢ 134 -1.5
8052.383  4.3559° 6.0 2.8166 6.0 8052.344 15.2

8151.107 29399 5.0 1.4193° 5.0 8151.169¢ 9.0 -0.9
8160.862  4.2192° 6.0 2.7004 6.0 8160.806 58.5

8188.797  3.9396° 4.0  2.4260 4.0 8188.780 52.6

8191.434 29324 5.0 1.4193° 5.0 8191.489°¢ 75.9 -0.0
8224.238  2.8374 5.0 1.3303° 6.0 8224.296 2.5 -1.6 -1.6
8642.753 1.6386 6.0 0.2044° 6.0 8642.765°¢ 9.5 3.1

Table A.7: Measured wavelengths (A,) and intensities of Nd I spectral
lines. Meaning of symbols is given in Table[A.3]

)\Roitz Eup ]up Ejow Jiow )&o I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3948.142 3.2792° 4.0 0.1399 5.0 3948.149 22.5 -1.7
3982.272 3.2523° 4.0 0.1399 5.0 3982.277¢ 43.6 -14
3992.969 3.9427 7.0 0.8386° 6.0 3992.983 324 -0.6
4037.632 3.9084 7.0 0.8386° 6.0 4037.643 34.7 -0.6
4053.508 3.1976° 4.0 0.1399 5.0 4053.513¢ 36.5 -1.5
4066.841 3.0477° 5.0 0.0000 4.0 4066.854 32.2 -1.8
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4083.896  3.0350° 4.0 0.0000 4.0 4083.904 146.1 -1.1
4092.646  3.1684° 5.0 0.1399 5.0 4092.650¢ 30.8 -1.6
4103.002  3.8595 5.0 0.8386° 6.0 4103.010 17.8 -1.0
4122980  3.0062° 4.0 0.0000 4.0 4122.979¢ 38.0 -1.7
4126.546  3.1435° 6.0 0.1399 5.0 4126.551 23.4 -1.8
4142.016  3.2858° 5.0 0.2934 6.0 4141.995 10.9 -1.9
4160.628  3.2724° 7.0 0.2934 6.0 4160.618 13.6 -1.8
4176.092  3.4245° 7.0 0.4565 7.0 4176.094¢ 13.6 -1.6
4205.263  3.4039° 6.0 0.4565 7.0 4205.263%¢ 21.1 -14
4205.272 3.5733° 8.0 0.6259 8.0 4205.263b¢ 19.1 -1.3
4210979  3.0833° 5.0 0.1399 5.0 4210.986¢ 106.1 -1.1
4252949  4.3229 3.0 1.4085° 4.0 4252.967 20.2 -0.3
4256.462  2.9120° 3.0 0.0000 4.0 4256.467¢ 452.3 -0.7
4258.095  3.0507° 4.0 0.1399 5.0 4258.100 79.0 -1.3
4265.659  3.7443 5.0 0.8386° 6.0 4265.675" 38.9 -0.7
4265.700  3.9474 8.0 1.0417° 7.0 4265.677" 56.7 -0.3
4275.171 3.1926° 6.0 0.2934 6.0 4275.177¢ 25.8 -1.6
4291470  3.1816° 6.0 0.2934 6.0 4291.482° 42.8 -1.4
4291.480  3.5141° 9.0 0.6259 8.0 4291.482° 42.8 -1.0
4303.580 3.1735° 7.0 0.2934 6.0 4303.577¢ 187.0 -0.8
4305.805  2.8786° 3.0 0.0000 4.0 4305.792 72.3 -1.5
4311.245  3.1684° 5.0 0.2934 6.0 4311.246 261.0 -0.6
4324.155  3.0062° 4.0 0.1399 5.0 4324.168°¢ 8.7 -2.3
4329909  2.8626° 4.0 0.0000 4.0 4329.922 23.0 2.1
4331.169  3.3182° 8.0 0.4565 7.0 4331.182 17.7 -1.6
4343486  2.8536° 4.0 0.0000 4.0 4343.491¢ 576.5 -0.7
4355474  3.3022° 7.0 0.4565 7.0 4355.485 33.6 -1.3
4357.558  2.9843° 4.0 0.1399 5.0 4357.567¢ 56.8 -1.5
4359.885  2.8429° 3.0 0.0000 4.0 4359.897" 18.8 2.2
4359.891 3.2993° 7.0 0.4565 7.0 4359.897? 20.2 -1.5
4364.613  3.4657° 7.0 0.6259 8.0 4364.628 17.0 -1.4
4370.736  2.9757° 4.0 0.1399 5.0 4370.745 25.5 -1.9
4371.607  29751° 6.0 0.1399 5.0 4371.611 13.2 2.1 2.1
4373.651 2.9738° 6.0 0.1399 5.0 4373.658 154 2.1
4381.872  2.8286° 5.0 0.0000 4.0 4381.891%¢ 86.8 -1.5
4381.927  2.8286° 4.0 0.0000 4.0 4381.891¢ 83.8 -1.5
4393.340  3.9123 5.0 1.0911° 6.0 4393.347¢ 19.6 -0.8
4399.434  3.9084 7.0 1.0911° 6.0 4399.442 32.1 -0.6
4400.592  3.8595 5.0 1.0429° 6.0 4400.604"¢ 61.8 -0.3
4400.592  2.9564° 4.0 0.1399 5.0 4400.604b¢ 61.8 -1.5
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4401.536  3.2724° 7.0 0.4565 7.0 4401.543 366.5 -0.3
4402.462  3.1088° 5.0 0.2934 6.0 4402.475°¢ 138.8 -0.9
4417.381 2.8059° 3.0 0.0000 4.0 4417.387 34.6 -1.9
4418.123  2.9453° 6.0 0.1399 5.0 4418.119° 28.7 -1.8
4420.097  3.0976° 6.0 0.2934 6.0 4420.111¢ 39.2 -1.5
4428989  3.4245° 7.0 0.6259 8.0 4428.995¢ 115.5 -0.6
4444 981 2.7885° 3.0 0.0000 4.0 4444 987 934.3 -0.5
4448.890  2.7860° 4.0 0.0000 4.0 4448.899 26.7 2.1
4452.013  3.4100° 7.0 0.6259 8.0 4452.017¢ 74.0 -0.8
4456.128  2.9213° 4.0 0.1399 5.0 4456.135 607.0 -0.5
4475.824  3.0627° 6.0 0.2934 6.0 4475.831 139.8 -1.0
4477.870  3.3939° 7.0 0.6259 8.0 4477.871 988.4 0.3
4480960  2.9059° 4.0 0.1399 5.0 4480.967¢ 1389.3 -0.2
4481.885  2.9054° 5.0 0.1399 5.0 4481.891 873.8 -0.4
4494756  2.7576° 5.0 0.0000 4.0 4494.759 40.0 -1.9
4497366  2.7560° 3.0 0.0000 4.0 4497 .374¢ 351.9 -1.0
4498.734  2.7551° 3.0 0.0000 4.0 4498.743 55.5 -1.8
4509.811 3.2048° 7.0 0.4565 7.0 4509.817 111.5 -0.9
4527.239  3.3637° 8.0 0.6259 8.0 4527.242 698.3 0.1
4529932  3.1926° 6.0 0.4565 7.0 4529.938 912.2 0.0
4543.297  3.5779 6.0 0.8498° 5.0 4543.309 30.0 -1.0
4548236  3.1816° 6.0 0.4565 7.0 4548.240 583.1 -0.2
4559.656  3.0117° 5.0 0.2934 6.0 4559.661¢ 1610.6 0.0
4560.411 2.8577° 5.0 0.1399 5.0 4560.416°¢ 691.3 -0.5
4561.840 3.1735° 7.0 0.4565 7.0 4561.843 427.0 -0.3
4562.330  2.8566° 6.0 0.1399 5.0 4562.337¢ 86.1 -1.4
4567.338  2.8536° 4.0 0.1399 5.0 4567.343¢ 290.1 -0.9
4569.686  3.5621 5.0 0.8498° 5.0 4569.685 89.9 -0.5
4577164  3.5577 4.0 0.8498° 5.0 4577.168° 11.8 -1.4
4581.188  3.1620° 7.0 0.4565 7.0 4581.198 63.5 -1.2
4586.620  3.1588° 6.0 0.4565 7.0 4586.6117 1368.8 0.2
4586.642  4.2528 6.0 1.5505° 6.0 4586.6117 1390.3
4594.665  2.6976° 4.0 0.0000 4.0 4594.671¢ 234.3 -1.2
4598417  3.1519° 6.0 0.4565 7.0 4598.428 31.1 -1.5
4603.809  3.3182° 8.0 0.6259 8.0 4603.813 692.8 0.1
4609.863  2.8286° 4.0 0.1399 5.0 4609.865°¢ 1310.8 -0.3
4613.834  3.1429° 7.0 0.4565 7.0 4613.834¢ 52.2 -1.3
4618.054  3.5226 7.0 0.8386° 6.0 4618.051 36.6 -0.9
4621932  2.9751° 6.0 0.2934 6.0 4621.930" 3157.6 0.3 0.4
4624.179  3.1369° 6.0 0.4565 7.0 4624.204" 648.3 -0.2
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4624.217  2.9738° 6.0 0.2934 6.0 4624.204" 647.5 -04
4626.483  2.8189° 5.0 0.1399 5.0 4626.492 488.5 -0.7
4631.280  3.3022° 7.0 0.6259 8.0 4631.288 376.5 -0.2
4631.595  3.5259 4.0 0.8498° 5.0 4631.600" 113.8 -04
4631.616  3.7269° 5.0 1.0508 5.0 4631.600" 113.8 -0.2
4634.210 2.6746° 3.0 0.0000 4.0 4634.219" 8295.3 0.3 0.3
4636.275  3.2993° 7.0 0.6259 8.0 4636.281¢ 85.3 -0.8
4637.179  2.6729° 5.0 0.0000 4.0 4637.187¢ 320.7 -1.1
4639.125  2.8116° 4.0 0.1399 5.0 4639.133 1218.2 -0.3
4644963  2.9618° 6.0 0.2934 6.0 4644.969 229.7 -0.8
4647.899  3.1232° 8.0 0.4565 7.0 4647.935" 90.6 -1.0
4647940  4.0440 4.0 1.3773° 5.0 4647.935" 118.3 0.3
4651.000  2.8048° 4.0 0.1399 5.0 4651.008 317.5 -0.9
4652.373  2.6642° 4.0 0.0000 4.0 4652.382 1043.8 -0.6
4654.708  2.8027° 5.0 0.1399 5.0 4654.716 2036.1 -0.1
4657.887 2.9544° 5.0 0.2934 6.0 4657.885°¢ 31.3 -1.7
4659.371 3.4988 5.0 0.8386° 6.0 4659.372¢ 96.1 -0.5
4660.462  3.7013 6.0 1.0417° 7.0 4660.478°¢ 33.3 -0.7
4663.994  2.9509° 5.0 0.2934 6.0 4663.997 117.0 -1.1
4664.371 3.1138° 6.0 0.4565 7.0 4664.373¢ 88.2 -1.1
4671.084  2.7933° 5.0 0.1399 5.0 4671.093¢ 572.8 -0.7
4673959  2.9453° 6.0 0.2934 6.0 4673.964 309.8 -0.7
4675.517  3.1074° 7.0 0.4565 7.0 4675.525 384.0 -04
4678.951 3.4988 5.0 0.8498° 5.0 4678.952 59.9 -0.7
4683.501 2.6464° 6.0 0.0000 4.0 4683.437" 7842.3 0.3 0.3
4684.032  2.7860° 4.0 0.1399 5.0 4684.035 2004.4 -0.1
4688.543  3.4822 5.0 0.8386° 6.0 4688.542 157.8 -0.3
4690.343  2.6426° 4.0 0.0000 4.0 4690.345 1819.2 -0.3
4692.974 3.0976° 6.0 0.4565 7.0 4692.980°¢ 87.7 -1.1
4696.434  3.0956° 7.0 0.4565 7.0 4696.441 1491.0 0.2
4698.266  2.7780° 5.0 0.1399 5.0 4698.304" 220.6 -1.1
4698.296  3.2640° 7.0 0.6259 8.0 4698.304" 208.2 -0.5
4706.623  3.0899° 6.0 0.4565 7.0 4706.631¢ 152.4 -0.8
4708.369  3.4822 5.0 0.8498° 5.0 4708.364 82.5 -0.6
4709.541 2.6318° 3.0 0.0000 4.0 4709.540 59.0 -1.8
4710.927 3.8908 7.0 1.2597° 8.0 4710.927¢ 33.5 -0.5
4713.044  2.9233° 6.0 0.2934 6.0 4713.050 199.4 -0.9
4719.027  2.6265° 4.0 0.0000 4.0 4719.025" 5325.9 0.1 -0.0
4721.231 2.7652° 6.0 0.1399 5.0 4721.238 51.7 -1.7
4726.552  2.9158° 7.0 0.2934 6.0 4726.558 408.0 -0.6
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4731417  2.9131° 6.0 0.2934 6.0 4731.425 49.7 -1.5
4739.879  3.0714° 8.0 0.4565 7.0 4739.892¢ 76.5 -1.2
4744904 3.0687° 6.0 0.4565 7.0 4744.905 80.9 -1.1
4745378  2.9054° 5.0 0.2934 6.0 4745.380¢ 63.0 -1.4
4749.748  3.0660° 7.0 0.4565 7.0 4749.750 1116.1 0.0
4751.262  3.4473 7.0 0.8386° 6.0 4751.267 33.9 -1.0
4755.843  3.0627° 6.0 0.4565 7.0 4755.851 559.5 -0.3
4759.082  3.0609° 8.0 0.4565 7.0 4759.088° 180.0 -0.8
4759.341 2.6043° 5.0 0.0000 4.0 4759.346 281.9 -1.2
4760.450  2.7435° 5.0 0.1399 5.0 4760.453 247.1 -1.1
4761.516  2.7429° 6.0 0.1399 5.0 4761.519 26.6 -2.0
4768.960  2.5990° 5.0 0.0000 4.0 4768.967 61.4 -1.8
4770.186 2.8918° 6.0 0.2934 6.0 4770.195¢ 971.6 -0.3
4772258  2.7371° 4.0 0.1399 5.0 4772.263 366.9 -0.9
4778.395  2.7337° 6.0 0.1399 5.0 4778.400¢ 288.4 -1.0
4779.455 2.8867° 6.0 0.2934 6.0 4779.460 2224.0 0.1
4780.538  3.6435° 6.0 1.0508 5.0 4780.541° 52.0 -0.6
4780.540  3.6345 6.0 1.0417° 7.0 4780.541° 52.0 -0.6
4781.458  3.0487° 6.0 0.4565 7.0 4781.467 116.5 -1.0
4787.410 2.7289° 4.0 0.1399 5.0 4787.416° 124.2 -14
4788.344  3.6302 6.0 1.0417° 7.0 4788.342¢ 39.8 -0.7
4792.624  2.5862° 4.0 0.0000 4.0 4792.631¢ 139.1 -1.5
4799.073  2.8761° 5.0 0.2934 6.0 4799.069 39.7 -1.7
4800.452  3.4317 6.0 0.8498° 5.0 4800.474 34.9 -1.0
4806.174  3.2048° 7.0 0.6259 8.0 4806.177¢ 47.6 -1.2
4806.615  2.7185° 4.0 0.1399 5.0 4806.622 741.1 -0.6
4811.036  3.4261 6.0 0.8498° 5.0 4811.045°¢ 53.5 -0.8
4826.532  3.7697 6.0 1.2017° 7.0 4826.534 40.8 -0.5
4831.073  3.6567 5.0 1.0911° 6.0 4831.079¢ 88.7 -0.3
4833.500 2.8577° 5.0 0.2934 6.0 4833.504¢ 107.6 -1.3
4835.656  2.8566° 6.0 0.2934 6.0 4835.660 715.8 -0.4
4836.614  2.7025° 6.0 0.1399 5.0 4836.621 1275.7 -04
4845904  2.6976° 4.0 0.1399 5.0 4845.915 37.5 -1.9
4853.316  2.6937° 5.0 0.1399 5.0 4853.323¢ 779.8 -0.6
4853.722  3.8908 7.0 1.3371° 8.0 4853.731 60.8 -0.2
4854.211 2.5534° 3.0 0.0000 4.0 4854.214 58.0 -1.9
4855.306  2.6927° 6.0 0.1399 5.0 4855.317¢ 796.7 -0.6
4869.268  3.0019° 7.0 0.4565 7.0 4869.269°¢ 3429 -0.6
4871.425  3.5873 7.0 1.0429° 6.0 4871.431¢ 102.7 -0.3
4874.356  3.6339 5.0 1.0911° 6.0 4874.363 110.2 -0.2
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4875.714  2.8355° 6.0 0.2934 6.0 4875.721¢ 182.9 -1.0
4879.781 2.9965° 8.0 0.4565 7.0 4879.788 734.6 -0.2
4880.473 3.7994 9.0 1.2597° 8.0 4880.490 70.2 -0.2
4881.377  3.6302 6.0 1.0911° 6.0 4881.381 31.8 -0.8
4881.697  2.5390° 4.0 0.0000 4.0 4881.702 194.4 -14
4883.810  3.1638° 9.0 0.6259 8.0 4883.809" 3902.5 0.7 0.8
4887.325  3.1620° 7.0 0.6259 8.0 4887.334 128.5 -0.8
4891.054  2.9906° 8.0 0.4565 7.0 4891.058° 5054.8 0.6
4893.219  2.6729° 5.0 0.1399 5.0 4893.225¢ 728.2 -0.6
4896.927  2.6710° 6.0 0.1399 5.0 4896.924" 6374.8 0.3 0.4
4907.267  2.8192° 6.0 0.2934 6.0 4907.273¢ 285.7 -0.9
4907.787  2.8189° 5.0 0.2934 6.0 4907.794¢ 2914 -0.8
4908.248  3.3750 4.0 0.8498° 5.0 4908.252¢ 20.3 -1.3
4910.058  2.5243° 4.0 0.0000 4.0 4910.063 1215.7 -0.6
4913.396  3.5655 6.0 1.0429° 6.0 4913.417 3452.5
4916.428 3.1470° 8.0 0.6259 8.0 4916.434¢ 86.7 -1.0
4920.042  3.7209 7.0 1.2017° 7.0 4920.052° 30.5 -0.7
4920.055  3.5621 5.0 1.0429° 6.0 4920.052° 26.7 -0.9
4921.142  29751° 6.0 0.4565 7.0 4921.145°¢ 219.7 -0.7 -0.8
4922 .454 2.9744° 7.0 0.4565 7.0 4922.461 441.5 -0.5
4923.732  2.9738° 6.0 0.4565 7.0 4923.730 26.9 -1.7
4924521 2.5169° 5.0 0.0000 4.0 4924 519"  20762.2 0.6 0.6
4926.704  3.3544 6.0 0.8386° 6.0 4926.710°¢ 103.7 -0.6
4940.334  3.3475 7.0 0.8386° 6.0 4940.328 60.8 -0.8
4944.826  2.6464° 6.0 0.1399 5.0 4944.821" 7457.2 0.3 0.5
4950.284  2.9603° 7.0 0.4565 7.0 4950.289 319.0 -0.6
4950.713  2.7970° 6.0 0.2934 6.0 4950.716 354.5 -0.8
4952465  3.5535° 5.0 1.0508 5.0 4952.503b¢ 960.5 0.6
4952498  2.6426° 6.0 0.1399 5.0 4952.503b¢ 965.4 -0.5
4954.777  2.5016° 5.0 0.0000 4.0 4954.775" 9828.8 0.3 0.1
4959.168  3.7591 8.0 1.2597° 8.0 4959.151¢ 64.3 -0.3
4961.288  3.5894 6.0 1.0911° 6.0 4961.295 46.0 -0.6
4963.002  3.7378 5.0 1.2404° 5.0 4963.008" 72.2 -0.3
4963.003  2.6373° 5.0 0.1399 5.0 4963.008" 72.1 -1.7
4963.324  3.1232° 8.0 0.6259 8.0 4963.328 1002.3 0.1
4965.288  3.3349 7.0 0.8386° 6.0 4965.286"° 75.6 -0.8
4965.323  3.9474 8.0 1.4512° 8.0 4965.286"° 73.5 0.0
4966.736  3.3342 6.0 0.8386° 6.0 4966.739°¢ 159.1 -04
4969.739  2.7874° 7.0 0.2934 6.0 4969.744¢ 384.3 -0.8
4975484  3.1171° 9.0 0.6259 8.0 4975.491 780.4 -0.0
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4977.350  3.5813 5.0 1.0911° 6.0 4977.357 70.9 -0.5
4980.886  3.3271 7.0 0.8386° 6.0 4980.887¢ 181.6 -04
4982.884  2.9439° 7.0 0.4565 7.0 4982.891 357.4 -0.6
4988.640  2.7780° 5.0 0.2934 6.0 4988.648 549.8 -0.6
4989.179  3.5261 8.0 1.0417° 7.0 4989.184¢ 68.4 -0.5
4996.157  3.5226 7.0 1.0417° 7.0 4996.146 103.3 -04
5005.855  2.9325° 8.0 0.4565 7.0 5005.861°¢ 125.2 -1.0
5009.423  2.4743° 4.0 0.0000 4.0 5009.425 42.8 2.1
5014.539  2.7652° 6.0 0.2934 6.0 5014.543 263.6 -0.9
5015.958  3.5621 5.0 1.0911° 6.0 5015.955 9.9 -1.3
5022.648  3.3064 6.0 0.8386° 6.0 5022.651 114.1 -0.6
5024.564  2.9233° 6.0 0.4565 7.0 5024.573 36.6 -1.6
5026.438  2.7593° 5.0 0.2934 6.0 5026.442 134.0 -1.2
5027.136  3.0915° 9.0 0.6259 8.0 5027.145°¢ 730.7 -0.1
5028.506  2.6047° 4.0 0.1399 5.0 5028.512 27.1 2.1
5029.441 2.6043° 5.0 0.1399 5.0 5029.447°¢ 985.8 -0.6
5039.919 29158° 7.0 0.4565 7.0 5039.926°¢ 121.8 -1.1
5040.184  2.5990° 5.0 0.1399 5.0 5040.190 989.6 -0.6
5042.552  2.7514° 5.0 0.2934 6.0 5042.558" 21.1 -2.0
5042.584  3.7445° 4.0 1.2865 5.0 5042.558" 20.9 -0.8
5045.025  2.4568° 5.0 0.0000 4.0 5045.028 64.6 -1.9
5045.451 2.9131° 6.0 0.4565 7.0 5045.456°¢ 69.1 -1.3
5051.055  2.9103° 8.0 0.4565 7.0 5051.064¢ 453.8 -0.5
5056.885  2.4510° 4.0 0.0000 4.0 5056.889°¢ 1694.1 -0.5
5058.805  2.7435° 5.0 0.2934 6.0 5058.811 61.2 -1.6
5060.009  2.7429° 6.0 0.2934 6.0 5060.013 162.6 -1.2
5068.353  3.0714° 8.0 0.6259 8.0 5068.356 22.2 -1.6
5071.857  2.5837° 6.0 0.1399 5.0 5071.862¢ 446.9 -0.9
5073.456  3.7802 8.0 1.3371° 8.0 5073.471°¢ 17.6 -0.8
5073.873 3.4846 7.0 1.0417° 7.0 5073.871 87.0 -0.5
5074.507  2.4425° 5.0 0.0000 4.0 5074.509 474.0 -1.1
5079.058  3.7269° 5.0 1.2865 5.0 5079.080%¢ 220.0 0.2
5079.075  2.7337° 6.0 0.2934 6.0 5079.080b¢ 219.7 -1.0
5079.638  3.0660° 7.0 0.6259 8.0 5079.644 38.2 -14
5081.183  2.7327° 7.0 0.2934 6.0 5081.171° 154.9 -1.2
5081.194  3.4822 5.0 1.0429° 6.0 5081.171° 154.9 -0.2
5082.968  3.6805 8.0 1.2420° 7.0 5082.953 28.3 -0.7
5088.153  2.4360° 5.0 0.0000 4.0 5088.147 17.1 -2.5
5092.387  4.3229 3.0 1.8889° 4.0 5092.367 62.5 0.5
5093.129  3.4765 6.0 1.0429° 6.0 5093.116 24.2 -1.0
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5100.115  2.8867° 6.0 0.4565 7.0 5100.122 25.1 -1.8
5102.431 3.2678 5.0 0.8386° 6.0 5102.430°¢ 48.7 -1.0
5103.160  2.4288° 4.0 0.0000 4.0 5103.166 11284 -0.7
5111.949  3.5157 6.0 1.0911° 6.0 5111.950 54.2 -0.6
5114.555  3.5535° 5.0 1.1301 6.0 5114.529 86.1 -0.4
5115.747  2.7163° 7.0 0.2934 6.0 5115.753¢ 138.0 -1.3
5117.661 3.7591 8.0 1.3371° 8.0 5117.660°¢ 33.3 -0.5
5121.630 3.4618 8.0 1.0417° 7.0 5121.631%¢ 40.3 -0.8
5121.642  3.6621 8.0 1.2420° 7.0 5121.631b¢ 40.3 -0.6
5125.921 3.2678 5.0 0.8498° 5.0 5125.927¢ 88.3 -0.7
5139.989  3.2612 6.0 0.8498° 5.0 5139.994°¢ 94 -1.7
5140.497  3.6435° 6.0 1.2323 7.0 5140.502 32.3 -0.7
5147914  3.4988 5.0 1.0911° 6.0 5147.929 10.7 -1.4
5149.547  2.5468° 5.0 0.1399 5.0 5149.555°¢ 575.3 -0.8
5153.436  3.5352° 5.0 1.1301 6.0 5153.440 120.1 -0.3
5163.804  2.6937° 5.0 0.2934 6.0 5163.809 73.0 -1.5
5166.057  2.6927° 6.0 0.2934 6.0 5166.063¢ 734 -1.5
5168.327  3.4411 6.0 1.0429° 6.0 5168.319°¢ 18.9 -1.2
5173.965  4.1700 6.0 1.7744° 5.0 5173.929 24.2 -0.1
5178.743 2.5332° 6.0 0.1399 5.0 5178.748°¢ 189.6 -1.3
5187.039  2.6830° 7.0 0.2934 6.0 5187.045°¢ 110.9 -14
5189.679  3.2270 6.0 0.8386° 6.0 5189.678 60.4 -0.9
5195.582  3.5873 7.0 1.2017° 7.0 5195.586 105.2 -0.2
5195.968  3.4765 6.0 1.0911° 6.0 5195.937 55.8 -0.6
5198.053  2.5243° 4.0 0.1399 5.0 5198.060 302.3 -1.1
5198.425  3.4261 6.0 1.0417° 7.0 5198.450° 51.8 -0.7
5198.451 3.6440 8.0 1.2597° 8.0 5198.450" 50.3 -0.5
5199.722  2.3837° 5.0 0.0000 4.0 5199.724 618.0 -1.0
5200.970  3.4261 6.0 1.0429° 6.0 5200.989¢ 20.2 -1.2
5203.404  4.0064° 9.0 1.6243 10.0  5203.400 14.3 -0.6
5204.373  2.3816° 4.0 0.0000 4.0 5204.379 1257.2 -0.7
5205.671 3.6407 9.0 1.2597° 8.0 5205.695 46.1 -0.5
5209.871 2.8355° 6.0 0.4565 7.0 5209.878 59.2 -14
5213.202  2.6710° 6.0 0.2934 6.0 5213.207¢ 172.9 -1.0 -1.2
5213.981 3.2270 6.0 0.8498° 5.0 5213.980b¢ 440 -1.1
5214.003  3.8661 4.0 1.4889° 5.0 5213.980b¢ 440 -0.2
5230.199  3.7783 3.0 1.4085° 4.0 5230.204 54.2 -0.3
5236.696  3.4098 7.0 1.0429° 6.0 5236.703¢ 14.7 -1.3
5238.978  3.7170° 8.0 1.3511 8.0 5239.016%¢ 24.1 -0.7
5239.019  3.8435° 6.0 1.4776 7.0 5239.016%¢ 24.1 -0.5



APPENDIX A. TABLES OF SPECTRAL LINES 171
Continued from previous page
)\Roitz Eup Jup Elow Jiow )20 I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
5239.702  2.8220° 7.0 0.4565 7.0 5239.722 61.2 -1.4
5240.621 3.4913 5.0 1.1262° 4.0 5240.611 32.6 -0.9
5244.981 3.7405° 5.0 1.3773 6.0 5244984 7.5 -1.2
5245913  2.8192° 6.0 0.4565 7.0 5245.924 16.6 -2.0
5248.198  2.5016° 5.0 0.1399 5.0 5248.208" 16.3 -2.6 24
5248.249  3.6482° 5.0 1.2865 5.0 5248.208" 13.6 -1.0
5249.281 2.6546° 7.0 0.2934 6.0 5249.285 191.9 -1.2
5250.011 3.6029 8.0 1.2420° 7.0 5250.007 24.8 -0.8
5260.858  3.4822 5.0 1.1262° 4.0 5260.866 15.7 -1.2
5263.969  3.6905° 5.0 1.3359 6.0 5263.973 28.5 -0.6
5264.204  2.4944° 6.0 0.1399 5.0 5264.209 41.8 -2.0
5265.724  3.8744° 2.0 1.5206 3.0 5265.756 21.4 -0.5
5266.627  3.1921 6.0 0.8386° 6.0 5266.627¢ 66.2 -0.9
5267.414  3.4039° 6.0 1.0508 5.0 5267.428" 414 -0.9
5267.427  3.3948 7.0 1.0417° 7.0 5267.428" 39.0 -0.9
5270.041 3.3948 7.0 1.0429° 6.0 5270.040 191.7 -0.2
5276.229 2.6426° 6.0 0.2934 6.0 5276.235°¢ 66.5 -1.6
5276.882  3.5657° 3.0 1.2168 4.0 5276.884¢ 24.6 -0.9
5284.333  2.4854° 4.0 0.1399 5.0 5284.340 182.8 -14
5286.291 3.4358 6.0 1.0911° 6.0 5286.288" 48.8 -0.7
5286.326 3.9474 8.0 1.6027° 7.0 5286.288¢ 48.7 -0.1
5286.725  3.1831 6.0 0.8386° 6.0 5286.719 31.3 -1.3
5288.142 3.4701 5.0 1.1262° 4.0 5288.156" 191.2 -0.1
5288.155  2.6373° 5.0 0.2934 6.0 5288.156" 191.2 -1.2
5288.183  3.5607° 4.0 1.2168 4.0 5288.156" 184.4 0.0
5289.275  3.6805 8.0 1.3371° 8.0 5289.276 134 -1.0
5291.656  3.1921 6.0 0.8498° 5.0 5291.659 537.8 -0.0
5293.187  3.8193° 8.0 1.4776 7.0 5293.159°¢ 459 -0.3
5293.721 3.4715° 5.0 1.1301 6.0 5293.723 38.0 -0.8
5295.375 3.4317 6.0 1.0911° 6.0 5295.364°¢ 54.2 -0.7
5298.881 2.4790° 6.0 0.1399 5.0 5298.887°¢ 2214 -1.3
5302.598  3.3883° 4.0 1.0508 5.0 5302.602¢ 108.7 -0.4
5305.696  3.4623 5.0 1.1262° 4.0 5305.693¢ 21.4 -1.1
5308.257  3.4261 6.0 1.0911° 6.0 5308.259 125.1 -0.3
5309.547  2.4743° 4.0 0.1399 5.0 5309.557 9.9 2.7
5311.577  3.5755 8.0 1.2420° 7.0 5311.577 42.7 -0.6
5311.946  3.1831 6.0 0.8498° 5.0 5311.948 36.4 -1.2
5313.848  3.8661 4.0 1.5336° 3.0 5313.847 22.5 -0.5
5314.354  3.3752 7.0 1.0429° 6.0 5314.355°¢ 43.0 -0.9
5317.367 2.7874° 7.0 0.4565 7.0 5317.374 68.2 -1.4
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5319.820  3.9084 7.0 1.5785° 7.0 5319.816°¢ 68.4 0.0
5320.778  3.4206 6.0 1.0911° 6.0 5320.780 126.2 -0.3
5327.144 3.8095° 8.0 1.4828 9.0 5327.150 24.2 -0.6
5329.868  3.7994 9.0 1.4739° 9.0 5329.876b¢ 19.3 -0.7
5329.892  3.8622 5.0 1.5367° 5.0 5329.876b¢ 18.4 -0.6
5330.791 3.4162 7.0 1.0911° 6.0 5330.776 23477.7
5332.419 3.5261 8.0 1.2017° 7.0 5332.427 83.9 -0.4
5334.315  2.3236° 4.0 0.0000 4.0 5334.322°¢ 288.9 -1.4
5336.815  2.3225° 5.0 0.0000 4.0 5336.825 234.9 -1.5
5343.628  3.6707° 7.0 1.3511 8.0 5343.625 53.5 -04
5349.561 2.4568° 5.0 0.1399 5.0 5349.567¢ 692.2 -0.8
5350.0568  3.1554 5.0 0.8386° 6.0 5350.102 22.8 -14
5352.191 3.5755 8.0 1.2597° 8.0 5352.174 8.3 -1.3
5356.917  3.5154 7.0 1.2017° 7.0 5356.918 65.1 -0.5
5359.019  3.9372° 9.0 1.6243 10.0  5359.010° 26.3 -0.3
5361.878  3.7944° 8.0 1.4828 9.0 5361.880°¢ 61.3 -0.2
5363.648  2.6043° 5.0 0.2934 6.0 5363.659°¢ 94.3 -1.5
5368.141 3.4000 6.0 1.0911° 6.0 5368.156 12.8 -1.3
5370.513  3.7591 8.0 1.4512° 8.0 5370.519¢ 135 -0.9
5373.656  2.9325° 8.0 0.6259 8.0 5373.660" 41.1 -14
5373.687  3.6603 6.0 1.3537° 5.0 5373.660" 40.8 -0.5
5377.769  2.3048° 3.0 0.0000 4.0 5377.775 691.7 -1.0
5378.259  3.3475 7.0 1.0429° 6.0 5378.263¢ 54.5 -0.8
5379.295  3.9285° 9.0 1.6243 10.0  5379.302 28.8 -0.3
5380.591 3.6407 9.0 1.3371° 8.0 5380.603¢ 52.3 -0.4
5381.729  3.4332° 5.0 1.1301 6.0 5381.734 58.3 -0.6
5383.978  4.0756° 10.0 1.7734 11.0  5383.983 28.5 -0.1
5398.077  2.4360° 5.0 0.1399 5.0 5398.080°¢ 177.3 -14
5409.563  3.3342 6.0 1.0429° 6.0 5409.553¢ 25.4 -1.1
5411.916  2.5837° 6.0 0.2934 6.0 5411.925°¢ 164.6 -1.3
5412.929 29158° 7.0 0.6259 8.0 5412.934 34.7 -1.5
5414972  2.4288° 4.0 0.1399 5.0 5414.984¢ 84.1 -1.8
5415.303  2.5822° 5.0 0.2934 6.0 5415.301 247.4 -1.1
5416.872  3.6655° 6.0 1.3773 6.0 5416.874¢ 50.9 -04
5420.646  3.1252 6.0 0.8386° 6.0 5420.646 156.9 -0.6
5422.661 2.2857° 4.0 0.0000 4.0 5422.659 70.2 -2.0
5423.583 3.3271 7.0 1.0417° 7.0 5423.584°¢ 57.1 -0.8
5425.776  2.9103° 8.0 0.6259 8.0 5425.779 15.7 -1.9
5426.419  3.3752 7.0 1.0911° 6.0 5426.420°¢ 159 -1.3
5429.281 3.4846 7.0 1.2017° 7.0 5429.282 54.6 -0.6
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5430.732  3.4124° 5.0 1.1301 6.0 5430.728°¢ 31.7 -0.9
5434.426  3.7697 6.0 1.4889° 5.0 5434.428" 28.2 -0.5
5434.447  3.6345 6.0 1.3537° 5.0 5434.429P 30.0 -0.7
5434.455  3.4976° 4.0 1.2168 4.0 5434.429P 30.5 -0.8
5436.791 3.6571° 6.0 1.3773 6.0 5436.810 20.2 -0.8
5442.295  3.5098° 6.0 1.2323 7.0 5442 .292°¢ 27.4 -0.9
5444534  3.6302 6.0 1.3537° 5.0 5444 558¢ 16.6 -0.9
5444.879  3.8760° 9.0 1.5997 8.0 5444.911° 40.8 -0.2
5444912 4.0064° 9.0 1.7300 9.0 5444.912b 37.2 -0.1
5449.264  3.5611° 5.0 1.2865 5.0 5449.268°¢ 63.9 -04
5452.083  2.5668° 6.0 0.2934 6.0 5452.086 25.7 2.1
5458.014  3.8706° 8.0 1.5997 8.0 5458.020°¢ 52.6 -0.1
5461.624  3.8661 4.0 1.5967° 4.0 5461.643" 51.8 -0.1
5461.649  2.2694° 5.0 0.0000 4.0 5461.6430 51.4 2.2
5467.491 3.5535° 5.0 1.2865 5.0 5467.488 24.0 -0.9
5469.392  3.6435° 6.0 1.3773 6.0 5469.394¢ 34.1 -0.6
5470.394  3.6029 8.0 1.3371° 8.0 5470.397 77.4 -0.3
5474.277  3.1028 7.0 0.8386° 6.0 5474.280 42.4 -1.2
5476.220  3.3544 6.0 1.0911° 6.0 5476.220°¢ 33.9 -1.0
5477.995  2.2626° 5.0 0.0000 4.0 5478.004¢ 61.3 2.1
5478.585  3.4792° 4.0 1.2168 4.0 5478.588 217.0 0.0
5483.999  3.4618 8.0 1.2017° 7.0 5484.008°¢ 32.6 -0.8
5484.859 2.7163° 7.0 0.4565 7.0 5484.871 34.1 -1.8
5485.554  3.4999 4.0 1.2404° 5.0 5485.552 18.4 -1.0
5490.440  3.3083° 4.0 1.0508 5.0 5490.459" 25.0 -1.1
5490.487  3.7443 5.0 1.4868° 4.0 5490.459" 23.6 -0.6
5493.065  3.3475 7.0 1.0911° 6.0 5493.071 43.2 -0.9
5493.332  3.7209 7.0 1.4646° 6.0 5493.335°¢ 77.5 -0.1
5496.889  3.3056° 4.0 1.0508 5.0 5496.887 33.1 -1.0
5500.605  4.1045 9.0 1.8512° 8.0 5500.644" 16.4 -0.3
5500.646  3.6618 5.0 1.4085° 4.0 5500.644" 16.6 -0.9
5501.479  3.6302 6.0 1.3773° 5.0 5501.478 158.9 0.1
5504.304  3.0904 6.0 0.8386° 6.0 5504.315°¢ 10.1 -1.8
5507.198  2.3905° 6.0 0.1399 5.0 5507.208°¢ 81.2 -1.8
5511.945  3.5352° 5.0 1.2865 5.0 5511.948°¢ 32.2 -0.7
5513.230  3.6567 5.0 1.4085° 4.0 5513.231°¢ 24.7 -0.7
5514.750  3.2983° 4.0 1.0508 5.0 5514.753¢ 443 -0.9
5515.668  3.7976 7.0 1.5505° 6.0 5515.666°¢ 26.4 -0.5
5516.285  3.4486 8.0 1.2017° 7.0 5516.293 121.9 -0.3
5518.387  2.7025° 6.0 0.4565 7.0 5518.398 68.5 -1.5
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5519.296  3.2874 7.0 1.0417° 7.0 5519.338" 30.1 -1.1
5519.337  3.4473 7.0 1.2017° 7.0 5519.338" 31.6 -0.9
5525.724  3.3342 6.0 1.0911° 6.0 5525.726" 432.7 0.1
5525.724 3.0817 7.0 0.8386° 6.0 5525.726¢ 432.7 -0.2
5529.069  2.3816° 4.0 0.1399 5.0 5529.065°¢ 526.8 -1.0
5532.982  3.6175° 6.0 1.3773 6.0 5532.974 24.9 -0.7
5536.479  3.0774 7.0 0.8386° 6.0 5536.455°¢ 28.9 -14
5537.270  3.5755 8.0 1.3371° 8.0 5537.279 51.5 -0.5
5539.917  3.4542° 4.0 1.2168 4.0 5539.908 12.8 -1.2
5543.245  3.3271 7.0 1.0911° 6.0 5543.252°¢ 256.3 -0.1
5544.839  2.2354° 5.0 0.0000 4.0 5544.848 123.8 -1.8
5546.610  2.3745° 6.0 0.1399 5.0 5546.616 80.0 -1.8
5555.129  3.7140° 9.0 1.4828 9.0 5555.143 14.9 -0.8
5556.439  4.0208 2.0 1.7901° 3.0 5556.485 104 -0.6
5561.154  2.2288° 3.0 0.0000 4.0 5561.163¢ 2028.5 -0.6
5564.606  3.4442° 4.0 1.2168 4.0 5564.607¢ 11.2 -1.3
5575.500  3.2648 8.0 1.0417° 7.0 5575.501°¢ 168.8 -0.3
5576.693  3.7054° 9.0 1.4828 9.0 5576.694¢ 114.1 0.0
5577.694  3.5733° 8.0 1.3511 8.0 5577.695" 110.1 -0.1
5577.702  3.7170° 8.0 1.4948 7.0 5577.6947 106.5 0.0
5580.503  4.2528 6.0 2.0317° 7.0 5580.545" 15.5 -0.1
5580.572  3.6949 8.0 1.4739° 9.0 5580.545" 13.0 -0.9
5587.610  3.8426° 10.0 1.6243 10.0  5587.604°¢ 76.8 0.1
5588.431 3.5691° 8.0 1.3511 8.0 5588.431°¢ 43.2 -0.5
5596.973 3.4162 7.0 1.2017° 7.0 5596.976 17.4 -1.1
5601.910  3.4449° 7.0 1.2323 7.0 5601.909¢ 244.8 0.1
5603.194  3.5894 6.0 1.3773° 5.0 5603.194 68.3 -0.3
5605.756  3.6351° 4.0 1.4241 4.0 5605.756" 21.2 -0.8
5605.762  3.4976° 4.0 1.2865 5.0 5605.756" 21.2 -0.9
5612.077  3.0472 5.0 0.8386° 6.0 5612.080°¢ 31.8 -1.3
5613.165  3.4098 7.0 1.2017° 7.0 5613.169" 194 -1.1
5613.165  2.5016° 5.0 0.2934 6.0 5613.169" 194 25 23
5615.340  3.9807° 11.0 1.7734 11.0  5615.340 71.3 0.2
5616.218  3.4667 9.0 1.2597° 8.0 5616.224¢ 24.4 -0.9
5617.943  3.6890° 8.0 1.4828 9.0 5617.927¢ 13.3 -0.9
5618.663  3.3361° 6.0 1.1301 6.0 5618.666¢ 16.3 -1.3
5619.570  2.2056° 4.0 0.0000 4.0 5619.572 39.6 2.3
5620.526  2.2052° 3.0 0.0000 4.0 5620.534¢ 7138.2 -0.1
5623.690  3.5813 5.0 1.3773° 5.0 5623.689¢ 27.8 -0.7
5626.665  3.4197° 3.0 1.2168 4.0 5626.668 24.4 -1.0
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5628.602  3.4618 8.0 1.2597° 8.0 5628.607¢ 13.8 -1.2
5631.479  2.4944° 6.0 0.2934 6.0 5631.499¢ 11.5 -25
5636.258 3.4411 6.0 1.2420° 7.0 5636.250 23.6 -1.0
5639.535  3.3279° 6.0 1.1301 6.0 5639.536 339.5 0.1
5640.506  3.0472 5.0 0.8498° 5.0 5640.508 445 -1.2
5641.574  3.4567 9.0 1.2597° 8.0 5641.570 16.6 -1.1
5645.274  3.4124° 5.0 1.2168 4.0 5645.237¢ 8.9 -14
5651.494  3.3948 7.0 1.2017° 7.0 5651.500 48.8 -0.7
5653.569  3.6662  10.0 1.4739° 9.0 5653.571°¢ 128.9 0.1
5663.237  2.1886° 4.0 0.0000 4.0 5663.247°¢ 30.8 24
5665.266  3.6655° 6.0 1.4776 7.0 5665.244¢ 443 -0.4
5669.753  2.6426° 6.0 0.4565 7.0 5669.759 778.7 -0.5
5672.732 3.4715° 5.0 1.2865 5.0 5672.735 19.7 -1.0
5674.787  3.4439 9.0 1.2597° 8.0 5674.799 58.6 -0.6
5675.957  3.8945° 8.0 1.7108 7.0 5675.963" 3451.7
5675.959  2.3236° 4.0 0.1399 5.0 5675.963" 3451.7 -0.2
5676.002  3.4702° 4.0 1.2865 5.0 5675.963" 3419.3
5677.927  3.5367 5.0 1.3537° 5.0 5677.951b¢ 14.6 -1.0
5677.951 3.6568 9.0 1.4739° 9.0 5677.951b¢ 14.7 -0.9
5679.518  3.2253 6.0 1.0429° 6.0 5679.481 15.2 -14
5681.226  3.2325° 5.0 1.0508 5.0 5681.226 134.2 -0.5
5684.239  4.0003 4.0 1.8198° 5.0 5684.232 12.6 -0.5
5686.507  3.3098° 6.0 1.1301 6.0 5686.510 37.2 -0.9
5686.802  3.5655 6.0 1.3860° 6.0 5686.807 20.6 -0.8
5691.774  3.4100° 7.0 1.2323 7.0 5691.776 26.7 -0.9
5693.917  2.6333° 7.0 0.4565 7.0 5693.918°¢ 26.7 -1.9
5695.218  3.2271° 5.0 1.0508 5.0 5695.218 114.8 -0.5
5695.607  3.5535° 5.0 1.3773 6.0 5695.621 25.8 -0.8
5699.738  4.1378° 10.0 1.9632 9.0 5699.737 18.0 -0.2
5701.534  3.5098° 6.0 1.3359 6.0 5701.569" 52.6 -0.5
5701.571 4.0064° 9.0 1.8325 8.0 5701.569" 52.1 0.1
5702.484  3.3752 7.0 1.2017° 7.0 5702.483 28.3 -1.0
5704.550 3.5813 5.0 1.4085° 4.0 5704.547°¢ 25.4 -0.7
5706.170  3.5259 4.0 1.3537° 5.0 5706.207¢ 15.6 -1.0
5707.803  3.4039° 6.0 1.2323 7.0 5707.807" 38.4 -0.8
5707.809  3.3884° 3.0 1.2168 4.0 5707.807" 38.4 -0.8
5710.339  3.7949° 10.0 1.6243 10.0 5710.339 34.9 -0.3
5712.947  2.3094° 5.0 0.1399 5.0 5712.966" 17.8 -25
5713.005  3.6655° 6.0 1.4959 5.0 5712.966" 18.0 -0.8
5713.840  3.2993° 7.0 1.1301 6.0 5713.832 14.6 -1.3
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5714.800  3.5462° 6.0 1.3773 6.0 5714.797 13.5 -1.1
5717.665  3.4098 7.0 1.2420° 7.0 5717.620 18.8 -1.1
5723.987 3.7445° 4.0 1.5791 3.0 5723.983 9.7 -0.9
5727.876  3.0026 7.0 0.8386° 6.0 5727.876b¢ 173.3 -0.6
5727.882  3.6587° 6.0 1.4948 7.0 5727.876b¢ 173.3 0.2
5729.236  3.8661 4.0 1.7027° 3.0 5729.275%¢  2917.9
5729.272  2.4568° 5.0 0.2934 6.0 5729.275%¢  2917.7 -0.1
5730.372  3.5141° 9.0 1.3511 8.0 5730.355°¢ 64.4 -04
5731.154  3.3795° 3.0 1.2168 4.0 5731.153 57.6 -0.6
5734.223  3.0002 5.0 0.8386° 6.0 5734.270" 66.3 -1.1
5734.274 2.7874° 7.0 0.6259 8.0 5734.270b 694 -1.3
5738.885  3.8706° 8.0 1.7108 7.0 5738.898 32.7 -0.2
5740.828  3.4822 5.0 1.3232° 4.0 5740.850 17.9 -1.0
5746.877  3.2869° 6.0 1.1301 6.0 5746.884 453 -0.9
5749.183  3.2067° 5.0 1.0508 5.0 5749.183 360.1 -0.1
5749.652  3.2858° 5.0 1.1301 6.0 5749.655" 492.1 0.2
5749.654  2.1557° 5.0 0.0000 4.0 5749.655" 492.1 -1.3
5752.275 2.4482° 7.0 0.2934 6.0 5752.282 33.6 2.1
5753.714  3.7785° 10.0 1.6243  10.0  5753.714bc 37.4 -0.3
5753.735  3.6621 8.0 1.5079° 9.0 5753.714b¢ 419 -0.4
5754.112  3.7192° 3.0 1.5652 4.0 5754.074¢ 27.9 -0.5
5757.926 3.9261° 11.0 1.7734 11.0 5757.925 15.3 -0.5
5762.041 3.6339° 9.0 1.4828 9.0 5762.042 100.7 -0.1
5762.361 3.7525° 7.0 1.6015 6.0 5762.363 27.3 -0.5
5765.458  3.4363° 4.0 1.2865 5.0 5765.458 29.1 -0.8
5767.323  2.4425° 5.0 0.2934 6.0 5767.326" 61.4 -1.8
5767.353  3.9427 7.0 1.7936° 8.0 5767.326" 61.7 0.1
5772.151 2.1473° 4.0 0.0000 4.0 5772.157b¢ 365.2 -1.4
5772.175  3.5577 4.0 1.4104° 3.0 5772.157b¢ 367.9 04
5773.496  3.1976° 4.0 1.0508 5.0 5773.498°¢ 12.6 -1.5
5775.433  3.5101° 3.0 1.3640 3.0 5775.456¢ 25.9 -0.8
5776.090  2.2857° 4.0 0.1399 5.0 5776.097" 653.4 -1.0
5776.130  3.3475 7.0 1.2017° 7.0 5776.097° 653.9 04
5776.534  3.3877 8.0 1.2420° 7.0 5776.543" 22.1 -1.0
5776.539  3.8757° 10.0 1.7300 9.0 5776.543b 22.1 -0.4
5781.207  2.9937 6.0 0.8498° 5.0 5781.209 25.3 -1.5
5784.956  2.4360° 5.0 0.2934 6.0 5784.958 693.6 -0.7
5788.192  3.1831 6.0 1.0417° 7.0 5788.222P 424.6 -0.0
5788.217  2.7673° 7.0 0.6259 8.0 5788.222b 423.7 -0.5
5788.932  3.7378 5.0 1.5967° 4.0 5788.944 23.7 -0.5
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5791.433  3.7037 8.0 1.5636° 7.0 5791.431 17.8 -0.7
5792.394  3.6175° 6.0 1.4776 7.0 5792.406 15.0 -0.9
5796.286  3.9123 5.0 1.7739° 6.0 5796.321b¢ 15.6 -0.5
5796.320  3.2646 5.0 1.1262° 4.0 5796.321b¢ 13.6 -14
5798.924  3.5014° 4.0 1.3640 3.0 5798.927 114 -1.2
5800.080  2.5934° 6.0 0.4565 7.0 5800.087 209.9 -1.1
5806.403 3.3750 4.0 1.2404° 5.0 5806.416 12.2 -1.3
5809.297  3.6435° 6.0 1.5099 5.0 5809.287 32.9 -0.5
5815.432  3.6949 8.0 1.5636° 7.0 5815.428 68.6 -0.1
5821.706  3.6029 8.0 1.4739° 9.0 5821.709 10.2 -1.1
5824.896  2.1279° 5.0 0.0000 4.0 5824.899°¢ 74.2 2.1
5826.736  2.5837° 6.0 0.4565 7.0 5826.743 474.6 -0.7
5830.726  3.1765° 4.0 1.0508 5.0 5830.730b¢ 46.4 -1.0
5830.743  3.3581° 7.0 1.2323 7.0 5830.730b¢ 46.4 -0.7
5834.725  3.1751° 6.0 1.0508 5.0 5834.718 12.8 -1.5
5837.142  3.1652 8.0 1.0417° 7.0 5837.144 494 -0.9
5839.081 3.5873 7.0 1.4646° 6.0 5839.097%¢ 197.9 0.2
5839.087  2.2626° 6.0 0.1399 5.0 5839.097b¢ 199.1 -1.5
5841.900  3.4082° 4.0 1.2865 5.0 5841.905°¢ 19.0 -1.1
5844.636  3.3804 9.0 1.2597° 8.0 5844.646°¢ 96.7 -04
5845.921 3.6030° 9.0 1.4828 9.0 5845.924 64.3 -0.3
5847.593  3.4567 9.0 1.3371° 8.0 5847.597 35.2 -0.7
5858.891 3.4667° 8.0 1.3511 8.0 5858.893¢ 193.7 0.0
5859.373  2.4088° 6.0 0.2934 6.0 5859.376°¢ 57.8 -1.8
5859.646  3.4792° 4.0 1.3640 3.0 5859.646 14.1 -1.1
5861.137  3.4787° 4.0 1.3640 3.0 5861.147 13.6 -1.1
5862.197  3.7140° 9.0 1.5997 8.0 5862.204¢ 9.8 -0.9
5867.587  4.0756° 10.0 1.9632 9.0 5867.583¢ 29.4 -0.0
5868.873  3.9807° 11.0 1.8688 10.0 5868.873 71.5 0.3
5869.624  2.1117° 4.0 0.0000 4.0 5869.628 178.4 -1.7
5871.010 3.5352° 5.0 1.4241 4.0 5871.008°¢ 28.9 -0.7
5873.324  2.5668° 6.0 0.4565 7.0 5873.326 57.1 -1.6
5883.284  3.4439 9.0 1.3371° 8.0 5883.286°¢ 151.8 -0.1
5886.216  3.7054° 9.0 1.5997 8.0 5886.220 43.2 -0.3
5887.874  2.1051° 3.0 0.0000 4.0 5887.881°¢ 832.1 -1.1
5890.441 3.1471 7.0 1.0429° 6.0 5890.446°¢ 9.7 -1.7
5895.562  3.2325° 5.0 1.1301 6.0 5895.566 52.7 -0.8
5896.662  3.6805 8.0 1.5785° 7.0 5896.662¢ 17.0 -0.7
5897.507  3.5755 8.0 1.4739° 9.0 5897.488 14.4 -0.9
5899.162  3.1519° 6.0 1.0508 5.0 5899.163 21.5 -1.3
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5899.436  3.7037 8.0 1.6027° 7.0 5899.456"¢ 107.8 0.1
5899.455  3.1921 6.0 1.0911° 6.0 5899.456"¢ 110.5 -0.6
5899.484  3.5655 6.0 1.4646° 6.0 5899.456'¢ 110.2 -0.1
5901.592  2.2401° 5.0 0.1399 5.0 5901.601¢ 20.2 -2.5
5906.389  3.6621 8.0 1.5636° 7.0 5906.428 10062.0
5914.392  3.5733° 8.0 1.4776 7.0 5914.395 70.0 -0.3
5914.672  3.3279° 6.0 1.2323 7.0 5914.689°¢ 29.3 -1.0
5918.889  4.3229 3.0 2.2288° 3.0 5918.906 2962.3
5919.792  3.4449° 7.0 1.3511 8.0 5919.792°¢ 20.3 -1.0
5922.741 3.4567° 4.0 1.3640 3.0 5922.768b¢ 106.6 -0.2
5922.807  3.1435° 6.0 1.0508 5.0 5922.768b¢ 101.8 -0.6
5927955  3.6905° 7.0 1.5997 8.0 5927.956 11.0 -0.9
5928916  3.5733° 8.0 1.4828 9.0 5928.922b¢ 16.2 -0.9
5928.964  3.4765 6.0 1.3860° 6.0 5928.922b¢ 15.9 -1.0
5931.408  3.7140° 9.0 1.6243 10.0 5931.418 25.5 -0.5
5934.890  3.7783 3.0 1.6899° 3.0 5934.893b 9.6 -0.9
5934.891 2.0884° 5.0 0.0000 4.0 5934.893" 9.6 -3.0
5935.464  3.3206° 8.0 1.2323 7.0 5935.469" 23.5 -1.1
5935.515  3.8622 5.0 1.7739° 6.0 5935.469" 23.3 -0.4
5939.733  3.7976 7.0 1.7109° 7.0 5939.741° 12.4 -0.7
5939.748  3.9555° 9.0 1.8688 10.0  5939.741° 13.0 -0.5
5941.373  3.3459 9.0 1.2597° 8.0 5941.371°¢ 16.8 -1.2
5948.645  3.7944° 8.0 1.7108 7.0 5948.650 8.3 -0.9
5949.109  3.1252 6.0 1.0417° 7.0 5949.116° 8.6 -1.7
5949.159  3.6339 5.0 1.5505° 6.0 5949.115° 8.8 -1.1
5949.617  3.2134° 6.0 1.1301 6.0 5949.618 103.6 -0.5
5950.378  2.9216 5.0 0.8386° 6.0 5950.373 16.4 -1.7
5961.145 3.2093° 7.0 1.1301 6.0 5961.142 64.1 -0.8
5961.666  3.4162 7.0 1.3371° 8.0 5961.617 2757.5
5963.243  3.5733° 8.0 1.4948 7.0 5963.243¢ 21.7 -0.8
5966.694  3.5014° 4.0 1.4241 4.0 5966.695¢ 18.4 -0.9
5968.250  2.5332° 6.0 0.4565 7.0 5968.258 56.1 -1.7
5972.483  3.5621 5.0 1.4868° 4.0 5972.476b¢ 174 -0.9
5972.484  3.2015 3.0 1.1262° 4.0 5972.476b¢ 17.4 -1.3
5977.437  3.6979° 10.0 1.6243 10.0 5977.481 47.3 -0.3
5978.812  3.1239° 6.0 1.0508 5.0 5978.801 19.8 -14
5987.881 3.6351° 4.0 1.5652 4.0 5987.904 7249.5
5988.795  3.4336° 3.0 1.3640 3.0 5988.807¢ 124 -1.2
5990.222  3.6707° 7.0 1.6015 6.0 5990.227 19.3 -0.7
5994752  3.4449° 7.0 1.3773 6.0 5994.758 137.5 -0.1
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5996.456  3.2993° 7.0 1.2323 7.0 5996.458°¢ 105.1 -0.4
5996.904  3.4206 6.0 1.3537° 5.0 5996.948 12.0 -1.2
5998.359  3.4749 3.0 1.4085° 4.0 5998.336 8.5 -1.3
5998.814  3.5761° 5.0 1.5099 5.0 5998.819 13.0 -1.0
6000.032  2.2056° 4.0 0.1399 5.0 6000.038b¢ 272.5 -14
6000.036  3.4442° 4.0 1.3785 3.0 6000.038b¢ 272.5 0.2
6005.471 3.7170° 8.0 1.6531 8.0 6005.467°¢ 5.7 -1.1
6006.396  3.1053 8.0 1.0417° 7.0 6006.397 64.0 -0.9
6007.648  3.2648 8.0 1.2017° 7.0 6007.656 426.3 0.2
6011.530  3.5446° 8.0 1.4828 9.0 6011.535 14.2 -1.0
6015.329  3.4245° 3.0 1.3640 3.0 6015.330 17.8 -1.0
6020.235  3.4100° 7.0 1.3511 8.0 6020.235°¢ 24.8 -0.9
6022.616  3.5226 7.0 1.4646° 6.0 6022.623b 21.2 -0.8
6022.625  3.3939° 7.0 1.3359 6.0 6022.623" 19.6 -1.0
6022.637  3.1088° 5.0 1.0508 5.0 6022.623" 19.6 -14
6023.562  3.3948 7.0 1.3371° 8.0 6023.563 24.3 -0.9
6025.533  2.6830° 7.0 0.6259 8.0 6025.537°¢ 44.1 -1.6
6033.280  3.8278° 11.0 1.7734 11.0  6033.281 57.9 0.0
6044.465 3.3877 8.0 1.3371° 8.0 6044.479 3.0 -1.8
6049.793  3.4261 6.0 1.3773° 5.0 6049.841° 66.3 -04
6049.838  2.1886° 4.0 0.1399 5.0 6049.8410 59.2 2.1
6050.463  3.7785° 10.0 1.7300 9.0 6050.466 22.1 -0.5
6053.774 3.4715° 5.0 1.4241 4.0 6053.770°¢ 14.2 -1.1
6054.488  3.4712° 3.0 1.4241 4.0 6054.486°¢ 21.3 -0.9
6056.992  2.8850 7.0 0.8386° 6.0 6056.998°¢ 65.4 -1.1
6058.291 3.5558° 6.0 1.5099 5.0 6058.292 23.4 -0.7
6061.030  3.1751° 6.0 1.1301 6.0 6061.036 33.0 -1.1
6066.012  3.6430° 9.0 1.5997 8.0 6066.049" 229.0 04
6066.044  3.3804 9.0 1.3371° 8.0 6066.049" 232.8 0.1
6066.062  3.4206 6.0 1.3773° 5.0 6066.049" 235.9 0.1
6066.093  3.6676° 10.0 1.6243  10.0  6066.049" 234.5 04
6066.940  2.8816 6.0 0.8386° 6.0 6066.945 28.4 -1.5
6068.766  3.8622 5.0 1.8198° 5.0 6068.732 9.5 -0.7
6082.041 2.4944° 6.0 0.4565 7.0 6082.043 51.5 -1.7
6083.142  3.4015° 2.0 1.3640 3.0 6083.141°¢ 11.9 -1.2
6083.458  3.6905° 7.0 1.6531 8.0 6083.467 12.3 -0.8
6084.599  3.3882° 8.0 1.3511 8.0 6084.601 66.6 -0.5
6086.930  3.5462° 6.0 1.5099 5.0 6086.930°¢ 14.3 -0.9
6087.920  3.6890° 8.0 1.6531 8.0 6087.929b¢ 36.3 -04
6087.928  2.8857 4.0 0.8498° 5.0 6087.929b¢ 36.3 -14
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6091.601 3.6707° 7.0 1.6360 6.0 6091.611°¢ 114 -0.9
6100.178  2.8816 6.0 0.8498° 5.0 6100.177¢ 16.0 -1.7
6101.726 3.5141° 9.0 1.4828 9.0 6101.728 71.0 -0.3
6107.802  2.8791 6.0 0.8498° 5.0 6107.798 14.4 -1.8
6109.641 3.1588° 6.0 1.1301 6.0 6109.681° 75.1 -0.7
6109.687  2.6546° 7.0 0.6259 8.0 6109.681° 78.5 -1.3
6113.474 3.5374° 5.0 1.5099 5.0 6113.467°¢ 9.0 -1.2
6116.484  2.8651 6.0 0.8386° 6.0 6116.474 12.9 -1.9
6119.912 3.2270 6.0 1.2017° 7.0 6119.917%¢ 7.4 -1.6
6119.915  3.5352° 5.0 1.5099 5.0 6119.917b¢ 7.4 -1.2
6122966  3.3883° 4.0 1.3640 3.0 6122.969b¢ 36.7 -0.7
6123.006  3.9954 3.0 1.9712° 3.0 6122.969%¢ 36.7 0.0
6125.285  2.8733 5.0 0.8498° 5.0 6125.293b¢ 10.2 -1.9
6125.286  3.5101° 3.0 1.4865 2.0 6125.293b¢ 10.2 -1.1
6126.183  3.3098° 6.0 1.2865 5.0 6126.173¢ 8.7 -1.5
6130.591 3.1519° 6.0 1.1301 6.0 6130.593 30.5 -1.1
6135.906  3.4846 7.0 1.4646° 6.0 6135.906 14.6 -1.0
6148.559  2.1557° 5.0 0.1399 5.0 6148.567 73.7 -2.0
6149.259  3.2325° 5.0 1.2168 4.0 6149.260 192.6 -0.2
6150.268  2.8651 6.0 0.8498° 5.0 6150.295 1689.8 0.3
6155.046  3.4914° 8.0 1.4776 7.0 6155.048°¢ 103.1 -0.1
6156.891 4.0003 4.0 1.9872° 5.0 6156.933b¢ 39.1 0.1
6156.927  2.6391° 7.0 0.6259 8.0 6156.933b¢ 38.9 -1.7
6161.244  3.1028 7.0 1.0911° 6.0 6161.247 97.7 -0.7
6165.654  3.2271° 5.0 1.2168 4.0 6165.654 86.2 -0.6
6166.753  2.8597 5.0 0.8498° 5.0 6166.747 16.7 -1.7
6167.386  2.0097° 4.0 0.0000 4.0 6167.392 13.6 2.9
6169.143  3.4332° 5.0 1.4241 4.0 6169.145°¢ 12.5 -1.1
6174.293  2.1473° 4.0 0.1399 5.0 6174.302 51.8 2.2
6176.093  3.8757° 10.0 1.8688 10.0 6176.092 22.4 -0.3
6178.180  3.7170° 8.0 1.7108 7.0 6178.185°¢ 154 -0.7
6178.578 3.7795° 12.0 1.7734 11.0 6178.580 132.6 0.3
6184.910  3.7976 7.0 1.7936° 8.0 6184.952° 125 -0.7
6184.948  2.0040° 5.0 0.0000 4.0 6184.952° 12.6 -3.0
6186.965  3.6030° 9.0 1.5997 8.0 6186.968" 7.6 -1.1
6187.018 4.2528 6.0 2.2495° 7.0 6186.968" 7.7 -0.3
6191.634  3.7037 8.0 1.7019° 8.0 6191.628" 19.9 -0.6
6191.638  3.3530° 8.0 1.3511 8.0 6191.628" 19.9 -1.0
6195.096  3.3544 6.0 1.3537° 5.0 6195.103 8.2 -1.4
6197.699  3.5098° 6.0 1.5099 5.0 6197.691 8.4 -1.2
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6204.267  3.3349 7.0 1.3371° 8.0 6204.300° 3.5 -1.8
6204.284  3.4623 5.0 1.4646° 6.0 6204.300° 3.5 -1.6
6204.313  3.3750 4.0 1.3773° 5.0 6204.299% 3.2 -1.8
6206.641 3.2835° 5.0 1.2865 5.0 6206.637 9.0 -1.5
6208.231 3.3324° 7.0 1.3359 6.0 6208.233 133.1 -0.2
6212.786  3.5965° 7.0 1.6015 6.0 6212.798 13.8 -0.9
6221.149  3.9555° 9.0 1.9632 9.0 6221.141 13.7 -0.4
6222.138  3.3279° 6.0 1.3359 6.0 6222.140°¢ 33.6 -0.8
6223.390  3.6160° 11.0 1.6243 10.0 6223.388 188.7 0.3
6226.491 3.0817 7.0 1.0911° 6.0 6226.501 295.3 -0.2
6227.201 3.1921 6.0 1.2017° 7.0 6227.205 41.8 -0.9
6236.570  3.5889° 7.0 1.6015 6.0 6236.570 54 -1.3
6237.337  1.9872° 5.0 0.0000 4.0 6237.345 55.6 2.3
6238.438  3.8193° 8.0 1.8325 8.0 6238.440 14.4 -0.6
6240.149  3.0774 7.0 1.0911° 6.0 6240.167° 23.0 -1.3
6240.162 3.9427 7.0 1.9565° 6.0 6240.167° 22.9 -0.2
6240.214  2.8360 6.0 0.8498° 5.0 6240.167° 22.7 -1.6
6241.484  3.7368° 5.0 1.7509 5.0 6241.503 3.4 -1.3
6244.073  3.4678° 10.0 1.4828 9.0 6244.077 220.3 0.2
6251.819  3.7560° 10.0 1.7734 11.0  6251.826° 15.0 -0.6
6257.558  3.3581° 7.0 1.3773 6.0 6257.510 84.9 -04
6263.301 3.3429° 4.0 1.3640 3.0 6263.304 15.1 -1.1
6269.414  3.2093° 7.0 1.2323 7.0 6269.414 32.9 -1.0
6278.944  3.9372° 9.0 1.9632 9.0 6278.947b 9.2 -0.6
6278.997  3.5655 6.0 1.5915° 6.0 6278.947" 8.9 -1.1
6279.364  3.3098° 6.0 1.3359 6.0 6279.394" 13.8 -1.2
6279.392  3.7949° 10.0 1.8210 9.0 6279.394" 12.8 -0.6
6281.985  3.3504° 7.0 1.3773 6.0 6281.987 106.1 -0.3
6285.781 3.4667° 8.0 1.4948 7.0 6285.783 128.9 -0.0
6288.003 1.9712° 3.0 0.0000 4.0 6288.007¢ 147.5 -1.9
6297.050  3.4511° 10.0 1.4828 9.0 6297.054b¢ 115.4 -0.1
6297.060  3.2663° 3.0 1.2980 2.0 6297.054b¢ 1154 -0.4
6300.467  3.4449° 7.0 1.4776 7.0 6300.441 64.4 -04
6308.256  3.4608° 6.0 1.4959 5.0 6308.256°¢ 68.6 -0.3
6310.482  3.3153° 9.0 1.3511 8.0 6310.484 393.6 0.2
6321.219  3.0026 7.0 1.0417° 7.0 6321.217 97.0 -0.8
6322.823  3.4702° 4.0 1.5099 5.0 6322.871b¢ 25.7 -0.7
6322.870  3.6903° 9.0 1.7300 9.0 6322.871b¢ 25.4 -0.5
6322.886  3.1926° 6.0 1.2323 7.0 6322.871b¢ 25.3 -1.1
6325.274  2.2530° 6.0 0.2934 6.0 6325.280 23.9 -2.3
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6338.555  3.0062° 4.0 1.0508 5.0 6338.559 15.8 -1.5
6340.648  2.2482° 5.0 0.2934 6.0 6340.647¢ 14.2 -2.6
6341.298  3.4505° 6.0 1.4959 5.0 6341.296 15.0 -1.0
6348.723  2.4088° 6.0 0.4565 7.0 6348.728°¢ 39.4 -1.9
6353.614  2.9937 6.0 1.0429° 6.0 6353.610°¢ 12.8 -1.6
6354.325  3.3279° 6.0 1.3773 6.0 6354.316 6.2 -1.5
6355.934  3.4449° 7.0 1.4948 7.0 6355.932 24.8 -0.8
6356.548  3.6030° 9.0 1.6531 8.0 6356.544" 26.9 -0.5
6356.571 3.7697 6.0 1.8198° 5.0 6356.544" 26.1 -0.3
6360.080 1.9488° 4.0 0.0000 4.0 6360.077 51.1 2.4
6360.865  2.0884° 5.0 0.1399 5.0 6360.862¢ 13.8 -2.8
6362.153  3.2993° 7.0 1.3511 8.0 6362.128°¢ 3.8 -1.8
6363.923  3.2835° 5.0 1.3359 6.0 6363.920 14.2 -1.2
6372.767  3.5446° 8.0 1.5997 8.0 6372.767¢ 21.1 -0.7
6375907  3.5683° 9.0 1.6243 10.0 6375914 23.4 -0.6
6391.179  3.8908 7.0 1.9514° 6.0 6391.221 37.4 -0.0
6408.464  3.4846 7.0 1.5505° 6.0 6408.501° 65.0 -0.3
6408.491 1.9341° 4.0 0.0000 4.0 6408.5017 66.2 2.3
6410.586  2.9843° 4.0 1.0508 5.0 6410.596 23.9 -1.4
6414.021 3.3098° 6.0 1.3773 6.0 6414.026° 32.7 -0.8
6414.034 3.4976° 4.0 1.5652 4.0 6414.026" 32.7 -0.6
6414.368  3.4100° 7.0 1.4776 7.0 6414.368 18.5 -0.9
6420.705  3.2663° 5.0 1.3359 6.0 6420.708 26.9 -1.0
6425.099  3.3064 6.0 1.3773° 5.0 6425.107 5.8 -1.6
6426.127 29717 6.0 1.0429° 6.0 6426.129 7.1 -1.9
6427.113  3.4937° 5.0 1.5652 4.0 6427.090 4.1 -1.5
6429.044  3.5418° 5.0 1.6139 4.0 6429.030°¢ 4.1 -1.4
6429.822  3.5539 5.0 1.6262° 4.0 6429.838" 27.9 -0.6
6429.840  3.2648 8.0 1.3371° 8.0 6429.8380 27.4 -1.0
6431.164  3.9224° 11.0 1.9951 10.0 6431.172° 16.0 -0.3
6432.650  3.2134° 6.0 1.2865 5.0 6432.653¢ 101.6 -04
6435.180  2.5520° 7.0 0.6259 8.0 6435.189°¢ 7.6 2.4
6439.722  3.5244° 8.0 1.5997 8.0 6439.725°¢ 7.2 -1.2
6448.070  3.5014° 4.0 1.5791 3.0 6448.048 3.1 -1.6
6448.817  3.2993° 7.0 1.3773 6.0 6448.817¢ 7.6 -1.5
6451220 3.2724° 7.0 1.3511 8.0 6451.222P 34.0 -0.8
6451.273  3.9123 5.0 1.9910° 4.0 6451.222° 34.1 -0.0
6456.208 1.9198° 3.0 0.0000 4.0 6456.210 118.8 -2.0
6457.114  3.1519° 6.0 1.2323 7.0 6457.114°¢ 45.8 -0.9
6458.980  2.9698° 4.0 1.0508 5.0 6458.985 17.3 -1.5
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6459.471 3.3429° 4.0 1.4241 4.0 6459.455 6.1 -1.5
6460.300  3.0487° 6.0 1.1301 6.0 6460.306" 7.2 -1.8
6460.303  2.5445° 9.0 0.6259 8.0 6460.306" 7.6 24
6461.166  3.3960° 6.0 1.4776 7.0 6461.168 154 -1.0
6461.862  3.0482° 5.0 1.1301 6.0 6461.871 9.6 -1.7
6463.561 3.0477° 5.0 1.1301 6.0 6463.567 52.5 -0.9
6465.871 3.2809° 3.0 1.3640 3.0 6465.874°¢ 9.7 -1.4
6466.644  3.0078 7.0 1.0911° 6.0 6466.655 4.0 2.1
6469.182  3.5691° 8.0 1.6531 8.0 6469.183¢ 2.3 -1.6
6473.557 3.1470° 8.0 1.2323 7.0 6473.560 16.5 -1.3
6474.219  3.5141° 9.0 1.5997 8.0 6474.230°¢ 19.7 -0.8
6480.190  3.9123 5.0 1.9996° 6.0 6480.235b¢ 25.6 -0.1
6480.222  3.5154 7.0 1.6027° 7.0 6480.235b¢ 25.7 -0.6
6480.228  3.6890° 8.0 1.7764 7.0 6480.235b¢ 25.7 -0.4
6481.605  2.2057° 5.0 0.2934 6.0 6481.608" 102.6 -1.7
6481.607  3.4082° 4.0 1.4959 5.0 6481.608" 102.6 -0.2
6484.363  3.0026 7.0 1.0911° 6.0 6484.368 81.1 -0.8
6485.636  3.4000 6.0 1.4889° 5.0 6485.689" 494.3 0.5
6485.682  3.0412° 7.0 1.1301 6.0 6485.689" 497.9 0.0
6485.716  3.1976° 4.0 1.2865 5.0 6485.689¢ 509.0 0.2
6487.464  3.7976 7.0 1.8871° 6.0 6487.493b¢ 29.6 -0.2
6487.486  3.3882° 8.0 1.4776 7.0 6487.493b¢ 29.3 -0.8
6500.142  3.2427° 7.0 1.3359 6.0 6500.146°¢ 99.9 -04
6501.067  3.3804 9.0 1.4739° 9.0 6501.073 18.0 -1.0
6519.606  3.1028 7.0 1.2017° 7.0 6519.574 27.4 -1.1
6520.261 41125 7.0 2.2115° 7.0 6520.268b¢ 194 0.0
6520.267  3.5369° 7.0 1.6360 6.0 6520.268b¢ 194 -0.7
6537.376  3.7170° 8.0 1.8210 9.0 6537.375 4.0 -1.2
6541.653  3.3459 9.0 1.4512° 8.0 6541.662 6.0 -1.5
6543.110  3.6707° 7.0 1.7764 7.0 6543.105°¢ 3.2 -1.3
6543.632  3.6676° 10.0 1.7734 11.0  6543.637¢ 4.0 -1.2
6544.375  3.4039° 6.0 1.5099 5.0 6544.374 2.6 -1.8
6547.702  3.3795° 3.0 1.4865 2.0 6547.748" 134 -1.1
6547.752  3.7140° 9.0 1.8210 9.0 6547.748" 13.7 -0.7
6552.014  3.4914° 8.0 1.5997 8.0 6551.996 6.5 -1.3
6552.576  3.2427° 7.0 1.3511 8.0 6552.573 5.6 -1.6
6555.833  3.4411 6.0 1.5505° 6.0 6555.854" 3.8 -1.6
6555.846  3.0207° 5.0 1.1301 6.0 6555.854" 3.8 2.1
6560.031 3.7783 3.0 1.8889° 4.0 6560.066"¢ 2.8 -1.3
6560.096  3.4261 6.0 1.5367° 5.0 6560.066"¢ 2.8 -1.7
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6565.452  3.2663° 3.0 1.3785 3.0 6565.424 3.6 -1.8
6577.731 3.7054° 9.0 1.8210 9.0 6577.741 13.3 -0.7
6579.631 3.5369° 7.0 1.6531 8.0 6579.628" 18.3 -0.7
6579.650  3.4204 4.0 1.5367° 5.0 6579.628" 18.6 -0.9
6579.661 3.4473 7.0 1.5636° 7.0 6579.628" 18.6 -0.9
6589.208  3.1231 8.0 1.2420° 7.0 6589.209 4.8 -1.9
6589.631 3.3637° 8.0 1.4828 9.0 6589.650" 13.7 -1.1
6589.642  3.8760° 9.0 1.9951 10.0  6589.650" 13.7 -0.4
6590.950  3.8757° 10.0 19951 10.0  6590.961 11.0 -0.5
6592.709  3.0817 7.0 1.2017° 7.0 6592.725°¢ 29.3 -1.1
6593.684  3.4937° 5.0 1.6139 4.0 6593.684 94 -1.1
6601.751 3.2134° 6.0 1.3359 6.0 6601.755 90.2 -0.5
6612.011 3.0914° 5.0 1.2168 4.0 6612.015 106.0 -0.6
6614.241 3.0002 5.0 1.1262° 4.0 6614.239 3.8 2.1
6615.947  3.2093° 7.0 1.3359 6.0 6615.943 60.8 -0.6
6618.520 3.3504° 7.0 1.4776 7.0 6618.521 47.1 -0.6
6619.365  2.9233° 6.0 1.0508 5.0 6619.368°¢ 34.6 -1.3
6624.309  3.9474 8.0 2.0763° 7.0 6624.294°¢ 4.8 -0.8
6625.347  3.2067° 5.0 1.3359 6.0 6625.347b¢ 14.7 -1.3
6625.352  3.5621 5.0 1.6913° 5.0 6625.347b¢ 14.7 -0.8
6628.685  2.0097° 4.0 0.1399 5.0 6628.693¢ 25.2 -2.6
6630.130  2.9202° 6.0 1.0508 5.0 6630.135 352.6 -0.2
6635.195  3.6890° 8.0 1.8210 9.0 6635.197 94 -0.8
6647.288  3.5755 8.0 1.7109° 7.0 6647.320°¢ 2.2 -1.6
6648.977  2.0040° 5.0 0.1399 5.0 6648.984" 92.7 -2.0
6649.017  2.7139 6.0 0.8498° 5.0 6648.984" 94.1 -1.1
6650.303  3.7976 7.0 1.9339° 6.0 6650.299°¢ 9.2 -0.7
6655.664  29131° 6.0 1.0508 5.0 6655.666° 151.4 -0.6
6660.152  3.5141° 9.0 1.6531 8.0 6660.155 27.5 -0.6
6664.700 1.9996° 6.0 0.1399 5.0 6664.710 149.9 -1.8
6670.374  3.1002 7.0 1.2420° 7.0 6670.380" 36.0 -1.0
6670.376  3.3530° 8.0 1.4948 7.0 6670.380" 36.0 -0.7
6695.566 1.9910° 4.0 0.1399 5.0 6695.574b¢ 37.8 24
6695.578  3.0680° 5.0 1.2168 4.0 6695.574b¢ 37.5 -1.0
6699.184  3.7591 8.0 1.9089° 7.0 6699.205" 444 -0.1
6699.197  2.1436° 7.0 0.2934 6.0 6699.205% 443 2.1
6699.582  3.0904 6.0 1.2404° 5.0 6699.600 6.6 -1.7
6709.052  3.8426° 10.0 1.9951 10.0  6709.052 5.8 -0.8
6709.560 1.9872° 5.0 0.1399 5.0 6709.566 5.0 -3.3
6712.270  3.6676° 10.0 1.8210 9.0 6712.272¢ 18.4 -0.6
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6722.708  2.1371° 6.0 0.2934 6.0 6722.720° 50.4 2.1
6722714  3.6949 8.0 1.8512° 8.0 6722.720° 50.4 -0.1
6722.762  2.9738° 6.0 1.1301 6.0 6722.7200 51.8 -1.0
6734.468  3.6603 6.0 1.8198° 5.0 6734.465 5.7 -1.1
6735.546  3.4317 6.0 1.5915° 6.0 6735.532 3.7 -1.5
6739.207  3.1751° 6.0 1.3359 6.0 6739.210°¢ 8.5 -1.5
6742.507  3.4914° 8.0 1.6531 8.0 6742.508b¢ 47.7 -04
6742.552  4.0440 4.0 2.2057° 5.0 6742.508b¢ 50.2 0.4
6743.531 3.3459 9.0 1.5079° 9.0 6743.531 12.9 -1.1
6745.186  3.3324° 7.0 1.4948 7.0 6745.190°¢ 21.0 -0.9
6748.398  2.4626° 8.0 0.6259 8.0 6748.404¢ 22.9 -2.0
6750.754  3.2134° 6.0 1.3773 6.0 6750.747 5.8 -1.6
6751.0560  3.5259 4.0 1.6899° 3.0 6751.078° 3.1 -1.5
6751.115  2.8867° 6.0 1.0508 5.0 6751.078" 4.3 2.2
6754.005 1.8352° 4.0 0.0000 4.0 6754.018 40.9 -2.5
6762.995  2.9589 3.0 1.1262° 4.0 6763.0120 38.7 -1.1
6763.030  3.8278° 11.0 1.9951 10.0  6763.012° 38.6 -0.0
6763.801 3.3153° 9.0 1.4828 9.0 6763.806 28.9 -0.8
6769.766  3.0477° 5.0 1.2168 4.0 6769.772 4.1 -2.0
6770.976  2.2870° 6.0 0.4565 7.0 6770.984b 35.6 -2.0
6770.988  2.9216 5.0 1.0911° 6.0 6770.984" 35.6 -1.2
6781906  3.4519° 9.0 1.6243 10.0 6781.910 3.7 -1.5
6784.688 1.9667° 4.0 0.1399 5.0 6784.699 41.3 2.4
6788.792 3.3206° 8.0 1.4948 7.0 6788.802 15.0 -1.1
6790.324  2.8761° 5.0 1.0508 5.0 6790.352 1.6 -2.6
6792.298  3.4608° 6.0 1.6360 6.0 6792.312b¢ 27.6 -0.6
6792.308  2.1182° 6.0 0.2934 6.0 6792.312b¢ 27.6 2.3
6792.361 3.4245° 7.0 1.5997 8.0 6792.312b¢ 27.6 -0.7
6794.944  3.5577 4.0 1.7336° 4.0 6794.965 2.0 -1.6
6797.423  3.4594° 50 1.6360 6.0 6797.420 1.5 -1.9
6801.332  3.1735° 8.0 1.3511 8.0 6801.335 34.6 -0.9
6803.061 3.6430° 9.0 1.8210 9.0 6803.065 29.3 -04
6803.968  3.2993° 7.0 1.4776 7.0 6804.011°¢ 6.0 -1.5
6808.985  3.5539 5.0 1.7336° 4.0 6808.993 4.6 -1.3
6809.566  3.5965° 7.0 1.7764 7.0 6809.570 2.6 -1.5
6811.086 1.8198° 5.0 0.0000 4.0 6811.105%¢ 2.8 -3.7
6811.161 3.7443 5.0 1.9245° 5.0 6811.105%¢ 2.5 -1.3
6822.984 1.9565° 6.0 0.1399 5.0 6822.988°¢ 41.0 2.4
6825.317  3.1519° 6.0 1.3359 6.0 6825.326 17.1 -1.2
6829.240  3.3098° 6.0 1.4948 7.0 6829.245Y 4.5 -1.6



APPENDIX A. TABLES OF SPECTRAL LINES 186
Continued from previous page
)\Roitz Eup Jup Elow Jiow )io I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
6829.262  3.5894 6.0 1.7744° 5.0 6829.245Y 4.7 -1.2
6832.310  3.6339 5.0 1.8198° 5.0 6832.333" 2.3 -1.5
6832.334  3.0449 2.0 1.2308° 3.0 6832.3330 24 2.2
6833.433  3.3098° 6.0 1.4959 5.0 6833.421°¢ 2.8 -1.8
6836.210  2.6517 6.0 0.8386° 6.0 6836.223¢ 2.2 -2.8
6837.139  3.6339° 9.0 1.8210 9.0 6837.129 6.0 -1.1
6838.149  3.5889° 7.0 1.7764 7.0 6838.171° 1.8 -1.6
6838.165  3.1765° 4.0 1.3640 3.0 6838.171° 1.8 2.2
6849.179  3.5432 5.0 1.7336° 4.0 6849.199 7.8 -1.1
6851.804 1.9488° 4.0 0.1399 5.0 6851.813" 103.5 -2.0
6851.821 3.4449° 7.0 1.6360 6.0 6851.813¢ 100.9 -0.1
6852.256  3.0412° 7.0 1.2323 7.0 6852.257 56.0 -0.8
6853.705  3.4100° 7.0 1.6015 6.0 6853.7040 5.7 -1.4
6853.716  3.4000 6.0 1.5915° 6.0 6853.704" 5.7 -14
6856.989  3.1435° 6.0 1.3359 6.0 6856.994 66.6 -0.6
6859.119  2.2635° 7.0 0.4565 7.0 6859.133 6.7 -2.8
6867.343  3.0914° 5.0 1.2865 5.0 6867.352¢ 7.0 -1.7
6867.950  3.4999 4.0 1.6952° 4.0 6867.947 7.6 -1.1
6868.700  3.2993° 7.0 1.4948 7.0 6868.705" 10.2 -1.2
6868.709  3.5154 7.0 1.7109° 7.0 6868.705" 10.0 -1.0
6876.770  3.2983° 4.0 1.4959 5.0 6876.773" 7.4 -14
6876.821 3.2762 8.0 1.4739° 9.0 6876.773b 7.2 -14
6878.440  2.6517 6.0 0.8498° 5.0 6878.448°¢ 25.6 -1.7
6880.585  3.2973° 5.0 1.4959 5.0 6880.607 24 -1.9
6882.227  3.1369° 6.0 1.3359 6.0 6882.229°¢ 2.7 -2.0
6883.456  3.9123 5.0 2.1117° 4.0 6883.426°¢ 2.8 -1.0
6886.770  3.7949° 10.0 19951 10.0 6886.778 174 -0.4
6892.211 3.3083° 4.0 1.5099 5.0 6892.212 2.0 -1.9
6893.385  3.1765° 4.0 1.3785 3.0 6893.358 1.3 2.3
6895.639 1.9373° 5.0 0.1399 5.0 6895.644 18.1 2.7
6896.654  3.8735 7.0 2.0763° 7.0 6896.684" 14.7 -0.3
6896.684  3.4999 4.0 1.7027° 3.0 6896.684" 14.8 -0.8
6899.349  2.2530° 6.0 0.4565 7.0 6899.344 3.9 -3.0
6903.506  2.9216 5.0 1.1262° 4.0 6903.516 9.1 -1.8
6904.749  2.0885° 7.0 0.2934 6.0 6904.754 67.6 -2.0
6906.016  2.6334 7.0 0.8386° 6.0 6906.020 62.9 -1.3
6906.468  3.1586° 4.0 1.3640 3.0 6906.471 5.0 -1.7
6907.160  3.3960° 6.0 1.6015 6.0 6907.149 4.8 -1.4
6907.656  3.4082° 4.0 1.6139 4.0 6907.656°¢ 2.3 -1.8
6908.007  3.3939° 7.0 1.5997 8.0 6908.017° 8.1 -1.2



APPENDIX A. TABLES OF SPECTRAL LINES 187
Continued from previous page
)\Roitz Eup Jup Elow Jiow )io I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD

6908.016  3.8760° 9.0 2.0818 9.0 6908.018% 7.9 -0.6
6908.023 1.9341° 4.0 0.1399 5.0 6908.018° 7.9 -3.1
6908.907  1.9339° 6.0 0.1399 5.0 6908.911 12.6 -29
6909.377  2.8850 7.0 1.0911° 6.0 6909.376°¢ 5.6 -2.0
6923.852 1.7901° 3.0 0.0000 4.0 6923.862b¢ 305.5 -1.7
6923.893  2.9202° 6.0 1.1301 6.0 6923.862b¢ 305.6 -0.2
6939.831 3.4749 3.0 1.6888° 2.0 6939.830 4.3 -14
6940.905  2.6355 4.0 0.8498° 5.0 6940.917 20.7 -1.8
6945.008 1.9245° 5.0 0.1399 5.0 6945.015" 10.5 -3.0
6945.032  3.1620° 7.0 1.3773 6.0 6945.015° 10.5 -14
6949.957  3.7785° 10.0 19951 10.0 6949.951 3.0 -1.2
6952.013  2.0763° 7.0 0.2934 6.0 6952.019 30.3 2.3
6954988  3.0687° 6.0 1.2865 5.0 6955.039 2.1 2.2
6957.523  3.1588° 6.0 1.3773 6.0 6957.530b¢ 1.8 2.2
6957.533  3.0680° 5.0 1.2865 5.0 6957.530b¢ 1.8 2.3
6963.303  3.5539 5.0 1.7739° 6.0 6963.262°¢ 1.5 -1.7
6964.510  3.4749 3.0 1.6952° 4.0 6964.499°¢ 29.2 -0.6
6967.660  3.7976 7.0 2.0188° 7.0 6967.659" 44 -1.0
6967.669  3.2678 5.0 1.4889° 5.0 6967.659" 44 -1.6
6977.158  3.4124° 5.0 1.6360 6.0 6977.175 7.9 -1.2
6984.704  3.1519° 6.0 1.3773 6.0 6984.709 10.5 -14
6985.220 1.7744° 5.0 0.0000 4.0 6985.226 385.3 -1.6
6986.742  3.4100° 7.0 1.6360 6.0 6986.761 2.1 -1.8
6990.113  3.6603 6.0 1.8871° 6.0 6990.112 3.2 -1.3
6992.191 3.0592° 4.0 1.2865 5.0 6992.220°¢ 14 2.4
6995.182  2.2283° 8.0 0.4565 7.0 6995.202°¢ 164.8 -14
6997.305  3.4245° 7.0 1.6531 8.0 6997.356"¢ 2.3 -1.7
6997.342  3.3349 7.0 1.5636° 7.0 6997.356"¢ 2.4 -1.8
7001.150 3.2663° 5.0 1.4959 5.0 7001.159° 11.9 -1.2
7001.173  3.4063° 5.0 1.6360 6.0 7001.159° 11.8 -1.0
7001.618  2.8120 8.0 1.0417° 7.0 7001.621¢ 26.0 -1.4
7004.194  3.0019° 7.0 1.2323 7.0 7004.162 6.6 -1.8
7004.817  3.7209 7.0 1.9514° 6.0 7004.828° 13.3 -0.6
7004.863 29711 6.0 1.2017° 7.0 7004.828¢ 13.2 -1.5
7009.771 3.1053 8.0 1.3371° 8.0 7009.775 13.0 -14
7040.267  3.5369° 7.0 1.7764 7.0 7040.269° 8.2 -1.0
7040.284 3.0026 7.0 1.2420° 7.0 7040.269" 8.2 -1.7
7042.300  3.3960° 6.0 1.6360 6.0 7042.300 9.7 -1.1
7054.948  3.4100° 7.0 1.6531 8.0 7054.963 2.5 -1.7
7055.448  2.3827° 9.0 0.6259 8.0 7055.464 141.3 -1.2
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7060.414  3.0914° 5.0 1.3359 6.0 7060.415 16.7 -1.3
7066.427  3.7697 6.0 2.0157° 5.0 7066.457b¢ 4.7 -0.9
7066.447  3.0899° 6.0 1.3359 6.0 7066.4575¢ 5.0 -1.8
7066.471 2.8048° 4.0 1.0508 5.0 7066.457b¢ 49 2.2
7069.166  2.9937 6.0 1.2404° 5.0 7069.110 3.6 2.1
7081.226  3.1277° 5.0 1.3773 6.0 7081.247¢ 2.7 -2.0
7086.460 1.8889° 4.0 0.1399 5.0 7086.474 256.6 -1.6
7088.042  3.0084 9.0 1.2597° 8.0 7088.059¢ 10.5 -1.6
7088.042  3.0084 9.0 1.2597° 8.0 7088.059¢ 10.5 -1.6
7088.456  3.3271 7.0 1.5785° 7.0 7088.468 9.1 -1.2
7088.902  3.0350° 4.0 1.2865 5.0 7088.881 2.2 2.2
7091.183  3.2427° 7.0 1.4948 7.0 7091.186 44 -1.6
7093.892 1.8871° 6.0 0.1399 5.0 7093.903 326.7 -1.5
7103.210  2.8360 6.0 1.0911° 6.0 7103.198 25 2.4
7105.024  3.0042 8.0 1.2597° 8.0 7105.031b¢ 3.5 2.1
7105.026  3.2310° 3.0 1.4865 2.0 7105.031b¢ 3.5 -1.8
7106.817  2.2005° 6.0 0.4565 7.0 7106.768°¢ 5.5 -29
7110912  3.1671° 3.0 1.4241 4.0 7110.914¢ 8.5 -1.5
7123.787  3.3190° 4.0 1.5791 3.0 7123.756 24 -1.8
7132.261 3.4678° 10.0 1.7300 9.0 7132.275°¢ 5.9 -1.2
7136932  3.4667° 8.0 1.7300 9.0 7136.883°¢ 20.2 -0.7
7148.088 1.8738° 5.0 0.1399 5.0 7148.097 143.3 -1.9
7149.726 1.7336° 4.0 0.0000 4.0 7149.722 117.3 2.1
7153.090 3.0687° 6.0 1.3359 6.0 7153.098 19.8 -1.2
7154536  3.5261 8.0 1.7936° 8.0 7154.536°¢ 9.8 -0.9
7155573  3.2973° 5.0 1.5652 4.0 7155.516 9.6 -1.2
7157559  3.2093° 7.0 1.4776 7.0 7157.565¢ 8.6 -14
7157.571 3.2523° 4.0 1.5206 3.0 7157.565% 8.6 -1.3
7159.816  3.2678 5.0 1.5367° 5.0 7159.775 4.6 -1.6
7182.442  3.2593 2.0 1.5336° 3.0 7182.447° 8.1 -1.3
7182.481 3.1768 7.0 1.4512° 8.0 7182.447° 8.0 -1.5
7183.360  3.4999 4.0 1.7744° 5.0 7183.367 23.6 -0.6
7183.874  2.0188° 7.0 0.2934 6.0 7183.875 109.2 -1.8
7184.464 3.0117° 5.0 1.2865 5.0 7184.460°¢ 7.2 -1.7
7185.180  3.8622 5.0 2.1371° 6.0 7185.127 44 -0.8
7189.464  3.0472 5.0 1.3232° 4.0 7189.434¢ 5.7 -1.8
7189.936 3.2874 7.0 1.5636° 7.0 7189.914 3.2 -1.7
7194.140 1.7229° 5.0 0.0000 4.0 7194.153 9.6 -3.2
7196.828  2.0157° 5.0 0.2934 6.0 7196.835 17.8 -2.6
7198.505  4.1700 6.0 2.4482° 7.0 7198.540b¢ 4.5 -04
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7198.549  4.1045 9.0 2.3827° 9.0 7198.540"¢ 44 -0.5
7201465  3.4511° 10.0  1.7300 9.0 7201.464 35 -1.5
7210215 3.9474 8.0 2.2283° 8.0 7210.180 34 -0.8
7218.647  3.6430° 9.0 1.9259 8.0 7218.652 4.0 -1.1
7219.611 3.1028 7.0 1.3860° 6.0 7219.618¢ 3.8 -1.9
7224108  3.2809° 3.0 1.5652 4.0 7224.101 2.2 -1.9
7227.071  3.4914° 8.0 1.7764 7.0 7227.071 24 -1.6
7229.229 3.2093° 7.0 1.4948 7.0 7229.233 11.5 -1.2
7266.178  2.1623° 8.0 0.4565 7.0 7266.176 52.2 -1.9
7268.353  3.0412° 7.0 1.3359 6.0 7268.361°¢ 13.6 -14
7272378  3.7697 6.0 2.0653° 6.0 7272.394¢ 2.1 -1.3
7279.461 1.7027° 3.0 0.0000 4.0 7279.459 127.8 2.1
7285.235  2.5400 5.0 0.8386° 6.0 7285.244°¢ 31.7 -1.7
7287.053  2.7427 6.0 1.0417° 7.0 7287.058 4.3 -2.3
7291.491 3.3530° 8.0 1.6531 8.0 7291.493¢ 5.5 -14
7301.171  3.2612 6.0 1.5636° 7.0 7301.177 5.7 -1.5
7306.352  3.3324° 7.0 1.6360 6.0 7306.354¢ 2.7 -1.7
7308.637  3.2874 7.0 1.5915° 6.0 7308.683¢ 6.3 -14
7308.681  3.1735° 8.0 1.4776 7.0 7308.683" 5.7 -1.6
7311.749  1.6952° 4.0 0.0000 4.0 7311.755" 82.0 2.3
7311.800  3.6903° 9.0 1.9951 10.0  7311.755Y 82.8 0.2
7313.784  1.8346° 5.0 0.1399 5.0 7313.788¢ 51.7 2.3
7316.765  3.6029 8.0 1.9089° 7.0 7316.795°¢ 1.7 -1.6
7317952  2.3197° 9.0 0.6259 8.0 7317.935¢ 14.7 -2.3
7320.725  3.5141° 9.0 1.8210 9.0 7320.733 34 -14
7322.680  3.1792° 3.0 1.4865 2.0 7322.686 23.7 -1.0
7328456 35259 4.0 1.8346° 5.0 7328.434" 45 -1.2
7328.458  3.1652 8.0 1.4739° 9.0 7328.4347 45 -1.7
7330.651  3.1554 5.0 1.4646° 6.0 7330.656¢ 4.6 -1.7
7332.741  3.4667° 8.0 1.7764 7.0 7332.775b¢ 2.8 -15
7332.800  3.2270 6.0 1.5367° 5.0 7332.775b¢ 2.7 -1.8
7333.215  2.5400 5.0 0.8498° 5.0 7333.223 24.8 -1.8
7334542  1.6899° 3.0 0.0000 4.0 7334.553 427.2 -1.6
7346.315  3.7697 6.0 2.0825° 6.0 7346.349" 6.3 -0.8
7346.335  3.2868° 9.0 1.5997 8.0 7346.3490 6.3 -14
7363.256  2.8850 7.0 1.2017° 7.0 7363.264 8.1 -1.8
7369.833 39106 4.0 2.2288° 3.0 7369.867¢ 19.0 -0.1
7378.128  1.8198° 5.0 0.1399 5.0 7378.138 27.3 -2.6
7381.547  3.1751° 6.0 1.4959 5.0 7381.532 1.7 2.1

7383.425  3.1735° 8.0 1.4948 7.0 7383.437 24 -1.9
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7389.117  2.8791 6.0 1.2017° 7.0 7389.127 2.5 2.3
7397.063  4.1700 6.0 2.4944° 6.0 7397.056 2.9 -0.6
7398.661 2.7182 5.0 1.0429° 6.0 7398.6410 2.9 2.4
7398.681 3.9106 4.0 2.2354° 5.0 7398.641° 3.1 -0.9
7399.667  3.5621 5.0 1.8871° 6.0 7399.679 29 -1.4
7401.277  2.5133 6.0 0.8386° 6.0 7401.291° 80.2 -1.3
7401.323  3.6618 5.0 1.9872° 5.0 7401.291° 82.7 0.2
7412411 2.7139 6.0 1.0417° 7.0 7412.367°¢ 2.0 -2.6
7424.869  3.1470° 8.0 1.4776 7.0 7424.873 44 -1.7
7430.079  3.4618 8.0 1.7936° 8.0 7430.095 2.3 -1.6
7433.220  3.3206° 8.0 1.6531 8.0 7433.226 6.6 -1.3
7435230  3.2809° 3.0 1.6139 4.0 7435.226 7.9 -1.3
7442.349  3.0026 7.0 1.3371° 8.0 7442.345 7.8 -1.6
7445477  3.4999 4.0 1.8352° 4.0 7445.470b 7.7 -1.0
7445.501 2.8816° 5.0 1.2168 4.0 7445.470° 7.9 -1.8
7450.802  2.5133 6.0 0.8498° 5.0 7450.817 7.4 -2.3
7451.361 2.8651 6.0 1.2017° 7.0 7451.366" 5.7 -2.0
7451.373 3.2270 6.0 1.5636° 7.0 7451.366" 5.7 -1.5
7456.868  3.3153° 9.0 1.6531 8.0 7456.870 3.4 -1.6
7457905  3.2271° 5.0 1.5652 4.0 7457.935 2.8 -1.8
7458.754  2.1182° 6.0 0.4565 7.0 7458.760°¢ 6.8 -2.8
7463.729  3.6603 6.0 1.9996° 6.0 7463.756° 1.3 -1.6
7464.286  3.7976 7.0 2.1371° 6.0 7464.280 29 -1.0
7483942  3.4913 5.0 1.8352° 4.0 7483.981¢ 6.0 -1.1
7484.003  3.5432 5.0 1.8871° 6.0 7483.9820 7.6 -1.0
7484.008  3.9091 6.0 2.2530° 6.0 7483.9820 7.6 -0.5
7484.979 3.1519° 6.0 1.4959 5.0 7484.961 7.3 -1.5
7502.021 3.1470° 8.0 1.4948 7.0 7502.046 0.9 24
7507.778  3.2869° 6.0 1.6360 6.0 7507.786° 1.9 -1.9
7515.487  3.1231 8.0 1.4739° 9.0 7515.461 1.5 2.2
7518.957  3.2270 6.0 1.5785° 7.0 7518.952 1.1 2.2
7529.991 4.2528 6.0 2.6068° 7.0 7529.977° 1.9 -0.6
7530.029  2.8864 5.0 1.2404° 5.0 7529.977° 1.9 2.4
7545.941 3.6377°  10.0 1.9951 10.0 7545.944 3.7 -1.1
7548.992  4.1045 9.0 2.4626° 8.0 7548.974 1.9 -0.8
7549.440  3.7697 6.0 2.1279° 5.0 7549.377 1.9 -1.3
7550.818  3.6603 6.0 2.0188° 7.0 7550.815 5.8 -0.9
7567.881 3.8908 7.0 2.2530° 6.0 7567.872 1.6 -1.2
7578.562  3.5226 7.0 1.8871° 6.0 7578.598°¢ 2.2 -1.5
7579.074  3.7976 7.0 2.1623° 8.0 7579.073 104 -0.5
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7582.899 1.7744° 5.0 0.1399 5.0 7582.899P 10.0 -3.1
7582.941 3.0449 2.0 1.4104° 3.0 7582.899¢ 10.0 -1.5
7583.797  2.8360 6.0 1.2017° 7.0 7583.795 7.2 -1.9
7590.051 4.1045 9.0 2.4715° 10.0 7590.071¢ 7.4 -0.2
7590.082  3.3349 7.0 1.7019° 8.0 7590.071b 7.3 -1.2
7595.799  3.0091° 7.0 1.3773 6.0 7595.839 15.2 -1.3
7597.234  3.1053 8.0 1.4739° 9.0 7597.281 10.7 -1.3
7604.560  3.6339 5.0 2.0040° 5.0 7604.597 8.1 -0.8
7611.008  3.6603 6.0 2.0317° 7.0 7611.032 6.7 -0.8
7614.725  3.9474 8.0 2.3197° 9.0 7614.707°¢ 8.8 -04
7621.662 1.6262° 4.0 0.0000 4.0 7621.664° 76.0 2.4
7621.663  3.6302 6.0 2.0040° 5.0 7621.6640 75.8 0.2
7621.691 3.0035 4.0 1.3773° 5.0 7621.664¢ 75.8 -0.6
7626.289  3.6440 8.0 2.0188° 7.0 7626.321b¢ 8.9 -0.7
7626.321 2.8850 7.0 1.2597° 8.0 7626.321b¢ 9.6 -1.7
7643.807  3.2354° 3.0 1.6139 4.0 7643.790 2.2 -1.9
7650.768  3.5539 5.0 1.9339° 6.0 7650.761 1.0 -1.8
7651.780  2.0763° 7.0 0.4565 7.0 7651.787 35.7 2.1
7677.314  3.3096 4.0 1.6952° 4.0 7677.311 3.6 -1.5
7681.558  3.1921 6.0 1.5785° 7.0 7681.564°¢ 6.0 -1.5
7682.330  2.8151 7.0 1.2017° 7.0 7682.334 7.7 -1.8
7682.816  3.5621 5.0 1.9488° 4.0 7682.821°¢ 13.8 -0.6
7684.887  3.1088° 5.0 1.4959 5.0 7684.865 5.6 -1.6
7686.812  3.4449° 7.0 1.8325 8.0 7686.766 1.8 -1.7
7695.208  3.5621 5.0 1.9514° 6.0 7695.184 5.0 -1.1
7696.888  3.3190° 4.0 1.7087 3.0 7696.926" 2.2 -1.7
7696.890 2.8120 8.0 1.2017° 7.0 7696.926" 22 24
7701.550  3.5432 5.0 1.9339° 6.0 7701.556%¢ 3.0 -1.3
7701.552  2.9453° 6.0 1.3359 6.0 7701.556%¢ 3.0 2.1
7704.258  2.6517 6.0 1.0429° 6.0 7704.263 4.0 23
7705.631 2.8951° 6.0 1.2865 5.0 7705.636° 11.0 -1.6
7708974  3.2093° 7.0 1.6015 6.0 7708.955 1.7 -2.0
7718.105  3.5432 5.0 1.9373° 5.0 7718.110¢ 6.7 -1.0
7758969  3.5539 5.0 1.9565° 6.0 7759.013b 49 -1.1
7759.035  3.1053 8.0 1.5079° 9.0 7759.013¢ 6.0 -1.6
7762.741 1.5967° 4.0 0.0000 4.0 7762.754 11.1 -3.2
7764.398  3.1615° 3.0 1.5652 4.0 7764.372 1.5 2.1
7767.827 2.8360 6.0 1.2404° 5.0 7767.850 10.8 -1.7
7768.658  3.3064 6.0 1.7109° 7.0 7768.672b¢ 6.6 -1.3
7768.660  3.0914° 5.0 1.4959 5.0 7768.672b¢ 6.6 -1.5
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7771.280  3.6603 6.0 2.0653° 6.0 7771.297 3.4 -1.1
7777.152 1.7336° 4.0 0.1399 5.0 7777.150 81.9 2.2
7780.033  3.0035 4.0 1.4104° 3.0 7780.015°¢ 2.7 -2.0
7785.738  3.6805 8.0 2.0885° 7.0 7785.799¢ 5.0 -0.9
7785.823  2.7182 5.0 1.1262° 4.0 7785.799b 5.5 2.1
7787.319  2.6334 7.0 1.0417° 7.0 7787.329b¢ 32.9 -14
7787.393  3.0002 5.0 1.4085° 4.0 7787.329b¢ 32.7 -1.0
7793.033  2.6334 7.0 1.0429° 6.0 7793.047 4.8 2.3
7797.283 3.2427° 7.0 1.6531 8.0 7797.347b 45.0 -0.5
7797383  2.8761° 5.0 1.2865 5.0 7797.346° 36.9 -1.1
7802.050  3.0714° 8.0 1.4828 9.0 7802.082 0.8 -25
7804.207  3.3182° 8.0 1.7300 9.0 7804.222b 1.8 -1.8
7804.210  3.5141° 9.0 1.9259 8.0 7804.222b 1.8 -1.6
7811.203  3.5432 5.0 1.9565° 6.0 7811.196" 4.2 -1.2
7811.208  3.3804 9.0 1.7936° 8.0 7811.196" 4.2 -1.4
7814.368  3.7976 7.0 2.2115° 7.0 7814.358 7.7 -0.6
7817.217  3.2874 7.0 1.7019° 8.0 7817.226 5.5 -14
7823.232  2.9202° 6.0 1.3359 6.0 7823.238¢ 9.3 -1.6
7829.732 1.7229° 5.0 0.1399 5.0 7829.737 69.0 2.3
7831.657  3.0472 5.0 1.4646° 6.0 7831.648 1.8 2.2
7832986  3.1615° 3.0 1.5791 3.0 7833.021 82.6 -0.3
7836.892  3.3752 7.0 1.7936° 8.0 7836.921 4.2 -1.4
7842.604 1.8738° 5.0 0.2934 6.0 7842.625 49.6 2.2
7862.137  2.7933° 5.0 1.2168 4.0 7862.148 2.0 2.4
7872.023  2.9518 4.0 1.3773° 5.0 7872.019¢ 25.8 -1.1
7877.647  3.4623 5.0 1.8889° 4.0 7877.689b¢ 3.6 -1.3
7877.650  3.7013 6.0 2.1279° 5.0 7877.689%¢ 3.6 -1.0
7877.691 3.6618 5.0 2.0884° 5.0 7877.689b¢ 3.6 -1.1
7877.694  3.2093° 7.0 1.6360 6.0 7877.689b¢ 3.6 -1.6
7885.888  3.6603 6.0 2.0885° 7.0 7885.900¢ 1.6 -14
7886.576  2.7885° 3.0 1.2168 4.0 7886.602°¢ 57.9 -1.0
7889.817  4.1700 6.0 2.5990° 5.0 7889.846" 2.3 -0.6
7889.840  3.0448 9.0 1.4739° 9.0 7889.845¢ 2.5 -2.0
7894.743  2.8120 8.0 1.2420° 7.0 7894.764 24 2.3
7898.231 3.7976 7.0 2.2283° 8.0 7898.212 3.8 -0.9
7906.031 3.4749 3.0 1.9071° 2.0 7906.026%¢ 7.4 -1.0
7906.070  4.3229 3.0 2.7551° 3.0 7906.026%¢ 7.5 0.1
7915958  3.4999 4.0 1.9341° 4.0 7915.948 3.3 -1.3
7921.400  3.9474 8.0 2.3827° 9.0 7921.379¢ 1.1 -1.2
7925.087  3.7697 6.0 2.2057° 5.0 7925.080 36.7 0.1
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7928.813  3.0592° 4.0 1.4959 5.0 7928.857°¢ 1.6 2.2
7928.893  4.1700 6.0 2.6068° 7.0 7928.857°¢ 1.6 -0.7
7932.282 34999 4.0 1.9373° 5.0 7932.273b 2.2 -1.5
7932.288 2.6927° 6.0 1.1301 6.0 7932.273b 2.2 -2.5
7942.033  2.6517 6.0 1.0911° 6.0 7942.046 3.2 2.4
7949580 2.8824 3.0 1.3232° 4.0 7949.622°¢ 3.2 2.1
7951.741  3.0687° 6.0 1.5099 5.0 7951.776 0.6 2.6
7957.098  3.7013 6.0 2.1436° 7.0 7957.145" 1.3 -14
7957.115  3.4822 5.0 1.9245° 5.0 7957.145b 1.2 -1.7
7958.946  2.6484 5.0 1.0911° 6.0 7958.930 175.0 -0.7
7962.778 3.2593 2.0 1.7027° 3.0 7962.803 1.6 -1.9
7969.242  1.6952° 4.0 0.1399 5.0 7969.247 29 -3.7
7970.564  3.4749 3.0 1.9198° 3.0 7970.545¢ 2.3 -15
7972.087  3.0507° 4.0 1.4959 5.0 7972.074 1.6 2.2
8007.694  2.8850 7.0 1.3371° 8.0 8007.683 58.9 -0.8
8015.378  3.0412° 7.0 1.4948 7.0 8015.378¢ 32 -1.9
8026.976  2.8039 7.0 1.2597° 8.0 8027.005 1.4 2.5
8029.521  3.5432 5.0 1.9996° 6.0 8029.520%¢ 2.9 -1.3
8029.531  3.1088° 5.0 1.5652 4.0 8029.520%¢ 29 -1.8
8029.536  3.8595 5.0 2.3159° 6.0 8029.520%¢ 3.0 -0.9
8029.549  3.3948 7.0 1.8512° 8.0 8029.520%¢ 3.0 -15
8031.378 29518 4.0 1.4085° 4.0 8031.391°¢ 6.3 -1.7
8034.629  2.5934° 6.0 1.0508 5.0 8034.628 5.5 2.2
8036.394  3.4988 5.0 1.9565° 6.0 8036.429%¢ 3.5 -1.2
8036.405  2.6334 7.0 1.0911° 6.0 8036.429%¢ 35 24
8043.229 2.7427 6.0 1.2017° 7.0 8043.250 184.2 -0.5
8044.634  2.7576° 5.0 1.2168 4.0 8044.647 6.0 -2.0
8052.441  3.1028 7.0 1.5636° 7.0 8052.443" 3.6 -1.7
8052.462  3.5432 5.0 2.0040° 5.0 8052.4430 3.8 -1.2
8053.399  3.0350° 4.0 1.4959 5.0 8053.397 55 -1.6
8053.905  3.4261 6.0 1.8871° 6.0 8053.968 0.9 -1.9
8066.033  1.5367° 5.0 0.0000 4.0 8066.029¢ 2.9 -3.8
8067.702  2.1623° 8.0 0.6259 8.0 8067.695 2.8 -3.1
8071.590  3.0002 5.0 1.4646° 6.0 8071.582 52.3 -0.7
8077.114 3.0084 9.0 1.4739° 9.0 8077.122° 16.7 -1.2
8077.114  3.0084 9.0 1.4739° 9.0 8077.122¢ 16.7 -1.2
8078.878  3.2678 5.0 1.7336° 4.0 8078.877 3.7 -1.5
8085.871  2.5837° 6.0 1.0508 5.0 8085.882 3.2 -2.5
8091.295  1.8253° 7.0 0.2934 6.0 8091.299 28.2 25

8099.173  3.0042 8.0 1.4739° 9.0 8099.169" 67.9 -0.6
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8099.231 2.9544° 5.0 1.4241 4.0 8099.169° 69.3 -0.6
8108.791 3.5157 6.0 1.9872° 5.0 8108.746°¢ 3.4 -1.2
8110.176  3.2792° 4.0 1.7509 5.0 8110.230°¢ 1.1 -2.0
8145.388  3.1002 7.0 1.5785° 7.0 8145.358 4.2 -1.7
8159.453 4.2528 6.0 2.7337° 6.0 8159.420 4.0 -0.2
8164.248  2.8047° 4.0 1.2865 5.0 8164.293" 2.9 2.2
8164.254  3.0817 7.0 1.5636° 7.0 8164.293° 3.2 -1.8
8166.604  2.8951° 6.0 1.3773 6.0 8166.622 1.2 -2.5
8169.066  2.8946 4.0 1.3773° 5.0 8169.091°¢ 3.0 2.1
8201.061 2.8651 6.0 1.3537° 5.0 8201.067%¢ 8.4 -1.7
8201.080  3.0449 2.0 1.5336° 3.0 8201.067%¢ 8.2 -14
8201.625  3.1028 7.0 1.5915° 6.0 8201.637¢ 6.8 -14
8201.646  3.0002 5.0 1.4889° 5.0 8201.637" 6.8 -1.6
8206.476  3.0739 7.0 1.5636° 7.0 8206.479 3.8 -1.7
8212.253 3.1554 5.0 1.6461° 6.0 8212.279% 6.8 -14
8212273  2.6355 4.0 1.1262° 4.0 8212.279P 6.8 -2.0
8212.313  4.2528 6.0 2.7435° 5.0 8212.279P 6.9 0.0
8213.132  2.8864 5.0 1.3773° 5.0 8213.124 20.3 -1.2
8215.830  3.1002 7.0 1.5915° 6.0 8215.866 1.6 2.1
8216.974  2.8857 4.0 1.3773° 5.0 8216.977¢ 19.3 -1.3
8223.948  2.9717 6.0 1.4646° 6.0 8223.961 2.2 2.1
8227.288 29711 6.0 1.4646° 6.0 8227.290 10.5 -14
8245.458  3.0817 7.0 1.5785° 7.0 8245.462°¢ 2.8 -1.8
8283.319  3.0042 8.0 1.5079° 9.0 8283.342°¢ 6.8 -1.6
8290.981 1.9514° 6.0 0.4565 7.0 8290.990 16.7 -25
8308.919  3.1277° 5.0 1.6360 6.0 8308.925b¢ 49 -1.5
8308.978  3.4913 5.0 1.9996° 6.0 8308.923¢¢ 3.4 -1.2
8324.634  3.1976° 4.0 1.7087 3.0 8324.695%¢ 18.6 -0.9
8324.657  1.4889° 5.0 0.0000 4.0 8324.695%¢ 18.6 -3.1
8336.332 1.4868° 4.0 0.0000 4.0 8336.362¢ 72.3 -25
8338.805 1.6262° 4.0 0.1399 5.0 8338.815 62.6 2.4
8347.248  3.1868 8.0 1.7019° 8.0 8347.301 4.8 -1.5
8361.477 3.0739 7.0 1.5915° 6.0 8361.478 3.9 -1.7
8362.451 2.9711 6.0 1.4889° 5.0 8362.445°¢ 5.2 -1.7
8386.749  2.8864 5.0 1.4085° 4.0 8386.743 9.7 -1.5
8389.465 1.9339° 6.0 0.4565 7.0 8389.472°¢ 23.0 2.4
8390.755  2.8857 4.0 1.4085° 4.0 8390.771 5.9 -1.8
8398.318  3.1868 8.0 1.7109° 7.0 8398.352 2.4 -1.8
8403.853  2.8120 8.0 1.3371° 8.0 8403.847 12.8 -1.5
8478.896  2.9697 8.0 1.5079° 9.0 8478.916 3.7 -1.8
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8507.977  1.5967° 4.0 0.1399 5.0 8507.971° 4.8 -3.5
8508.011  3.4519° 9.0 1.9951 10.0  8507.972¢ 5.0 -1.1
8533.797  1.9089° 7.0 0.4565 7.0 8533.855¢ 5.8 -3.0
8533.821  3.1632° 8.0 1.7108 7.0 8533.8550¢ 44 -15
8538.108  1.5915° 6.0 0.1399 5.0 8538.118 27.3 2.7
8547.666  2.6517 6.0 1.2017° 7.0 8547.694 4.3 2.2
8554.583  2.5400 5.0 1.0911° 6.0 8554.579 28.3 -15
8647.110  3.6339 5.0 2.2005° 6.0 8647.045 13035.3
8657.079  2.6334 7.0 1.2017° 7.0 8657.095¢ 28.6 -1.4
8670.814  1.7229° 5.0 0.2934 6.0 8670.828¢ 67.0 2.2
8715.029  2.5133 6.0 1.0911° 6.0 8714.986 18.4 -1.7
8786.711 1.5505° 6.0 0.1399 5.0 8786.770 59.5 2.4
8788.200  1.4104° 3.0 0.0000 4.0 8788.250" 110.6 -2.3
8788.255  3.5577 4.0 2.1473° 4.0 8788.250" 111.5 04
8799.785  1.4085° 4.0 0.0000 4.0 8799.820°¢ 55.2 -2.6
8810.234  3.0207° 5.0 1.6139 4.0 8810.292¢ 2.1 -2.0
8816.753  2.0317° 7.0 0.6259 8.0 8816.772 32.7 2.0
8873.668  1.5367° 5.0 0.1399 5.0 8873.721 13.2 -3.1
8968.611  3.4473 7.0 2.0653° 6.0 8968.553 2.0 -14
8984.599 29711 6.0 1.5915° 6.0 8984.661" 1.3 2.2
8984.692  3.0904 6.0 1.7109° 7.0 8984.662" 1.1 2.1
9046.878  1.8265° 8.0 0.4565 7.0 9046.866 25.2 2.4
9054.379  3.9954 3.0 2.6265° 4.0 9054.322°¢ 87.5 0.9
9156.040  1.3537° 5.0 0.0000 4.0 9156.076 38.1 -2.8
9187.662  2.7731° 5.0 1.4241 4.0 9187.721° 16.2 -1.3
9187.683  1.4889° 5.0 0.1399 5.0 9187.721" 16.2 -3.0
9187.694 2.8857 4.0 1.5367° 5.0 9187.721° 16.2 -1.2
9226.655  2.9965° 8.0 1.6531 8.0 9226.585°¢ 2329.0
9969.680  1.5367° 5.0 0.2934 6.0 9969.726 192.0 -1.8

10163.214  3.8622 5.0 2.6426° 4.0 10163.236 134.0

10844.640  3.3544 6.0 2.2115° 7.0 10844.615¢ 55293.6
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Table A.8: Measured wavelengths (A,) and intensities of Nd II spectral
lines. Meaning of symbols is given in Table[A.3]

)‘Igitz Eup Jup Elow Jiow )to I loggf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3766.302  4.6475° 55 13566 55 3766.272 2678.0
3832.897 54466 45  2.2128° 55 3832.879 224.8
3858.303  4.4409° 25  1.2285 3.5 3858.307° 419.4
3858.303  3.7626° 6.5 05502 55 3858.307° 4194
3909.230 4.9470 25 1.7764° 35 3909.258 77.3
3920.961  3.5413° 6.5  0.3802 5.5 3920.959 62.4 0.5
3924494 52241 45 2.0658° 35 3924.506 26.7
3941.506  3.2083° 45 0.0636 45 3941.519 123.2 0.4
3945406 55912 35  24497° 45 3945.380 23.6
3951.142  3.3192° 55  0.1823 55 3951.145" 43.3 0.1 0.0
3952.188  3.1361° 3.5  0.0000 3.5 3952.189" 21.3 -0.4 -0.4
3957.993  3.1952° 45 0.0636 45 3958.006 30.4 -0.2
3963.105  3.5989° 85 04714 7.5 3963.100™ 21.7 0.2 0.2
3963.326  4.2080° 1.5  1.0807 1.5 3963.356 447
3978.706  4.8571° 6.5 1.7419 55 3978.733 335
3982.257  4.7302° 45  1.6178 5.5 3982.277¢ 43.6
3988.802  3.4876° 55  0.3802 55 3988.818 294 0.2
3990.096  3.5777° 75 04714 7.5 3990.093" 14.1 -0.0 0.1
3991.741  3.1051° 3.5  0.0000 3.5 3991.743" 23.0 -0.4 -0.3
3994.455 45943 55 1.4913° 65 3994.452b 34.2
3994457 50148 15 19118 15 3994.452b 34.2
3994471 51710 55  2.0681° 55 3994.4520 34.2
3994.672  3.4233° 75  0.3205 6.5 3994.655 41.6 0.2
4012.243  3.7197° 9.5  0.6305 8.5 4012.240" 72.8 0.9 0.8
4020.864  3.4031° 6.5  0.3205 6.5 4020.865" 12.7 -0.3 -0.2
4023.004 3.6404° 75  0.5595 6.5 4022.994" 194 0.2 0.0
4040.792  3.2496° 65 01823 55 4040.787" 65.0 0.2 0.1
4051.141  3.4398° 6.5  0.3802 5.5 4051.140" 14.8 -0.2 -0.3
4053.523  4.1982° 25  1.1404 35 4053.513¢ 36.5
4059951  3.2575° 55 0.2046 45 4059.957" 7.0 -0.7 -0.5
4061.080 3.5234° 85 04714 7.5 4061.084" 59.0 0.5 0.6
4069.889  4.6400 45 1.5946° 35 4069.877° 13.8
4069.890  4.5608° 2.5  1.5153 35 4069.877° 13.8
4084.293 45260 65 < 1.4913° 65 4084.259 31.0
4086.774 49540 75  1.9211° 65 4086.771b 9.8
4086.804 49144 85 1.8815° 85 4086.771° 115
4088.613  4.1917° 6.5  1.1602 55 4088.645 15.3 0.8
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4092.633  4.3510° 3.5 1.3225 3.5 4092.650¢ 30.8
4093.644 54700 4.5 2.4423° 45 4093.638 12.8
4109.448  3.3367° 7.5 0.3205 6.5 4109.441" 60.5 0.3 0.3
4110472  3.0154° 45 0.0000 3.5 4110.499 25.6 -0.5
4122.978 4.6743 7.5 1.6681° 75 4122.979b¢ 38.0
4123.000 4.7481° 6.5 1.7419 5.5 4122.979% 414
4135916  5.2019 4.5 2.2051° 35 4135.9380 16.3
4135927  4.5121° 3.5 1.5153 3.5 4135.938" 16.3
4135.931 4.4959° 3.5 1.4991 2.5 4135.938" 16.3
4137949 52325 45 2.2371° 45 4137.975" 9.7
4137957  5.0492 45 2.0538° 4.5 4137.975° 9.9
4144543  3.1952° 4.5 0.2046 4.5 4144.556 17.3 -04
4156.078  3.1645° 6.5 0.1823 5.5 4156.074" 53.0 0.1 0.2
4164.850  2.9760° 4.5 0.0000 3.5 4164.817 23.2 -0.5
4175249 47648 35 1.7962° 2.5 4175.229 18.2
4176.095 5.0148 1.5 2.0468° 1.5 4176.094¢ 13.6
4177.320  3.0308° 5.5 0.0636 4.5 4177.318" 422 -0.2 -0.1
4198.146  4.4677° 45 1.5153 35 4198.116 17.7
4203.608 5.6601 7.5 2.7115° 6.5 4203.602° 13.2
4203.628 4.6475° 55 1.6990 45 4203.602° 12.2
4205.248  3.5069° 5.5 0.5595 6.5 4205.263"¢ 21.1 0.1
4205.253  3.6278° 75 0.6804 6.5 4205.263" 21.1 0.3
4205.577  3.5777° 7.5 0.6305 8.5 4205.607" 23.7 0.4 0.2
4205.616  2.9472° 4.5 0.0000 3.5 4205.608" 18.6 -0.7
4210986  4.4587° 2.5 1.5153 3.5 4210.986¢ 106.1
4232374  2.9922° 55 0.0636 45 4232.359 435 -0.2 -0.2
4247365  2.9182° 4.5 0.0000 3.5 4247.367" 74.3 -0.1 -0.2
4252.433 4.1612 6.5 1.2465° 55 4252.441 14.6 0.8
4256.440 5.4682 5.5 2.5562° 5.5 4256.467" 452.3
4256.447  4.6598 6.5 1.7478° 5.5 4256.467"¢ 452.3
4275148  4.3510° 3.5 1.4518 4.5 4275.177" 26.1
4275.172 41708° 1.5 1.2716 0.5 4275.177b¢ 25.8
4284.509  3.5234° 8.5 0.6305 8.5 4284.524" 11.2 -0.1 -0.2
4303.571 2.8801° 4.5 0.0000 3.5 4303.570" 187.0 0.3 0.1
4314.506  2.8728° 4.5 0.0000 3.5 4314.500 28.3 -0.5
4324.151 3.8520° 7.5 0.9857 6.5 4324.168° 8.7 0.2
4325.758  3.3367° 7.5 0.4714 7.5 4325.762" 18.3 -0.1 -0.0
4336.172  3.9988° 4.5 1.1404 3.5 4336.178 229 0.8
4343.481 4.4959° 3.5 1.6423 4.5 4343.491¢ 576.5
4357585 51200 2.5 2.2756° 25 4357.567°¢ 57.6
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4358.161 3.1645° 6.5 0.3205 6.5 4358.153" 39.6 -0.0 -0.2
4368.631 2.9008° 3.5 0.0636 4.5 4368.631" 17.2 -0.7 -0.8
4381.927 4.5739 45 1.7453° 35 4381.891¢ 83.8
4384.128 49113 9.5 2.0842° 95 4384.107 36.3
4393.329  4.1586° 2.5 1.3374 2.5 4393.347¢ 18.9 1.0
4400.615  3.9071° 3.5 1.0906 2.5 4400.604¢ 62.4
4400.821 2.8801° 4.5 0.0636 4.5 4400.826" 21.6 -0.6 -0.6
4402465  4.0869° 1.5 1.2716 0.5 4402.475°¢ 138.8
4403.534  4.4149° 7.5 1.6002 7.5 4403.518 124.1
4404.007 49470 25 2.1326° 35 4404.031° 38.5
4404.011 5.1491 45 2.3347° 45 4404.031° 38.5
4411.050  2.9922° 55 0.1823 5.5 4411.053" 15.5 -0.6 -0.6
4412.256  2.8728° 45 0.0636 4.5 4412.275 29.7 -0.5
4418129  4.8902 3.5 2.0848° 45 4418.119°¢ 27.7
4420.087  4.4009° 2.5 1.5968 3.5 4420.111%¢ 39.2
4420.140 4.6520 8.5 1.8479° 8.5 4420.112° 32.0
4429.023 4.4844° 75 1.6859 6.5 4428.995¢ 114.8
4442452  4.6032° 5.5 1.8132 5.5 4442 .489 33.9
4451563  3.1645° 6.5 0.3802 5.5 4451.559" 51.4 0.1 0.1
4451979  2.7841° 45 0.0000 3.5 4452.017% 73.5 -0.2
4452.001 3.7697° 7.5 0.9857 6.5 4452.017° 74.0
4452 611 4.3804° 4.5 1.5968 3.5 4452.603 48.3
4456.390  3.5234° 8.5 0.7421 7.5 4456.426 414 0.5 0.5
4479.356  4.1237° 6.5 1.3566 5.5 4479.347 29.5
4480969  4.4149° 7.5 1.6488 6.5 4480.967¢ 1389.3
4497.338  4.0200° 7.5 1.2640 8.5 4497.374¢ 351.3
4499.296  3.5777° 7.5 0.8229 7.5 4499.269 57.8 0.9 0.7
4501935 4.6743 7.5 1.9211° 6.5 4501.935" 103.7
4501.966  4.6312° 4.5 1.8781 5.5 4501.935" 111.8
4509.414 5.6601 7.5 29115° 75 4509.419 41.3
4521.235  3.6008° 4.5 0.8594 5.5 4521.229 32.5 0.5
4522320 5.6122 5.5 2.8714° 55 4522.305 27.8
4522.683  4.3894° 6.5 1.6488 6.5 4522.720" 154.7
4522.738 52241 45 2.4835° 55 4522.720" 158.4
4530948 4.7656 5.5 2.0301° 45 4530.957 40.8
4557.749  4.3196° 7.5 1.6002 7.5 4557.767 82.9
4559.628  5.2019 4.5 2.4835° 55 4559.661¢ 1599.3
4560.445  4.8093° 7.5 2.0914 7.5 4560.416°¢ 686.9
4562.322 48209 4.5 2.1041° 35 4562.337¢ 86.3
4567.339  3.0940° 6.5 0.3802 5.5 4567.343° 290.1 0.8
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4577.144  4.1180° 8.5 1.4101 7.5 4577.168b¢ 114 0.7
4577187  5.5840 2.5 2.8761° 35 4577.168Y 144
4594.634  4.7648 3.5 2.0672° 25 4594.671¢ 233.2
4606.735 5.6416 7.5 2.9510° 6.5 4606.705 85.6
4609.881 5.0253 8.5 2.3366° 8.5 4609.865° 1321.6
4613.861 41777 5.5 1.4913° 6.5 4613.834¢ 46.7
4621.186 3.4267° 3.5 0.7445 4.5 4621.161 12.1 -0.1
4623.804 4.6598 6.5 1.9792° 7.5 4623.811° 13.0
4623.814 4.7656 5.5 2.0850° 5.5 4623.811° 12.8
4636.268 48388 7.5 2.1654° 6.5 4636.281¢ 76.4
4637.195 3.4958° 6.5 0.8229 7.5 4637.187¢ 320.7
4641.067  4.0272° 4.5 1.3566 5.5 4641.094" 1582.9
4641.077  5.4466 4.5 2.7759° 35 4641.094? 1582.9
4641.094  4.0812° 4.5 1.4106 3.5 4641.094" 1585.6
4657.186 4.3604° 4.5 1.6990 4.5 4657.209 68.8
4657.849 3.4031° 6.5 0.7421 7.5 4657.886¢ 36.4 0.5 0.3
4657.891 4.3033° 3.5 1.6423 4.5 4657.885" 29.8
4659.366 54700 4.5 2.8099° 45 4659.372¢ 96.8
4660.450 49470 2.5 2.2875° 25 4660.478" 34.7
4660.484  4.1586° 2.5 1.4991 2.5 4660.479"¢ 22.7
4664.384  4.0139° 5.5 1.3566 5.5 4664.373¢ 85.4
4671.068 5.5840 2.5 2.9305° 35 4671.093¢° 542.2
4692.951 3.8657° 4.5 1.2246 4.5 4692.980¢ 89.8
4706.618 4.2312° 5.5 1.5978 5.5 4706.631° 152.4
4706.623 3.7240° 2.5 1.0906 2.5 4706.631%¢ 152.4
4708.895 47648 3.5 2.1326° 35 4708.861 3578.1
4710.491 3.9879° 4.5 1.3566 5.5 4710.491 30.6
4710.956 5.2409 3.5 2.6099° 45 4710.927¢ 30.9
4723.416 5.0660 7.5 24419° 75 4723.452 68.1
4724.328 46252 3.5 2.0016° 3.5 4724.359" 14.7
4724357  3.3657° 6.5 0.7421 7.5 4724.359" 13.7 -0.1
4729.348 3.6064° 6.5 0.9857 6.5 4729.356 24.5 0.5
4739.878 4.1303° 3.5 1.5153 3.5 4739.8920¢ 76.5
4739.911 4.3008° 6.5 1.6859 6.5 4739.891° 63.8
4745.360 2.9922° 55 0.3802 5.5 4745.380¢ 63.0 0.1 0.1
4759.116 3.8039° 3.5 1.1995 2.5 4759.088¢ 170.5
4767.851 5.3170 5.5 2.7174° 45 4767.856 15.1
4770.212 3.9482° 3.5 1.3498 2.5 4770.195¢ 973.7
4778.385 3.3384° 4.5 0.7445 4.5 4778.400"¢ 288.4
4778.385 53780 5.5 2.7841° 45 4778.400" 288.4
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4778.401 47691 7.5 2.1752° 8.5 4778.400° 288.4
4781.044  3.5781° 5.5 0.9857 6.5 4781.013 31.7 0.5
4787.446  3.1485° 6.5 0.5595 6.5 4787.415° 138.6 0.6
4788.322  3.6325° 4.5 1.0440 4.5 4788.342¢ 37.7 0.7
4792.599 4.6400 4.5 2.0538° 4.5 4792.631¢ 147.6
4794.664 43661 5.5 1.7810° 5.5 4794.680" 54.1
4794.674 47979 45 2.2128° 55 4794.680" 54.1
4798.021 3.7197° 9.5 1.1364 9.5 4798.055 25.3 0.6 0.6
4806.176 5.1710 55 2.5921° 55 4806.177¢ 494
4811.052  3.5619° 7.5 0.9857 6.5 4811.045°¢ 53.5 0.8
4812.684  3.8039° 3.5 1.2285 3.5 4812.670" 50.5
4812.686  4.1559° 0.5 1.5805 15 4812.670" 50.5
4825478  2.7508° 4.5 0.1823 5.5 4825.493" 74.3 -0.1 -04
4831.063  4.6697 4.5 2.1041° 3.5 4831.079%¢ 88.7
4831.075  5.0492 45 24835° 55 4831.079" 88.7
4833.483  5.4404 45 2.8761° 3.5 4833.504¢ 111.1
4835.343  3.7879° 3.5 1.2246 4.5 4835.325 37.7 0.9
4853.361 4.6865 4.5 2.1326° 35 4853.323¢ 803.9
4855.291 47656 5.5 2.2128° 55 4855.317¢ 819.0
4859.026  2.8714° 5.5 0.3205 6.5 4859.024 440 -0.2
4863.571 4.2807° 4.5 1.7322 45 4863.539 51.5
4869.267 5.3296 5.5 2.7841° 45 4869.269" 3429
4869.305  4.2908 4.5 1.7453° 3.5 4869.269"¢ 340.1
4871.409  4.0664° 4.5 1.5220 5.5 4871.431¢ 105.3
4875.722 51819 45 2.6398° 3.5 4875.721¢ 183.1
4891.039  3.5781° 5.5 1.0440 4.5 4891.058¢ 5032.3
4893.222  3.2134° 6.5 0.6804 6.5 4893.225¢ 728.2
4895.133  4.0225° 5.5 1.4904 5.5 4895.137 37.8
4907.297  4.3661 5.5 1.8403° 4.5 4907.273¢ 282.2
4907.766  3.8071° 75 1.2816 6.5 4907.794b¢ 292.3
4907.826  4.2986° 7.5 1.7732 8.5 4907.794" 292.0
4908.229 54558 3.5 2.9305° 3.5 4908.252° 20.3
4908.286  4.4017 6.5 1.8765° 6.5 4908.2520¢ 20.2
4916.395 4.6252 3.5 2.1041° 35 4916.434¢ 88.4
4920.685  2.5825° 3.5 0.0636 4.5 4920.682" 26.6 -0.8 -0.6
4921.152  3.8752° 6.5 1.3566 5.5 4921.145° 220.0
4926.701 51493 1.5 2.6335° 25 4926.710°¢ 103.7
4943.899  2.7117° 3.5 0.2046 4.5 4943.907 37.0 -0.5
4944854 5.6416 7.5 3.1350° 8.5 4944.828" 7457.2
4944862 53780 5.5 2.8714° 55 4944.828%  7468.1
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4945.685 5.0660 7.5 2.5598° 6.5 4945.649 37.4
4952484 4399 7.5 1.8969° 6.5 4952.503¢ 960.5
4959.119  2.5630° 4.5 0.0636 4.5 4959.151¢ 63.7 -0.2 -04
4965.284 45643 6.5 2.0681° 5.5 4965.286¢ 75.6
4966.704 5.6601 7.5 3.1645° 6.5 4966.739" 167.6
4966.711 3.7240° 2.5 1.2285 3.5 4966.739%¢ 160.7
4966.734  3.8180° 25 1.3225 3.5 4966.739? 159.1
4969.743 54700 4.5 2.9760° 4.5 4969.744" 384.8
4969.747 4.0918° 5.5 1.5978 55 4969.744b¢ 384.8
4980.872  4.8250 8.5 2.3366° 8.5 4980.887¢ 179.5
4989.191 4.4919 55 2.0076° 4.5 4989.184b¢ 68.4
4989.214 49026 3.5 2.4183° 45 4989.184" 66.1
5005.887 54682 5.5 2.9922° 55 5005.861°¢ 127.9
5018.733  3.4026° 3.5 0.9329 3.5 5018.705 12.8 -0.0
5027.110  3.6901° 5.5 1.2246 4.5 5027.145°¢ 730.7
5029.459 54404 45 2.9760° 4.5 5029.447°¢ 991.7
5039.945  3.9497° 6.5 1.4904 5.5 5039.926°¢ 120.2
5045.495  3.5777° 7.5 1.1211 7.5 5045.456°¢ 66.4 0.9
5051.057  4.0506° 4.5 1.5968 3.5 5051.064¢ 453.8
5056.892 52019 45 2.7508° 45 5056.889¢ 1694.1
5064.755  3.3066° 4.5 0.8594 55 5064.771 18.0 0.0
5071.901 4.0616° 5.5 1.6178 5.5 5071.862¢ 446.1
5073.511 3.6676° 5.5 1.2246 45 5073.471¢ 16.4 0.5
5077.154  3.2642° 6.5 0.8229 7.5 5077.131 29.8 0.2
5079.066  3.5615° 6.5 1.1211 7.5 5079.080%¢ 219.7
5079.091 52162 4.5 2.7759° 3.5 5079.080" 218.2
5081.949  4.0812° 4.5 1.6423 4.5 5081.925 41.8
5092.794  2.8140° 5.5 0.3802 5.5 5092.795 22.9 -0.5
5102.389  3.1095° 5.5 0.6804 6.5 5102.430°¢ 47.6 0.2
5115.741 3.8334° 35 1.4106 3.5 5115.753¢ 138.0
5117.683  3.7593° 3.5 1.3374 2.5 5117.660°¢ 38.4 0.9
5121.666  4.2155° 6.5 1.7955 7.5 5121.631°¢ 40.2
5123.778  2.7993° 6.5 0.3802 5.5 5123.783 13.7 -0.7
5125.909  3.4620° 5.5 1.0440 4.5 5125.927¢ 88.3 0.9
5130.586  3.7197° 9.5 1.3039 10.5 5130.580 23.9 0.6 0.7
5139.964 54036 5.5 2.9922° 55 5139.994¢ 9.2
5147.425  4.1917° 6.5 1.7838 6.5 5147.386 146.8
5149.298  3.8429° 5.5 1.4358 6.5 5149.282 53.2
5149.593  4.1777 5.5 1.7708° 4.5 5149.554¢ 567.3
5155.746  4.7011 7.5 2.2970° 75 5155.774P 24.7
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5155.793 55840 2.5 3.1800° 3.5 5155.774b 22.5
5163.467  3.4444° 5.5 1.0440 4.5 5163.489 41.6 0.6
5166.039  3.8978° 5.5 1.4986 4.5 5166.063¢ 76.1
5168.282  3.6228° 4.5 1.2246 4.5 5168.319¢ 20.4 0.5
5173.278  4.7656 5.5 2.3697° 6.5 5173.303 42.8
5178.757  4.6400 4.5 2.2466° 3.5 5178.748°¢ 202.3
5182.852  5.1423 4.5 2.7508° 4.5 5182.891 23.6
5187.074 53717 3.5 2.9822° 45 5187.045°¢ 110.3
5194.652  2.4497° 45 0.0636 4.5 5194.657 46.2 -0.6
5200.975  4.8250 8.5 2.4419° 75 5200.989¢ 20.2
5213.175  2.5598° 6.5 0.1823 5.5 5213.207¢ 171.1 0.1
5213.939  3.3629° 6.5 0.9857 6.5 5213.981°¢ 42.2 0.5
5226.242  4.0139° 5.5 1.6423 4.5 5226.234" 29.3
5226.245  3.8936° 6.5 1.5220 5.5 5226.234" 29.3
5236.735  4.9299 45 2.5630° 4.5 5236.703¢ 14.0
5239.001 5.3575 3.5 2.9917° 35 5239.016¢ 24.6
5249.570  5.6416 7.5 3.2805° 6.5 5249.538" 48.8
5249.576  3.3367° 7.5 0.9756 8.5 5249.538" 48.8 0.6 0.5
5255.506  2.5630° 4.5 0.2046 4.5 5255.503" 19.5 -0.8 -0.7
5266.648 52964 8.5 2.9430° 7.5 5266.627¢ 61.7
5269.445  3.4926° 4.5 1.1404 3.5 5269.428 64.8 0.9
5273.427  3.0308° 5.5 0.6804 6.5 5273.436 14.1 -0.3 -0.4
5276.205  3.9469° 4.5 1.5978 5.5 5276.235°¢ 64.2
5276.869  3.2083° 4.5 0.8594 5.5 5276.884b¢ 23.3 0.1
5276.898  5.1819 4.5 2.8330° 3.5 5276.884" 24.6
5283.191 3.9949° 7.5 1.6488 6.5 5283.226 605.1
5284.086 5.6416 7.5 3.2959° 8.5 5284.123 59.5
5287.782  3.8344° 45 1.4904 5.5 5287.812 23.4 0.9
5293.163  3.1645° 6.5 0.8229 7.5 5293.151" 46.1 0.3 0.1
5295.322  4.6598 6.5 2.3191° 55 5295.364" 52.6
5295.355  3.3846° 3.5 1.0440 4.5 5295.364b¢ 52.5 0.6
5298.850  4.0250° 7.5 1.6859 6.5 5298.887¢ 227.9
5300.552  4.1063° 5.5 1.7679 6.5 5300.574 71.9
5302.600  4.2155° 6.5 1.8781 5.5 5302.602¢ 108.7
5302.959  4.8209 4.5 2.4835° 5.5 5302.984" 22.1
5303.005  3.9551° 5.5 1.6178 5.5 5302.985° 18.5 0.9
5305.164  3.2693° 3.5 0.9329 3.5 5305.165 36.9 0.3
5305.729  3.4267° 3.5 1.0906 2.5 5305.693¢ 17.6 0.2
5314.382  4.6514 5.5 2.3191° 55 5314.355°¢ 44.6
5316.759 44017 6.5 2.0705° 7.5 5316.801 62.7
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5319.814  2.8801° 4.5 0.5502 5.5 5319.816°¢ 68.4 -0.0 0.1
5329.890 5.3717 3.5 3.0462° 45 5329.876°¢ 18.4
5334.358 54036 5.5 3.0800° 5.5 5334.322°¢ 242.8
5349.557 4.7588 7.5 24419° 75 5349.567¢ 696.2
5359.0564 5.6785 7.5 3.3657° 6.5 5359.010°¢ 17.8
5361.467  2.9922° 5.5 0.6804 6.5 5361.459 39.5 0.1 0.0
5361.886  3.7683° 3.5 1.4566 2.5 5361.880%¢ 60.3
5361.897 4.3661 5.5 2.0545° 6.5 5361.880" 60.3
5362.870  3.9090° 5.5 1.5978 5.5 5362.849 429
5363.652  4.6697 4.5 2.3589° 3.5 5363.659¢ 94.3
5370.536  2.8674° 5.5 0.5595 6.5 5370.519°¢ 144 -0.6
5378.296  4.6743 7.5 2.3697° 6.5 5378.263¢ 53.5
5379.593  3.2369° 4.5 0.9329 3.5 5379.604 22.0 0.1
5380.647 5.3780 5.5 3.0744° 45 5380.603¢ 53.1
5398.099  4.6658 5.5 2.3697° 6.5 5398.079¢ 174.9
5405.136  3.9790° 7.5 1.6859 6.5 5405.141 26.9
5409.558  3.7903° 3.5 1.4991 2.5 5409.553¢ 24.6 0.9
5411.954  4.0225° 5.5 1.7322 4.5 5411.925°¢ 164.3
5415.026 45399 5.5 2.2510° 6.5 5414.984¢ 84.7
5416.374 3.1478° 4.5 0.8594 55 5416.348 29.3 0.1
5416.918  3.8883° 7.5 1.6002 7.5 5416.874¢ 51.2
5418.188  4.1917° 6.5 1.9041 7.5 5418.229 27.0
5423.566  4.0272° 4.5 1.7419 5.5 5423.584¢ 58.4
5426.385  4.0796° 7.5 1.7955 7.5 5426.419¢ 18.7
5428.783 53575 3.5 3.0744° 45 5428.799 24.3
5430.706  4.1604° 6.5 1.8781 5.5 5430.728°¢ 31.9
5441.497  4.0616° 5.5 1.7838 6.5 5441.529° 55.1
5441.540  3.9201° 4.5 1.6423 4.5 5441.529" 56.0
5442264  29578° 5.5 0.6804 6.5 5442 .292°¢ 26.8 -0.2
5444539 54404 45 3.1639° 3.5 5444 558°¢ 16.6
5449.223  3.5385° 7.5 1.2640 8.5 5449.268°¢ 64.7 1.0
5457980  5.1423 4.5 2.8714° 55 5458.020°¢ 53.2
5469.367  3.6228° 4.5 1.3566 5.5 5469.394¢ 34.1 0.8
5473.776  4.1612 6.5 1.8969° 6.5 5473.754 28.0
5476.188  4.5399 5.5 2.2766° 5.5 5476.220°¢ 28.7
5477.963  3.8594° 3.5 1.5968 3.5 5478.004" 61.3
5477.967  3.6000° 3.5 1.3374 2.5 5478.004° 61.3
5477987  2.9430° 7.5 0.6804 6.5 5478.004b¢ 61.3 0.2
5483.384 54682 5.5 3.2078° 5.5 5483.357 27.1
5484.014  3.9090° 5.5 1.6488 6.5 5484.008°¢ 33.6
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5486.173  4.4919 5.5 2.2326° 6.5 5486.147 11.0
5487.422 52409 3.5 2.9822° 45 5487.460 21.3
5493.359  4.1604° 6.5 1.9041 75 5493.335% 78.7
5493.376  3.8540° 5.5 1.5978 5.5 5493.335b¢ 79.2
5499.490 4.6382 8.5 2.3844° 75 5499.524 11.7
5504.301 3.2274° 7.5 0.9756 8.5 5504.315°¢ 10.1 -0.2
5507.177  5.1491 4.5 2.8985° 55 5507.207° 88.3
5507.253 49052 4.5 2.6546° 3.5 5507.208b¢ 80.6
5510.121 3.8299° 25 1.5805 1.5 5510.127% 23.7 09
5510.129  4.5260 6.5 2.2766° 5.5 5510.127° 23.6
5511.956 4.1698 6.5 1.9211° 6.5 5511.948°¢ 32.2
5513.241 3.7774° 6.5 1.5292 6.5 5513.231°¢ 26.4 0.9
5514.740 4.6658 55 2.4183° 4.5 5514.753b¢ 46.1
5514.789 55275 6.5 3.2799° 55 5514.753° 44.2
5515.700  2.9917° 3.5 0.7445 4.5 5515.666°¢ 27.8 -0.1
5520.636  5.2599 2.5 3.0147° 3.5 5520.606 28.5
5529.029  3.3629° 6.5 1.1211 7.5 5529.065¢ 525.5
5536.422  5.6785 7.5 3.4398° 6.5 5536.455°¢ 26.0
5543.274  3.2799° 5.5 1.0440 4.5 5543.252°¢ 255.7
5548.448  2.7841° 4.5 0.5502 5.5 5548.480 13.6 -0.6
5552.825 54404 45 3.2083° 45 5552.858 32.0
5561.146  3.5781° 5.5 1.3493 4.5 5561.163¢ 2028.5
5564.603  4.5465 6.5 2.3191° 55 5564.607¢ 11.2
5570.854  3.7697° 7.5 1.5448 8.5 5570.832 13.5 0.6
5571.821 45943 5.5 2.3697° 6.5 5571.855 12.6
5575.458  3.9090° 5.5 1.6859 6.5 5575.501b¢ 168.9
5575.541 4.6658 5.5 2.4428° 55 5575.501° 170.5
5576.435  2.6941° 8.5 0.4714 7.5 5576.395 17.8 -0.6
5576.724  4.7094 45 2.4869° 45 5576.694°¢ 113.2
5581.914  3.0434° 7.5 0.8229 7.5 5581.958 21.3 -0.1
5587.621 5.6416 7.5 3.4233° 75 5587.604¢ 76.8
5588.444 4.6598 6.5 2.4419° 7.5 5588.430°¢ 421
5601.893  3.7574° 7.5 1.5448 8.5 5601.909¢ 242.5
5606.685 54682 5.5 3.2575° 55 5606.688 51.0
5607.802 54700 4.5 3.2598° 3.5 5607.847 16.8
5612.100  3.8063° 6.5 1.5978 5.5 5612.080°¢ 31.8
5616.193  3.8071° 7.5 1.6002 7.5 5616.224¢ 27.4 1.0
5617.962 55840 2.5 3.3777° 3.5 5617.927¢ 13.6
5618.707  3.4876° 5.5 1.2816 6.5 5618.666¢ 15.5 0.3
5620.558  3.8540° 5.5 1.6488 6.5 5620.534¢ 71455
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5620.574 45399 5.5 2.3347° 45 5620.534" 7106.9
5622.213  3.6404° 7.5 1.4358 6.5 5622.251 20.9 0.5 0.7
5623.693 54682 5.5 3.2642° 6.5 5623.689°¢ 27.8
5624.259  2.7540° 5.5 0.5502 5.5 5624.220 17.5 -0.6
5628.589 3.4267° 3.5 1.2246 45 5628.607¢ 13.8 0.2
5631.487  3.4826° 6.5 1.2816 6.5 5631.499¢ 11.5 0.2
5643.288  3.6064° 6.5 1.4101 7.5 5643.257 15.2 0.5
5645.237  3.3360° 3.5 1.1404 3.5 5645.237¢ 8.7 -0.1
5653.540  3.7901° 6.5 1.5978 5.5 5653.571°¢ 129.0
5663.260 55912 3.5 3.4026° 3.5 5663.247¢ 30.8
5665.241 3.9201° 4.5 1.7322 4.5 5665.244¢ 45.2
5668.227  4.2908 4.5 2.1041° 35 5668.213 22.1
5677.955 45021 6.5 2.3191° 55 5677.951b¢ 14.7
5677.955  4.6252 3.5 2.4423° 45 5677.951° 14.7
5687.893  3.9523° 7.5 1.7732 8.5 5687.851 8.6 0.7
5688.518  3.1645° 6.5 0.9857 6.5 5688.514" 10.8 -0.3 -0.2
5688.551 3.7756° 3.5 1.5968 3.5 5688.5140 10.8 0.6
5692.060  5.6601 7.5 3.4826° 6.5 5692.025 14.9
5693.950 4.5465 6.5 2.3697° 6.5 5693.918°¢ 25.9
5704.548 44919 5.5 2.3191° 55 5704.547°¢ 25.4
5706.209  3.1051° 3.5 0.9329 3.5 5706.207¢ 15.9 0.0 -0.1
5727.863  2.9085° 5.5 0.7445 4.5 5727.876°¢ 173.3 0.7
5729.232 53717 3.5 3.2083° 4.5 5729.275¢  2917.9
5729.313 54700 4.5 3.3066° 4.5 5729.275b 2918.0
5730.318  2.4835° 5.5 0.3205 6.5 5730.355°¢ 59.5 -04
5753.692  3.9497° 6.5 1.7955 7.5 5753.714¢ 37.4
5754.086  4.0321° 5.5 1.8781 5.5 5754.074¢ 28.5
5772.113 3.9605° 4.5 1.8132 55 5772.157b 370.2
5772185  3.2379° 2.5 1.0906 2.5 5772.157b¢ 365.5
5773.508 5.0492 4.5 2.9023° 45 5773.498°¢ 12.6
5775419 54036 5.5 3.2575° 55 5775.456°¢ 25.9
5777.743 54558 3.5 3.3105° 3.5 5777.789 14.0
5782.155 52325 45 3.0888° 3.5 5782.108 10.3
5783.560  3.1287° 7.5 0.9857 6.5 5783.567" 9.1 -0.3
5783.593  4.3559 5.5 2.2128° 55 5783.568" 9.5
5783.602  5.3717 3.5 3.2286° 2.5 5783.567" 9.1
5790.037  5.0492 4.5 2.9085° 5.5 5790.010 14.1
5796.281 3.6676° 5.5 1.5292 6.5 5796.321°¢ 15.6 0.6
5820.177 5.6122 5.5 3.4826° 6.5 5820.150 33873.6
5823.742  5.1200 2.5 2.9917° 35 5823.742 23.8
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5824945 55912 3.5 3.4633° 45 5824.899°¢ 70.4
5830.748  3.8936° 6.5 1.7679 6.5 5830.730°¢ 46.4
5839.144 5.2241 45 3.1014° 5.5 5839.097°¢ 204.3
5841.859 54682 5.5 3.3465° 5.5 5841.905° 18.2
5841.889  3.7395° 5.5 1.6178 5.5 5841.905%¢ 19.0 0.8
5841.934  4.6382 8.5 2.5165° 7.5 5841.905" 18.1
5844.676  4.0321° 5.5 1.9115 6.5 5844.646¢ 97.6
5858.883  5.1491 4.5 3.0336° 3.5 5858.893¢ 193.0
5859.403  4.1698 6.5 2.0545° 6.5 5859.376°¢ 55.6
5862.190 5.2409 3.5 3.1266° 2.5 5862.204¢ 9.8
5862.496  5.6785 7.5 3.5643° 8.5 5862.458 8.6
5867.561 3.4617° 4.5 1.3493 4.5 5867.583¢ 29.5 0.6
5870.960 52162 4.5 3.1051° 3.5 5871.008°¢ 28.8
5876.281 5.3170 5.5 3.2078° 5.5 5876.309 90.9
5883.245  3.6054° 5.5 1.4986 4.5 5883.286" 149.7
5883.312  3.4633° 4.5 1.3566 5.5 5883.286"¢ 157.4
5887.861 3.4617° 4.5 1.3566 5.5 5887.881°¢ 843.7
5890.461 3.4267° 3.5 1.3225 3.5 5890.446" 11.0 0.2
5890.479  3.3858° 6.5 1.2816 6.5 5890.446"¢ 11.0 0.1
5896.618  5.0492 4.5 2.9472° 45 5896.6620¢ 16.3
5896.674 54404 4.5 3.3384° 45 5896.662" 17.0
5899.484 53717 3.5 3.2707° 45 5899.456°¢ 110.2
5900.406  3.0336° 3.5 0.9329 3.5 5900.441 39.2 0.2
5901.561 5.6416 7.5 3.5413° 6.5 5901.601°¢ 20.9
5908.215  3.5085° 4.5 1.4106 3.5 5908.175 12.5 0.3
5914.687  3.8375° 6.5 1.7419 5.5 5914.689¢ 30.3
5919.743  3.5456° 5.5 1.4518 4.5 5919.792°¢ 20.9 0.6
5922.789 49026 3.5 2.8099° 45 5922.768°¢ 103.9
5928.927 55275 6.5 3.4369° 6.5 5928.922¢ 16.2
5941.399  3.8540° 5.5 1.7679 6.5 5941.371°¢ 16.6 0.9
5963.219  3.6963° 6.5 1.6178 5.5 5963.243°¢ 21.9 0.8
5966.738  5.6416 7.5 3.5643° 8.5 5966.695¢ 19.2
5972.516  4.7088 2.5 2.6335° 25 5972.476°¢ 17.0
5981.997 53575 3.5 3.2855° 45 5981.965 5.3
5988.819  5.1710 5.5 3.1014° 55 5988.807¢ 12.5
5996.461 3.8625° 6.5 1.7955 7.5 5996.458b¢ 105.1
5996.468  5.0492 45 2.9822° 45 5996.458" 105.1
6000.073 52019 45 3.1361° 3.5 6000.038°¢ 290.4
6001.989  3.7139° 7.5 1.6488 6.5 6001.944 22.5 0.9
6005.508  2.3844° 7.5 0.3205 6.5 6005.467¢ 6.2 -14
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6020.208 5.3296 5.5 3.2707° 4.5 6020.235°¢ 25.0
6025.519  2.5284° 6.5 0.4714 7.5 6025.537¢ 435 -04
6052.465 5.1710 5.5 3.1231° 45 6052.428Y 10.8
6052.475  3.6901° 5.5 1.6423 4.5 6052.428" 11.0 0.5
6053.766 54036 5.5 3.3562° 45 6053.770°¢ 13.1
6054.459  3.1836° 8.5 1.1364 9.5 6054.486°¢ 23.0 0.2
6056.995 53170 5.5 3.2707° 4.5 6056.998°¢ 65.4
6065.176  3.4002° 4.5 1.3566 5.5 6065.210 67.7 1.0
6083.162 52662 2.5 3.2286° 2.5 6083.141°¢ 11.1
6086.951 5.2162 4.5 3.1800° 3.5 6086.930° 14.2
6086.967  3.3179° 5.5 1.2816 6.5 6086.930b¢ 14.3 0.2
6087950 45643 6.5 2.5284° 6.5 6087.929¢ 36.9
6091.580  3.4705° 5.5 1.4358 6.5 6091.610%¢ 12.0 0.3
6091.587  3.6325° 4.5 1.5978 5.5 6091.610° 12.0 0.5
6100.129  4.6865 4.5 2.6546° 3.5 6100.177¢ 16.2
6113470  2.7720° 4.5 0.7445 45 6113.467¢ 9.0 -0.7
6119.921 54682 5.5 3.4429° 55 6119.917¢ 74
6122938 54404 4.5 34161° 45 6122.969° 36.5
6122977  3.8375° 6.5 1.8132 5.5 6122.969b¢ 36.5
6125.251 3.5456° 5.5 1.5220 5.5 6125.293b¢ 8.3 0.2
6125.264 54700 4.5 3.4465° 5.5 6125.293° 8.3
6126.181 5.1710 55 3.1478° 4.5 6126.173°¢ 8.7
6155.047 54404 45 3.4267° 3.5 6155.048°¢ 103.1
6156.921 3.4237° 2.5 1.4106 3.5 6156.933¢ 39.0 0.8
6169.112  4.1745 5.5 2.1654° 6.5 6169.145°¢ 12.3
6178.227  5.1423 45 3.1361° 3.5 6178.185°¢ 15.7
6222.163  4.7094 4.5 2.7174° 45 6222.140°¢ 33.5
6251.821 3.2642° 6.5 1.2816 6.5 6251.827°¢ 14.7 0.2
6279.694  3.4958° 6.5 1.5220 5.5 6279.684 8.1 0.2
6283.870  4.8733 4.5 2.9008° 3.5 6283.911 14.5
6288.038  3.8752° 6.5 1.9041 7.5 6288.007¢ 143.1
6297.084 3.3176° 4.5 1.3493 45 6297.054¢ 120.0
6308.287  4.8733 4.5 2.9085° 5.5 6308.256°¢ 68.9
6322.820  5.0492 45 3.0888° 3.5 6322.871°¢ 25.7
6340.644 5.2241 4.5 3.2693° 3.5 6340.647°¢ 14.2
6348.727  4.6697 4.5 2.7174° 45 6348.728°¢ 39.4
6353.613  5.1877 4.5 3.2369° 45 6353.610°¢ 12.8
6360.874  2.1308° 5.5 0.1823 5.5 6360.862b¢ 13.8 -1.3
6360.914 54466 4.5 3.4980° 3.5 6360.862" 124
6362.090  2.9922° 5.5 1.0440 4.5 6362.128°¢ 5.7 -0.6 -0.6
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[A] [eV] [eV] [A] [au.] Casc. Boltz.
6372.754  5.1819 45 3.2369° 45 6372.767¢ 21.1
6429.037  3.6601° 4.5 1.7322 4.5 6429.030°¢ 4.1 0.2
6431.147 4.8388 7.5 29115° 7.5 6431.172°¢ 16.0
6432.605 54682 5.5 3.5413° 6.5 6432.653¢ 101.5
6435.177  3.2759° 3.5 1.3498 2.5 6435.189¢ 7.6 -0.1
6439.734  5.0492 45 3.1244° 55 6439.725°¢ 7.2
6448.769  5.6122 5.5 3.6901° 5.5 6448.817¢ 7.3
6457.094  3.4488° 7.5 1.5292 6.5 6457.114°¢ 45.8 0.9
6464.273 52241 45 3.3066° 4.5 6464.279 44
6465.891 3.5137° 4.5 1.5968 3.5 6465.874°¢ 9.0 0.3
6469.146 53780 5.5 3.4620° 5.5 6469.183" 2.3
6469.232  3.6482° 5.5 1.7322 4.5 6469.182b¢ 1.9 -0.2
6474.243  3.2369° 4.5 1.3225 3.5 6474.230°¢ 19.7 0.3
6480.195  3.4031° 6.5 1.4904 5.5 6480.235°¢ 25.6 0.7 0.6
6487.470 49540 7.5 3.0434° 75 6487.493" 29.6
6487.513  4.6865 4.5 2.7759° 35 6487.493° 29.5
6487.517  3.4398° 6.5 1.5292 6.5 6487.493b¢ 29.5 0.6 0.7
6500.131 51710 5.5 3.2642° 6.5 6500.146°¢ 99.9
6517.094  3.6008° 4.5 1.6990 4.5 6517.046 7.0 0.3
6520.294 53170 5.5 3.4161° 45 6520.268°¢ 19.5
6543.136 54404 45 3.5461° 45 6543.105°¢ 3.2
6543.588  4.8372 8.5 2.9430° 7.5 6543.637¢ 3.8
6560.040 5.2896 3.5 3.4002° 45 6560.066¢ 2.8
6566.714  3.3779° 5.5 1.4904 5.5 6566.664 2.9 -0.3
6567.815  5.0356 7.5 3.1485° 6.5 6567.863 1.9
6592.739  5.0492 45 3.1691° 55 6592.725°¢ 29.6
6619.395  3.4702° 4.5 1.5978 5.5 6619.3680¢ 34.8 0.9
6619.399  4.6865 4.5 2.8140° 55 6619.368" 34.8
6624.316 53780 5.5 3.5069° 5.5 6624.294" 4.8
6624.325  5.0356 7.5 3.1645° 6.5 6624.294b¢ 4.8
6625.389  2.2510° 6.5 0.3802 5.5 6625.347°¢ 15.0 -1.1
6628.744  3.5688° 4.5 1.6990 4.5 6628.693¢ 25.2 0.9
6647.348  3.5069° 5.5 1.6423 45 6647.319¢ 2.8 -0.2
6648.632  3.4620° 5.5 1.5978 5.5 6648.685 8.1 0.2
6650.315  3.3858° 6.5 1.5220 5.5 6650.299°¢ 9.2 0.2
6655.681 45739 45 2.7117° 3.5 6655.666" 151.4
6655.701 54036 5.5 3.5413° 6.5 6655.666" 151.6
6655.719  2.1828° 5.5 0.3205 6.5 6655.666"¢ 152.0 -0.1
6695560  3.2078° 5.5 1.3566 5.5 6695.574b¢ 37.8 0.6
6695.604  3.7626° 6.5 1.9115 6.5 6695.574" 37.6
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6712.314 54466 4.5 3.6000° 3.5 6712.272°¢ 18.3
6739.253  3.4369° 6.5 1.5978 5.5 6739.210°¢ 9.0 0.3
6742.480 5.2409 3.5 3.4026° 3.5 6742.508°¢ 47.5
6745219 54700 4.5 3.6325° 45 6745.190°¢ 21.5
6748.353  4.6697 4.5 2.8330° 3.5 6748.404¢ 23.8
6761.210 52599 25 3.4267° 3.5 6761.174 4.2
6792.303  4.9299 45 3.1051° 3.5 6792.312°¢ 27.6
6803.980  3.2575° 5.5 1.4358 6.5 6804.011°¢ 6.0 0.1 -0.1
6811.065  3.1691° 5.5 1.3493 4.5 6811.105° 3.0 -0.5
6811.126 3.1014° 5.5 1.2816 6.5 6811.105%¢ 2.7 -0.7
6823.042 45281 5.5 2.7115° 6.5 6822.987°¢ 47 .4
6833.443  3.2496° 6.5 1.4358 6.5 6833.421°¢ 2.8 -0.6 -0.5
6836.250  5.1491 45 3.3360° 3.5 6836.223¢ 2.5
6846.957  2.9008° 3.5 1.0906 2.5 6846.946 2.8 -1.0 -0.9
6867.343 45768 4.5 2.7720° 45 6867.352¢ 7.0
6878.494 45739 45 2.7720° 45 6878.448°¢ 26.1
6882.195 4.7094 45 2.9085° 5.5 6882.229¢ 2.9
6883.413  3.1231° 4.5 1.3225 3.5 6883.426°¢ 2.5 -0.7
6900.441 1.7962° 25 0.0000 3.5 6900.446 4.2 2.1
6907.624  3.5781° 5.5 1.7838 6.5 6907.656°¢ 2.3 -0.1
6909.367  3.1432° 5.5 1.3493 4.5 6909.376°¢ 5.6 -0.3
6923.847 3.0147° 3.5 1.2246 45 6923.862b¢ 305.5
6923.909 52019 45 3.4118° 55 6923.862° 305.6
6957.537 3.5137° 45 1.7322 45 6957.530°¢ 1.8 -0.3
6963.243  4.6514 5.5 2.8714° 55 6963.262°¢ 1.3
6964.548  3.3764° 4.5 1.5968 3.5 6964.499¢ 29.0 0.7
6965.849 51491 45 3.3698° 4.5 6965.8420 24
6965.858  3.1167° 3.5 1.3374 2.5 6965.842° 24 -0.7
6969.309 54036 5.5 3.6251° 55 6969.352 1.3
6992.181 4.6400 4.5 2.8674° 55 6992.220°¢ 14
6995.145 51819 4.5 3.4100° 3.5 6995.202b¢ 164.6
6995.208 54682 5.5 3.6963° 6.5 6995.202° 164.4
6997.364  4.6514 5.5 2.8801° 45 6997.356°¢ 2.4
7001.606  5.0395 25 3.2693° 3.5 7001.621¢ 26.1
7066.421 48902 3.5 3.1361° 3.5 7066.457°¢ 4.7
7066.893  2.3844° 75 0.6305 8.5 7066.932 4.8 -1.3
7070.776  4.6514 55 2.8985° 5.5 7070.828 2.6
7081.259 4.5643 6.5 2.8140° 5.5 7081.247¢ 2.6
7082.390  3.2491° 35 1.4991 2.5 7082.415° 4.2 -0.2
7082.420 47011 7.5 29510° 6.5 7082.415% 4.0
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7101.566 1.7453° 35 0.0000 3.5 7101.528 4.1 2.2
7105.003  3.4435° 45 1.6990 4.5 7105.030¢ 44 0.0
7106.718  3.6555° 5.5 1.9115 6.5 7106.768%¢ 5.6 0.4
7106.826 45281 55 2.7841° 45 7106.768° 5.6
7110903  5.0253 85 3.2822° 75 7110.914¢ 8.6
7110934  3.5385° 75 1.7955 7.5 7110.914b¢ 8.5 04
7121.198 46835 75 2.9430° 7.5 7121.248 1.3
7128.233  3.2379° 25 1.4991 2.5 7128.243 4.1 -0.3
7129372 52019 45 3.4633° 45 7129.365 2.0
7132246  3.6493° 6.5 1.9115 6.5 7132.275¢ 5.9 04
7136.894  3.6482° 55 1.9115 6.5 7136.883¢ 19.9 1.0
7154529  5.2409 3.5 3.5085° 4.5 7154.536° 9.9
7184.403 49052 45 3.1800° 3.5 7184.460¢ 7.3
7189.428 2.0446° 5.5 0.3205 6.5 7189.434¢ 5.7 -1.6
7197.351 3.6963° 6.5 1.9742 6.5 7197.400° 24 0.1
7197447 49299 45 3.2078° 55 7197.400° 24
7198580  4.6400 45 2.9182° 45 7198.540°¢ 44
7199.008 1.7217° 45 0.0000 3.5 7198.974 1.5 -2.6
7219593  4.6598 6.5 2.9430° 7.5 7219.618°¢ 3.8
7268.385  3.3912° 55 1.6859 6.5 7268.361¢ 13.3 0.5
7272387  3.1144° 75 1.4101 7.5 7272.394b¢ 2.1 -0.7
7272.421 49540 7.5 3.2496° 6.5 7272.394b 2.1
7285278  2.9008° 3.5 1.1995 2.5 7285.244°¢ 31.1 0.1 0.2
7291437  5.0492 45 3.3493° 45 7291.493¢ 5.4
7296.580 4.2908 4.5 2.5921° 55 7296.543 24 09
7299969  5.1423 45 3.4444° 55 7299.983 24
7306.375  4.8209 45 3.1244° 55 7306.354¢ 2.7
7313.820 4.6252 35 2.9305° 3.5 7313.788¢ 51.9
7316.815  2.1654° 6.5 0.4714 7.5 7316.795°¢ 1.6 -2.0
7317900  3.3360° 3.5 1.6423 4.5 7317.935b¢ 14.0 04
7317993  4.6697 45 2.9760° 4.5 7317.935¢ 144
7330.625 54682 55 3.7774° 6.5 7330.656° 4.6
7332.730 4.8388 75 3.1485° 6.5 7332.775°¢ 3.0
7369.883  3.4140° 45 1.7322 4.5 7369.866°¢ 20.6 0.7
7412.390 54404 4.5 3.7683° 3.5 7412.366° 2.0
7458.756  4.7979 45 3.1361° 3.5 7458.760°¢ 6.8
7463.773  3.4444° 55 1.7838 6.5 7463.756° 1.3 -0.4
7507.763 49026 3.5 3.2517° 45 7507.786°¢ 1.9
7513.736  3.1014° 55 1.4518 4.5 7513.7500 3.1 -0.5
7513.736  2.5825° 35 0.9329 3.5 7513.750° 3.1 -1.0 -1.2
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7517.380  3.4620° 5.5 1.8132 5.5 7517.403 3.8 0.1
7578.122 54700 45 3.8344° 45 7578.063 1.5
7578.584 2.7759° 35 1.1404 3.5 7578.598¢ 22 -1.0
7600.846 54682 55 3.8375° 6.5 7600.784 5.0
7614.668  3.2082° 25 1.5805 1.5 7614.707¢ 8.3 0.1
7624168 4.7691 75 3.1434° 75 7624.110 1.0
7626.312 49052 45 3.2799° 55 7626.321¢ 9.6
7670934  4.8733 45 3.2575° 55 7670.881 0.6
7671964 52019 45 3.5863° 4.5 7671.974 3.8
7673.648 43661 55 2.7508° 4.5 7673.696 1.3 0.8
7678.272  3.3562° 4.5 1.7419 55 7678.280 1.3 -0.5
7681.614 54558 35 3.8422° 45 7681.564¢ 6.2
7682.762 4.5643 6.5 2.9510° 6.5 7682.821¢ 13.6
7701.494  3.2517° 45 1.6423 4.5 7701.556°¢ 3.0 -0.3
7705599  29578° 55 1.3493 4.5 7705.636"¢ 10.9 -0.1
7705.686 55912 35 3.9827° 3.5 7705.636" 11.1
7718.137  5.0395 25 3.4336° 3.5 7718.110¢ 6.2
7747889 55912 35 3.9915° 25 7747.943b 3.6
7747973  5.0631 35 3.4633° 45 7747.943b 3.2
7768.619 56122 55  4.0167° 6.5 7768.672°¢ 6.5
7779.981 2.9305° 3.5 1.3374 2.5 7780.014¢ 24 -0.8
7787.323  3.0275° 6.5 1.4358 6.5 7787.329¢ 32.9 0.5
7799.620  4.8388 7.5 3.2496° 6.5 7799.583 3.7
7823.268  3.4958° 6.5 1.9115 6.5 7823.238°¢ 8.9 0.5
7872.033  3.0649° 6.5 1.4904 5.5 7872.019¢ 25.8 0.4
7877.715 42908 4.5 2.7174° 45 7877.689¢ 4.5
7882.964 4.7011 7.5 3.1287° 7.5 7882.908 1.7
7885.944  3.2707° 45 1.6990 4.5 7885.900°¢ 1.6 -0.5
7886.614  3.2575° 55 1.6859 6.5 7886.602°¢ 57.9
7900.385  2.9182° 45 1.3493 4.5 7900.419% 2.1 -1.0 -0.8
7900.388 3.4233° 7.5 1.8545 7.5 7900.419% 2.1 -0.2
7902.845  3.6278° 75 2.0594 8.5 7902.816 1.0 -0.3
7906.062 55840 25  4.0163° 35 7906.026°¢ 75
7916.996 1.7478° 55 0.1823 5.5 7916.994b 1.6 2.4
7917.032 52896 35 3.7240° 25 7916.994¢ 1.6
7921.327  3.3779° 55 1.8132 5.5 7921.379b¢ 1.0 -0.5
7921.352  3.6726° 7.5 2.1079 7.5 7921.379b 1.0 -0.2
7928.819  3.3764° 45 1.8132 5.5 7928.857¢ 1.6 -0.3
7949.660  2.9085° 5.5 1.3493 4.5 7949.631¢ 1.1 -1.1
7970.601 52599 25 3.7048° 25 7970.545°¢ 2.2
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8015.418 52019 4.5 3.6555° 5.5 8015.379°¢ 24
8029.533  3.2855° 4.5 1.7419 5.5 8029.520°¢ 3.0 -0.2
8031.407 45768 4.5 3.0336° 3.5 8031.391°¢ 6.4
8036.451 5.2325 4.5 3.6901° 5.5 8036.429°¢ 3.8
8040.505  3.2274° 7.5 1.6859 6.5 8040.571 3.9 -0.1
8051.271 3.5989° 8.5 2.0594 8.5 8051.323% 0.9 -0.2 -0.3
8051.345 1.7217° 4.5 0.1823 55 8051.323¢ 09 2.7
8066.033  5.3575 3.5 3.8209° 45 8066.029¢ 2.9
8108.781 1.9999° 85 0.4714 7.5 8108.746¢ 34 -1.8
8110.251 4.6514 55 3.1231° 45 8110.231¢ 1.0
8169.027 5.0815 7.5 3.5643° 8.5 8169.091°¢ 3.0
8180.397 5.1152 25 3.6000° 3.5 8180.405 2.8
8201.039  4.6598 6.5 3.1485° 6.5 8201.067¢ 8.4
8217.035  3.3629° 6.5 1.8545 7.5 8216.978°¢ 19.0 0.8
8222235  3.5989° 8.5 2.0914 7.5 8222.285 3.1 0.3 0.3
8245.411 46382 85 3.1350° 8.5 8245.462b¢ 2.6
8245.437 4.8209 4.5 3.3176° 4.5 8245.462Y 2.7
8245.527 49299 45 3.4267° 3.5 8245.462° 2.9
8283.300  3.4705° 5.5 1.9742 6.5 8283.342°¢ 9.3 0.6
8308.861 5.1819 4.5 3.6901° 5.5 8308.923" 5.3
8308.886  2.9822° 45 1.4904 55 8308.925" 4.7 -0.3
8308.921 2.9023° 4.5 1.4106 3.5 8308.925b¢ 49 -0.4
8318.694  4.8902 3.5 3.4002° 45 8318.638 9.3
8324.654  4.7648 3.5 3.2759° 35 8324.695°¢ 18.6
8336.306  4.7691 7.5 3.2822° 75 8336.362¢ 72.0
8350.601 45643 6.5 3.0800° 5.5 8350.554 1.0
8362.448  5.1423 45 3.6601° 4.5 8362.445°¢ 5.2
8365.758  4.5465 6.5 3.0649° 6.5 8365.742 7656.0
8376.416  3.3912° 5.5 1.9115 6.5 8376.359 10422.6
8389.410 4.6252 3.5 3.1478° 45 8389.472°¢ 23.1
8409.596  2.9305° 3.5 1.4566 2.5 8409.559 5.0 -04
8533.855 45768 4.5 3.1244° 55 8533.855°¢ 44
8622.498 53575 3.5 3.9201° 45 8622.458 34
8657.115  4.6400 4.5 3.2083° 45 8657.095°¢ 294
8670.882  4.6598 6.5 3.2303° 7.5 8670.828°¢ 67.0
8799.858  4.5677 4.5 3.1592° 55 8799.820°¢ 55.2
8810.326  4.8209 4.5 3.4140° 45 8810.291°¢ 1.7
8839.083 1.4023° 45 0.0000 3.5 8839.053 2.6 25
9052.267 49052 4.5 3.5360° 3.5 9052.256 6.8
9054.296 45281 5.5 3.1592° 55 9054.322°¢ 86.6
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[A] [eV] [eV] [A] [a.u] Casc. Boltz. NIST-ASD
9226.566  3.4028° 7.5 20594 85 9226.585" 2329.7
9226.647  2.9922° 55 16488 6.5 9226.585  2334.8
9662.655  4.4419 45  3.1592° 55 9662.714 45.2
10844.578  4.6514 55 3.5085° 45 10844.615° 53396.8

Table A.9: Measured wavelengths (A,) and intensities

lines. Meaning of symbols is given in Table[A.3]

of Sm I spectral

)\Iiitz Eup Jup Ejow Jiow /\oo I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [47]
3756.430  3.4002 3.0 0.1007 2.0 3756.428" 1692.2 -0.6 -04
3773.339  3.3210 2.0 0.0363 1.0 3773.339" 973.2 -1.0 -0.6
3793.978  3.6544° 5.0 03875 5.0 3793.990° 539.7 -0.7
3803.941  3.2584 1.0 0.0000 0.0 3803.942" 1059.2 -1.0 -0.8
3806.450  3.7547° 5.0 0.4985 6.0 3806.479 505.0 -0.7 -0.6
3809.957  3.6407 4.0 03875 5.0 3809.954" 1460.9 -03 -0.6
3813.824 3.7484 50 0.4985 6.0 3813.824" 1322.9 -01 -03
3822961  3.3428 1.0 0.1007 2.0 3822.966" 439.5 -1.3 -1.2
3826.239  3.5212° 4.0 0.2818 4.0 3826.215° 345.5 -1.1
3832.805  3.5156 3.0 0.2818 4.0 3832.806" 1871.9 -04 -07
3834.475  3.7309 6.0 0.4985 6.0 3834.473" 4311.6 03 02
3846.282  3.3231 1.0 0.1007 2.0 3846.279" 987.8 -09 -11
3848.782  3.3210 2.0 0.1007 2.0 3848.788" 734.0 -1.1 -1.0
3853.296  3.6041 5.0 0.3875 5.0 3853.295" 2670.3 -01 -03
3854.578  3.4002 3.0 0.1847 3.0 3854.577" 1035.6 -0.8 -0.6
3858.504  3.3129° 2.0 0.1007 2.0 3858.521%¢ 11745 -1.1 -0.9
3858.513  3.3969° 2.0 0.1847 3.0 3858.5210¢  1225.7 -0.7
3858.736 3.4939 4.0 0.2818 4.0 3858.739" 2669.5 -0.2 -0.2
3860.133  3.5984° 5.0 03875 5.0 3860.152 3302.5 0.0
3877467  3.6950 6.0 04985 6.0 3877.466" 3091.3 02 -02
3883.989  3.5787° 6.0 0.3875 5.0 3884.002°¢ 212.8 -1.2
3886.036  3.6880° 6.0 0.4985 6.0 3886.035 115.3 -1.3
3891.959  3.2209° 2.0 0.0363 1.0 3891.965 89.5 2.1
3909.947  3.5575 5.0 0.3875 5.0 3909.947" 900.3 -0.6 -1.0
3924.680  3.3428° 4.0 0.1847 3.0 3924.699 121.7 -1.3 -1.8
3925.201  3.2584 1.0 0.1007 2.0 3925.202" 3104.5 -05 -04
3926.325  3.4386° 4.0 0.2818 4.0 3926.324 161.9 -1.5
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)\Roitz Eup Jup Elow Jiow /\00 I loggf

[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
3949.837  3.4198 4.0 0.2818 4.0 3949.837" 478.7 -1.1 -14
3951.881 3.3210 2.0 0.1847 3.0 3951.882" 4831.5 02 -03
3960.510  3.2302° 2.0 0.1007 2.0 3960.494 78.9 2.2
3962.130  3.3129 2.0 0.1847 3.0 3962.129" 1457.0 -0.8 -09
3964.882  3.3108° 3.0 0.1847 3.0 3964.876 264.9 -1.5
3974.657  3.4002 3.0 02818 4.0 3974.652" 5924.6 -0.0 -0.0
3978.244  3.3003° 3.0 0.1847 3.0 3978.236 575.1 -1.2
3990.012  3.4939 4.0 0.3875 5.0 3990.014" 5933.0 02 -0.0
3991.008  3.6041 5.0 04985 6.0 3991.011" 2074.5 -0.1 -05
3998.341 3.5984° 5.0 04985 6.0 3998.356 2550.2 -0.0
4051.811 3.5575 5.0 04985 6.0 4051.807" 142.6 -1.3 -1.7
4054.506  3.4445° 6.0 03875 5.0 4054.507¢ 973.9 -0.7
4062.319  3.4386° 4.0 03875 5.0 4062.322 2802.6 -0.2
4069.766  3.2302° 2.0 0.1847 3.0 4069.737 64.5 2.2
4079.821 3.3198 5.0 02818 4.0 4079.813" 1880.3 06 -09
4087.495 3.4198 4.0 0.3875 5.0 4087.495" 137.2 16 -19
4092.045  3.3108° 3.0 0.2818 4.0 4092.046 27.0 25
4101.306  3.0221° 1.0 0.0000 0.0 4101.304 19.6 -3.1
4106.280  3.3003° 3.0 02818 4.0 4106.264 115.8 -1.8
4125.233  3.2864° 5.0 0.2818 4.0 4125.235 1585.0 -0.7
4126.060  3.5025° 7.0 04985 6.0 4126.065 420.0 -0.9
4129977  3.0374° 2.0 0.0363 1.0 4129.997 117.6 2.2
4135.497 3.1818 4.0 0.1847 3.0 4135.496" 794.9 -1.2 -1.2
4138.725  3.0955° 3.0 0.1007 2.0 4138.727 469.4 -1.5
4142963  3.3792° 5.0 03875 5.0 4142.959 49.3 2.1
4145.225 3.4886° 7.0 0.4985 6.0 4145.240 4246.3 0.0
4145.591 3.1745° 3.0 0.1847 3.0 4145.583 60.8 2.3
4147974  3.0888° 2.0 0.1007 2.0 4147 .967 151.9 -2.0
4151.214  3.1705° 4.0 0.1847 3.0 4151.198 507.8 -14
4158.845  3.2621° 5.0 0.2818 4.0 4158.848 51.7 2.2
4164.786  3.3635 6.0 0.3875 5.0 4164.788" 172.0 -1.5  -19
4183.334  3.1475 4.0 0.1847 3.0 4183.325" 6100.1 03 -05
4194.836  3.4532° 5.0 04985 6.0 4194.854 35.8 2.1
4207.259  3.4445° 6.0 04985 6.0 4207.264 171.1 -14
4218.632  3.4365° 7.0 04985 6.0 4218.639 3089.8 -0.2
4219.310 2.9739 2.0 0.0363 1.0 4219.305" 1183.6 -1.3 -1.3
4226.175  3.0335 3.0 0.1007 2.0 4226.163" 8722.0 03 -06
4226.868  3.3198° 5.0 03875 5.0 4226.845 147.8 -2.0 -1.7
4230.721 2.9297 1.0 0.0000 0.0 4230.716" 540.5 -1.7  -15
4240444  3.1076 4.0 0.1847 3.0 4240.443" 545.3 14 -1.2
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[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
4244246  2.9566 2.0 0.0363 1.0 4244.247" 455.8 -1.7  -1.6
4248401  3.3050° 4.0 0.3875 5.0 4248.385 26.6 24
4258182  3.0955° 3.0 0.1847 3.0 4258.182 45.5 2.5
4266.310  3.0059 3.0 0.1007 2.0 4266.303" 2179.0 -1.0 -0.8
4271.863  3.1833 5.0 0.2818 4.0 4271.858" 2398.5 -0.7  -0.6
4274.029 31818 4.0 0.2818 4.0 4274.026" 59.6 23 21
4277396  2.9984° 1.0 0.1007 2.0 4277.383 21.5 -3.0
4282199  3.2819 6.0 0.3875 5.0 4282.200"  11252.0 02 02
4282.826  3.1758 5.0 0.2818 4.0 4282.827" 7156.5 -0.2  -0.0
4283494 29942 3.0 0.1007 2.0 4283.495" 5031.1 -0.6 -04
4283.757  2.9297 1.0 0.0363 1.0 4283.757" 707.9 -1.6  -15
4290.821  3.1705° 4.0 0.2818 4.0 4290.813 81.5 2.1
4293.737 3.0713 4.0 0.1847 3.0 4293.732" 2929 -1.7  -1.5
4296.747  3.3831 7.0 0.4985 6.0 4296.741"  20108.9 06 07
4299.142 29193 2.0 0.0363 1.0 4299.135" 1736.9 -1.2 -1.0
4301.005  2.8818° 1.0 0.0000 0.0 4301.006 40.5 -2.8 2.9
4302.584  3.3792° 5.0 0.4985 6.0 4302.573 425 2.1
4312.851 3.1557 5.0 0.2818 4.0 4312.842" 5839.9 -0.3 -04
4319.522  3.0541 4.0 0.1847 3.0 4319.519" 8698.0 -0.3 -0.2
4324.458  3.1480 5.0 0.2818 4.0 4324.458" 6788.1 -0.2 -04
4325.144  3.1475 4.0 0.2818 4.0 4325.146" 565.6 -1.3 -14
4330.015  2.8988 2.0 0.0363 1.0 4330.013"  12310.3 -04 -02
4331.444 3.0462 4.0 0.1847 3.0 4331.442" 4528.6 -0.6 -0.7
4336.132  3.2459 6.0 03875 5.0 4336.126"  17008.9 03 02
4338.963  2.9572 3.0 0.1007 2.0 4338.956" 2836.0 -0.9 -0.9
4339.932  2.9566 2.0 0.1007 2.0 4339.926" 864.3 14 -14
4344.827  3.0374° 2.0 0.1847 3.0 4344.819 131.6 2.1
4350.811  3.0335 3.0 0.1847 3.0 4350.807" 10314 -1.2 -1.2
4355.831  2.8818 1.0 0.0363 1.0 4355.828" 421.2 -1.9 -1.8
4357.899  3.2317° 5.0 0.3875 5.0 4357.899 1279.9 -0.8
4362910  2.8409 1.0 0.0000 0.0 4362.909" 9272.3 -0.6 -04
4365.957  2.9396 3.0 0.1007 2.0 4365.954" 488.3 -1.7  -1.3
4378.258 4.1701° 2.0 1.3391 1.0 4378.228¢ 312.6 0.1
4380.422  3.0142 4.0 0.1847 3.0 4380.414" 6672.4 -04 -0.3
4381.262  2.9297° 1.0 0.1007 2.0 4381.226 200.6 -1.9 2.1
4386.221 3.1076 4.0 0.2818 4.0 4386.213" 2112.3 -0.8 -0.7
4393.360  3.0059 3.0 0.1847 3.0 4393.355" 4803.6 -0.6  -0.6
4397.347 29193 2.0 0.1007 2.0 4397.341" 6179.5 -0.6  -0.6
4401.164 3.2037 6.0 0.3875 5.0 4401.161" 5955.5 -0.2 -0.1

4405.204  3.0955° 3.0 0.2818 4.0 4405.207 68.9 -2.3
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[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
4411.585  2.9942 3.0 0.1847 3.0 4411.582" 6585.9 05 -04
4419.334  2.8409 1.0 0.0363 1.0 4419.329"  13508.4 -04 -0.2
4423.382 2.8383 2.0 0.0363 1.0 4423.377" 1555.2 14 -1.1
4429.653  2.8988 2.0 0.1007 2.0 4429.646"  12745.0 03 -02
4433.072  2.8322 2.0 0.0363 1.0 4433.068" 3372.8 -1.0 -09
4433.340  3.1833 5.0 03875 5.0 4433.335" 552.4 1.2 -1.2
4441.805  2.9751 4.0 0.1847 3.0 4441.800"  13988.6 02 -0.1
4442274  2.8908 3.0 0.1007 2.0 4442 270"  16516.7 02 -0.2
4443266  3.0713 4.0 02818 4.0 4443.263" 917.7 1.2 -11
4445149  3.1758 5.0 03875 5.0 4445.147"  16590.7 02 02
4445.835 3.2864° 5.0 04985 6.0 4445.815° 523.3 -1.1
4452 951 3.2819 6.0 04985 6.0 4452 947" 6686.9 0.0 -0.1
4456.674 2.8818 1.0 0.1007 2.0 4456.670" 298.8 20 -19
4459290  2.8802 3.0 0.1007 2.0 4459.284"  12561.9 -04 -05
4463.891 3.0585 5.0 02818 4.0 4463.884" 194.1 -1.9 -12
4470.883 3.0541 4.0 0.2818 4.0 4470.875"  20063.2 0.1 0.2
4471472  2.9566 2.0 0.1847 3.0 4471.467" 210.7 20 -19
4477.501 3.1557 5.0 0.3875 5.0 4477 .492" 1569.8 -0.8 -09
4480.309  2.7665 1.0 0.0000 0.0 4480.304" 7749.1 0.8 -0.6
4490.013  3.1480 5.0 03875 5.0 4490.010" 750.3 1.1 -1.2
4490.753  3.1475 4.0 0.3875 5.0 4490.750" 63.6 22 21
4499.104  2.9396 3.0 0.1847 3.0 4499.100"  13153.5 02 -0.1
4503.374  2.7886 2.0 0.0363 1.0 4503.368"  13039.7 05 -05
4504.306  3.0335° 5.0 0.2818 4.0 4504.300 25.5 -2.8 -2.8
4511.300  3.2459 6.0 04985 6.0 4511.295" 5137.2 -0.1 -0.2
4522.535 2.9253 4.0 0.1847 3.0 4522 .527" 2338.7 -1.0 -0.8
4527414  2.8383 2.0 0.1007 2.0 4527.408" 1493.2 1.3 -1.1
4532445  2.9193 2.0 0.1847 3.0 4532.440" 2157.6 -1.0 -1.0
4533.797  3.0156 5.0 02818 4.0 4533.794" 5676.4 05 -02
4534.865  3.2317° 5.0 04985 6.0 4534.868 879.3 -0.9
4550.034  3.0059 3.0 0.2818 4.0 4550.028" 1295.5 -1.1 -1.0
4556.631 3.1076 4.0 03875 5.0 4556.632" 7239 1.2 -1.0
4566.774  2.8988 2.0 0.1847 3.0 4566.768" 2364.0 -1.0 -0.8
4569.585  2.9942 3.0 0.2818 4.0 4569.580" 1262.2 -1.1 -1.0
4580.190  2.8908 3.0 0.1847 3.0 4580.185" 248.0 20 -16
4596.738 2.7327 0.0 0.0363 1.0 4596.732"  17205.4 -04 -05
4598.281 2.8802 3.0 0.1847 3.0 4598.276" 955.3 -14  -1.3
4611.249  2.7886 2.0 0.1007 2.0 4611.241" 4076.3 -1.0 -1.0
4618.224 3.0713° 4.0 0.3875 5.0 4618.196 193.9 -1.7 -1.8
4622.467  4.3050° 6.0 1.6236 6.0 4622.472 16.8 -0.9
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[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
4629.423  3.1758 5.0 04985 6.0 4629.418" 511.5 -1.2 -1.0
4632.765  2.9572 3.0 02818 4.0 4632.758" 43.4 27 22
4640.508  3.0585° 5.0 03875 5.0 4640.508 65.6 -2.0 2.3
4645.397  2.7044 2.0 0.0363 1.0 4645.394"  16181.4 05 -03
4648.068  3.0541 4.0 03875 5.0 4648.063" 3887.5 05 -03
4649.481 2.7665 1.0 0.1007 2.0 4649.474"  29472.0 01 -02
4663.551 2.9396 3.0 0.2818 4.0 4663.546" 9167.5 03 -02
4664.523  3.1557 5.0 04985 6.0 4664.510" 69.6 21 -17
4681.558  2.8322 2.0 0.1847 3.0 4681.551" 9603.8 05 -04
4684.202  3.0335° 5.0 03875 5.0 4684.210 81.6 2.2 2.2
4688.731 2.9253 4.0 02818 4.0 4688.725"  15016.8 -0.1 -0.0
4716.106  3.0156 5.0 03875 5.0 4716.099"  18859.0 01 02
4717.077 2.6276 1.0 0.0000 0.0 4717.072"  15080.9 -06 -04
4718.659  3.0142 4.0 03875 5.0 4718.654" 1365.9 -1.0 -0.8
4728428  2.8060 3.0 0.1847 3.0 4728.423"  25007.1 -0.1 0.1
4729.771 4.2133° 4.0 1.5927 3.0 4729.784¢ 68.7 -0.4
4750.731 2.8908 3.0 0.2818 4.0 4750.725" 6853.8 05 -05
4753.751 4.0799° 3.0 14726 4.0 4753.749 80.8 -0.5
4757495  4.1483° 4.0 15430 5.0 4757.499¢ 33.8 -0.8
4760.270  2.7044 2.0 0.1007 2.0 4760.264"  30188.1 -02 00
4761.673  4.0172° 2.0 14142 3.0 4761.659 24.9 -1.2
4768.353  4.1423° 4.0 15430 5.0 4768.367 92.6 -04
4770.197 2.8802 3.0 0.2818 4.0 4770.192" 2878.9 -09 -0.8
4781.462  4.3050° 6.0 1.7128 7.0 4781.462°¢ 82.5 -0.2
4783.103  2.6276 1.0 0.0363 1.0 4783.099"  25251.7 -04 -0.2
4785.870  2.6905 3.0 0.1007 2.0 4785.864"  31880.7 02 -03
4789.965  2.9751 4.0 0.3875 5.0 4789.958" 3568.5 -0.7 -05
4836.225  3.9322° 2.0 1.3694 2.0 4836.235 23.9 -1.3
4841.705  3.0585 5.0 04985 6.0 4841.699"  27939.8 04 06
4844523  4.1015° 6.0 1.5430 5.0 4844.543¢ 70.6 -0.5
4848.329  2.8383 4.0 02818 4.0 4848.322"  17212.2 -02 -02
4856.594  4.3612° 9.0 1.8091 8.0 4856.566" 104.9 0.1
4856.604 4.1701° 2.0 1.6180 2.0 4856.566" 107.9 -0.2
4879.715  3.9542° 3.0 14142 3.0 4879.684 65.4 -0.8
4883.774  2.5742 2.0 0.0363 1.0 4883.765"  17049.2 06 -04
4883.980  2.9253 4.0 03875 5.0 4883.974"  14081.8 0.1 04
4889.285  3.0335° 5.0 04985 6.0 4889.288 71.9 2.2 2.2
4897.817  4.1543 7.0 1.6236 6.0 4897.814" 157.5 -0.1 -05
4903.922  4.0705° 5.0 15430 5.0 4903.900 64.2 -0.6
4904.976  2.6276 1.0 0.1007 2.0 4904.969" 7804.8 09 -05
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4906.654  3.9987° 3.0 14726 4.0 4906.676 80.4 -0.6
4910.406  2.8060 3.0 02818 4.0 4910.399"  19610.4 02 0.1
4916980 4.1387° 2.0 1.6180 2.0 4916.966 48.5 -0.6
4918990  2.7044 2.0 0.1847 3.0 4918.984"  12910.8 05 -0.1
4919923  3.9919° 5.0 14726 4.0 4919.902 126.5 -0.4
4921570  4.1421° 7.0 1.6236 6.0 4921.560 114.5 -0.2
4924.054  3.0156 5.0 04985 6.0 4924.048" 2795.9 0.7 -02
4931.589  3.9859° 4.0 14726 4.0 4931.580 35.2 -1.0
4933.125  4.1701° 2.0 1.6575 1.0 4933.105 39.2 -0.7
4936.581 4.0538° 6.0 15430 5.0 4936.580 576.9 0.3
4946.330  2.6905 3.0 0.1847 3.0 4946.322" 7833.3 0.7 -07
4951.312  3.9175° 3.0 14142 3.0 4951.297 326.2 -0.1
4961.244 3.9709° 5.0 1.4726 4.0 4961.226 309.4 -0.1
4975.981 2.4909 1.0 0.0000 0.0 4975.973"  23220.7 06 -07
4983.406  4.0799° 3.0 1.5927 3.0 4983.366 125.1 -0.3
4986.836  3.9581° 5.0 14726 4.0 4986.809 495.0 0.1
4994984  3.8956° 4.0 14142 3.0 4994.974 267.0 -0.3
5002.182  4.1015° 6.0 1.6236 6.0 5002.181 110.6 -0.3
5003.336  4.0039° 2.0 1.5266 2.0 5003.376" 152.7 -0.3
5003.394  4.0952° 1.0 1.6180 2.0 5003.376" 135.0 -0.2
5010.473  4.1423° 4.0 1.6686 4.0 5010.483" 49.0 -0.6
5010475  3.8129° 1.0 1.3391 1.0 5010.483" 49.0 -1.1
5011.870  4.1701° 2.0 1.6970 2.0 5011.837 45.8 -0.6
5014.539  3.8859° 3.0 14142 3.0 5014.502 86.5 -0.8
5019.603  3.8834° 4.0 14142 3.0 5019.576 44.0 -1.0
5024.901 4.0096° 5.0 15430 5.0 5024.899 19.6 -1.2
5029.606  3.9369° 5.0 14726 4.0 5029.584 165.2 -0.4
5039.105  4.1387° 2.0 1.6790 3.0 5039.102° 256.9 0.1
5039.136  4.0027° 6.0 1.5430 5.0 5039.102° 261.3 -0.1
5041.687  4.2133° 4.0 1.7549 4.0 5041.664 146.3 0.0
5041.936 3.8725° 4.0 1.4142 3.0 5041.924¢ 326.7 -0.2
5044.277  2.8447 6.0 0.3875 5.0 5044.272"  17037.1 -0.1 0.0
5045.143  4.0747° 1.0 1.6180 2.0 5045.147¢ 137.3 -0.2
5049.510  2.4909 1.0 0.0363 1.0 5049.501" 2095.9 -1.6 -15
5051.192  3.8232° 3.0 1.3694 2.0 5051.171¢ 83.0 -0.9
5054.062  4.2133° 4.0 1.7609 5.0 5054.070 343.9 0.4
5054.535  3.8664° 3.0 14142 3.0 5054.506¢ 184.3 -04
5059.866  4.3612° 9.0 19116 9.0 5059.847 2409.6
5060.920  2.6338 4.0 0.1847 3.0 5060.911" 6152.2 09 -12
5061.367  3.9919° 5.0 15430 5.0 5061.374 230.8 -0.1
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5063.457  3.8172° 3.0 1.3694 2.0 5063.446 2279 -0.4
5065.535  4.0705° 5.0 1.6236 6.0 5065.501 128.2 -0.3
5071.195 2.9426 7.0 0.4985 6.0 5071.184"  16415.9 0.0 0.3
5072.456  3.8129° 1.0 1.3694 2.0 5072.462b¢ 528.8 -0.1
5072.474  3.8129° 3.0 1.3694 2.0 5072.462b¢ 529.3 -0.1
5073.715  3.9859° 4.0 15430 5.0 5073.729 67.6 -0.7
5076.683 4.1543 7.0 1.7128 7.0 5076.675" 777.0 0.6 0.2
5079.838  3.9830° 4.0 15430 5.0 5079.853 1799.7 0.7
5085.430  4.2792° 4.0 1.8419 5.0 5085.411 39.1 -04
5086.139  3.8511° 2.0 14142 3.0 5086.120 301.9 -0.2
5088.314  2.5366 3.0 0.1007 2.0 5088.309" 9130.1 09 -12
5091.812  3.7734° 2.0 1.3391 1.0 5091.818 341.0 -0.3
5099.917  3.8446° 4.0 14142 3.0 5099.931 65.5 -0.9
5100.390  4.0538° 6.0 1.6236 6.0 5100.386 1624.4 0.8
5106.633  4.2388° 3.0 1.8117 3.0 5106.671 235.0 0.3
5113.324  3.7933° 2.0 1.3694 2.0 5113.310 196.7 -0.5
5117.164 2.7040 5.0 0.2818 4.0 5117.155"  44570.2 0.1 0.1
5118.744  4.0450° 5.0 1.6236 6.0 5118.769¢ 61.0 -0.6
5122.131 2.8073 6.0 03875 5.0 5122.125"  21872.7 -0.1 -0.0
5123.715 4.1161° 2.0 1.6970 2.0 5123.701 179.8 -0.0
5130.289  3.8886° 4.0 14726 4.0 5130.258¢ 309.2 -0.2
5132.212  3.9581° 5.0 15430 5.0 5132.205¢ 1022.5 0.5
5135.502  4.1161° 2.0 1.7026 1.0 5135.505 49.3 -0.6
5135.876  3.8859° 3.0 14726 4.0 5135.842 673.1 0.2
5137.426  3.9556° 4.0 15430 5.0 5137.419 199.2 -0.2
5141.188  3.8834° 4.0 14726 4.0 5141.165 444 -1.0
5143.299  3.7490° 1.0 1.3391 1.0 5143.293¢ 1024.1 0.1
5145.819  2.6905 3.0 0.2818 4.0 5145.814" 749.5 -1.7  -15
5148.050  4.2133° 4.0 1.8057 4.0 5148.063 157.0 0.1
5150.482 4.0751° 5.0 1.6686 4.0 5150.453¢ 147 .4 -0.2
5152.609  4.1483° 4.0 1.7428 3.0 5152.579 301.5 0.2
5153.124  3.9483° 6.0 15430 5.0 5153.111 24.6 -1.2
5155.835  3.7734° 2.0 1.3694 2.0 5155.861 1703.0 04
5157.224  2.4396 2.0 0.0363 1.0 5157.221" 9307.4 -1.0 -1.3
5157923  3.8172° 3.0 14142 3.0 5157.899 292.4 -0.3
5160.929  4.2133° 4.0 1.8117 3.0 5160.892 139.6 0.0
5161.824  3.7706° 1.0 1.3694 2.0 5161.800 150.8 -0.7
5164.619  3.8725° 4.0 14726 4.0 5164.615 489.2 0.0
5167.281 3.8129° 3.0 14142 3.0 5167.263 4449 -0.1
5168.346  4.0952° 1.0 1.6970 2.0 5168.347"¢  1265.5 0.8
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5168.354  4.3098° 8.0 19116 9.0 5168.347"¢  1265.5

5172.731 2.6780 5.0 0.2818 4.0 5172.724"  26018.4 -0.2 -04
5175.417  2.8934 7.0 04985 6.0 5175.410"  22890.5 01 0.1
5177.522  3.9369° 5.0 15430 5.0 5177.514 97.4 -0.6
5179.196  3.9859° 4.0 1.5927 3.0 5179.203 192.0 -0.2
5185.530  2.4909 1.0 0.1007 2.0 5185.519" 174.5 27 24
5194.724  4.0096° 5.0 1.6236 6.0 5194.716 982.2 0.5
5199.920  4.1953° 3.0 1.8117 3.0 5199.898 31.7 -0.6
5200.583  2.5680 4.0 0.1847 3.0 5200.573"  69718.1 0.1 0.0
5201.444  3.9259° 4.0 15430 5.0 5201.447 1123.7 0.5
5209.939  4.0027° 6.0 1.6236 6.0 5209.917¢ 1550.9 0.7
5210.743  2.6605 5.0 0.2818 4.0 5210.736" 998.2 -6 -1.7
5211.751 4.1391° 6.0 1.7609 5.0 5211.732 416.4 04
5215.606  4.0450° 5.0 1.6686 4.0 5215.607 271.3 0.1
5216.425 3.9997° 5.0 1.6236 6.0 5216.427 313.2 0.0
5225.710  3.7860° 2.0 14142 3.0 5225.707 142.0 -0.6
5232.581 4.3050° 6.0 19363 6.0 5232.582 111.2 0.1
5238.102  3.8388° 3.0 14726 4.0 5238.105 420.0 -0.1
5238.539  3.7354° 2.0 1.3694 2.0 5238.527 83.4 -1.0
5244538  3.7327° 1.0 1.3694 2.0 5244.515 106.3 -0.9
5245.600  3.9556° 4.0 1.5927 3.0 5245.596 290.2 -0.1
5248.417  3.9046° 4.0 1.5430 5.0 5248.409 59.3 -0.8
5251.911 2.7475 6.0 0.3875 5.0 5251.901"  18227.9 02 -03
5253.443  3.8859° 3.0 1.5266 2.0 5253.433¢ 200.1 -0.3
5253.813 3.7734° 2.0 1.4142 3.0 5253.795 441.9 -0.2
5254.760  3.7281° 1.0 1.3694 2.0 5254.744 70.8 -1.0
5257.062  3.6968° 1.0 1.3391 1.0 5257.104" 245.0 -0.5
5257.111 4.1387° 2.0 1.7810 2.0 5257.104° 244.7 0.2
5264.414  4.2792° 4.0 1.9248 3.0 5264.427 264.9 0.4
5265.662  2.3539 1.0 0.0000 0.0 5265.656" 2817.3 -1.6 -1.8
5269.955  2.6338 4.0 02818 4.0 5269.949" 565.1 -19 -19
5271.398 2.4520 3.0 0.1007 2.0 5271.392"  39417.1 -0.3 -03
5280.492  3.9709° 5.0 1.6236 6.0 5280.495 239.3 -0.1
5282.904  2.8447 6.0 04985 6.0 5282.896"  14621.2 -0.1 -0.1
5285.174 4.1543 7.0 1.8091 8.0 5285.171" 356.5 04 -0.1
5286.387  3.8172° 3.0 14726 4.0 5286.348 128.5 -0.6
5290.944  4.1483° 4.0 1.8057 4.0 5290.951 78.0 -0.3
5294.652  4.0538° 6.0 1.7128 7.0 5294.649 566.0 04
5295.841 3.8834° 4.0 15430 5.0 5295.835 72.0 -0.8
5299.190  2.4396 2.0 0.1007 2.0 5299.184" 642.1 21 -23
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5303.165  4.0173° 1.0 1.6801 0.0 5303.204° 305.3 0.1
5303.196  4.1701° 2.0 1.8329 2.0 5303.204" 299.5 0.3
5306.627  4.0747° 1.0 1.7390 1.0 5306.650 136.3 -0.2
5308.805  4.0033° 4.0 1.6686 4.0 5308.813¢ 133.8 -0.3
5309.493  3.9581° 5.0 1.6236 6.0 5309.484 591.9 0.3
5312.837  4.1421° 7.0 1.8091 8.0 5312.831 128.6 -0.1
5318.051 4.1423° 4.0 1.8117 3.0 5318.038 444 4 0.4
5320.591 2.6114 5.0 0.2818 4.0 5320.581"  16264.9 05 -06
5327.270  4.0694° 3.0 1.7428 3.0 5327.248 74.4 -0.4
5327.483 4.1322° 4.0 1.8057 4.0 5327.471 103.4 -0.2
5332.080  3.8511° 2.0 1.5266 2.0 5332.076¢ 192.6 -0.4
5348.732  3.9859° 4.0 1.6686 4.0 5348.734 1861.8 0.8
5349.144  2.4178 3.0 0.1007 2.0 5349.143" 4908.6 -1.3  -15
5350.612  2.7040 5.0 03875 5.0 5350.604" 1938.4 -1.2 -1.0
5351.364  3.7888° 3.0 14726 4.0 5351.355¢ 150.2 -0.6
5353.708  2.4998° 4.0 0.1847 3.0 5353.715 153.8 -29 2.7
5355.122  4.0694° 3.0 1.7549 4.0 5355.161 514.6 0.4
5355.885  4.0751° 5.0 1.7609 5.0 5355.885 809.1 0.6
5358.595  4.1830° 7.0 1.8700 6.0 5358.557 65.6 -0.3
5366.583  4.0705° 5.0 1.7609 5.0 5366.550 123.2 -0.2
5368.361 2.8073 6.0 04985 6.0 5368.351"  11589.0 03 -0.3
5372.978  3.9859° 4.0 1.6790 3.0 5372.949° 70.0 -0.6
5372.986  4.0039° 2.0 1.6970 2.0 5372.949° 70.0 -0.6
5374.058 4.1483° 4.0 1.8419 5.0 5374.040°¢ 147 .5 -0.0
5374.344  3.8493° 5.0 1.5430 5.0 5374.313¢ 100.1 -0.7
5375.396  3.8324° 1.0 1.5266 2.0 5375.391 280.6 -0.2
5385.949  4.0039° 2.0 1.7026 1.0 5385.970 130.9 -0.3
5391.622  4.0799° 3.0 1.7810 2.0 5391.614 264.7 0.1
5392.683  4.1483° 4.0 1.8499 3.0 5392.674 491.4 0.5
5393.565  3.9781° 1.0 1.6801 0.0 5393.549 137.6 -0.3
5394.499  4.0367° 2.0 1.7390 1.0 5394.477¢ 56.4 -0.6
5395.527  4.1391° 6.0 1.8419 5.0 5395.492 31.8 -0.7
5398.198  4.2208° 2.0 19248 3.0 5398.172¢ 37.3 -0.5
5402.323  3.8871° 3.0 1.5927 3.0 5402.315 198.9 -0.3
5403.702  2.4784 4.0 0.1847 3.0 5403.689"  23984.9 -05 -09
5405.233  2.3294 2.0 0.0363 1.0 5405.223"  32008.5 06 -09
5408.827 3.8182° 2.0 1.5266 2.0 5408.814 92.3 -0.7
5411.150  2.2906 1.0 0.0000 0.0 5411.143" 739.3 23 23
5411.395  2.6780 5.0 0.3875 5.0 5411.387" 5821.7 -0.8 -09
5415.953 4.2133° 4.0 1.9248 3.0 5415.973 517.4 0.7
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5416.399  4.0694° 3.0 1.7810 2.0 5416.368 448.5 0.4
5419.074  2.7857° 7.0 04985 6.0 5419.057 487.8 -1.7
5421.565 2.5680 4.0 0.2818 4.0 5421.557" 3538.9 -1.2 -1.2
5426.342  4.0450° 5.0 1.7609 5.0 5426.371 184.3 -0.1
5430.646  4.1322° 4.0 1.8499 3.0 5430.624 343.4 0.3
5436.333  4.1916° 10.0 19116 9.0 5436.327¢ 985.0 0.9
5440.605  4.0172° 2.0 1.7390 1.0 5440.639 259.2 0.0
5442.486 4.3098° 8.0 2.0324 7.0 5442 5310 56.9 -0.1
5442.560  3.6915° 3.0 14142 3.0 5442.531° 42.2 -1.3
5445.958 4.0799° 3.0 1.8040 2.0 5445918 79.1 -0.4
5446.851 3.9781° 1.0 1.7026 1.0 5446.830°¢ 68.6 -0.6
5448950  3.9322° 2.0 1.6575 1.0 5448.911 54.0 -0.8
5449.577  4.0172° 2.0 1.7428 3.0 5449.570 452.8 0.3
5453.010  2.6605 5.0 03875 5.0 5453.003"  30053.6 0.1 -03
5453.953  4.3050° 6.0 2.0324 7.0 5453.964 74.5 -0.0
5461.551 4.0751° 5.0 1.8057 4.0 5461.547 667.8 0.5
5462.366  3.8871° 3.0 1.6180 2.0 5462.326 258.8 -0.2
5466.731 2.4520 3.0 0.1847 3.0 5466.719"  14305.4 0.7 -07
5468.015  3.7933° 2.0 1.5266 2.0 5468.009 77.3 -0.8
5469.254 4.1161° 2.0 1.8499 3.0 5469.236 124.7 -0.1
5475.278  4.0694° 3.0 1.8057 4.0 5475.267 359.0 0.3
5481.721 3.6304° 3.0 1.3694 2.0 5481.682 35.2 -14
5482.701 4.2388° 3.0 1.9781 2.0 5482.708 499 -0.3
5488.287  3.9159° 1.0 1.6575 1.0 5488.252 271.9 -0.1
5489.429  3.7305° 5.0 14726 4.0 5489.392 146.2 -0.7
5490.111 4.2208° 2.0 19632 3.0 5490.090 224.8 0.3
5493.711 2.3568 2.0 0.1007 2.0 5493.700"  45791.1 04 -06
5495.615  3.9579° 0.0 1.7026 1.0 5495.603¢ 144.8 -0.3
5498.214  2.2906 1.0 0.0363 1.0 5498.205"  17385.9 09 -11
5500.896  2.3539 1.0 0.1007 2.0 5500.886" 737.9 22 24
5501.749  2.6404° 6.0 03875 5.0 5501.733 427.6 -1.9
5508.476  4.2133° 4.0 19632 3.0 5508.489 40.6 -04
5510.799  3.7921° 6.0 15430 5.0 5510.798 182.6 -0.5
5511.092  2.7475 6.0 04985 6.0 5511.083" 3517.0 09 -1.0
5511.431 3.9175° 3.0 1.6686 4.0 5511.392 271.1 -0.1
5512.112  2.3493 3.0 0.1007 2.0 5512.098"  19744.4 07 -11
5512.941 3.9058° 1.0 1.6575 1.0 5512.970 161.8 -0.3
5513.227  3.9452° 3.0 1.6970 2.0 5513.210°¢ 81.4 -0.6
5514.322  4.2208° 2.0 1.9731 1.0 5514.319 42.6 -04
5518.318  3.8388° 3.0 1.5927 3.0 5518.341¢ 52.7 -0.9
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5518.836  3.7889° 5.0 15430 5.0 5518.870° 249.6 -0.3
5518.848  3.7889° 6.0 15430 5.0 5518.870" 249.6 -0.3
5518.882  3.8695° 5.0 1.6236 6.0 5518.870 269.8 -0.2
5523.938  3.9987° 3.0 1.7549 4.0 5523.928 57.7 -0.6
5525.593  3.9859° 4.0 1.7428 3.0 5525.583 585.1 0.4
5535.497  3.9781° 1.0 1.7390 1.0 5535.499 186.5 -0.1
5537.168  3.8312° 2.0 1.5927 3.0 5537.146" 166.7 -0.4
5537.177  3.9175° 3.0 1.6790 3.0 5537.146" 170.2 -0.3
5538.342  3.9508° 6.0 1.7128 7.0 5538.378 282.6 -0.0
5543.582  3.9907° 4.0 1.7549 4.0 5543.605 164.6 -0.2
5548.947  2.2700 0.0 0.0363 1.0 5548.940"  13379.7 -1.0 -1.3
5550.392  2.4178 3.0 0.1847 3.0 5550.383"  22293.9 0.6 -07
5561.388  2.3294 2.0 0.1007 2.0 5561.380" 2294.9 1.7 -19
5565.596  3.8956° 4.0 1.6686 4.0 5565.605 105.9 -0.5
5569.295  3.9046° 4.0 1.6790 3.0 5569.277 238.8 -0.1
5570.592  3.9859° 4.0 1.7609 5.0 5570.603" 304.8 0.1
5570.645  4.0367° 2.0 1.8117 3.0 5570.603" 296.0 0.2
5573.427 2.6114 5.0 0.3875 5.0 5573.417" 3774.6 -1.0 -1.2
5574.904  2.2596° 1.0 0.0363 1.0 5574.913 9792.8 -1.2
5575.606  2.6105 6.0 03875 5.0 5575.595" 592.3 -1.8  -2.0
5583.267  3.8886° 4.0 1.6686 4.0 5583.295" 233.3 -0.2
5583.310  4.3612° 9.0 21413 8.0 5583.294" 2259 0.6
5585.135  4.1308° 8.0 19116 9.0 5585.157 133.4 -0.0
5586.180  3.8979° 2.0 1.6790 3.0 5586.210 47.3 -0.9
5587.507  3.7613° 4.0 1.5430 5.0 5587.462°¢ 170.9 -0.5
5588.199  2.4998 4.0 0.2818 4.0 5588.193" 4640.7 -1.1 -15
5589.885  3.8859° 3.0 1.6686 4.0 5589.913" 267.4 -0.1
5589.944  3.9301° 8.0 1.7128 7.0 5589.913" 296.3 -0.0
5591.169  2.4986 5.0 0.2818 4.0 5591.160" 1652.9 -1.6  -19
5595.382  3.7581° 6.0 1.5430 5.0 5595.370 98.4 -0.8
5599.588  3.6861° 4.0 14726 4.0 5599.542¢ 75.7 -1.0
5603.637  3.8920° 1.0 1.6801 0.0 5603.647" 187.8 -0.3
5603.690  4.0538° 6.0 1.8419 5.0 5603.646" 212.0 0.1
5605.472  4.2388° 3.0 2.0277 4.0 5605.459 130.5 0.1
5610.049  3.6236° 3.0 14142 3.0 5610.010 43.8 -1.3
5612994  3.5776° 3.0 1.3694 2.0 5612.989b¢ 131.9 -0.9
5612.997  2.2082° 0.0 0.0000 0.0 5612.989b¢ 131.9 -3.1
5615.084  3.6216° 4.0 14142 3.0 5615.042 187.3 -0.7
5617.753  3.9034° 3.0 1.6970 2.0 5617.750 98.3 -0.5
5620.912  4.0751° 5.0 1.8700 6.0 5620.892 104.9 -0.2
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5621.802 22410 2.0 0.0363 1.0  5621.790" 11338.1 11 -14
5626.007 22031 1.0 0.0000 0.0  5625.999"  24362.7 09 -12
5627.734  3.9452° 3.0 1.7428 3.0 5627.728 261.8 -0.0
5630.063  3.7281° 1.0 15266 2.0  5630.066° 169.6 -0.6
5631.795  3.8979° 2.0 1.6970 2.0  5631.795 95.5 -0.5
5632.039  3.9556° 4.0 17549 40  5632.071 70.0 -0.6
5632.379  3.7933° 2.0 15927 3.0  5632.362" 83.0 -0.8
5632.398  3.6148° 2.0 14142 30 5632362 82.7 -1.1
5633.585  3.6143° 4.0 14142 3.0  5633.544 205.2 -0.7
5634.239  4.0039° 2.0 1.8040 2.0  5634.239 105.8 -0.3
5639.907  4.0033° 4.0 1.8057 4.0  5639.918 70.2 -0.5
5640.314  3.6701° 5.0 14726 4.0  5640.276 450.4 -0.2
5641.615 23817 3.0 0.1847 3.0  5641.610" 371.0 24 25
5642.023  3.909¢° 8.0 17128 7.0  5642.027 269.4 -0.1
5642.680 24784 4.0 02818 4.0  5642.671" 218.3 -25 23
5646.038  3.8979° 2.0 1.7026 1.0  5646.059 71.8 -0.7
5647.483  2.3794° 4.0 0.1847 3.0  5647.492 5027 24 -2.3
5647.486  3.9556¢° 4.0 1.7609 50  5647.492 502.7 0.3
5649.596  3.5330° 2.0 1.3391 1.0  5649.603 60.2 -1.3
5650.400  3.8511° 2.0 1.6575 1.0  5650.403 224.3 -0.2
5651.685  3.9059° 6.0 17128 7.0  5651.690 73.8 -0.6
5652.848  2.3773° 4.0 0.1847 3.0  5652.852 1749.2 -1.7
5656.379  3.8149° 7.0 1.6236 6.0  5656.363 797.6 0.3
5658.220  3.8706° 1.0 1.6801 0.0  5658.183¢ 69.8 -0.7
5659.868 22906 1.0 0.1007 2.0  5659.859" 252725 -0.7 -09
5661.151  3.5588° 1.0 1.3694 2.0  5661.177% 251.9 -0.7
5661.177  3.8920° 1.0 17026 1.0  5661.177% 252.5 -0.1
5663.910  3.9975° 8.0 1.8091 8.0  5663.890 1091.2 0.7
5672.397  4.1483° 4.0 19632 3.0  5672.366 65.6 -0.3
5674.081  4.0173° 1.0 1.8329 2.0  5674.084 88.9 -0.4
5674.393 4.0172° 2.0 1.8329 2.0 5674.398 54.6 -0.6
5676.082  3.6562° 5.0 14726 4.0  5676.054 297.4 -0.4
5678.725  2.2833° 2.0 0.1007 2.0  5678.728 2358 2.8 -2.7
5680.875  3.6544° 5.0 14726 4.0  5680.833 199.5 -0.6
5684.990  3.9859° 4.0 1.8057 4.0  5684.994 61.2 -0.6
5686.969  2.6780 5.0 04985 6.0  5686.961" 1053.6 -1.5 -14
5692.017  3.8012° 6.0 1.6236 6.0  5692.030 520.8 0.1
5692.679  3.9830° 4.0 1.8057 4.0  5692.664 105.5 -0.3
5693.680  3.9159° 1.0 17390 1.0  5693.663 231.5 -0.1
5699.618  3.5440° 3.0 1.3694 2.0  5699.617 349.7 -0.5
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5700.261  3.9835° 9.0 1.8091 8.0 5700.255 71.0 -0.5
5701.135  3.5883° 3.0 14142 3.0 5701.092 255.0 -0.6
5702.257  3.8312° 2.0 1.6575 1.0 5702.249b¢ 54.5 -0.9
5702.290  3.8706° 1.0 1.6970 2.0 5702.249%¢ 54.0 -0.8
5703.484  3.9542° 3.0 1.7810 2.0 5703.437¢ 108.4 -0.4
5706.199  2.3568 2.0 0.1847 3.0 5706.190" 9670.9 -1.0 -1.0
5706.743 2.2082° 0.0 0.0363 1.0 5706.748¢ 3499.4 -1.7
5707.248  2.2724° 3.0 0.1007 2.0 5707.204¢ 550.6 2.4
5709.738  3.7888° 3.0 1.6180 2.0 5709.731 654.9 0.1
5711.442 2.4520 3.0 0.2818 4.0 5711.438" 633.8 2.0 -17
5716.032  3.8485° 1.0 1.6801 0.0 5716.017 77.8 -0.7
5717.919  3.7107° 6.0 1.5430 5.0 5717.914 1506.4 0.4
5720.183  2.2031 1.0 0.0363 1.0 5720.178" 5948.1 -1.5  -1.7
5720.838  3.7593° 3.0 1.5927 3.0 5720.826 105.1 -0.7
5721.388  3.7900° 7.0 1.6236 6.0 5721.375 985.8 0.3
5724.477  4.1015° 6.0 1.9363 6.0 5724.485 189.0 0.1
5726.063  2.3493 3.0 0.1847 3.0 5726.062" 113.7 29 29
5727.294  3.9452° 3.0 1.7810 2.0 5727.266° 48.5 -0.7
5728.521  3.5330° 2.0 1.3694 2.0 5728.501 148.8 -0.9
5729.313 3.5776° 3.0 1.4142 3.0 5729.291 509.2 -0.3
5730.137  3.5773° 4.0 14142 3.0 5730.123 596.4 -0.2
5732.948  2.6605 5.0 0.4985 6.0 5732.932" 3990.8 -0.9 -0.9
5734.992  3.5004° 1.0 1.3391 1.0 5734.982 435.3 -0.5
5740.881  3.9139° 5.0 1.7549 4.0 5740.855°¢ 314.4 0.0
5745493  3.5266° 2.0 1.3694 2.0 5745.470 508.0 -0.4
5746.485  2.2576 3.0 0.1007 2.0 5746.476" 642.0 23 25
5750.698  3.8129° 1.0 1.6575 1.0 5750.722 1054 -0.6
5751.334  3.8979° 2.0 1.7428 3.0 5751.351 91.9 -0.5
5756.410  3.4923° 0.0 1.3391 1.0 5756.390¢ 371.8 -0.6
5757.345 3.8956° 4.0 1.7428 3.0 5757.351 79.4 -0.6
5757.959  3.7706° 1.0 1.6180 2.0 5757.955Y 1071.5 0.3
5757.975  3.6956° 5.0 1.5430 5.0 5757.955¢ 1071.5 0.2
5763.473  3.5647° 4.0 14142 3.0 5763.452 191.9 -0.7
5765.916  3.5638° 3.0 14142 3.0 5765.898°¢ 156.4 -0.8
5768.085  3.9907° 4.0 1.8419 5.0 5768.091% 94.7 -0.4
5768.125  3.9987° 3.0 1.8499 3.0 5768.091% 99.5 -0.3
5768.807  3.9542° 3.0 1.8057 4.0 5768.784b 55.3 -0.7
5768.817 3.8511° 2.0 1.7026 1.0 5768.7847 55.3 -0.8
5773.775  3.8595° 8.0 1.7128 7.0 5773.767°¢ 2737.6 0.9

5774.038  3.5160° 2.0 13694 2.0 5774.012 125.6 -1.0
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5778.350  3.6880° 6.0 15430 5.0 5778.331 1948.8 0.5
5779.247  2.3294 2.0 0.1847 3.0 5779.239" 4130.9 14 -14
5783.542  3.6861° 4.0 1.5430 5.0 5783.507 446.5 -0.2
5784.683  3.7354° 2.0 1.5927 3.0 5784.697 69.9 -0.9
5787.188  3.6143° 4.0 14726 4.0 5787.149 620.3 -0.1
5787.559  3.6142° 5.0 14726 4.0 5787.531 422.0 -0.3
5788.389  2.5288 4.0 03875 5.0 5788.381" 3119.5 1.2 -1.2
5790.916  2.2410 2.0 0.1007 2.0 5790.905" 4219 25 -24
5793.167  3.9452° 3.0 1.8057 4.0 5793.189 68.5 -0.6
5794329  3.8182° 2.0 1.6790 3.0 5794.322 36.0 -1.1
5800.528  3.7604° 7.0 1.6236 6.0 5800.497 1908.6 0.6
5801.245  3.8156° 4.0 1.6790 3.0 5801.223 546.1 0.1
5802.823 2.4178 3.0 0.2818 4.0 5802.813" 5364.8 1.1 -1.1
5806.215  3.8956° 4.0 1.7609 5.0 5806.248 234 -1.1
5806.765  3.7581° 6.0 1.6236 6.0 5806.744 406.7 -0.1
5810.366  3.6762° 4.0 1.5430 5.0 5810.346°¢ 55.7 -1.1
5814.876  3.6041 5.0 14726 4.0 5814.860" 1433.9 02 -0.1
5816.339  3.5004° 1.0 1.3694 2.0 5816.328 390.6 -0.5
5818.319  3.7539° 7.0 1.6236 6.0 5818.296 436.1 -0.1
5822.569  2.1650° 2.0 0.0363 1.0 5822.605 482.8 2.7 -2.6
5823.980  3.6548° 2.0 1.5266 2.0 5823.969 162.0 -0.7
5827.599  3.9360° 9.0 1.8091 8.0 5827.593 132.7 -0.3
5830.491 3.5984° 5.0 14726 4.0 5830.490 770.0 -0.1
5833.386  3.9058° 1.0 1.7810 2.0 5833.3840¢ 96.3 -0.5
5833.407  3.7484° 5.0 1.6236 6.0 5833.384%¢ 98.4 -0.9 -0.7
5836.605  3.8664° 3.0 1.7428 3.0 5836.580 144.6 -0.4
5838.067  3.4622° 0.0 1.3391 1.0 5838.037 28.7 -1.7
5839.288  3.5952° 3.0 1.4726 4.0 5839.241 49.2 -1.3
5839.506  3.8834° 4.0 1.7609 5.0 5839.544" 148.1 -0.3
5839.544  3.4919° 3.0 1.3694 2.0 5839.544" 145.2 -1.0
5839.844  3.4616° 2.0 1.3391 1.0 5839.858 508.3 -0.5
5843.769  3.9301° 8.0 1.8091 8.0 5843.753 440.5 0.2
5844.849  4.1483° 4.0 2.0277 4.0 5844.868 68.1 -0.2
5845.837  3.9259° 4.0 1.8057 4.0 5845.846¢ 66.4 -0.6
5857.122  3.9581° 5.0 1.8419 5.0 5857.079 159.5 -0.2
5860.453  3.5292° 4.0 14142 3.0 5860.410 1350.8 0.1
5860.765  2.5024° 5.0 03875 5.0 5860.762 155.4 25
5861.404  3.8695° 5.0 1.7549 4.0 5861.371 35.5 -1.0
5864.499  3.9175° 3.0 1.8040 2.0 5864.485¢ 164.2 -0.2
5867.428  3.5266° 2.0 14142 3.0 5867.386 163.9 -0.9
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5867.777  2.4998 4.0 0.3875 5.0 5867.768" 5542.6 -1.0 -1.2
5868.611 2.6105 6.0 04985 6.0 5868.607" 4180.6 09 -11
5870.298  3.6544° 5.0 1.5430 5.0 5870.316 109.5 -0.8
5871.052  2.4986 5.0 03875 5.0 5871.043" 3849.7 -1.1 -1.3
5874.199 2.2107° 3.0 0.1007 2.0 5874.191Y 4062.4 -1.6
5874.227  3.5242° 4.0 14142 3.0 5874.191° 4061.4 0.5
5875.079  3.7888° 3.0 1.6790 3.0 5875.077 200.9 -0.3
5875.905  2.2941° 4.0 0.1847 3.0 5875.911¢ 1294.6 -1.9
5886.097  3.9556° 4.0 1.8499 3.0 5886.065¢ 62.7 -0.6
5888.253  3.5776° 3.0 14726 4.0 5888.235 105.8 -1.0
5891.407  3.6304° 3.0 1.5266 2.0 5891.424 919.1 0.1
5896.296  3.8149° 7.0 1.7128 7.0 5896.283¢ 440.8 0.0
5896.835  3.8628° 4.0 1.7609 5.0 5896.812 80.0 -0.6
5898.958  3.4705° 3.0 1.3694 2.0 5898.964 1620.4 0.1
5899.752  3.9709° 5.0 1.8700 6.0 5899.758 49.2 -0.7
5900.709  3.9096° 8.0 1.8091 8.0 5900.711 108.2 -0.4
5905.575  3.6915° 3.0 1.5927 3.0 5905.584 39.8 -1.2
5906.069  2.2833 2.0 0.1847 3.0 5906.064" 1860.2 -1.8 -1.8
5909.043  2.3794 4.0 02818 4.0 5909.038" 2676.5 -1.5 -16
5912.617 3.4354° 2.0 1.3391 1.0 5912.622 1022.5 -0.2
5914.908 2.3773° 4.0 0.2818 4.0 5914.910 670.7 -2.1
5916.371 2.1312 2.0 0.0363 1.0 5916.366" 4460.6 -1.7  -18
5921.000  3.6861° 4.0 1.5927 3.0 5920.990 1097.0 0.2
5921.295  3.8060° 8.0 1.7128 7.0 5921.259 192.5 -0.3
5923.319  3.9625° 7.0 1.8700 6.0 5923.316 1056.1 0.7
5924.214  3.4616° 2.0 1.3694 2.0 5924.186 313.9 -0.7
5924.674  3.7606° 5.0 1.6686 4.0 5924.647 609.7 0.1
5925.882  3.8465° 5.0 1.7549 4.0 5925.928" 145.3 -04
5925.952  3.4307° 2.0 1.3391 1.0 5925.927° 154.8 -1.0
5927.871 2.4784° 4.0 03875 5.0 5927.870 428.5 -2.5 2.1
5932.148  3.7130° 7.0 1.6236 6.0 5932.151 618.1 0.0
5935.100  3.8493° 5.0 1.7609 5.0 5935.093 97.1 -0.5
5935.579  3.6148° 2.0 1.5266 2.0 5935.544 177.1 -0.7
5936.918  2.2724° 3.0 0.1847 3.0 5936.885¢ 39.6 -3.5
5938.844  3.7107° 6.0 1.6236 6.0 5938.838 640.7 0.1
5942.314  3.9975° 8.0 19116 9.0 5942.299 623.4 0.5
5942985  3.8465° 5.0 1.7609 5.0 5942.982 261.4 -0.1
5946.361 3.8453° 6.0 1.7609 5.0 5946.346 655.7 0.3
5947.465  3.9259° 4.0 1.8419 5.0 5947.428 109.1 -0.4
5949.117 3.6762° 4.0 1.5927 3.0 5949.112 244.3 -0.4
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5950.183  3.8871° 3.0 1.8040 2.0 5950.168 87.6 -0.5
5953.280  3.6747° 2.0 1.5927 3.0 5953.286¢ 30.3 -1.3
5956.799  3.9508° 6.0 1.8700 6.0 5956.751 382.8 0.2
5958.191 3.8859° 3.0 1.8057 4.0 5958.204" 153.6 -0.3
5958.198  3.7593° 3.0 1.6790 3.0 5958.204" 153.6 -0.5
5960.080  3.4490° 3.0 1.3694 2.0 5960.094 739.9 -0.3
5963.020  3.6216° 4.0 15430 5.0 5963.052° 45.0 -1.2
5963.052  4.0033° 4.0 19248 3.0 5963.052" 43.9 -0.6
5963.931 4.0173° 1.0 1.9390 1.0 5963.930" 232.2 0.1
5963.970  3.9483° 6.0 1.8700 6.0 5963.930" 229.6 -0.0
5966.971 3.7900° 7.0 1.7128 7.0 5966.957 117.0 -0.6
5969.476  3.7734° 2.0 1.6970 2.0 5969.488" 404.3 -0.0
5969.501 3.4155° 1.0 1.3391 1.0 5969.488" 414.1 -0.6
5978.046  4.0096° 5.0 19363 6.0 5978.040 203.3 0.0
5979.391 2.2576 3.0 0.1847 3.0 5979.379" 4060.3 -1.5 -1.7
5981.996  3.9139° 5.0 1.8419 5.0 5982.006 248.7 -0.0
5983.653  3.5440° 3.0 14726 4.0 5983.623" 156.6 -0.8
5983.653  3.6950° 6.0 1.6236 6.0 5983.623" 156.6 -0.9 -0.6
5983.890  3.6143° 4.0 1.5430 5.0 5983.882 155.0 -0.7
5984.287  3.6142° 5.0 1.5430 5.0 5984.292 771.1 -0.0
5985.480  3.7734° 2.0 1.7026 1.0 5985.490 50.4 -0.9
5986.143 3.7281° 1.0 1.6575 1.0 5986.141 30.8 -1.2
5989.680  2.0693° 1.0 0.0000 0.0 5989.696 1823.9 -2.1
5995.103  2.3493 3.0 02818 4.0 5995.091" 12124 -19 -18
5996.060  3.6851° 2.0 1.6180 2.0 5996.042 280.7 -0.3
5996.909  3.8725° 4.0 1.8057 4.0 5996.934 77.4 -0.6
5998.118  3.7350° 3.0 1.6686 4.0 5998.078 94.4 -0.7
6001.985  3.5377° 5.0 14726 4.0 6001.945 568.3 -0.3
6004.211 2.1650 2.0 0.1007 2.0 6004.203" 3208.7 -1.7  -19
6005.198  3.9059° 6.0 1.8419 5.0 6005.163 141.9 -0.3
6009.866  3.8664° 3.0 1.8040 2.0 6009.896" 276.2 -0.0
6009.898  3.6551° 4.0 1.5927 3.0 6009.896" 287.0 04
6010.805  3.6548° 2.0 1.5927 3.0 6010.793¢ 141.0 -0.7
6011.271 3.7305° 5.0 1.6686 4.0 6011.231 216.2 -0.4
6012.848  3.4307° 2.0 1.3694 2.0 6012.856 39.6 -1.6
6016.803  3.8691° 7.0 1.8091 8.0 6016.800°¢ 266.7 -0.1
6019.187  4.0173° 1.0 1.9581 0.0 6019.179 168.0 -0.0
6022.077  3.9830° 4.0 19248 3.0 6022.060 23.8 -0.9
6027.167 2.4440° 6.0 0.3875 5.0 6027.166 1624.6 -1.6
6027.468  2.2410° 2.0 0.1847 3.0 6027.516" 519.8 -2.6 24
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6027.483  3.7354° 2.0 1.6790 3.0 6027.516" 516.8 0.0
6032.458  2.5531° 6.0 04985 6.0 6032.456 113.6 25
6034.407  4.0172° 2.0 19632 3.0 6034.390 9.6 -1.3
6035.580  3.7506° 3.0 1.6970 2.0 6035.548 150.9 -0.5
6040.364 3.7490° 1.0 1.6970 2.0 6040.328 17.9 -14
6041.426  3.5242° 4.0 14726 4.0 6041.388°¢ 729.0 -0.2
6042.829  3.8628° 4.0 1.8117 3.0 6042.816 157.7 -0.3
6043.307  3.5776° 3.0 1.5266 2.0 6043.329°¢ 84.6 -1.0
6045.387  3.3894 2.0 1.3391 1.0 6045.379" 739.3 04 -05
6047.467  3.6732° 7.0 1.6236 6.0 6047.470 83.6 -0.9
6050.311 3.5212° 4.0 14726 4.0 6050.284 63.0 -1.2
6057.687  3.4155° 1.0 1.3694 2.0 6057.675 211.8 -0.9
6059.894  3.7581° 6.0 1.7128 7.0 6059.872 161.1 -0.4
6066.683  3.7979° 5.0 1.7549 4.0 6066.652 484 -0.9
6067.423 4.0705° 5.0 2.0277 4.0 6067.398°¢ 163.3 0.1
6070.073  2.2266 4.0 0.1847 3.0 6070.069" 4093.3 -1.5 -15
6080.487  3.7512° 6.0 1.7128 7.0 6080.481 58.1 -0.9
6082.655  3.6304° 3.0 1.5927 3.0 6082.672 523.1 -0.1
6084.609  3.7979° 5.0 1.7609 5.0 6084.609 51.6 -0.9
6088.118  3.9059° 6.0 1.8700 6.0 6088.096 128.3 -0.3
6088.619  3.5787° 6.0 15430 5.0 6088.622 384.0 -0.3
6089.301 3.9987° 3.0 19632 3.0 6089.298 62.8 -0.5
6089.654  3.7962° 4.0 1.7609 5.0 6089.648 157.4 -0.4
6091.398  3.4490° 3.0 14142 3.0 6091.389 688.8 -0.3
6091.914  3.9709° 5.0 19363 6.0 6091.950 104.1 -0.3
6092.938 3.5773° 4.0 15430 5.0 6092.926 124.7 -0.8
6099.905  2.0682° 2.0 0.0363 1.0 6099.906 1809.9 2.1
6101.957  3.7921° 6.0 1.7609 5.0 6101.962 57.0 -0.8
6103.395  3.6544° 5.0 1.6236 6.0 6103.388 214.7 -0.5
6104.420  3.4446° 4.0 14142 3.0 6104.381 2441 -0.8
6105.359  3.7327° 1.0 1.7026 1.0 6105.356 38.5 -1.1
6112.971 3.8695° 5.0 1.8419 5.0 6112.943 154.8 -0.3
6122.747  3.9360° 9.0 19116 9.0 6122.740°¢ 351.0 0.2
6126.326  3.8651° 6.0 1.8419 5.0 6126.315 330.7 0.1
6127.017  3.6915° 3.0 1.6686 4.0 6126.993 303.1 -0.3
6130.643  3.5647° 4.0 15430 5.0 6130.603 233.4 -0.6
6131.158  3.6143° 4.0 1.5927 3.0 6131.153 185.8 -0.6
6132.181 3.4354° 2.0 1.4142 3.0 6132.159 93.9 -1.2
6133.196  3.8628° 4.0 1.8419 5.0 6133.231¢ 119.6 -04
6133.230  3.5475° 1.0 1.5266 2.0 6133.231¢ 130.3 -0.9
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6135.858  3.3894 2.0 1.3694 2.0 6135.834" 413.8 06 -07
6159.573  2.2941° 4.0 02818 4.0 6159.583 1580.2 -1.8
6165.822 3.7711° 5.0 1.7609 5.0 6165.841 327.8 -0.1
6173.083  3.7506° 3.0 1.7428 3.0 6173.119¢ 106.3 -0.6
6173.163  3.6006° 2.0 1.5927 3.0 6173.119¢ 140.2 -0.7
6173.899  3.6762° 4.0 1.6686 4.0 6173.949" 557.7 -0.0
6173.948  3.5342° 3.0 1.5266 2.0 6173.949" 552.2 -0.2
6174.451 2.5059° 7.0 04985 6.0 6174.471 1486.4 -1.5
6177.439  3.5330° 2.0 1.5266 2.0 6177.457 174.7 -0.7
6178.664  3.6851° 2.0 1.6790 3.0 6178.670 44.4 -1.1
6179.409  3.8149° 7.0 1.8091 8.0 6179.403 375.7 0.0
6192.680  3.6701° 5.0 1.6686 4.0 6192.635°¢ 73.0 -0.9
6194.391 2.3884° 5.0 03875 5.0 6194.402 1339.5 -1.7
6195.205  3.6582° 2.0 1.6575 1.0 6195.190¢ 37.9 -1.2
6196.576  3.7130° 7.0 1.7128 7.0 6196.572 70.7 -0.8
6198.363  2.3872° 6.0 03875 5.0 6198.378 703.4 -2.0
6200.112  3.8691° 7.0 1.8700 6.0 6200.075 69.9 -0.6
6201.142  3.3681° 3.0 1.3694 2.0 6201.124 197.8 -1.0
6202.570  3.8312° 2.0 1.8329 2.0 6202.554°¢ 17.8 -1.3
6203.882  3.7107° 6.0 1.7128 7.0 6203.869 309.5 -0.2
6206.224  3.6762° 4.0 1.6790 3.0 6206.222 106.9 -0.7
6207.130  3.6759° 3.0 1.6790 3.0 6207.114 282.0 -0.3
6210.754  3.6747° 2.0 1.6790 3.0 6210.735 170.1 -0.5
6222.533 2.3794° 4.0 0.3875 5.0 6222.547 392.4 2.4 2.2
6223.653  3.6601° 4.0 1.6686 4.0 6223.628 105.0 -0.8
6226.711 3.6142° 5.0 1.6236 6.0 6226.710 295.7 -04
6229.047 2.3773° 4.0 0.3875 5.0 6229.052 106.8 2.8
6229.819  4.1308° 8.0 21413 8.0 6229.798 27.2 -0.6
6231.672  3.8388° 3.0 1.8499 3.0 6231.691 37.8 -0.9
6232.126  3.7245 2.0 1.7357° 1.0 6232.142 35.2 -1.1
6232.678  3.8215° 2.0 1.8329 2.0 6232.662 75.3 -0.6
6234944  3.7690° 2.0 1.7810 2.0 6234.946 64.8 -0.8
6236.270  3.7484° 5.0 1.7609 5.0 6236.234°¢ 42.6 -1.2 -1.0
6238.337  3.8569° 6.0 1.8700 6.0 6238.298 427.7 0.2
6240.490  3.5292° 4.0 1.5430 5.0 6240.490 103.6 -1.0
6242.388  2.1702° 4.0 0.1847 3.0 6242.403" 806.9 2.3
6242.392  3.6646° 4.0 1.6790 3.0 6242.403" 806.9 0.1
6248.115  3.3979° 4.0 14142 3.0 6248.104 379.8 -0.6
6251.687  3.6006° 2.0 1.6180 2.0 6251.661°¢ 129.4 -0.8
6256.111 3.5242° 4.0 15430 5.0 6256.114 105.6 -1.0



APPENDIX A. TABLES OF SPECTRAL LINES 231
Continued from previous page
)\Roitz Eup Jup Elow Jiow /\00 I loggf
[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
6256.503  3.6601° 4.0 1.6790 3.0 6256.543b¢ 80.9 -0.9
6256.565  3.9592° 2.0 1.9781 2.0 6256.5430¢ 86.1 -0.3
6257.940  3.4532° 5.0 14726 4.0 6257.919 163.8 -0.9
6262.519  3.6582° 2.0 1.6790 3.0 6262.522 70.5 -0.9
6271.079  3.8465° 5.0 1.8700 6.0 6271.043¢ 95.3 -0.5
6275.086  3.6880° 6.0 1.7128 7.0 6275.077 118.6 -0.6
6285.182  3.4446° 4.0 1.4726 4.0 6285.147° 112.3 -1.1
6285.186  3.9997° 5.0 2.0277 4.0 6285.147° 112.3 -0.2
6288.222  3.5638° 3.0 1.5927 3.0 6288.249°¢ 20.0 -1.6
6290.754  3.5883° 3.0 1.6180 2.0 6290.740 64.4 -1.1
6292916  3.5126° 5.0 15430 5.0 6292.940° 414.8 -0.4
6292944  3.7305° 5.0 1.7609 5.0 6292.940° 414.1 -0.0
6292.960  3.9059° 6.0 19363 6.0 6292.940° 416.2 0.3
6295.948  2.0693° 1.0 0.1007 2.0 6295.944 281.8 29
6301.865  3.7785° 3.0 1.8117 3.0 6301.853% 256.8 -0.2
6301.869  3.5848° 1.0 1.6180 2.0 6301.853" 255.3 -0.5
6310.290  3.9919° 5.0 2.0277 4.0 6310.309 65.5 -04
6311.549  3.8886° 4.0 19248 3.0 6311.567° 68.2 -0.6
6311.605  3.8131 3.0 1.8493° 3.0 6311.567° 69.9 -0.7
6317.831 1.9981° 2.0 0.0363 1.0 6317.821° 95.3 -35
6317.839  3.6304° 3.0 1.6686 4.0 6317.821° 95.3 -0.8
6322.514  3.6732° 7.0 1.7128 7.0 6322.520 306.4 -0.2
6338.007  3.7613° 4.0 1.8057 4.0 6337.962 78.9 -0.7
6338.899  3.7593° 3.0 1.8040 2.0 6338.900 34.2 -1.1
6339.747  3.5787° 6.0 1.6236 6.0 6339.746 145.5 -0.7
6343.327  3.7350° 3.0 1.7810 2.0 6343.377° 58.2 -0.9
6343.424  3.3681° 3.0 14142 3.0 6343.377° 58.7 -1.5
6345912  3.7860° 2.0 1.8329 2.0 6345.899°¢ 59.4 -0.8
6346.508  3.4796° 2.0 1.5266 2.0 6346.536" 45.0 -14
6346.537  3.6216° 4.0 1.6686 4.0 6346.536" 46.6 -1.1
6355.401 3.7921° 6.0 1.8419 5.0 6355.351 267.8 -0.1
6363.151 3.8595° 8.0 19116 9.0 6363.159°¢ 36.6 -0.9
6367.403  2.1313° 2.0 0.1847 3.0 6367.413 1744.4 2.2 -2.0
6371.014  2.4440° 6.0 04985 6.0 6371.015°¢ 550.1 -2.0
6373.492  2.3322° 5.0 03875 5.0 6373.498 163.7 2.7
6378.107  3.6861° 4.0 1.7428 3.0 6378.067 67.9 -0.9
6411.411 3.8695° 5.0 19363 6.0 6411.414 179.8 -0.1
6424.233  3.7350° 3.0 1.8057 4.0 6424.234 31.0 -1.1
6425905  2.2107° 3.0 0.2818 4.0 6425.907 815.6 2.2
6426.644  3.7785° 3.0 1.8499 3.0 6426.640°¢ 73.8 -0.7
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6428.955  3.9556° 4.0 20277 40  6428.941° 286.1 0.2
6428979  3.7979° 5.0 1.8700 6.0  6428.941° 287.3 -0.1
6433.365  3.5952° 3.0 1.6686 4.0  6433.312 34.9 -1.3
6433.957  3.7593° 3.0 1.8329 2.0  6433.958 147.5 -04
6435291  3.5440° 3.0 16180 2.0  6435.301° 302.1 -04
6437.619  3.3979° 4.0 14726 40  6437.617 2114 -0.8
6438.138  3.6861° 4.0 1.7609 5.0  6438.139 16.0 -1.5
6439.324  3.7305° 5.0 1.8057 4.0  6439.317¢ 48.3 -0.9
6439.610  3.8979° 2.0 19731 1.0  6439.640 11.9 -1.3
6442.054  3.6789° 4.0 1.7549 4.0 6442.070° 586.1 0.1
6447.567  3.4490° 3.0 15266 2.0  6447.545° 29.2 -1.6
6448.054  3.5459° 6.0 1.6236 6.0  6448.047 101.6 -0.9
6450.450  3.6006° 2.0 1.6790 3.0  6450.441 95.9 -0.8
6459.311  3.8920° 1.0 19731 1.0  6459.340° 160.4 -0.1
6459.357  3.7889° 5.0 1.8700 6.0  6459.340 160.0 -0.3
6459.374  3.7889° 6.0 1.8700 6.0  6459.340° 157.8 -0.3
6461.127  3.9508° 6.0 2.0324 7.0  6461.121 35.7 -0.7
6463.069  3.6148° 2.0 1.6970 2.0  6463.100 19.9 -1.5
6463.136  3.6203° 2.0 17026 1.0  6463.099” 21.2 -1.5
6463.144  3.7506° 3.0 1.8329 2.0  6463.099" 21.2 -1.3
6464.407  3.6601° 4.0 1.7428 3.0  6464.388 21.2 -1.4
6468.330  3.5342° 3.0 16180 2.0 6468316 76.2 -1.0
6471.629  3.6701° 5.0 17549 4.0  6471.583¢ 393.0 -0.1
6479.238  3.8493° 5.0 19363 6.0  6479.231 62.0 -0.6
6483.394  3.2509° 2.0 1.3391 1.0 6483.371 141.3 -1.2
6492.033  3.6701° 5.0 1.7609 50  6492.039" 129.1 -0.6
6492.050  2.0099° 3.0 0.1007 2.0  6492.039 136.3 -3.2
6492.050  3.5883° 3.0 1.6790 3.0  6492.039 136.3 -0.7
6494517  3.2778° 1.0 1.3694 2.0 6494517 50.3 -1.6
6500.987  2.2941° 4.0 03875 5.0  6501.001 447.6 2.3
6514.658  3.3168° 4.0 14142 3.0  6514.639° 61.4 -1.5
6516.157  3.7350° 3.0 1.8329 2.0  6516.176 100.3 -0.6
6526.081  3.6601° 4.0 1.7609 5.0  6526.087 38.7 -1.1
6528.011 2.1805° 5.0 02818 4.0 6528.019 2653.1 -1.7
6528966  3.8232° 3.0 19248 3.0  6528.970 69.1 -0.6
6529.683  3.5773° 4.0 1.6790 3.0  6529.691° 438.1 -0.2
6529.712  3.5952° 3.0 1.6970 2.0  6529.691° 445.8 -0.2
6536.826  1.9324° 0.0 0.0363 1.0  6536.826 632.9 -2.7
6537.591  3.7016° 4.0 1.8057 4.0  6537.597 42.0 -1.0
6540.747  3.7378 2.0 1.8428° 1.0  6540.716 28.1 -11
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6544.948 1.9301° 2.0 0.0363 1.0 6544.957 900.2 25
6549.472  3.8172° 3.0 19248 3.0 6549.503 16.7 -1.2
6551.807  2.0765° 3.0 0.1847 3.0 6551.807 1702.6 -2.0
6556.456  3.8131 3.0 1.9226° 3.0 6556.450 37.2 -0.9
6556.495  3.7604° 7.0 1.8700 6.0 6556.450 37.9 -1.0
6558.159  2.3884° 5.0 04985 6.0 6558.184 130.8 -2.6
6562.611 2.3872° 6.0 04985 6.0 6562.635 307.2 2.3
6563.511 2.1702° 4.0 0.2818 4.0 6563.525 1136.0 -2.0
6566.356  2.2751° 5.0 03875 5.0 6566.357 902.2 -2.0
6567.521 3.2566° 3.0 1.3694 2.0 6567.482 35.0 -1.8
6573.001 3.4287° 5.0 15430 5.0 6572.992¢ 187.0 -0.8
6573.005  3.5647° 4.0 1.6790 3.0 6572.9920 187.0 -0.6
6579.234  3.7539° 7.0 1.8700 6.0 6579.264°¢ 62.3 -0.8
6580.512  2.0682° 2.0 0.1847 3.0 6580.505 1086.8 2.2
6587.463  3.8131 3.0 1.9315° 4.0 6587.484°¢ 132.2 -0.3
6588.326  3.6203° 2.0 1.7390 1.0 6588.359" 188.3 -0.5
6588.400  3.4992° 3.0 1.6180 2.0 6588.359" 192.9 -0.7
6588.904  2.2686° 6.0 03875 5.0 6588.901 4032.8 -1.3
6590.133  3.6236° 3.0 1.7428 3.0 6590.161° 114.2 -0.7
6590.203  3.2501° 3.0 1.3694 2.0 6590.161° 119.1 -1.3
6593.028  3.9064 4.0 2.0264° 5.0 6592.985 58.6 -0.5
6603.514  4.0087 5.0 2.1317° 6.0 6603.496 72.9 -0.3
6612.560  3.6861° 4.0 1.8117 3.0 6612.564 44.2 -1.0
6613.006  3.8324° 1.0 1.9581 0.0 6612.963 11.5 -1.4
6616.731 3.6789° 4.0 1.8057 4.0 6616.768 54.7 -0.9
6626.916  3.3969° 2.0 1.5266 2.0 6626.937" 59.9 -1.3
6626.938  3.8485° 1.0 1.9781 2.0 6626.937° 59.9 -0.6
6627.799 4.1165 6.0 2.2464° 7.0 6627.776° 28.3 -0.5
6638.022  3.6789° 4.0 1.8117 3.0 6638.005 7.7 -1.8
6643.893  3.5342° 3.0 1.6686 4.0 6643.883 41.7 -1.3
6648.095  3.6001 2.0 1.7357° 1.0 6648.099 114.3 -0.7
6661.327  3.6216° 4.0 1.7609 5.0 6661.342 108.7 -0.7
6686.307  3.7785° 3.0 19248 3.0 6686.3340 524 -0.8
6686.343  3.7900° 7.0 19363 6.0 6686.3340 53.6 -0.7
6688.835  3.8312° 2.0 1.9781 2.0 6688.817 72.9 -0.5
6696.864  3.6548° 2.0 1.8040 2.0 6696.839 62.9 -0.9
6700.990  3.8129° 3.0 19632 3.0 6700.975 13.9 -1.3
6703.609  4.0378 7.0 2.1888° 6.0 6703.608 396.3 0.5
6704.230  3.5593 1.0 1.7105° 0.0 6704.221 128.4 -0.7
6705.511 3.8215° 2.0 1.9731 1.0 6705.545 29.2 -1.0
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6721.566  3.5126° 5.0 1.6686 4.0 6721.587 64.3 -1.1
6724.726  3.9334 6.0 2.0902° 5.0 6724.709 434.1 04
6725.875 1.8428° 1.0 0.0000 0.0 6725.8840 3556.5 -2.0
6725.930  3.5004° 1.0 1.6575 1.0 6725.8840 3549.5 0.6
6739.496  2.2266° 4.0 0.3875 5.0 6739.523 21.5 -3.6 -3.6
6743.633  3.4307° 2.0 1.5927 3.0 6743.609¢ 28.9 -1.6
6746.700 3.5342° 3.0 1.6970 2.0 6746.648 43.8 -1.2
6748.344  3.2509° 2.0 14142 3.0 6748.3810 52.1 -1.6
6748.376  3.8691° 7.0 2.0324 7.0 6748.381° 52.6 -0.6
6754.851 3.8349 5.0 2.0000° 4.0 6754.837 157.3 -0.2
6757.084  3.7734° 2.0 1.9390 1.0 6757.095°¢ 7.1 -1.6
6758.358  3.6768 1.0 1.8428° 1.0 6758.324 41.9 -1.0
6759.231 3.6148° 2.0 1.7810 2.0 6759.2310 223.2 -0.4
6759.249  3.8337 5.0 2.0000° 4.0 6759.231¢ 223.2 -0.0
6759.254  2.3322° 5.0 04985 6.0 6759.231° 223.2 -25
6761.690  3.5459° 6.0 1.7128 7.0 6761.669 35.8 -1.3
6771.345  3.5330° 2.0 1.7026 1.0 6771.346" 61.6 -1.1
6771.363  3.1998° 2.0 1.3694 2.0 6771.346" 61.6 -1.6
6775.310 1.9301° 2.0 0.1007 2.0 6775.310 963.7 -25
6779.164 1.8646° 2.0 0.0363 1.0 6779.178 2467.3 2.2
6788.366  3.7506° 3.0 19248 3.0 6788.353 5.2 -1.8
6790.879  2.0099° 3.0 0.1847 3.0 6790.879 1064.2 2.3
6796.821 3.5593 1.0 1.7357° 1.0 6796.802 280.2 -04
6799.581 3.7860° 2.0 19632 3.0 6799.586 28.5 -1.0
6801.330  3.5773° 4.0 1.7549 4.0 6801.315 22.8 -1.4
6802.959 1.9226° 3.0 0.1007 2.0 6802.962 1466.6 2.3
6805.599  3.9625° 7.0 21413 8.0 6805.567 31.7 -0.7
6807.550  3.6036 2.0 1.7829° 2.0 6807.498 125.1 -0.7
6808.305  3.7431 4.0 1.9226° 3.0 6808.287°¢ 321.9 -0.0
6809.238  3.5004° 1.0 1.6801 0.0 6809.226 30.7 -1.4
6814.826  3.6304° 3.0 1.8117 3.0 6814.855 54.0 -1.0
6816.175  3.7547 5.0 19363 6.0 6816.183" 126.1 -04 -0.6
6820.913  3.6001 2.0 1.7829° 2.0 6820.891°¢ 244.2 -0.4
6821.913  3.8446° 4.0 2.0277 4.0 6821.894 115.5 -0.3
6827.793  2.0000° 4.0 0.1847 3.0 6827.806 978.3 2.3
6829.206  3.7512° 6.0 19363 6.0 6829.193% 54.9 -0.8
6829.248  3.8131 3.0 1.9981° 2.0 6829.193% 56.4 -0.7
6830.569  3.6639 3.0 1.8493° 3.0 6830.516 360.4 -0.1
6832.156  3.5952° 3.0 1.7810 2.0 6832.111 16.8 -1.5
6837.132  3.4919° 3.0 1.6790 3.0 6837.164 108.1 -0.9
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6838.367  3.6544° 5.0 1.8419 5.0 6838.316°¢ 268.9 -0.2
6839.214  3.9064 4.0 2.0941° 4.0 6839.228" 472.3 0.4
6839.228  2.0941° 4.0 02818 4.0 6839.228" 476.3 25
6841.746  3.7431 4.0 1.9315° 4.0 6841.736 385.3 0.1
6843.455  3.8388° 3.0 2.0277 4.0 6843.508 5.9 -1.6
6846.816  3.6601° 4.0 1.8499 3.0 6846.840" 34.7 -1.1
6846.872  3.7350° 3.0 19248 3.0 6846.840° 34.3 -1.0
6851.795  3.5638° 3.0 1.7549 4.0 6851.793 13.7 -1.7
6852.927  3.6143° 4.0 1.8057 4.0 6852.907 17.1 -1.5
6853.895  2.0902° 5.0 02818 4.0 6853.918 1032.5 2.2
6858.126  3.8337 5.0 2.0264° 5.0 6858.098" 232.8 -0.0
6858.136  3.4253° 2.0 1.6180 2.0 6858.098" 237.4 -0.6
6860.927 1.8428° 1.0 0.0363 1.0 6860.928 3810.6 -2.0
6864.088  3.8739 2.0 2.0682° 2.0 6864.057¢ 14.7 -1.1
6867.110  3.5177° 8.0 1.7128 7.0 6867.101°¢ 280.1 -0.4
6868.143  3.4622° 0.0 1.6575 1.0 6868.126°¢ 17.3 -1.7
6873.162  3.5004° 1.0 1.6970 2.0 6873.115 42.4 -1.3
6873.715  3.8131 3.0 2.0099° 3.0 6873.686° 87.8 -0.5
6879.481 3.9334 6.0 2.1317° 6.0 6879.488 271.7 0.2
6880.850  2.1888° 6.0 03875 5.0 6880.859 452.4 2.4
6883.446  3.6425° 6.0 1.8419 5.0 6883.425 54.4 -0.9
6888.820  3.6639 3.0 1.8646° 2.0 6888.785 230.4 -0.3
6895.491 3.4155° 1.0 1.6180 2.0 6895.525 22.5 -1.7
6903.176  3.8232° 3.0 2.0277 4.0 6903.185 12.1 -1.3
6905.589  3.4919° 3.0 1.6970 2.0 6905.585 13.2 -1.8
6906.219  3.9360° 9.0 21413 8.0 6906.224 334.7 0.3
6908.887  3.5330° 2.0 1.7390 1.0 6908.931 7.3 -2.0
6912.766  2.1805° 5.0 03875 5.0 6912.781°¢ 197.4 2.7
6919.033  4.0378 7.0 2.2464° 7.0 6919.024 82.5 -0.1
6921.764  3.6236° 3.0 1.8329 2.0 6921.757 18.3 -1.4
6938.386  3.5292° 4.0 1.7428 3.0 6938.353 18.2 -1.6
6946.606  4.1165 6.0 2.3322° 5.0 6946.5820 22.6 -0.5
6946.630  3.5883° 3.0 1.8040 2.0 6946.5820 21.1 -1.4
6949.435  3.5952° 3.0 1.8117 3.0 6949.441°¢ 50.1 -1.0
6952.311 3.5377° 5.0 1.7549 4.0 6952.343°¢ 23.8 -1.5
6953.602  3.8149° 7.0 2.0324 7.0 6953.607 84.8 -0.5
6955.218  4.0087 5.0 2.2266° 4.0 6955.185 95.4 -0.1
6957.701 3.5242° 4.0 1.7428 3.0 6957.660 26.1 -14
6958.713  3.7593° 3.0 1.9781 2.0 6958.728 10.6 -14
6960.981 3.6304° 3.0 1.8499 3.0 6960.989 23.1 -1.3
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6972.185  3.5588° 1.0 1.7810 2.0 6972.135 24.3 -14
6973.839  3.8050° 5.0 2.0277 4.0 6973.841 27.6 -1.0
6975.649  3.3198° 5.0 1.5430 5.0 6975.610 32.6 -2.0 -1.7
6975.990  3.7130° 7.0 19363 6.0 6975.998 74.8 -0.7
6977.563  3.5593 1.0 1.7829° 2.0 6977.525 69.2 -0.9
6985.251 3.7107° 6.0 19363 6.0 6985.249 55.2 -0.8
6985.705  3.5292° 4.0 1.7549 4.0 6985.666 74.1 -1.0
6988.396  3.8060° 8.0 2.0324 7.0 6988.362 238.5 -0.0
6990.101 3.4307° 2.0 1.6575 1.0 6990.090°¢ 143.0 -0.8
6992.869  3.7506° 3.0 1.9781 2.0 6992.855 34.8 -0.9
6995413  3.7350° 3.0 1.9632 3.0 6995.366 52.9 -0.8
6996.975  3.3894° 2.0 1.6180 2.0 6996.954¢ 31.6 -1.7 -1.6
7000.787  3.6203° 2.0 1.8499 3.0 7000.780 28.5 -1.2
7001.552  3.7979° 5.0 2.0277 4.0 7001.550 14.7 -1.2
7002954  3.4490° 3.0 1.6790 3.0 7003.012 19.8 -1.7
7006.041 4.0378 7.0 2.2686° 6.0 7006.053 31.0 -0.5
7008.443  3.9064 4.0 2.1379° 3.0 7008.402 54.8 -0.5
7009.136  3.9096° 8.0 21413 8.0 7009.148 34.1 -0.7
7011.722  3.4253° 2.0 1.6575 1.0 7011.728° 15.4 -1.8
7011.771 3.6006° 2.0 1.8329 2.0 7011.728Y 15.1 -1.5
7015.343  3.6915° 3.0 19248 3.0 7015.371 36.8 -1.0
7016.732  3.5475° 1.0 1.7810 2.0 7016.709 61.7 -1.0
7018.899  3.5776° 3.0 1.8117 3.0 7018.917 40.4 -1.1
7026.620 1.8646° 2.0 0.1007 2.0 7026.618 3226.7 -2.0
7039.236  3.6036 2.0 1.8428° 1.0 7039.185°¢ 163.0 -0.5
7046.480 3.4616° 2.0 1.7026 1.0 7046.429 43.0 -1.3
7053.525  3.6001 2.0 1.8428° 1.0 7053.513 99.9 -0.7
7054969  3.7350° 3.0 1.9781 2.0 7054.985°¢ 28.5 -1.0
7056.537  3.4992° 3.0 1.7428 3.0 7056.546" 266.0 -0.4
7056.552  3.3801° 7.0 1.6236 6.0 7056.546" 266.0 -0.6
7067.392  3.6654° 9.0 19116 9.0 7067.373 154.6 -04
7069.301 3.4923° 0.0 1.7390 1.0 7069.327 27.3 -1.4
7071.066  3.9334 6.0 2.1805° 5.0 7071.063 61.3 -04
7074.654  3.5330° 2.0 1.7810 2.0 7074.663 112.3 -0.8
7075.651 3.6880° 6.0 19363 6.0 7075.621 23.0 -1.2
7079.489  3.6001 2.0 1.8493° 3.0 7079.451 109.4 -0.7
7088.278 1.8493° 3.0 0.1007 2.0 7088.293 5308.2 -1.8
7095.492 1.9315° 4.0 0.1847 3.0 7095.495 5054.5 -1.7
7096.323 1.7829° 2.0 0.0363 1.0 7096.330 3738.5 2.1
7101.440 1.9301° 2.0 0.1847 3.0 7101.449° 385.9 -2.8
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7101485  3.5952° 3.0 1.8499 3.0 7101.449° 388.0 -0.1
7103.574  3.8131 3.0 2.0682° 2.0 7103.579 77.6 -0.5
7104.513  2.0264° 5.0 0.2818 4.0 7104.535°¢ 5403.5 -1.5
7106.235  2.1317° 6.0 03875 5.0 7106.235%  3164.6 -1.6
7106.266  3.6142° 5.0 1.8700 6.0 7106.235%¢  3161.7 0.8
7110562  3.7431 4.0 2.0000° 4.0 7110.532 102.0 -0.5
7114.499 1.8428° 1.0 0.1007 2.0 7114.490 731.0 2.7
7115962  3.6534° 10.0 19116 9.0 7115.963 626.4 0.2
7118.257 3.6639 3.0 1.9226° 3.0 7118.214 148.2 -0.4
7120.022  3.8349 5.0 2.0941° 4.0 7120.040 50.1 -0.6
7123.233  4.0087 5.0 2.2686° 6.0 7123.213 34.2 -0.5
7124.908 3.8337 5.0 2.0941° 4.0 7124.897 30.1 -0.8
7125.838  3.3969° 2.0 1.6575 1.0 7125.838¢ 92.7 -1.1
7125.878  3.9542° 3.0 22148 2.0 7125.8380 73.9 -0.3
7127.321 3.4939° 4.0 1.7549 4.0 7127.377%¢ 40.7 -14 -1.3
7127433  3.6036 2.0 1.8646° 2.0 7127.377%¢ 39.8 -1.1
7131.821 1.9226° 3.0 0.1847 3.0 7131.843 2735.0 -2.0
7136.011 3.6732° 7.0 19363 6.0 7136.018 263.3 -0.2
7136.428  3.4796° 2.0 1.7428 3.0 7136.405° 194.2 -0.6
7136.459 3.5787° 6.0 1.8419 5.0 7136.405Y 189.5 -0.4
7142.082  3.6001 2.0 1.8646° 2.0 7142.063 100.6 -0.7
7148.732 3.6701° 5.0 1.9363 6.0 7148.741b 38.9 -1.0
7148.783  3.6639 3.0 1.9301° 2.0 7148.741° 38.6 -1.0
7151.043 3.7431 4.0 2.0099° 3.0 7151.025 57.3 -0.7
7152.706  3.4354° 2.0 1.7026 1.0 7152.740 36.6 -14
7154.820  3.6639 3.0 1.9315° 4.0 7154.784 229.6 -0.2
7156.193 3.5377° 5.0 1.8057 4.0 7156.189 82.1 -0.9
7163.803  3.5342° 3.0 1.8040 2.0 7163.788 23.2 -14
7191.579  3.5292° 4.0 1.8057 4.0 7191.580 42.5 -1.2
7192.852  3.4622° 0.0 1.7390 1.0 7192.855 13.8 -1.8
7195.099  3.5266° 2.0 1.8040 2.0 7195.096 5.1 2.1
7200.483  3.5330° 2.0 1.8117 3.0 7200.520 79 -1.9
7210.886  3.3979° 4.0 1.6790 3.0 7210.941 298.1 -0.5
7213.831 2.0000° 4.0 0.2818 4.0 7213.844 1868.2 2.0
7220.067  3.7431 4.0 2.0264° 5.0 7220.031 296.0 0.0
7221.173  3.5593 1.0 1.8428° 1.0 7221.135 78.7 -0.8
7228.817  3.5475° 1.0 1.8329 2.0 7228.871b 66.8 -0.9
7228.922  4.0087 5.0 2.2941° 4.0 7228.871¢ 67.4 -0.2
7231.521 3.5638° 3.0 1.8499 3.0 7231.537 5.7 -2.0
7234.399  3.6537 0.0 1.9404° 1.0 7234.370 84.2 -0.7
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7236.122  3.4155° 1.0 1.7026 1.0 7236.114 11.8 -1.9
7254184  3.5177° 8.0 1.8091 8.0 7254.176 29.2 -1.3
7262.732 2.0941° 4.0 0.3875 5.0 7262.746 138.4 -3.0
7266.644  3.6304° 3.0 1.9248 3.0 7266.684 4.1 -2.0
7273993  3.5459° 6.0 1.8419 5.0 7273.934 197.2 -0.5
7277133  3.8349 5.0 2.1317° 6.0 7277.136 160.1 -0.1
7278.839  3.7305° 5.0 2.0277 4.0 7278.846 29.1 -1.0
7279.274  2.0902° 5.0 03875 5.0 7279.302 2290.1 -1.7
7282.238  3.8337 5.0 2.1317° 6.0 7282.243 229.0 0.1
7282.991 3.4446° 4.0 1.7428 3.0 7282.970 44.8 -1.3
7290.182  3.5093° 9.0 1.8091 8.0 7290.240 536.2 -0.1
7293.575 1.7357° 1.0 0.0363 1.0 7293.562 7.9 -4.8
7296.114 3.6236° 3.0 1.9248 3.0 7296.121 23.8 -1.2
7297286  3.4796° 2.0 1.7810 2.0 7297.226 6.4 -2.1
7298.069  3.4532° 5.0 1.7549 4.0 7298.034 196.8 -0.6
7300.665  3.6759° 3.0 1.9781 2.0 7300.663¢ 29.4 -1.1
7306.550  3.5004° 1.0 1.8040 2.0 7306.581 22.7 -1.5
7310.033  3.6203° 2.0 19248 3.0 7310.089¢ 39.1 -1.0
7312578  3.3129° 2.0 1.6180 2.0 7312.544 20.9 -2.0 -1.8
7314.018  3.5593 1.0 1.8646° 2.0 7313.971 66.4 -0.9
7315206  3.3969° 2.0 1.7026 1.0 7315.202 21.8 -1.6
7316.298  3.3121° 3.0 1.6180 2.0 7316.297b¢ 97.1 -1.1
7316.351 3.4490° 3.0 1.7549 4.0 7316.297%¢ 96.8 -0.9
7318590  3.4992° 3.0 1.8057 4.0 7318.618 49 2.1
7329.810  3.9058° 1.0 22148 2.0 7329.810 14.5 -1.0
7332.649  2.1888° 6.0 04985 6.0 7332.662 1304.3 -1.8
7335.145  3.4446° 4.0 1.7549 4.0 7335.096 98.5 -0.9
7346.001 3.5292° 4.0 1.8419 5.0 7345.941 10.2 -1.8
7347.221 3.9334 6.0 2.2464° 7.0 7347.229 312.0 04
7364.123 3.1557° 5.0 1.4726 4.0 7364.100 63.6 -1.6 -1.6
7367.938 1.7829° 2.0 0.1007 2.0 7367.926" 31.5 -4.1
7367976  3.4939° 4.0 1.8117 3.0 7367.926" 33.1 -1.4 -1.3
7368.905  2.1805° 5.0 04985 6.0 7368.923 43.3 -3.3
7369.839  3.8131 3.0 2.1313° 2.0 7369.788 323.2 0.2
7371.453  4.0378 7.0 2.3563° 7.0 7371.455 113.4 0.1
7375.075  3.7130° 7.0 2.0324 7.0 7375.100 40.3 -0.9
7378.020 1.8646° 2.0 0.1847 3.0 7378.019 626.5 2.6
7378.668  3.9064 4.0 2.2266° 4.0 7378.630 65.6 -0.3
7385.427  3.7107° 6.0 2.0324 7.0 7385.394 37.7 -0.9
7389.002  3.6001 2.0 1.9226° 3.0 7388.989 76.5 -0.8
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7390.761 3.4198° 4.0 1.7428 3.0 7390.702 49 -2.6 2.2
7398.939 3.8131 3.0 2.1379° 3.0 7398.923 57.0 -0.5
7403.295 1.7105° 0.0 0.0363 1.0 7403.269 609.7 29
7405.038 3.4287° 5.0 1.7549 40 7404.982 282.5 -0.5
7410.720 41165 6.0 2.4440° 6.0 7410.691%¢ 52.2 -0.1
7410.731 3.6116° 1.0 1.9390 1.0 7410.691b¢ 52.3 -0.9
7417.043 3.3681° 3.0 1.6970 2.0 7416.989 57.1 -1.3
7418.754  3.5126° 5.0 1.8419 5.0 7418.712 82.4 -0.9
7419.894  3.5952° 3.0 1.9248 3.0 7419.902 4.7 -2.0
7421.899 3.6001 2.0 1.9301° 2.0 7421.875 7.9 -1.7
7423.701 3.7378 2.0 2.0682° 2.0 7423.641 16.4 -1.2
7431.157  3.6956° 5.0 2.0277 4.0 7431.214%¢ 8.5 -1.6
7431.212 3.4490° 3.0 1.7810 2.0 7431.214b¢ 8.8 -1.9
7431.234  3.4796° 2.0 1.8117 3.0 7431.214%¢ 8.8 -1.9
7434.179 3.6304° 3.0 1.9632 3.0 7434.153 26.1 -1.2
7444.543 4.0378 7.0 2.3728° 8.0 7444.539 431.7 0.7
7445374  3.8060° 8.0 2.1413 8.0 7445.427b¢ 86.9 -04
7445.408 3.9334 6.0 2.2686° 6.0 7445.4270¢ 86.0 -0.2
7446.029 1.8493° 3.0 0.1847 3.0 7446.049 40.6 -3.8
7449.236 3.2566° 3.0 1.5927 3.0 7449.272b 102.8 -1.2
7449.236 3.6915° 3.0 2.0277 4.0 7449.272b 102.8 -0.5
7449.330 3.6639 3.0 2.0000° 4.0 7449.272b 102.3 -0.5
7449.891 3.3428° 4.0 1.6790 3.0 7449.849 49.2 -0.9 -1.4
7450.929 3.3211° 2.0 1.6575 1.0 7450.957° 17.9 -1.8 -1.8
7450.934  3.5883° 3.0 1.9248 3.0 7450.957° 17.9 -14
7450.979 3.8337 5.0 2.1702° 4.0 7450.957° 17.5 -1.0
7452.012 3.8739 2.0 2.2107° 3.0 7451.955 49.9 -0.5
7470.762 3.3719° 8.0 1.7128 7.0 7470.784 521.4 -0.3
7474.409 3.9334 6.0 2.2751° 5.0 7474.449 16.6 -0.9
7479.476 3.0713° 4.0 1.4142 3.0 7479.419 51.7 -1.6 -1.8
7483.412 3.7245 2.0 2.0682° 2.0 7483.454 8.1 -1.5
7493.772 3.6639 3.0 2.0099° 3.0 7493.731 21.6 -1.2
7495.070 3.4577° 1.0 1.8040 2.0 7495.060 23.6 -1.5
7497.262 3.8337 5.0 2.1805° 5.0 7497.253 52.7 -0.5
7500.547  3.5773° 4.0 1.9248 3.0 7500.603 19.5 -1.4
7506.275 3.3198° 5.0 1.6686 4.0 7506.329" 17.8 2.1 -1.8
7506.337  3.6789° 4.0 2.0277 4.0 7506.329" 154 -1.3
7509.122 4.0378 7.0 2.3872° 6.0 7509.106 94 -0.9
7513.321 1.9315° 4.0 0.2818 4.0 7513.331 47.3 -3.6
7516.360 3.7431 4.0 2.0941° 4.0 7516.335 40.0 -0.8
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7519.978  3.6759° 3.0 2.0277 4.0 7519.977 6.3 -1.7
7520.883  3.7245 2.0 2.0765° 3.0 7520.879 117.0 -0.4
7521.449 3.1745° 3.0 1.5266 2.0 7521.409 16.8 2.1
7526.948  3.4796° 2.0 1.8329 2.0 7526.888 13.4 -1.7
7527.311 3.3894° 2.0 1.7428 3.0 7527.354 18.4 -1.8 -1.7
7529.703  3.8349 5.0 2.1888° 6.0 7529.698 94 -1.3
7531.354  3.5848° 1.0 1.9390 1.0 7531.364°¢ 25.3 -1.2
7546.522 3.6701° 5.0 2.0277 4.0 7546.540b¢ 124.8 -0.4
7546550  3.5787° 6.0 19363 6.0 7546.540P¢ 123.7 -0.6
7547.718  3.3108° 3.0 1.6686 4.0 7547.743b 26.2 -1.7
7547.724 3.6203° 2.0 1.9781 2.0 7547.743b 26.2 -1.2
7554.066 1.9226° 3.0 02818 4.0 7554.068 489.0 -2.6
7561.968  3.5638° 3.0 19248 3.0 7562.020 254 -1.3
7562.609  2.0264° 5.0 03875 5.0 7562.582 173.3 29
7563.879  3.2566° 3.0 1.6180 2.0 7563.846 263.5 -0.7
7580.805 1.7357° 1.0 0.1007 2.0 7580.773 514.7 -2.9
7588.165 3.6116° 1.0 1.9781 2.0 7588.162 11.7 -1.5
7589.155  2.1317° 6.0 04985 6.0 7589.160 74 -4.1
7590.002  3.3121° 3.0 1.6790 3.0 7590.040 140.0 -0.9
7590.458  3.2509° 2.0 1.6180 2.0 7590.436 204.6 -0.9
7592.568  3.6601° 4.0 2.0277 4.0 7592.586" 41.8 -0.9
7592.608  3.5025° 7.0 1.8700 6.0 7592.586" 34.4 -1.2
7598.009  3.9064 4.0 2.2751° 5.0 7598.003 106.4 -0.1
7607.746  3.5593 1.0 1.9301° 2.0 7607.689 245.2 -0.3
7615993  3.6551° 4.0 2.0277 4.0 7615.9840 6.1 -1.7
7615993  3.4365° 7.0 1.8091 8.0 7615.9840 6.1 2.1
7619.308  3.6544° 5.0 2.0277 4.0 7619.283 443 -0.9
7625.782 3.3681° 3.0 1.7428 3.0 7625.752 23.1 -1.6
7639.611 3.6006° 2.0 1.9781 2.0 7639.616 53.1 -0.9
7643910  4.0087 5.0 2.3872° 6.0 7643.856 136.3 0.2
7645.056  3.4253° 2.0 1.8040 2.0 7645.037¢ 43.3 -1.2
7645.816  3.2447° 7.0 1.6236 6.0 7645.812 435.8 -0.5
7648319  3.3231° 1.0 1.7026 1.0 7648.297°¢ 9.8 2.2 2.1
7655500  3.4307° 2.0 1.8117 3.0 7655.480 7.2 -2.0
7661.202  4.1165 6.0 2.4986° 5.0 7661.191 16.5 -0.5
7668.213  3.8739 2.0 2.2576° 3.0 7668.156 68.8 -0.3
7677.688  3.8739 2.0 2.2596° 1.0 7677.689" 16.9 -0.9
7677.694  3.5776° 3.0 19632 3.0 7677.689" 16.9 -14
7679.174  3.5773° 4.0 19632 3.0 7679.167 8.7 -1.7
7682.981 3.3681° 3.0 1.7549 4.0 7682.922 24 -2.6



APPENDIX A. TABLES OF SPECTRAL LINES 241
Continued from previous page
)\Roitz Eup Jup Elow Jiow /\00 I loggf
[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
7685.981 3.7539° 7.0 21413 8.0 7685.949 26.0 -0.9
7686.602  2.0000° 4.0 03875 5.0 7686.624 253.0 -2.8
7695.690  4.1165 6.0 2.5059° 7.0 7695.661 133.6 0.4
7696.810  3.3129° 2.0 1.7026 1.0 7696.765 9.5 2.3 -2.1
7700516  3.5459° 6.0 19363 6.0 7700.500 5.8 -1.9
7705.293  3.6768 1.0 2.0682° 2.0 7705.254 19.3 -1.2
7705947  3.5475° 1.0 1.9390 1.0 7705.947 9.0 -1.7
7706.553 3.8232° 3.0 2.2148 2.0 7706.569¢ 6.7 -1.4
7706.582  3.8349 5.0 2.2266° 4.0 7706.569" 6.8 -14
7707.420 3.4198° 4.0 1.8117 3.0 7707.401 6.4 24 2.1
7710.654  3.6768 1.0 2.0693° 1.0 7710.614 47.3 -0.8
7712.308  3.8337 5.0 2.2266° 4.0 7712.299¢ 9.5 -1.2
7743568  3.5638° 3.0 19632 3.0 7743.547 30.3 -1.2
7755.246 1.7829° 2.0 0.1847 3.0 7755.239 207.4 -3.2
7757117  3.4307° 2.0 1.8329 2.0 7757.079 29.0 -1.4
7758.014  3.5093° 9.0 19116 9.0 7758.078°¢ 59.3 -1.0
7767.798  3.6639 3.0 2.0682° 2.0 7767.764 32.8 -1.0
7776.995  3.6036 2.0 2.0099° 3.0 7776.931 132.7 -0.5
7778.150  3.2621° 5.0 1.6686 4.0 7778.093 44.5 -1.5
7779.506 3.7245 2.0 2.1313° 2.0 7779.482 9.9 -1.4
7780917  3.3969° 2.0 1.8040 2.0 7780.922 1.9 -2.6
7783.752  3.4253° 2.0 1.8329 2.0 7783.723 34.1 -1.3
7786.838  2.0902° 5.0 04985 6.0 7786.874 115.5 29
7792.282  3.8739 2.0 2.2833° 2.0 7792.218 30.7 -0.6
7794439  3.6001 2.0 2.0099° 3.0 7794.412 270.7 -0.1
7798.446  3.5475° 1.0 1.9581 0.0 7798.396 43.0 -1.0
7801.489  3.4386° 4.0 1.8499 3.0 7801.485 573.5 -0.1
7808.179  3.6639 3.0 2.0765° 3.0 7808.125 32.0 -1.0
7809.741 3.3681° 3.0 1.7810 2.0 7809.698 125 -1.9
7811.938 3.7245 2.0 2.1379° 3.0 7811.929 15.7 -1.2
7812.786  3.8131 3.0 2.2266° 4.0 7812.770°¢ 46.9 -0.6
7823.290  3.6537 0.0 2.0693° 1.0 7823.244 40.2 -0.9
7824.257 3.3231° 1.0 1.7390 1.0 7824.299 2.1 -2.8 2.7
7835.541 3.1998° 2.0 1.6180 2.0 7835.533 35.8 -1.7
7835989  3.1745° 3.0 1.5927 3.0 7835.944 16.2 -2.0
7856.101 3.1705° 4.0 1.5927 3.0 7856.109 13.5 2.1
7859.442  3.9334 6.0 2.3563° 7.0 7859.482 110.7 0.0
7868.306  3.2778° 1.0 1.7026 1.0 7868.275°¢ 7.4 2.2
7885.473  3.2509° 2.0 1.6790 3.0 7885.463¢ 11.2 2.1
7889.275  3.2501° 3.0 1.6790 3.0 7889.291¢ 28.8 -1.7
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[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
7889.792  3.5342° 3.0 19632 3.0 7889.726 12.2 -1.6
7893.822  3.3129° 2.0 1.7428 3.0 7893.764 5.7 -2.5 2.3
7895.930  3.6639 3.0 2.0941° 4.0 7895.877 323.6 0.1
7900.447  3.0955° 3.0 1.5266 2.0 7900.446 18.2 -2.1
7907.502 1.8493° 3.0 02818 4.0 7907.525 58.5 -3.6
7913.399  3.8349 5.0 2.2686° 6.0 7913.411 79.3 -0.3
7919.435  3.8337 5.0 2.2686° 6.0 7919.439 124.8 -0.1
7921.381 4.0087 5.0 2.4440° 6.0 7921.338 33.7 -0.4
7931.159  3.3719° 8.0 1.8091 8.0 7931.174 155.1 -0.7
7931946  3.7431 4.0 2.1805° 5.0 7931.906 271.6 0.1
7932.739  3.3681° 3.0 1.8057 4.0 7932.734 2.9 -2.5
7935.610 3.3168° 4.0 1.7549 4.0 7935.589 10.0 -2.0
7940.413 3.0335° 5.0 1.4726 4.0 7940.356 185.4 -1.2 -1.2
7946.169  3.8349 5.0 2.2751° 5.0 7946.161 28.2 -0.7
7947.837  3.7245 2.0 2.1650° 2.0 7947.780 6.6 -1.5
7952.256  3.8337 5.0 2.2751° 5.0 7952.245 36.5 -0.6
7955.540 3.5212° 4.0 19632 3.0 7955.561 214 -1.3
7959.531 3.3121° 3.0 1.7549 4.0 7959.475 7.8 2.1
7965.492  3.3979° 4.0 1.8419 5.0 7965.480 5.7 2.1
7968.324  3.8131 3.0 2.2576° 3.0 7968.314 63.2 -0.4
8016.135  3.9334 6.0 2.3872° 6.0 8016.108 91.0 -0.0
8027.560 1.9315° 4.0 03875 5.0 8027.569 12.6 -4.1
8063.769  3.5647° 4.0 2.0277 4.0 8063.768 4.8 -1.9
8065.161 2.9510° 4.0 14142 3.0 8065.188" 206.4 -1.3
8065200  3.4616° 2.0 19248 3.0 8065.188¢ 212.4 -0.4
8090.119  3.1557° 5.0 1.6236 6.0 8090.075 49 -2.6 -2.6
8097.241 3.6001 2.0 2.0693° 1.0 8097.210 19.0 -1.2
8102.380  3.8131 3.0 2.2833° 2.0 8102.360 31.0 -0.7
8105.914  3.9064 4.0 2.3773° 4.0 8105.891 18.4 -0.8
8116.154  3.6036 2.0 2.0765° 3.0 8116.135 29.6 -1.0
8146.570  2.8908° 3.0 1.3694 2.0 8146.541 19.3 2.3 2.4
8153.966  3.8739 2.0 2.3539° 1.0 8153.920 19.1 -0.8
8158.890  3.3231° 1.0 1.8040 2.0 8158.904 13.2 -2.0 -1.8
8165.361 3.9064 4.0 2.3884° 5.0 8165.304 11.0 -1.0
8169.838  3.8739 2.0 2.3568° 2.0 8169.811 4.3 -1.4
8187.657  3.7245 2.0 2.2107° 3.0 8187.654 15.9 -1.1
8203.984  2.8802° 3.0 1.3694 2.0 8203.967° 109.5 -1.6 -1.6
8203.984  3.0374° 2.0 1.5266 2.0 8203.967° 109.5 -14
8208.241 4.0087 5.0 2.4986° 5.0 8208.199¢ 77.9 0.0
8218.612  3.2509° 2.0 1.7428 3.0 8218.623¢ 191.7 -0.8



APPENDIX A. TABLES OF SPECTRAL LINES 243
Continued from previous page

)\Roitz Eup Jup Elow Jiow /\00 I loggf

[A] [eV] [eV] [A] [a.u] Casc. Boltz. [47]
8218.687  3.1317° 6.0 1.6236 6.0 8218.6230 189.4 -1.0
8227.432 3.5342° 3.0 2.0277 4.0 8227.434 2.8 2.2
8234.941 2.9193° 2.0 14142 3.0 8234.970 5.1 -2.8 -2.9
8248.210  3.8349 5.0 2.3322° 5.0 8248.211 15.2 -0.9
8254.892 3.5292° 4.0 2.0277 4.0 8254.862 7.3 -1.8
8312.714  3.5593 1.0 2.0682° 2.0 8312.665°¢ 15.9 -14
8315.459  3.0335° 5.0 15430 5.0 8315.481 85.9 -1.5 -1.5
8383.721 2.9510° 4.0 1.4726 4.0 8383.766° 84.5 -1.6
8395.070  3.4155° 1.0 1.9390 1.0 8395.078 10.8 -1.7
8437590  2.8383° 2.0 1.3694 2.0 8437.572 8.1 -2.9 2.8
8439.769  3.6768 1.0 2.2082° 0.0 8439.713 9.0 -1.4
8443.027  3.7431 4.0 2.2751° 5.0 8442.975 3.1 -1.7
8472.895  2.8322° 2.0 1.3694 2.0 8472.854¢ 19.9 2.3 2.4
8476.774  3.6001 2.0 2.1379° 3.0 8476.734 20.2 -1.2
8511.872  3.4886° 7.0 2.0324 7.0 8511.845" 7.7 -1.8
8511.901 3.8739 2.0 2.4178° 3.0 8511.845" 7.7 -1.1
8623.831 3.6639 3.0 2.2266° 4.0 8623.769 6.8 -1.5
8641.535  3.8739 2.0 2.4396° 2.0 8641.502¢ 10.8 -1.0
8791.044  3.0335° 5.0 1.6236 6.0 8791.065 7.7 -2.5 24
8795.089  3.2209° 2.0 1.8117 3.0 8795.051 40.0 -14
8805.524  3.3807° 1.0 1.9731 1.0 8805.580" 4.5 2.1
8805.632  2.8802° 3.0 14726 4.0 8805.579" 5.5 -2.8 -2.8

10564.467  3.8337 5.0 2.6605° 5.0 10564.518 1480.5

Table A.10: Measured wavelengths (A,) and intensities of Sm II spectral
lines. Meaning of symbols is given in Table[A.3]

)‘Igitz Eup Jup Ejow Jiow /\Qo I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
3793978 33708 35 0.1039 25 3793.983" 539.7 -0.5 -0.7
3797736  3.8075 55 05438 45 3797.729" 7514 03 -03
3826.207 37832 45 05438 4.5 3826.209" 261.1 -0.2 -02
3848.814  3.4086° 15 0.1882 05 3848.794¢ 725.5 -0.3
3851.880  3.4953° 45 02775 45 3851.894 147.7 -1.0 -0.9
3853.290  3.5951° 45 0.3785 55 3853.301¢ 2670.3 0.5
3854.204 3.8751 55 0.6593 55 3854.196" 704.4 04 01
3855903 3.2549 05 0.0405 15 3855.901" 1214 -14  -09
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
3858.522  4.6579° 1.5 1.4456 2.5 3858.521¢ 1225.7
3871.784  3.3859° 4.5 0.1846 3.5 3871.784 234.9 -0.8 -0.9
3881.379  3.5267 3.5 0.3333 2.5 3881.387" 129.3 -09 -1.0
3882.865  3.6259° 3.5 0.4338 3.5 3882.858 134.6 -0.7
3883.988  3.6250° 2.5 0.4338 3.5 3884.002¢ 212.8 -0.5
3885.278  3.6749 6.5 0.4847 6.5 3885.284" 1186.4 03 0.1
3890.078  3.3708° 3.5 0.1846 3.5 3890.091 139.9 -1.2 -1.1
3891.185  3.3735° 0.5 0.1882 0.5 3891.181° 132.6 -1.0 -1.1
3891.205  4.3519° 3.5 1.1667 2.5 3891.181° 132.6 0.5
3896.972 32211 25 0.0405 1.5 3896.965" 423.7 -09 -07
3903.416  3.4528° 4.5 0.2775 4.5 3903.415 359.0 -0.6
3912974  3.7113 5.5 0.5438 4.5 3912.980" 235.7 -03 -15
3917.435 32679 25 0.1039 2.5 3917.435" 200.6 -1.1 -1.0
3922386 3.5384 5.5 0.3785 5.5 3922.392" 666.1 -0.1 -03
3928.275  3.3399 3.5 0.1846 3.5 3928.278" 605.3 -05 -05
3935.760  3.4267° 5.5 0.2775 4.5 3935.764 113.9 -1.3 -1.1
3941.876  3.1443 1.5 0.0000 0.5 3941.865" 324.3 -1.1 -09
3943.237 32472 25 0.1039 2.5 3943.231" 187.7 1.2 -1.0
3946.514  3.3253 4.5 0.1846 3.5 3946.505" 166.6 -1.1 -09
3947.832 3.4729 1.5 0.3333 2.5 3947.829" 70.6 -1.2 -1.1
3948.114  3.2433 3.5 0.1039 2.5 3948.108" 343.9 -09 -0.8
3958.705  3.4643° 1.5 0.3333 2.5 3958.718 24.8 -1.7
3959.525 32342 3.5 0.1039 2.5 3959.519" 71.0 -16 -1.3
3961.808  3.6723 3.5 0.5438 4.5 3961.810" 27.8 -1.3 -1.3
3962.978  3.5614° 4.5 0.4338 3.5 3963.001° 295.0 -04
3963.006  3.4050° 3.5 0.2775 4.5 3963.000” 300.1 -0.7
3963.017  3.1681° 1.5 0.0405 1.5 3963.000° 300.1 -1.0 -1.1
3966.047 3.3735 0.5 0.2484 1.5 3966.039" 166.9 -1.0 -09
3970.527 3.1216 1.5 0.0000 0.5 3970.517" 317.2 -1.1 -1.0
3971.393  3.5548 2.5 0.4338 3.5 3971.387" 491.9 -02 -03
3976.429 34504 1.5 0.3333 2.5 3976.423" 217.2 -0.8 -0.6
3979.200 3.6586 3.5 0.5438 4.5 3979.193" 279.1 -03 -05
3983.136 34902 5.5 0.3785 5.5 3983.135" 2729 06 -06
3985988  3.2978° 1.5 0.1882 0.5 3985.992 39.6 -1.7
3986.678 32936 4.5 0.1846 3.5 3986.681" 229.0 -1.0 -09
3986.897 33572 2.5 0.2484 1.5 3986.903" 27.0 -1.8 -14
3987.424  3.3859 4.5 0.2775 4.5 3987.430" 73.8 -1.3  -1.1
3990.005  3.1064 1.5 0.0000 0.5 3990.014" 5933.0 01 -1.1
3993.309 3.1443 1.5 0.0405 1.5 3993.303" 354.7 -1.0 -09
3995.591 3.2867° 3.5 0.1846 3.5 3995.574 22.6 -2.0
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
4003.443  3.3443° 2.5 0.2484 1.5 4003.458 48.2 -14 -1.6
4007476  3.5267 3.5 0.4338 3.5 4007.475" 106.3 -09 -1.1
4019.976 3.2679 2.5 0.1846 3.5 4019.974" 88.7 -14 -1.2
4023.222  3.1213 2.5 0.0405 1.5 4023.230" 385.6 -1.0 -09
4035.104  3.4050° 3.5 0.3333 2.5 4035.101 174.1 -0.9
4037.105  3.3476° 4.5 0.2775 4.5 4037.097 30.9 -1.6 -1.7
4041.670 3.2549 0.5 0.1882 0.5 4041.659" 221.6 -1.0 -1.0
4042.709  3.1064 1.5 0.0405 1.5 4042.708" 334.4 -1 -1.0
4042.897  3.1697 3.5 0.1039 2.5 4042.893" 523.5 -0.8 -07
4046.160  3.1672 2.5 0.1039 2.5 4046.152" 137.1 -14  -13
4047.151 3.2472 2.5 0.1846 3.5 4047.143" 222.0 -1.0  -09
4049.804 4.1366° 4.5 1.0761 45 4049.806" 112.6 0.1
4049.812  3.0605° 1.5 0.0000 0.5 4049.806" 109.4 -1.7
4054.539  4.2236° 2.5 1.1667 2.5 4054.507¢ 969.6
4058.860  3.5384 5.5 0.4847 6.5 4058.867" 140.5 -0.8 -09
4061.047 3.7113 5.5 0.6593 5.5 4061.040" 33.8 -1.1 -1.3
4063.536  3.0907 2.5 0.0405 1.5 4063.530" 680.8 -0.8 -0.8
4064.311 3.2342 35 0.1846 3.5 4064.308" 86.5 -1.5 -1.3
4064.554  3.3828 2.5 0.3333 2.5 4064.564" 779.0 -03 -07
4066.730 3.3253 4.5 0.2775 4.5 4066.721" 406.5 -0.7 -0.7
4067.378  3.1512° 2.5 0.1039 2.5 4067.384 29.7 2.1
4068.324  3.4804 3.5 0.4338 3.5 4068.314" 186.3 -0.7 -0.8
4075.829  3.5848 4.5 0.5438 4.5 4075.825" 4115 -02 -04
4076.590  3.4743° 45 0.4338 3.5 4076.610 924 -1.1
4080.546  3.3708° 3.5 0.3333 2.5 4080.538 95.2 -1.3 -1.2
4081.953  3.2211° 2.5 0.1846 3.5 4081.934 56.5 -1.6 -1.7
4082.594  3.6952 4.5 0.6593 5.5 4082.584" 165.0 -04 -07
4083.576  3.2836 1.5 02484 1.5 4083.562" 99.2 -1.3 -1.2
4084.372  3.3680 2.5 0.3333 2.5 4084.372" 443 -1.5 -13
4092.253  3.0288 1.5 0.0000 0.5 4092.250" 719.5 -09 -09
4093.037  3.4620 2.5 0.4338 3.5 4093.045" 23.3 -1.7  -19
4094.028  3.3608 3.5 0.3333 2.5 4094.026" 66.5 -14 -12
4104.119 3.0605° 1.5 0.0405 1.5 4104.107 56.8 -1.9
4106.611 3.5620° 3.5 0.5438 4.5 4106.584 39.3 -1.3
4108.310 3.3954 4.5 0.3785 5.5 4108.308" 34.8 -1.6 -15
4109.391 3.2936 4.5 0.2775 4.5 4109.392" 119.8 -1.2 -1.0
4110.184 3.6749 6.5 0.6593 5.5 4110.180" 67.1 -09 -1.0
4113.898  3.1975 3.5 0.1846 3.5 4113.891" 182.7 -1.2 -1.1
4116.441 3.3443 25 0.3333 2.5 4116.440" 51.2 -1.5 -13
4118547  3.6687 4.5 0.6593 5.5 4118.543" 791.3 02 -0.1
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4121.345 3.3859 4.5 0.3785 5.5 4121.345" 144.5 -1.0 -09
4122494 32549 05 02484 1.5 4122.486" 105.5 -1.3 -1.2
4123.946 3.4902 55 0.4847 6.5 4123.946" 250.0 -06 -0.7
4129.220  3.2500° 2.5 0.2484 1.5 4129.227 117.1 -1.3
4133.169  3.2472 25 02484 1.5 4133.170" 28.4 -1.9 -17
4135.142  3.6567° 5.5 0.6593 5.5 4135.146 100.0 -0.7
4147712  3.0288 1.5 0.0405 1.5 4147.705" 139.0 -6 -14
4149.830  3.0907 2.5 0.1039 2.5 4149.820" 496.1 -09 -09
4152.203  3.1697 3.5 0.1846 3.5 4152.194" 526.0 -0.8 -07
4153.325  3.6435 4.5 0.6593 5.5 4153.322" 236.0 -03 -06
4155.208 3.5267 35 0.5438 4.5 4155.207" 216.0 06 -07
4156.257  3.4160° 3.5 0.4338 3.5 4156.238 44.8 -1.4
4163.140 2.9772 1.5 0.0000 0.5 4163.130" 116.2 -1.7 -1.6
4163.714  3.0807 2.5 0.1039 2.5 4163.713" 38.1 20 -17
4169473 32211 25 0.2484 1.5 4169.476" 389.7 -0.8 -0.8
4171.562 3.4050° 3.5 0.4338 3.5 4171.569 131.9 -1.0
4174.441 3.3476 4.5 0.3785 5.5 4174.427" 54.2 -1.5 -1.3
4178.000 3.5104° 45 0.5438 4.5 4178.018° 183.1 -0.7
4178.030  3.1512° 2.5 0.1846 3.5 4178.018" 183.1 -1.2
4181.100  3.8490° 25 0.8846 1.5 4181.101° 238.7 -0.0
4181.104  3.2978° 1.5 0.3333 2.5 4181.101° 238.7 -0.9
4183.767  3.0030° 0.5 0.0405 1.5 4183.758 362.7 -1.1 -1.2
4188.128  3.5032 3.5 0.5438 4.5 4188.119" 476.4 -03 -04
4188.575 2.9996° 2.5 0.0405 1.5 4188.575 444 -3.4 2.1
4189.992  4.2204° 4.5 1.2622 3.5 4190.012 39.4 -0.2
4191926  3.2342 3.5 0.2775 4.5 4191.921" 209.3 -1.0 -1.0
4192.155  3.1412° 4.5 0.1846 3.5 4192.153b 86.2 -1.6
4192.164  3.0605° 1.5 0.1039 2.5 4192.153° 86.2 -1.7
4197.864  3.1372 35 0.1846 3.5 4197.859" 15.8 23 20
4199.451 3.4953 45 0.5438 4.5 4199.450" 94.7 -1.0 -1.1
4203.046  3.3828 2.5 0.4338 3.5 4203.045" 535.4 -04 -05
4204.801 3.3262° 5.5 0.3785 5.5 4204.825 9.7 2.4 2.2
4205.369  4.0234° 3.5 1.0761 4.5 4205.364 22.3 -0.7
4206.124 3.3253 4.5 03785 5.5 4206.124" 462.7 -0.6 -0.7
4206.618 3.4902 5.5 0.5438 4.5 4206.615" 140.4 -0.8 -0.8
4210339  3.0478 2.5 0.1039 2.5 4210.334" 375.5 -1.1 -1.0
4220.148  3.3708° 3.5 0.4338 3.5 4220.146 79.7 -14 -1.2
4220.661 3.4804 3.5 0.5438 4.5 4220.646" 459.0 -03 -04
4223708  3.2679 2.5 0.3333 2.5 4223.704" 104.4 -1.3  -13
4224240  3.3680° 2.5 0.4338 3.5 4224.244 26.3 -1.5 -1.7
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
4225324  3.1216 1.5 0.1882 0.5 4225.323" 1097.5 -05 -06
4229.713 29709 1.5 0.0405 1.5 4229.696" 590.3 -1.0 -09
4234570  3.3608 3.5 0.4338 3.5 4234.568" 391.1 06 -06
4236.736  3.5848 4.5 0.6593 5.5 4236.734" 776.9 0.1 -0.2
4237.657  3.0288 1.5 0.1039 2.5 4237.652" 456.5 -1.0 -1.0
4244696  3.1975 3.5 0.2775 4.5 4244.698" 468.1 -0.7 -0.8
4245167 3.1681 1.5 0.2484 1.5 4245.174" 76.6 -1.6 -15
4247389  3.1064 1.5 0.1882 0.5 4247.391" 32.3 20 -20
4249523  4.0834° 2.5 1.1667 2.5 4249.540" 95.7 -0.0
4249536  3.2500° 2.5 0.3333 2.5 4249.540" 96.7 -1.3
4251.777  3.2936 4.5 0.3785 5.5 4251.783" 109.0 1.2 -1.1
4253.718  3.2472 25 0.3333 2.5 4253.712" 16.6 21 -17
4256.391 3.2905 6.5 0.3785 5.5 4256.389" 2147.2 01 -02
4258552  3.3443 2.5 0.4338 3.5 4258.557" 81.7 -1.3 -1.1
4262.669  3.2862 5.5 0.3785 5.5 4262.670" 500.0 06 -05
4265.077  3.0907 2.5 0.1846 3.5 4265.063" 3275 -1.1 -1.0
4266.334  4.1674° 4.5 1.2622 3.5 4266.309¢ 2179.0
4279.667  3.1736 4.5 0.2775 4.5 4279.671" 802.5 -05 -05
4279944 31443 15 02484 1.5 4279.940" 274.7 -1.0 -1.0
4280.321 2.9996 2.5 0.1039 2.5 4280.326" 83.8 -1.8  -1.7
4280.785 3.3801 7.5 0.4847 6.5 4280.779" 3105.1 04 0.1
4281.009 2.8953 0.5 0.0000 0.5 4281.001" 433.0 -1.3 -1.2
4285488  3.1697 3.5 0.2775 4.5 4285.490" 362.0 -09 -09
4286.648  3.3253 4.5 0.4338 3.5 4286.641" 205.4 -09 -1.0
4292180  3.2211 2.5 0.3333 2.5 4292.175" 265.2 -09 -09
4295.708  3.3192° 3.5 0.4338 3.5 4295.711 26.1 -1.8
4309.006  3.0611 3.5 0.1846 3.5 4309.003" 674.4 -08 -07
4318.927  3.1473 55 02775 4.5 4318.932" 2677.5 -0.0 -02
4323290 29709 1.5 0.1039 2.5 4323.278" 600.9 -1.0 -09
4327.514 3.1975 3.5 0.3333 2.5 4327.513" 21.8 20 -18
4329.019  3.0478 2.5 0.1846 3.5 4329.011" 1370.1 -05 -05
4334.144 3.1372 35 0.2775 4.5 4334.142" 1404.5 -03 -05
4345852 29560 2.5 0.1039 2.5 4345.845" 378.8 1.2 -1.1
4347.795  3.2293 45 0.3785 5.5 4347.792" 930.2 -04 -04
4350470  3.3337 7.5 0.4847 6.5 4350.451" 574.7 -04 -0.6
4352.095 3.3327 5.5 0.4847 6.5 4352.091" 547.3 -04 -06
4360.716  3.0907 2.5 0.2484 1.5 4360.711" 524.4 -0.8 -09
4361.072  3.3859 4.5 0.5438 4.5 4361.070" 101.9 -1 -11
4362.029  3.3262 5.5 0.4847 6.5 4362.035" 684.3 -03 -05
4363.445  3.0288 1.5 0.1882 0.5 4363.447" 182.8 -14 -13
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4368.023 3.2161 6.5 0.3785 5.5 4368.030" 220.8 -1.0 -09
4370.471 3.4953 45 0.6593 5.5 4370.476" 23.1 -1.5 -1.6
4373.458 3.2679 25 0.4338 3.5 4373.455" 338.7 -0.7 -09
4374.975 2.8736 1.5 0.0405 1.5 4374.968" 323.3 -14 -14
4378.235 3.4902 5.5 0.6593 5.5 4378.222" 312.6 -04 -06
4384.296 3.3708 3.5 0.5438 4.5 4384.287" 150.1 -09 -1.0
4390.855 3.0075 4.5 0.1846 3.5 4390.854" 2973.9 -02 -04
4399.864  3.3608 3.5 0.5438 4.5 4399.856" 25.2 -1.7  -15
4403.366 3.0030 0.5 0.1882 0.5 4403.359" 3194 -1.2 -1.1
4407.486 3.0605° 1.5 0.2484 1.5 4407.481 20.6 2.3
4417.575 3.2905 6.5 0.4847 6.5 4417.574" 239.1 -0.8 -09
4420.524  3.1372 3.5 0.3333 2.5 4420.522" 1301.7 -03 -04
4421.126 3.1820 6.5 0.3785 5.5 4421.128" 1086.3 -03 -05
4424337  3.2862 5.5 0.4847 6.5 4424.341" 3284.0 03 0.1
4425983 3.2342° 3.5 0.4338 3.5 4425.979 62.9 -1.5 -1.5
4427.580 3.0478 2.5 0.2484 1.5 4427 576" 131.9 -1.5 -13
4433.890 3.2293 45 0.4338 3.5 4433.880" 1858.3 -0.0 -02
4434.318 3.1736 4.5 0.3785 5.5 4434.319" 2674.9 0.0 -0.1
4444.270 3.3327 5.5 0.5438 4.5 4444.260" 702.2 -03 -05
4445.839 3.1213° 2.5 0.3333 2.5 4445.815°¢ 5229 -0.7 -0.8
4452.722 3.0611 3.5 0.2775 4.5 4452.721" 1538.8 -04 -04
4452928 4.2768° 4.5 14934 45 4452 952 6046.4
4454.629 3.3262 5.5 0.5438 4.5 4454.626" 1577.6 0.1 -0.2
4456.114  3.3253 4.5 0.5438 4.5 4456.104" 51.9 -14  -14
4457.801 3.0288 1.5 0.2484 1.5 4457.793" 21.9 23 -23
4458.509 2.8839 3.5 0.1039 2.5 4458.511" 2403.5 -05 -07
4467.341 3.4338 6.5 0.6593 5.5 4467.333" 3222.6 05 02
4469.648 3.1064° 1.5 0.3333 2.5 4469.640 96.4 -2.6 -1.5
4472.409 29560 2.5 0.1846 3.5 4472.402" 521.3 -1.0 -1.0
4473.012 3.0484 5.5 0.2775 4.5 4473.006" 978.3 06 -07
4475.166 2.8736 1.5 0.1039 2.5 4475.159" 81.3 20 -1.8
4478.661 3.4268 6.5 0.6593 5.5 4478.650" 635.8 -02 -04
4482.595 3.8411° 5.5 1.0761 45 4482.608 37.8 -0.7
4485.543 3.6478° 0.5 0.8846 1.5 4485.522 23.5 -1.2
4490.365 4.2768° 4.5 1.5166 3.5 4490.344 13.8 -0.5
4499.475 3.0030° 0.5 0.2484 1.5 4499.473 628.2 -0.7 -0.9
4501.372 3.0869° 3.5 0.3333 2.5 4501.363 33.0 -2.0
4505.037 29996 2.5 0.2484 1.5 4505.037" 132.3 -1.5 -14
4511.830 29318 45 0.1846 3.5 4511.824" 868.9 -0.8 -0.8
4515.099 29334 0.5 0.1882 0.5 4515.085" 9225 -0.8 -09
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4519.630 3.2862 5.5 0.5438 4.5 4519.625" 627.1 -04 -04
4523909 3.1736 4.5 0.4338 3.5 4523.907" 1162.3 -03 -04
4536.512  2.8361 3.5 0.1039 2.5 4536.508" 400.2 -1.3 -13
4537.941 3.2161 6.5 0.4847 6.5 4537.945" 444 4 06 -05
4538.557  3.2747 5.5 0.5438 4.5 4538.545" 79.9 -1.3 -1.2
4540.177  3.0075 4.5 0.2775 4.5 4540.182" 145.0 -1.5 -13
4542.048 29772 1.5 0.2484 1.5 4542.043" 532.6 -1.0 -1.0
4543943  3.0611 3.5 0.3333 2.5 4543.939" 1347.3 -04 -05
4544.833  3.0605° 1.5 0.3333 2.5 4544.823 60.1 -1.8
4545798  3.3859 4.5 0.6593 5.5 4545.797" 23.5 -6 -1.7
4549.696  3.8003° 4.5 1.0761 4.5 4549.705 61.3 -0.6
4552.661 29709 1.5 0.2484 1.5 4552.650" 794.7 -0.8 -0.8
4554.436 2.8254 3.5 0.1039 2.5 4554.431" 433.4 -1.3 -13
4560.416  2.7584 2.5 0.0405 1.5 4560.416" 558.7 1.3 -1.2
4564.072  2.7157 1.5 0.0000 0.5 4564.057" 134.0 20 -19
4566.202  3.0478 2.5 0.3333 2.5 4566.195" 1024.0 -05 -06
4577.688 29560 2.5 0.2484 1.5 4577.687" 1053.1 0.7 -07
4578.017  3.1412° 45 0.4338 3.5 4578.020 53.3 -1.7
4578.704  2.8953 0.5 0.1882 0.5 4578.697" 459 21 -19
4584.826  3.1372 3.5 0.4338 3.5 4584.828" 753.8 -05 -06
4589.408  3.8669° 4.5 1.1662 5.5 4589.412 35.2 -0.7
4591.813 2.8839 3.5 0.1846 3.5 4591.817" 509.2 -1 -11
4593.535  3.0767 5.5 0.3785 5.5 4593.537" 514.2 -0.8 -0.8
4595283  3.1820 6.5 0.4847 6.5 4595.284" 795.2 -04 -05
4598.316  4.1583° 2.5 1.4628 2.5 4598.282¢ 932.1
4603.112 4.1860 7.5 14934 8.5 4603.101" 117.2 04 -0.7
4604.174 2.7325 2.5 0.0405 1.5 4604.163" 284.6 -6 -14
4606.510 2.6907 1.5 0.0000 0.5 4606.505" 638.9 -1.3  -1.3
4606.877  3.2342 3.5 0.5438 4.5 4606.876" 78.6 -14  -15
4607.877  3.9757° 0.5 1.2859 0.5 4607.845 34.7 -0.5
4611.710 3.5723° 15 0.8846 1.5 4611.677 324.4 -0.2
4613.504  3.0199° 3.5 0.3333 2.5 4613.499" 52.4 -1.9
4613.504 3.7627° 3.5 1.0761 4.5 4613.499Y 524 -0.7
4615.444  3.2293 45 0.5438 4.5 4615.430" 3229 0.7 -07
4615.683  2.8736 1.5 0.1882 0.5 4615.680" 1277.2 -0.7 -0.8
4630.205 2.7808 2.5 0.1039 2.5 4630.201" 281.4 -1.5 -15
4630.968  4.3632° 5.5 1.6867 6.5 4630.962 4175
4636.267  3.3327° 55 0.6593 5.5 4636.260 65.8 -14 -1.3
4642228  3.0484 5.5 0.3785 5.5 4642.228" 1334.6 -04 -05
4646.677 2.9449 4.5 0.2775 4.5 4646.678" 299.0 -1.2 -1.0
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4647.541 3.3262 5.5 0.6593 5.5 4647.540" 230.7 -0.7 -1.0
4648.101 4.2768° 4.5 1.6102 3.5 4648.069¢ 3881.8

4648.631 2999 2.5 0.3333 2.5 4648.646" 4109 -1.0 24
4655.114  3.1473° 5.5 0.4847 6.5 4655.129 161.2 -14 -1.2
4664.505  4.4072° 5.5 1.7500 4.5 4664.516° 71.5 0.5
4665.119  3.0907 2.5 0.4338 3.5 4665.111" 61.6 -1.7  -14
4669.386  2.7584 2.5 0.1039 2.5 4669.387" 2421.6 06 -06
4669.641 29318 4.5 0.2775 4.5 4669.638" 1742.9 -05 -05
4674593  2.8361 3.5 0.1846 3.5 4674.588" 2752.6 -04 -06
4676902  2.6907 1.5 0.0405 1.5 4676.903" 1924.7 -0.8 -09
4682.673  3.0807 25 04338 3.5 4682.680" 79.5 -1.6  -1.6
4686.699  3.9927° 3.5 1.3481 25 4686.696 47.0 -0.3
4687.189 2.6849 0.5 0.0405 1.5 4687.176" 869.7 -1.2 -11
4689.557  2.8914° 2.5 0.2484 1.5 4689.583 65.0 -2.0
4693.628  2.8254 3.5 0.1846 3.5 4693.625" 138.6 -1.7  -15
4699.356  2.9709° 1.5 0.3333 2.5 4699.346 117.5 -1.5 -1.6
4700.032  4.0999° 1.5 1.4628 2.5 4700.043 20.3 -0.5
4704.400 2.6347 0.5 0.0000 0.5 4704.391" 8602.6 -0.3 -09
4706.530  4.1269° 5.5 14934 45 4706.537 60.9 0.0
4713.067 3.1736 4.5 0.5438 4.5 4713.062" 312.0 -0.8 -0.8
4717.727  3.0611 35 04338 3.5 4717.727" 257.6 -1.1 -09
4718.339  3.2862 5.5 0.6593 5.5 4718.340" 117.9 -1.1 0.8
4719.841 2.6666 1.5 0.0405 1.5 4719.840" 888.5 -1.2 -1.2
4720.128  3.1697° 3.5 0.5438 4.5 4720.121 35.2 -1.7 -1.8
4726.026 29560 2.5 0.3333 2.5 4726.020" 143.1 -1.5 -12
4726.515 3.9265° 2.5 1.3041 1.5 4726.500 20.6 -0.8
4729.755  4.0834° 2.5 1.4628 2.5 4729.784¢ 70.5 0.0
4741.726  3.0478° 2.5 0.4338 3.5 4741.731 66.9 -1.7 -1.7
4745.681 2.7157 1.5 0.1039 2.5 4745.670" 1323.6 -09 -09
4755370  2.8839° 3.5 0.2775 4.5 4755.366 80.2 -2.0 -1.9
4757526  3.8675° 25 1.2622 3.5 4757.499¢ 35.0 -0.6
4766.159  2.7045° 2.5 0.1039 2.5 4766.189 58.8 2.3
4774.139 2.7808 2.5 0.1846 3.5 4774.127" 185.5 -1.7  -1.6
4777.840  2.6347 0.5 0.0405 1.5 4777.835" 420.6 -1.5 -14
4781.460  4.3519° 3.5 1.7597 2.5 4781.462" 82.5 0.5
4781476  4.2618° 4.5 1.6696 5.5 4781.4620¢ 82.5 04
4781.828  3.0767 5.5 0.4847 6.5 4781.824" 98.0 -1.5 -15
4791.580  2.6907 1.5 0.1039 2.5 4791.585" 255.1 -1.7  -14
4803.421 3.6440° 2.5 1.0636 1.5 4803.406 175.8 -0.3
4808.973  3.8396° 4.5 1.2622 3.5 4808.982° 112.5 -0.2
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4808.985  4.1695° 3.5 1.5921 45 4808.982P 112.5 04
4814.079  4.1327° 3.5 1.5580 2.5 4814.093 65.6 0.1
4814.337  3.9226° 1.5 1.3481 2.5 4814.350 444 -0.4
4815.805 2.7584 2.5 0.1846 3.5 4815.801" 1024.8 -09 -08
4825545  3.7348° 6.5 1.1662 55 4825.527" 19.2 -1.1
4825566  4.3283° 1.5 1.7597 2.5 4825.527" 19.5 -0.1
4829.557 29449 45 0.3785 5.5 4829.564" 113.3 -1.6 -1.3
4831.179  3.9136° 3.5 1.3481 25 4831.181 96.1 -0.1
4834.618  3.0484° 55 0.4847 6.5 4834.636" 44.6 -1.9 -1.8
4834.646  3.9334° 2.5 1.3697 1.5 4834.636" 444 -04
4836.660  2.6666° 1.5 0.1039 2.5 4836.669 51.2 2.4 2.4
4844209 28361 3.5 0.2775 4.5 4844.207" 786.8 -09 -09
4844549  3.8207° 3.5 1.2622 3.5 4844.543°¢ 76.5 -04
4847.763  3.2161 6.5 0.6593 5.5 4847.752" 142.1 -1.1 -09
4854.368 29318 4.5 0.3785 5.5 4854.367" 144.5 -1.5 -12
4859.557  2.8839 3.5 0.3333 2.5 4859.564" 135.0 -1.6 -15
4890.325  4.0511° 2.5 1.5166 3.5 4890.319 187.9 04
4893.336  3.0767° 5.5 0.5438 4.5 4893.315 159.3 -1.2 -1.2
4894.292 2.7808 2.5 0.2484 1.5 4894.299" 76.1 2.0 -19
4896.399  3.4643° 1.5 0.9329 25 4896.381 334.1 -0.3
4907.082  4.2721° 6.5 1.7462 6.5 4907.076 47.7 0.2
4920.392  3.5951° 4.5 1.0761 4.5 4920.405 53.6 -0.9
4930947  3.9265° 2.5 1.4128 3.5 4930.959 25.9 -0.6
4938.091 2.7584° 2.5 02484 1.5 4938.104 115.6 -1.8 -1.9
4948.631 3.0484 5.5 0.5438 4.5 4948.622" 168.1 -1.2 09
4952370 28361 3.5 0.3333 2.5 4952.370" 269.8 -14 -13
4955942  3.8490° 2.5 1.3481 2.5 4955.958 102.5 -0.2
4958.439  3.8586° 5.5 1.3589 4.5 4958.429 246.4 0.2
4961.941 2.9318 4.5 0.4338 3.5 4961.937" 200.1 -1.3 -11
4964.566  2.6849° 0.5 0.1882 0.5 4964.566 60.1 2.2 2.3
4972.527  4.2007° 3.5 1.7081 3.5 4972.490 98.7 0.4
4978.353  3.7938° 0.5 1.3041 1.5 4978.319 61.0 -0.5
5028.427  3.7508° 0.5 1.2859 0.5 5028.437" 199.4 -0.0
5028.450  3.9583° 7.5 1.4934 8.5 5028.437¢ 237.4 04
5029.854  3.5403° 5.5 1.0761 4.5 5029.826 165.9 -04
5039.466  4.2781° 3.5 1.8185 3.5 5039.451 229.1 0.9
5041.286  4.0167° 2.5 1.5580 2.5 5041.271 89.0 0.1
5041.957  4.2768° 4.5 1.8185 3.5 5041.924¢ 321.9

5045.188  3.5203° 2.5 1.0636 1.5 5045.147¢ 109.1 -0.6
5051.199  4.0118° 1.5 1.5580 2.5 5051.171¢ 83.0 0.0
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5054.514  3.4497° 4.5 0.9976 3.5 5054.506¢ 183.9 -0.5
5058.850  2.8839 3.5 0.4338 3.5 5058.830" 36.5 21 -22
5066.379  2.6347° 0.5 0.1882 0.5 5066.370 60.8 -2.8 2.3
5069.473  3.7113° 5.5 1.2664 6.5 5069.467 320.2 -0.9 0.2
5071.787  3.7297° 1.5 1.2859 0.5 5071.810 125.9 -0.2
5072.423  4.3334° 45 1.8898 4.5 5072.462¢ 528.5
5076.686  3.8003° 4.5 1.3589 4.5 5076.681¢ 777.0 0.7
5087.622  3.8490° 2.5 1.4128 3.5 5087.593 53.5 -0.4
5110.559  3.8872° 4.5 14619 5.5 5110.521 184.2 0.2
5112.284  3.8701° 3.5 1.4456 2.5 5112.307° 106.1 -0.1
5112.294  3.3091° 0.5 0.8846 1.5 5112.307° 106.1 -1.0
5118.802  3.9148° 5.5 14934 45 5118.769¢ 63.4 -0.2
5130.234  3.9740° 1.5 1.5580 2.5 5130.258°¢ 307.8 0.6
5132.222  4.3049° 4.5 1.8898 4.5 5132.205¢ 1022.5
5136.312  4.0234° 3.5 1.6102 3.5 5136.297 65.8 -0.0
5137.904  4.4057° 0.5 19933 1.5 5137.944 78.5 0.7
5143.267  3.9265° 2.5 1.5166 3.5 5143.293°¢ 1023.9
5150.437  3.6687° 4.5 1.2622 3.5 5150.453¢ 147.5 -0.5 -0.2
5168.317  3.4743° 4.5 1.0761 4.5 5168.347¢ 1337.3 04
5169.587  3.8910° 7.5 1.4934 8.5 5169.578 187.6 0.2
5181.448  3.8377° 3.5 1.4456 2.5 5181.435 132.3 0.0
5183.149  3.7744° 2.5 1.3830 1.5 5183.127 99.5 -0.2
5183.560  3.8040° 4.5 14128 3.5 5183.587 209.5 0.1
5186.825  3.8025° 2.5 1.4128 3.5 5186.820 173.0 0.1
5190.102  3.5548° 2.5 1.1667 2.5 5190.094 33.7 -1.1 -1.0
5202.323  3.9682° 4.5 1.5857 5.5 5202.341 268.5 0.5
5204.273  3.7297° 1.5 1.3481 25 5204.274 60.2 -0.5
5209.939  3.9647° 5.5 1.5857 5.5 5209.917¢ 1550.9
5223.902  4.1227° 45 1.7500 4.5 5223.910° 67.0 0.2
5223916  3.6768° 1.5 1.3041 1.5 5223.910° 67.3 -0.5
5253.445  3.7348° 6.5 1.3755 7.5 5253.433¢ 200.8 0.0
5258.699  4.6479° 0.5 22909 1.5 5258.676 134.0
5272.850  3.2836° 1.5 0.9329 25 5272.880" 15.9 -1.7 -1.8
5272.905 3.4267° 55 1.0761 4.5 5272.880° 16.1 -1.8 -1.6
5275.513  3.7623° 4.5 1.4128 3.5 5275.553 449 -0.6
5308.848  3.7178° 2.5 1.3830 1.5 5308.813¢ 128.6 -0.2
5310.156  4.0422° 2.5 1.7081 3.5 5310.197 100.1 0.2
5332.078  2.7584° 2.5 0.4338 3.5 5332.076°¢ 192.6 -1.5 -1.5
5351.386  4.0029° 6.5 1.6867 6.5 5351.355¢ 148.3 0.4
5366.958  3.8675° 2.5 1.5580 2.5 5366.968 62.0 -0.2



APPENDIX A. TABLES OF SPECTRAL LINES 253

Continued from previous page

)\Roitz Eup Jup Ejow Jiow /\00 I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]

5374.055  3.7192° 45 14128 3.5 5374.040°¢ 147.5 -0.1
5374.306 ~ 3.4729° 15 1.1667 25 5374.313¢ 104.7 -0.5 -0.6
5378.710  3.3680° 25 1.0636 1.5 5378.740 53.1 -0.9 -1.1
5381.058 3.9136° 35 1.6102 3.5 5381.051 177.5 0.3
5386.425  4.2721° 65 19710 55 5386.454 51.2 0.3
5394.476  3.4643° 15 1.1667 25 5394.477¢ 50.1 -1.0
5398.181  3.2936° 45 09976 3.5 5398.172¢ 37.3 -1.2 -1.4
5409.195 4.3283° 15 2.0368 25 5409.167 36.8 0.3
5409.482  4.4057° 05 21144 05 5409.485 72.5 0.7
5411.423  4.0405° 55 1.7500 4.5 5411.393¢ 5819.6
5432.106  3.7751° 45 14934 45 5432.114 41.1 -0.5
5435.509  3.5425° 25 1.2622 35 5435.492 50.7 -0.8
5436.286 4.4767° 4.5 2.1967 4.5 5436.327¢ 931.3
5446.869  3.6344° 55  1.3589 4.5 5446.830°¢ 72.0 -0.5
5463.196  4.0285° 15 1.7597 25 5463.165 161.0 0.5
5472.691 4.0834° 2.5 1.8185 3.5 5472.659 272.6 0.8
5478.560  4.2334° 65 19710 5.5 5478.563 219.6 0.9
5482111  3.6440° 25 1.3830 1.5 5482.153 257.1 0.1
5495.618  3.6250° 25 1.3697 1.5 5495.603¢ 144.8 -0.2
5496.800  4.0146° 35 1.7597 2.5 5496.814 179.0 0.5
5513.245  3.8584° 45 1.6102 3.5 5513.210° 80.5 -0.1
5518.352  3.7627° 35 15166 3.5 5518.342¢ 50.4 -0.5
5530.325  4.2781° 35 2.0368 25 5530.355 36.1 0.2
5573.928  4.0422° 25 1.8185 3.5 5573.917 82.0 0.2
5587.451  3.1512° 25 09329 25 5587.463¢ 172.1 -0.9
5591.151  3.7334° 35 15166 3.5 5591.166¢ 1647.6
5592950  3.3828° 25 1.1667 25 5592.962 38.4 -1.5 -1.2
5599.588  3.8831° 45 1.6696 5.5 5599.542°¢ 75.7 -0.1
5612.962  3.8003° 4.5 15921 45 5612.989¢ 118.7 -0.0
5630.038  3.7872° 6.5 15857 5.5 5630.066¢ 167.1 0.1
5636.708  3.7570° 2.5 15580 25 5636.716 52.3 -0.4
5658.188  3.4528° 45  1.2622 35 5658.183¢ 69.7 -0.8
5661.164  3.7751° 45 15857 55 5661.177¢ 251.9 0.3
5694.608  3.8847° 25 1.7081 3.5 5694.597 125.6 0.2
5702.231  3.9334° 25 1.7597 25 5702.249¢ 56.3 -0.1
5702.703 3.1064° 1.5 09329 25 5702.736 36.1 2.7 -1.6
5703.438  3.3399° 35 1.1667 25 5703.437¢ 94.7 -0.9 -0.8

5706.189  3.1697° 3.5 0.9976 3.5 5706.196° 9669.5 1.0 0.9
5706.730  4.2319° 55  2.0600 6.5 5706.748°¢ 3499.4
5707228  3.5548° 25 1.3830 15 5707.204¢ 550.6 0.2 0.3



APPENDIX A. TABLES OF SPECTRAL LINES 254
Continued from previous page

)\Roitz Eup Jup Ejow Jiow /\00 I loggf

[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
5712.538  4.2781° 3.5 2.1083 3.5 5712.517 41.6 0.3
5727310  3.7744° 25 1.6102 3.5 5727.266¢ 485 -04
5740.854  3.3253° 4.5 1.1662 5.5 5740.855°¢ 317.8 0.4 -0.3
5741.164  3.8285° 6.5 1.6696 5.5 5741.169 1194 0.1
5744998  3.2211° 2.5 1.0636 1.5 5745.032 150.6 -0.7 -0.8
5756.410  3.2293° 45 1.0761 4.5 5756.390°¢ 371.8 -0.5 -04
5765.853  3.9682° 4.5 1.8185 3.5 5765.898¢ 150.4 04
5773.748 3.7324° 45 1.5857 5.5 5773.767b¢ 2738.4
5773.781 3.7570° 2.5 1.6102 3.5 5773.767" 2737.6
5788.387  3.7334° 3.5 1.5921 45 5788.387¢ 3119.8
5810.318  3.3954° 4.5 1.2622 3.5 5810.346¢ 55.4 -0.8 -0.9
5833.427  4.0146° 3.5 1.8898 4.5 5833.384¢ 96.4 0.3
5845.823  4.0101° 3.5 1.8898 4.5 5845.846°¢ 66.4 0.1
5863.866  3.3801° 7.5 1.2664 6.5 5863.859 23.5 -1.6 -1.3
5864.533  3.7831° 5.5 1.6696 5.5 5864.485¢ 156.1 0.2 0.1
5867.738  3.8586° 5.5 1.7462 6.5 5867.774¢ 5542.6
5875.950  4.2238° 1.5 21144 0.5 5875.911°¢ 1385.8
5886.038  3.3680° 2.5 1.2622 3.5 5886.065¢ 64.4 -0.7 -0.9
5896.237  4.0731° 6.5 19710 5.5 5896.283¢ 449.0
5906.113  3.3608° 3.5 1.2622 3.5 5906.070°¢ 1611.3 0.5 0.5
5909.062  3.1736° 4.5 1.0761 4.5 5909.044¢ 2676.8 0.4 04
5916.067  3.9136° 3.5 1.8185 3.5 5916.036 83.0 0.1
5916.361 3.3572° 2.5 1.2622 3.5 5916.372°¢ 4407.4 0.9
5922.835  3.7623° 4.5 1.6696 5.5 5922.796 61.9 -0.3
5931.543  3.8396° 4.5 1.7500 4.5 5931.540 93.4 0.0
5933.909  4.1971° 45 2.1083 3.5 5933.946 423 0.3
5936.932  3.8377° 3.5 1.7500 4.5 5936.885°¢ 40.3 -0.3
5953.273  4.0530° 5.5 19710 5.5 5953.286¢ 30.3 -0.1
6010.830  3.6723° 3.5 1.6102 3.5 6010.793¢ 139.7 -0.0 -0.0
6016.792  4.0310° 5.5 1.9710 5.5 6016.800¢ 267.3 0.8
6023.132  3.6435° 4.5 1.5857 5.5 6023.178 52.7 -0.8 -0.5
6041.357  4.4117° 2.5 2.3600 2.5 6041.388¢ 727.3
6043.329 42072° 75 21563 7.5 6043.329¢ 84.6 0.6
6045.427  3.1139° 0.5 1.0636 1.5 6045.386° 738.3 -0.2
6067.445  3.1064° 1.5 1.0636 1.5 6067.398°¢ 163.6 -2.0 -0.9
6114.676  3.3859° 4.5 1.3589 4.5 6114.721 86.8 -0.7 -0.7
6117.962  3.5425° 2.5 1.5166 3.5 6118.008 1465.7 0.8
6122.717  4.1327° 3.5 21083 3.5 6122.740°¢ 350.0
6124.892  3.6339° 3.5 1.6102 3.5 6124.917 34.6 -0.7
6156.921 3.3828° 2.5 1.3697 1.5 6156.901° 37.5 -1.4 -1.1
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6156.952  4.0731° 6.5 2.0600 6.5 6156.901° 374 0.1
6187.950  3.1697° 3.5 1.1667 2.5 6187.950 36.4 -1.3 -14
6191.211 3.3608° 3.5 1.3589 4.5 6191.238 151.3 -0.4 -0.5
6192.642  3.4643° 1.5 1.4628 2.5 6192.635°¢ 77.7 -0.6
6195.205  3.0767° 5.5 1.0761 4.5 6195.190¢ 37.9 -1.6 -1.5
6202.508  3.3680° 2.5 1.3697 1.5 6202.554°¢ 16.9 -1.2 -14
6206.829  3.0605° 1.5 1.0636 1.5 6206.835 3735 -0.6
6236.189  3.3572° 2.5 1.3697 1.5 6236.235°¢ 454 -0.6 -1.0
6242.029  3.3553° 1.5 1.3697 1.5 6241.989 30.9 -1.2
6251.675  3.3954° 4.5 14128 3.5 6251.661°¢ 129.4 -0.3 -0.5
6256.522  3.2433° 3.5 1.2622 3.5 6256.5430 89.5 -0.8 -0.9
6256.589  3.1473° 5.5 1.1662 5.5 6256.5430¢ 86.1 -1.3 -1.1
6271.059  3.5867° 2.5 1.6102 3.5 6271.043¢ 95.9 -0.3
6288.234  3.3192° 3.5 1.3481 25 6288.249¢ 19.0 -1.4
6289.321 4.1674° 4.5 21967 4.5 6289.365 22.1 0.0
6321.735  3.6687° 4.5 1.7081 3.5 6321.713 474 -0.7 -0.5
6345900  3.4160° 3.5 14628 2.5 6345.899°¢ 59.4 -0.8
6357.227  3.2978° 1.5 1.3481 25 6357.177 47.5 -1.0
6363.167  3.8377° 3.5 1.8898 4.5 6363.159°¢ 37.2 -0.3
6368.433  4.2781° 3.5 23318 3.5 6368.399 65.3 0.7
6371.067  3.4620° 2.5 1.5166 3.5 6371.015°¢ 553.8 0.1 0.3
6374.609 3.3572° 25 1.4128 3.5 6374.617 35.4 -0.7 -1.1
6426.628  3.6749° 6.5 1.7462 6.5 6426.640°¢ 74.1 -0.4 -0.2
6431.006  3.2862° 5.5 1.3589 4.5 6431.054 18.7 -1.5 -1.5
6435.299  3.3091° 0.5 1.3830 1.5 6435.301¢ 301.2 -0.2
6439.278  3.9617° 1.5 2.0368 2.5 6439.317°¢ 47.6 0.0
6442.067  3.3859° 4.5 14619 5.5 6442.070°¢ 586.1 0.2 0.2
6447.522  3.3680° 2.5 1.4456 2.5 6447.545b¢ 24.6 -1.0 -1.2
6447.530 3.4804° 3.5 1.5580 2.5 6447 .545b 27.6 -1.1 -1.0
6460.751 4.3519° 3.5 24335 3.5 6460.711 45.3 0.7
6471.617  3.3608° 3.5 1.4456 2.5 6471.583¢ 393.0 0.0 -0.0
6483.923  3.3572° 2.5 1.4456 2.5 6483.956" 34.2 -0.7 -1.1
6483.957  4.2716° 2.5 23600 2.5 6483.956" 33.6 04
6498.654 29709 1.5 1.0636 1.5 6498.642" 35.2 -1.7  -1.1
6514.632  3.9394° 3.5 2.0368 2.5 6514.638¢ 56.4 0.1
6517.096  4.0102° 4.5 21083 3.5 6517.048 159 -0.3
6542.764  3.0611° 3.5 1.1667 2.5 6542.786 18.1 -1.8 -1.8
6569.286  3.3801 7.5 1.4934 8.5 6569.282" 416.6 01 -0.2
6574.427  3.2549° 0.5 1.3697 1.5 6574.391 13.0 -1.5 -1.6
6577.373  3.2433° 3.5 1.3589 4.5 6577.420 21.3 -14 -14
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6579.226  3.6339° 3.5 1.7500 4.5 6579.264°¢ 62.3 -0.3
6587.502  3.3443° 2.5 1.4628 2.5 6587.484¢ 131.2 -0.3 -0.5
6591.550  3.2500° 2.5 1.3697 1.5 6591.542 97.9 -0.8
6604.574  3.6749° 6.5 1.7982 7.5 6604.594 80.9 -0.4 -0.2
6627.737  3.8411° 5.5 19710 5.5 6627.776¢ 28.5 -0.3
6641.550  3.6259° 3.5 1.7597 2.5 6641.566 34.3 -0.6
6649.037  3.2472° 25 1.3830 1.5 6649.089 98.1 -0.6 -0.8
6654.321 3.8665° 0.5 2.0038 0.5 6654.274 61.2 0.0
6665.244  3.9740° 1.5 21144 0.5 6665.249 41.7 0.0
6706.807  3.9081° 5.5 2.0600 6.5 6706.846 39.2 -0.1
6733200  3.5104° 4.5 1.6696 5.5 6733.201 10.2 -1.3
6741.496  2.8361° 3.5 0.9976 3.5 6741.475 123.7 -1.3 -1.3
6743.565 3.2836° 1.5 1.4456 2.5 6743.609°¢ 29.6 -1.1 -1.2
6757.070  4.0310° 5.5 21967 4.5 6757.095°¢ 7.1 -0.6
6787.942  4.0041° 0.5 21781 1.5 6787.975 9.9 -0.5
6808.241 3.1064° 1.5 1.2859 0.5 6808.287¢ 315.2 -1.5 -04
6813.484  3.1672° 2.5 1.3481 25 6813.526 24.2 -1.3 -1.5
6820.880  3.1213° 2.5 1.3041 1.5 6820.891°¢ 246.2 -0.4 -0.5
6829.864 3.1736 4.5 1.3589 4.5 6829.859" 49 21 -12
6838.297  3.5723° 1.5 1.7597 2.5 6838.316° 272.0 0.2
6864.073  3.4160° 3.5 1.6102 3.5 6864.057°¢ 14.5 -1.3
6867.119  3.6948° 5.5 1.8898 4.5 6867.101¢ 280.1 0.5
6868.124 3.4743° 45 1.6696 5.5 6868.126° 18.0 -1.1
6873.701 4.3632° 5.5 25600 5.5 6873.686° 87.8
6875.294  3.3608° 3.5 1.5580 2.5 6875.287 30.6 -1.0 -1.0
6900.289  3.1443° 1.5 1.3481 25 6900.330 41.0 -1.1 -1.3
6912.775  3.7863° 1.5 1.9933 1.5 6912.781¢ 197.4 0.5
6949.421 3.9617° 1.5 21781 1.5 6949.441¢ 50.5 0.2
6952.330  3.5425° 2.5 1.7597 25 6952.343¢ 29.0 -0.8
6954.328  4.1876° 5.5 24053 4.5 6954.319 125.1 0.9
6955.663  2.6666 1.5 0.8846 1.5 6955.653" 40.7 20 -17
6987.355  4.0118° 1.5 22380 2.5 6987.372 52.8 0.3
6990.091 3.1213° 2.5 1.3481 25 6990.090¢ 143.0 -0.6 -0.7
6996.568  3.9682° 4.5 21967 4.5 6996.519 14.3 -0.4
6996.936  3.2342° 3.5 1.4628 2.5 6996.954¢ 31.4 -1.2 -1.2
7039.162  2.7584° 25 09976 3.5 7039.185b¢ 164.2 -1.2 -1.2
7039.172  3.1736° 4.5 1.4128 3.5 7039.185¢ 163.8 -0.6 -0.6
7054934  3.1697° 3.5 14128 3.5 7054.985°¢ 29.9 -1.3 -1.3
7082.363  2.6347 05 0.8846 1.5 7082.356" 392.6 -1.1 -1.0
7091.843  3.3399° 35 1.5921 45 7091.867 56.0 -0.8 -0.8
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
7104.508 4.1047° 2.5 23600 2.5 7104.535°¢ 5403.5
7106.245 3.1139° 0.5 1.3697 1.5 7106.235°¢ 3164.6 0.6
7106.771 3.6339° 3.5 1.8898 4.5 7106.823 5.8 -1.3
7111.422 3.0288° 1.5 1.2859 0.5 7111.436 25.9 -1.5 -1.6
7115334  3.9386° 5.5 21967 4.5 7115.276 424 0.1
7121.315 3.3262° 5.5 1.5857 5.5 7121.300 9.9 -1.8 -1.5
7124.461 3.2978° 1.5 1.5580 2.5 7124.504 29.9 -1.1
7127.433 4.2409° 5.5 25019 4.5 7127.377¢ 39.8 0.5
7148.277  4.1674° 45 24335 3.5 7148.291 8.4 -0.2
7153.576 3.0807° 2.5 1.3481 25 7153.563 5.7 2.1 2.2
7166.196 3.3399° 3.5 1.6102 3.5 7166.150 19.1 -1.3 -1.2
7189.071 3.1697° 3.5 1.4456 2.5 7189.026 5.3 -2.0 -2.0
7192.252 4.0834° 2.5 23600 2.5 7192.288 14.2 -0.1
7219.280 4.2768° 4.5 25600 5.5 7219.312 42.1 0.6
7288.896 3.2862° 5.5 1.5857 5.5 7288.931 4.2 -2.0 -1.9
7300.681 3.6687° 4.5 1.9710 5.5 7300.663°¢ 294 -0.8 -0.5
7310.130 2.9996° 2.5 1.3041 1.5 7310.089¢ 38.8 2.7 -14
7316.298 3.8025° 2.5 21083 3.5 7316.297¢ 97.1 0.3
7371.051 3.1443° 1.5 1.4628 2.5 7371.098 14.9 -1.5 -1.6
7376.664  3.1736° 4.5 1.4934 45 7376.644 52.3 -1.1 -1.0
7410.676 3.6435° 4.5 19710 5.5 7410.691°¢ 52.9 -0.5 -0.2
7431.201 3.0807° 2.5 14128 3.5 7431.214¢ 8.5 -1.9 -1.9
7445.469 3.0478° 2.5 1.3830 1.5 7445.427°¢ 85.8 -1.0 -1.0
7462.514  3.9927° 35 23318 3.5 7462.509 3.1 -0.9
7472.521 2.8254° 3.5 1.1667 2.5 7472.464 16757.1 0.9
7531.325 3.0288° 1.5 1.3830 1.5 7531.365°¢ 36.6 -1.3 -14
7546.556 3.9334° 2.5 22909 1.5 7546.540°¢ 123.7 0.6
7577.530 4.1876° 5.5 25518 6.5 7577 478 7.0 -0.2
7631.720 3.5951° 4.5 19710 5.5 7631.747b 11.3 -1.0
7631.790 3.7324° 45 2.1083 3.5 7631.747° 10.7 -0.8
7643.010 2.8839° 3.5 1.2622 3.5 7643.013 5.6 25 2.4
7645.073 2.6849° 0.5 1.0636 1.5 7645.037¢ 43.3 -1.8 -1.8
7648.284  3.5104° 45 1.8898 4.5 7648.298°¢ 8.5 -1.2
7694.423 3.7192° 4.5 2.1083 3.5 7694.375 6.3 -1.0
7712.308 3.0199° 3.5 1.4128 3.5 7712.299b¢ 9.5 -1.9
7712.331 3.6440° 2.5 2.0368 2.5 7712.299¢ 9.5 -0.9
7718.059 3.5769° 5.5 19710 5.5 7718.098 3.1 -1.5
7758.105 3.3476° 4.5 1.7500 4.5 7758.078°¢ 57.7 -0.4 -0.6
7789.714  2.8953° 0.5 1.3041 15 7789.651 9.1 2.1 -2.2
7812.762 3.3327° 5.5 1.7462 6.5 7812.770¢ 47.3 -0.9 -0.7
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. [48]
7854.928  3.6863° 25 2.1083 3.5 7854.948 8.8 -0.9
7868.250  3.3253° 45 1.7500 4.5 7868.275°¢ 7.8 -1.6 -1.5
7880.078  2.9318° 45 1.3589 4.5 7880.116 41.2 -1.4 -1.4
7885.473  4.0737° 45 25019 45 7885.463°¢ 11.2 -0.1
7889.250  4.0046° 4.5 24335 3.5 7889.291¢ 34.7 0.2
7925.148  3.6723° 35 2.1083 3.5 7925.122 7.9 -0.9 -0.9
7928.134 3.1736 4.5 1.6102 3.5 7928.139" 15.2 -1.5 -07
8021.486  3.7233° 2.5 21781 1.5 8021.500 45.7 -0.1
8048.681 3.2862° 5.5 1.7462 6.5 8048.632 6.6 -1.6 -1.6
8068.461 3.2862° 5.5 1.7500 4.5 8068.412 16.5 -1.2 -1.2
8071.731 3.3337° 7.5 1.7982 75 8071.751 9.2 -1.6 -1.4
8141913  3.8133° 1.5 22909 1.5 8141.943 7.6 -0.7
8208.146  3.8701° 3.5 23600 2.5 8208.199¢ 77.8 04
8312.707  3.0767° 5.5 1.5857 5.5 8312.665°¢ 15.9 -1.6 -1.5
8355.106  3.6616° 1.5 21781 1.5 8355.149 22.0 -0.4
8383.707  3.5384° 5.5 2.0600 6.5 8383.766° 84.5 -0.2 -0.0
8472916  3.9647° 5.5 25019 45 8472.854°¢ 19.9 0.0
8641.453  3.6723° 3.5 22380 2.5 8641.502¢ 10.1 -0.7 -0.7
8751.037  3.5247° 2.5 21083 3.5 8751.102 35.8 -04
9049.092  3.3735° 0.5 2.0038 0.5 9049.024 75 -1.2 -1.3
9119.179 29449 45 1.5857 5.5 9119.208" 19.0 -1.5 -15

Table A.11: Measured wavelengths (A,) and intensities of Eu I spectral
lines. Meaning of symbols is given in Table[A.3]

)\Roitz Eup Jup Eiow Jiow /\oo I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3865.563  5.1382° 5.5 1.9318 5.5 3865.576 104.6 -0.2
3884.741  4.9962° 3.5 1.8056 4.5 3884.751 259.2 0.0
3900.510 4.8170 5.5 1.6393° 45 3900.512 261.6 -0.2
3949.613  4.7560 4.5 1.6178° 3.5 3949.601 62.7 -0.9
3955.746  5.0651° 4.5 1.9318 5.5 3955.763 101.5 -0.3
3961.116  4.8732° 4.5 1.7441 35 3961.131 229 -1.2
3964.477  4.8706° 3.5 1.7441 3.5 3964.491 73.1 -0.7
3964.930 47439 4.5 1.6178° 3.5 3964.943 41.6 -1.0
3967.169  4.8684° 2.5 1.7441 3.5 3967.181 86.4 -0.6
3969.222  5.0545° 4.5 19318 5.5 3969.220 70.3 -0.5
3978.402 55284 25 24129° 25 3978.420° 89.1 0.2



APPENDIX A. TABLES OF SPECTRAL LINES 259
Continued from previous page
)\Roitz Eup Jup Ejow Jiow /\oo I loggf
[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD
3978.417 4.7839 6.5 1.6684° 5.5 3978.420° 89.1 -0.7
4004.578  5.5062 4.5 2.4111° 55 4004.552¢ 25.8 -04
4010.411 46929 3.5 1.6023° 2.5 4010.420 122.9 -0.6
4010432  4.8962° 4.5 1.8056 4.5 4010.420 84.4 -0.6
4016.691 46881 3.5 1.6023° 2.5 4016.698 181.2 -0.5
4026.503  4.9902 4.5 1.9119° 3.5 4026.490 20.6 -1.1
4029.957 5.4651 3.5 2.3895° 4.5 4029.972b 122.6 0.2
4029968 54764 4.5 2.4008° 3.5 4029.972° 122.6 0.3
4029973 47839 6.5 1.7083° 6.5 4029.972° 120.0 -0.5
4029986 4.7839 7.5 1.7083° 6.5 4029.972° 120.0 -0.5
4036.146  4.8765° 55 1.8056 4.5 4036.150 165.5 -0.3
4040477  4.8732° 4.5 1.8056 4.5 4040.487 140.3 -04
4058.449 49308 2.5 1.8768° 1.5 4058.469 13.8 -1.3
4068.954 49902 45 1.9441° 45 4068.938 29.9 -0.9
4071.198 49885 5.5 1.9441° 45 4071.176 36.5 -0.8
4102.691 4.6604 3.5 1.6393° 4.5 4102.703 23.4 -1.3
4106.859  4.6203 2.5 1.6023° 2.5 4106.874 314.0 -0.3
4128.088  4.6203 2.5 1.6178° 3.5 4128.100 33.0 -1.2
4137.067 49896 6.5 1.9936° 5.5 4137.068 100.2 -0.3
4152.139  4.6029 4.5 1.6178° 3.5 4152.120 111.5 -0.7
4157.712 45989 25 1.6178° 3.5 4157.731 113.9 -0.7
4182.215  4.6029 4.5 1.6393° 4.5 4182.224 337.6 -0.2
4192.617  5.1062° 3.5 21499 35 4192.584 414.8 04
4194294 48671 45 1.9119° 3.5 4194.280 71.5 -0.6
4194.489  5.1049° 4.5 21499 35 4194.494 72.8 -0.3
4202.685  4.8810° 6.5 19318 5.5 4202.703 4159 0.2
4209.146  4.8765° 5.5 19318 5.5 4209.161 88.4 -0.5
4213.856  4.8732° 4.5 19318 5.5 4213.874 16.8 -1.2
4230.626 48417 4.5 1.9119° 3.5 4230.648 45.8 -0.8
4244741 45378 3.5 1.6178° 3.5 4244.760 57.3 -1.0
4247.041 4.8962° 4.5 19778 3.5 4247.036 29.2 -0.9
4287413  4.8029 2.5 1.9119° 3.5 4287.423 13.8 -1.4
4298.729 45916 5.5 1.7083° 6.5 4298.725 1010.4 0.3
4314.716  5.3065 4.5 24339° 45 4314.721 10.8 -0.9
4317.369  5.3048 3.5 2.4339° 45 4317.372 13.1 -0.8
4322566  4.6116° 4.5 1.7441 3.5 4322.552 94.1 -0.7
4329.358 45314 45 1.6684° 5.5 4329.363" 2455 -04
4329.360  5.2524 4.5 2.3895° 45 4329.363" 2455 04
4329969 45708 5.5 1.7083° 6.5 4329.964" 252.3 -0.3 -0.5
4331.160 44640 3.5 1.6023° 2.5 4331.182 105.9 -0.8
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)\Roitz Eup ]up Ejow Jiow /\oo I loggf

[A] [eV] [eV] [A] [a.u] Casc. Boltz. NIST-ASD
4337.674 45259 45 1.6684° 55  4337.685 2925 -0.3
4345896 44698 25 1.6178° 35 4345910 117.1 -0.8
4354.778 44640 3.5 1.6178° 3.5 4354.790 210.1 -0.5
4370469  4.8955° 55 20595 4.5  4370.480° 120.9 -0.3
4370513 52255 35  23895° 45  4370.480° 122.5 0.1
4387.872 44640 3.5 1.6393° 45  4387.885 577.3 -0.1
4417.245 4.6116° 4.5 1.8056 4.5 4417.234 118.7 -0.6
4436993 52476 25 24541° 15 = 4436.986" 14.5 -0.8
4437001  5.1943 35  24008° 3.5 = 4436.986" 14.5 -0.9
4441306 44300 45 1.6393° 45  4441.340 66.7 -1.0
4464.550 47203 3.5 1.9441° 45 4464.567 19.8 -1.2
4471991  4.7417° 15 19701 25  4471.990 74.0 -0.6
4508.129  5.1502 45  24008° 3.5  4508.130 42.0 -0.4
4526.685 47159° 25 1.9778 3.5 4526.690 74.5 -0.7
4570436 51248 35  24129° 25  4570.449 141.3 0.1
4594.035  2.6980 4.5  0.0000° 3.5 = 4594.015" 152468.3 0.4 0.7
4597.341 4.4402° 45 1.7441 3.5 4597.333 221.2 -0.5
4621.343  4.6598° 35 19778 35  4621.334 20.0 -1.3
4625.280 5.1339 25 2.4541° 1.5 4625.287" 174.7 0.2
4625297  4.6116° 45 19318 55  4625.287° 176.4 -0.4
4627.226 2.6786 3.5 0.0000° 3.5 4627.216"  117653.0 0.3 0.6
4650475 42831 45 1.6178° 35  4650.493 164.4 -0.8
4656.712 45736 45 19119° 35  4656.737 122.4 -0.6
4660.346 45502 3.5 1.8906° 25  4660.367 207.4 -0.4
4661.441 45358 25 1.8768° 15 4661472 88.2 -0.7
4661.878  2.6587 2.5 0.0000° 35  4661.866" 81595.6 0.1 0.5
4684.762 42850 3.5 1.6393° 45  4684.737 14.1 -1.8
4685.254 45360 1.5 1.8906° 2.5  4685.253 35.7 -1.1
4688.235  4.2831 45 1.6393° 45  4688.251 198.8 -0.7
4698.123 45502 35 19119° 35  4698.142 176.6 -0.4
4713.585 45736 4.5 1.9441° 45 4713.612 316.1 -0.1
4717217 45181 25 1.8906° 25  4717.230 274 -1.3
4718.609 45708 55 19441° 45  4718.628 63.0 -11 -0.8
4720.547  4.2280 3.5 1.6023° 2.5 4720.545 20.0 -1.7
4728131 42607 45 1.6393° 45 4728144 27.9 -1.5
4736.588  4.3609° 25 17441 35  4736.587 284 -1.4
4739.150  4.2547 55 1.6393° 45  4739.130 49.0 -1.3
4740516  4.2831 45 1.6684° 55  4740.528 175.5 -0.7
4755926 45181 25 19119° 35  4755.931 40.8 -1.1
4762907 45143 25 19119° 35  4762.919° 37.6 -1.1
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[A] [eV] [eV] [A] [a.u.] Casc. Boltz. NIST-ASD

4763.963  4.5336° 4.5 19318 5.5 4763.955" 225.3 -0.3
4763.965  4.2040 3.5 1.6023° 2.5 4763.955" 225.3 -0.7
4769.599 45106 3.5 1.9119° 3.5 4769.619¢ 28.9 -1.2
4770.781 45916 5.5 1.9936° 5.5 4770.780 152.5 -04
4777.691 49838 5.5 2.3895° 45 4777.690 60.0 -0.4
4781.311 42607 4.5 1.6684° 5.5 4781.319 58.1 -1.2
4783999  4.3965° 5.5 1.8056 4.5 4784.006" 59.6 -1.0
4784.004 5.0348 3.5 2.4439° 3.5 4784.006" 59.6 -0.3
4792554 42040