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Appendix A: Atomic Data - M easurement and Saour ces

A.1l: The Nedad for Atomic Data

To be dle to acarrately model the formation of a spedral line, various data are
required, relating to the particular transition involved, the dement involved, and the
photospheric environment. The transtion is described by the wavelength, the
oscill ator strength (or f-value) and the damping parameters. The @om is described by
its abundance, partition function, temperature, and for NLTE cases, rates for any
dggnificant trangtions which might affed level populations (or, aternatively, NLTE
departure efficients). The rest of the photosphere is then described by the
abundances of the various atomic, ionic and moleaular spedes present, and their
opadties.

For any comparison to be made between the observed solar spedrum and

cdculated spedra, acairate observations of the solar spedrum must be used.

A.1.1: TheTransition Wavelength

Idedly, we would know the in vacuo transition wavelength acarately, as the
solar wavelength will not be the same, even after effeds sich as gravitational redshift
of 636 ms™ are taken into acmount, as the photospheric convedive velocity field gives
rise to further wavelength shifts. To determine these shifts acarately, the transition
wavelengths must be acaratdy known.

Laboratory measurements of wavelengths can be dfeded by a number of
fadors - non-convedive wavelength shifts in the photosphere may be negligible, but
laboratory measurements tend to be made under very different conditions. The

difficulty of acawrately measuring laboratory measurements has been recognised for a
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long time! A review of wavelength measurements of interest in the cae of the
photosphere is given by Dravins et al.?, and their wavelength shifts were used in the
construction of the granular model in thiswork.

If the transtion wavelength of a spedra line is not known sufficiently
acarately, it can be aljusted to give afit between the observed and cdculated spedra,
but this will obvioudy render it impossble to obtain any information about the
wavelength shift of this line. The difficulty of, and the inacairacy of, laboratory
wavelength measurements results in this being the standard procedure used in this

work. The consequerces of thisare discussd in chapter 8.

A.1.2: Damping Parameters

Damping constants for collisions with neutral atomic hydrogen are difficult to
determine experimentally. They are dso difficult to determine from the photospheric
spedrum, as the line profile is dominated by Doppler shifts. For these reasons, it is
important to have areasonably acarate method for cdculating damping constants
theoreticdly. Such theoreticd tedhniques are examined in chapter 4. The theory of
collisons with simple perturbers such as eledrons, protons, or neutral atomic
hydrogen is smpler than that for more complex perturbers. Fortunately, such smple
perturbers are the dominant typesin the solar photosphere.

Experimental results for collisons with other types of perturbers are not
particularly applicable to the photosphere, but could be compared to predictionsfrom a
general theory.

Accurate determination of damping constants from the photosphere is possble

if the other contributions to the line profile and the qualitative dfeds of the interadion

'Seg for example, Babcock, H.D. “The Effed of Pressire on the Spedrum of the Iron Arc” The
Astrophysical Journal 67, pg 240261 (1928, where Babcock measures line shifts due to
measurements being made at presaures greater than a vacuum.

’See pg 346in Dravins, D., Lindegren, L. and Nordlund, A. “Solar Convedion: Influence of
Convedion on Spedral Line Asymmetries and Waveength Shifts’ Astronomy and Astrophysics 96,
pg 345364 (1981).
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are well known. The first of these requirements is addressed in this work, but, as the
damping contribution to the line profile is snall for most lines, smal errors in the
velocity fields could result in quite large erors in the damping. (Conversely, an
approximate theoreticd prediction should be sufficiently acairate.)

The damping constants used in this work were obtained by applying the
Bruedkner-O’Mara theory where possble, and otherwise estimated and adjusted to fit
the observed and cdculated spedra.

A.1.3: Oscillator Strengths

The oscillator strength of a line transtion strongly affeds the total line
strength. (The line strength is aso strongly affeded by the photospheric aundance of
the dement and its ionisation and excitation ratios, and is also affeded to a lesser
extent by broadening medanisms (both Doppler broadening and damping).) Thus,
acarate oscill ator strengths are important to any quantitative study of solar or stellar
spedra. At present, although f-values are avallable for most photospheric lines of
interest, acairacgy of such f-valuesis not as high asis desirable.

It is theoreticdly possble to cdculate transition probabilities and thus line
strengths using quantum medanics; in pradice, while this yields corred results for
hydrogen atoms, the results for other (more mmplex) atoms are only approximately
corred, due to the various smplifications necessary to produce afeasibly caculable
result. High quality experimenta results are usualy more acarrate. Theoreticd and

experimental determination of f-values is examined in sedions A.2 and A.3.

A.1.4: Partition Functions

The partition function was defined in equation (2-15) as
u(m) =5 ge™". (A-1)

A
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At solar temperatures, only the lower energy levels (up to 30 000cm™)* contribute
significantly to the partition function. For most (but not dl) elenments, the anergiesand
multiplicities of levels are known sufficiently acairately.

The greaest problem with partition functions is that it is generally desirable to
use the smallest amount of time and data storage when performing cdculations. Thus,
a method of cdculating partition functions without large anounts of atomic level data
is useful. In pradice this reduces either to the cae of cdculating the partition
functions for al atoms and ions of interest for a particular photospheric model, and
then using these partition functions for spedra synthess, or using smple
approximation formulae (obtained from curve fits to cdculated vaues) to cdculate
them asrequired.

The ionisation fradions are dso determined by the ionisation energies. For
most cases, these are well known. Itisimportantthatvery accuate ionisation energies
are used, as errors in ionisation energies will result in systematic arors in abundances

or photospheric models, asall li nes of a particular ion will be affected smilarly.

A.15: Abundances

Photospheric dement abundances can only be measured from the solar
spedrum. Abundance measurements are dfeded by errors in damping, Doppler
broadening, and oscillator strengths. Errors due to broadening medianisms can be
reduced by using wedk lines which are less endgitive to such errors. Unfortunately, f-
values for wedk lines tend to be lessacarate. One solution is to Smply use & many
lines as possble, and if there ae no systematic arors in the f-values used, the mean
abundancewill be close to the actal value

Element abundances in the solar system as a whole can also be measured from

meteorites. The &undances for most elements relative to ead other should be very

3Grevess, N. “Acaurate Atomic Data and Solar Photospheric Spedroscopy” Physica Scripta T8, pg
49-58(1984.
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similar in the photosphere. This is generally observed. Meteoric abundances are
generaly known to within 10%. The most important difference between meteoric and
photospheric aundances is that of iron. The “standard” value of 7.67 is quite high
compared to the meteoric aundance of 7.51. Significantly, many determinations
(including this work) of the solar abundance of iron find an abundance lower than this
standard value, but comparable to the meteoric aburdarnce.

Photospheric @undances are briefly discussed in sedion 2.2. Abundances
determined in the @urse of this work are given in sedion 5.8.3. The problem of
finding solar and stellar abundances (particularly iron abundances in view of the
spedroscopic important of iron, and the &undance discrepancies) acairately occupies

asignificant part of the literature.”

A.1.6: Opacities

The cdculation of opaaties is discussed in detail in chapter 5. The cdculation
of continuous opadties for the visible solar spedrum is smpler than the genera case
(for other stars or wavelengths) as the opaaty is dominated by the H™ ion absorption.
The other contributions to the opadty are quite small in comparison, and thus, the total
error dueto their inacaracy will be small.

When large sedions of the spedrum are being examined, such as when
determining atmospheric models, the opaadty due to lines neals to be nsidered.
Large numbers of weak unresolved lines can also effedively add to the continuous

opadty.

*Anders, E. and Grevess, N. “Abundances of the Elements. Meteoric and Solar” Geochimica et
Cosmochimica Acta 53, pg 19%214(1989.

°See Milford, P.N., O'Mara, B.J. and Ross JE. “A Determination of the Solar Abundance of Iron
from Faint Fe | Lines’ Astronomy and Astrophysics 292 pg 276280(1994), Blackwell, D.E., Lynas-
Gray, A.E. and Smith, G. “On the Determination of the Solar Iron Abundance using Fe | Lines’
Astronomy and Astrophysics 296, pg 217232 (1995 and Holweger, H., Kock, M. and Bard, A. “On
the Determination of the Solar Iron Abundance using Fe | Lines - Comments on a Paper by D.E.
Blackwell et al. and Presentation of New Results for Weak Lines’ Astronomy and Astrophysics 296,
pg 233240(1995 for recent examples.
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A.1.7: The Solar Spedrum

The basic requirements for acarate solar spedra data ae high photometric
acaragy and high spedral resolution. This is very difficult to adiieve with the spatial
and temporal resolution needed to provide suitable spedral “snapshots’ of the solar
surface Instead, observations must be macde over a larger aeaof the solar surfaceand
over alonger time. Itisimportantthatthe aea and time are both large enough for the
spedrum obtained to be a truly representative average gpedrum.

In addition to the solar spedrum, such observations also contain feaures due
to absorption in the terrestrial atmosphere (i.e. telluric lines). A number of important
solar lines are blended with such telluric lines, such as the sodium D lines.

Sedion A.4 examines such spedral observations and the variation between
them. High spatial and tempora resolution spedra ae not discussed in depth.
Generally, such spedra ae of lower photometric acarracy, and are of much smaller
spedral regions, often only a single line, or a few lines, and the surrounding spedrum.

Asaresult, such observations are usually made when required for a particular purpose.

A.2: Theoretical Determination of Oscillator Strengths

The cdculation of oscillator strengths is a difficult problem in quantum

medhanics. The wavefunctions of the atom arefound from Schrddinger’ s equation

oY
Hy =ih——. A-2
w=in (A-2)
The egenstates for the unperturbed system are
(1) =y, (0™ (A-3)

where E; is the energy of the state j. The system can be described in terms of these
eigenstates by

@(t) = a,(t)y, (1) (A-4)

an
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where the probability of the system being in state j is a'a. When the system is
perturbed by an incident eledromagnetic field, the transition probability can ke found
in terms of the rate of change of these probabili ty coefficients.

The Schrédinger equation for the perturbed system is

0
(H, +V)y =in 2 (A-5)
ot
which reducesto
iny ap, = aVvy, (A-6)
ar ar)
where V isthe perturbing potential. Asthe ((0) are orthogonal, this can be written as
21 i(E-E)t/n
%M—E%%e Vi (A7)

where V, are the gpropriate matrix elements of the perturbation V. This can be
considerably simplified if it is assumed that the gom is initially in an eigenstate k and
consider ashort timeintervd (so that the dateisvirtually constant). Then,
1 ile-g
a,() = a6l iy, (A-8)
In this case, the initia state isk, and the desired result isthe (small) probability that the
trangition to state | has occurred. To find this, equation (A-8) can be integrated with
resped to time. All that is necessary is to describe the perturbation of the gom by the
incident field appropriately.
If the incident field is described as a plane harmonic wave, E = E; cos at 1, the
potentia of the eledronsin thisfieldis
N
V=Y eED,. (A-9)
1=1
This proves to be acairatefor hydrogen, but for more complex multi-eledron atoms, it

bemmes difficult to adeqatdy describe the atom-field interadion.
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A.2.1: Theoretical Hydrogen Oscillator Strengths

For a simple system such as the hydrogen atom, it is possble to obtain an
analyticd solution for the trandgition probabilities. The procedure is somewhat
involved, and only the results will be given here.® The usual seledtion rules are derived
asthese arefound to be the only trangtions with nan-zero rates.

The resultant oscill ator strength for hydrogen for atrangition fromi to j is

r\2n+2n'-4
n'n ~4nn OE
gﬁ-n —n+LL % H:B—n +1- nL 1)’ %
(A-10)’
where F(a,b,c,x) isthe hypergeometric function
F(a,b,c,x) :1+%x+% (A-11)
A clasgcd treament of the problem gives an oscill ator strength of
filrm.n) 37'[\/5 ET ﬁ nen® (A-12)
and equation (A-10) is often written in terms of thisvalue as
f..=0 (n,n) fK(n',n) (A-13)

where g, isthe Gaunt factor, given by

nn, _ n, n'+2n
91(”’”)—"\/§—n_n, @Tnﬁ A(r,n) (A-14)

where
Enlln nn —ann OH
A(n’,n):g 4nr)1 %
(A-15)

These dso provide astarting point for bound-free ad freefreetrangtion rates

used to cdculate the continuous hydrogen opadty (see sdion 5.3).

®Seepg 98106in Mihalas, D. “Stellar Atmospheres’ Freaman (1970 for details.
"Thisisequation (4-167), pg 105, in Mihalas, D. “Stellar Atmospheres’ Freeman (1970).
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A.2.2: Theoretical Oscillator Strengthsfor Other Elements

The difficulty in cdculated oscillator strengths for complex atoms is in
adequately describing the interadion between the @om and the incident radiation field.
Generally, in multi-eledron atoms, the ontribution of the interadion between the
eledrons to the total energy cannot be negleded. The resultant N-body problem
canot be solved anayticdly. A combination of approximations and numericd
tedhniques must be used to obtain solutions.

The smplest useful approximation is the Coulomb (or hydrogenic)
approximation, where only one dedron is assumed to be important. The dedron is
asumed to move in the culomb potential resulting from the nucleus sreened by the
remaining elearons. (Seesedion 4.5.2 for the use of the hydrogenic goproximation in
damping constant cdculations) Due to the smplicity resulting from this
approximation, it iscommonly used, but isnot particularly acarate.

If more sophisticated approximations are used (such as using HartreeFock or
Thomas-Fermi-Dirac wavefunctions), the problem bewmmes correspondingly more
difficult to calculate.

Calculations of oscillator strengths for strong lines are generally more reliable
than those for we& lines. Accuracies of 30%, or even letter, are ateinablefor strong
lines’, while arors in oscill ator strengths of week lines can be much greaer. Neutral
iron, while spedroscopicdly important, proves to be unfortunately resistant to
acarate cdculation of oscillator strengths. Investigation of theoreticad oscill ator
strengths for Fe | shows that the difference between theoreticd and experimental
vaues is smilar for trangitions within the same multiplet, but the erors vary grealy
between multiplets. This could be used to cdculate reasonably acairate theoreticd
values, given experimental oscill ator strengths for at least some of the lines within the

multiplet.

8SeeGustaffson, B. “The Future of Stellar Spedroscopy and its Dependenceon YOU” Physica Scripta
T38, pg 1419(199)).
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A.3: Experimental Determination of Oscillator Strengths

The acarate experimental determination of oscill ator strengths is not an easy
tak. There ae many different techniques which can be used, and have been used for
such measurements. Each technique has its own advantages and disadvantages.

Briefly, the experimental methods can ke divided into two groups: those that
yield absolute oscill ator strengths and those that give relative oscill ator strengths (the
ratios between two transitions). Relative measurements can e used to obtain absolute
oscillator strengths if absolute oscillator strengths are available for appropriate
trangitions or if the lifetimes of suitable levels are known. The experimentd tedniques
can be further divided into lifetime measurements, emisson line measurements and
absorption line measurements.

An experiment designed to measure relative oscill ator strengths is described in

Appendix B.

A.3.1: Absolute Oscillator Strengths

If the lifetime of an energy level is known, the sum of al spontaneous emisson
rates from this level is then known. Then, if the relative strengths of al of the
spontaneous trangitions (or at least, al of the significant transtions) from this level are
known, the absolute oscill ator strengths of dl of the trangtions can kefound.

The rate at which spontaneousdecyg to lower levds occurs is

L= > A (A-16)

al lower
levelsk

where A, are the Einstein spontaneous emisson coefficients. The level lifetime isthus

T =§Ak ﬁl- (A-17)

From equations (3-34) and (3-42), the oscill ator strength is

_ Xme
i grte?

If the Einstein spontaneous emisson coefficient for the transition can be found, the

(A-18)

oscill ator strength is then known. There ae various techniques which can be used to
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measure the level lifetime, such as measuring the radiation emitted by an atomic beam,
and thus determining the dependence of the population of the level along the beam,
which can, by using the beam velocity, be converted to the time dependence of the
level population. The lewve lifetime can thus be determined. This, however, only gives
the sum of all of the Einstein spontaneous emisson coefficients from the level.

If relative intengties for all of the spontaneous transitions from this level are
measured, their sum can be normalised to give this lifetime. The intensity of a
particular (spontaneoudy emitted) trangtion will be measured to be

l, =C,A, (A-19)
where C, is a constant (dependent on wavelength). The wavelength dependence of the
constant C, can be determined from the wavelength cdibration of the system. If the
lines are measured in emisson, the level population for theinitial state (the upper level)
will be the same for al trangtions. The intensity, after cdibration for wavelength
dependence of intensity measurements, can then be written in terms of a wavelength
independent constant, so

|, =CA, (A-20)
where the intengity |, is measured in photons per unit time.

The sum of such intensitiesis then
C
C AT (A-21)

The mnstant C can then be determined from the intensity measurements and the level
lifetime. It should also be noted that it is not strictly necessary to include dl the
possble transitions in order to achieve areasonable acairacy. Aslong asthe strongest
trangitions are measured, the sum of these transitions can be quite dose to the sum of
all trangitions.

As the sum of the spontaneous emisson rates is important in this process

relative line intensities are often given as branching ratios R., defined as

A Ny

XA 2

where the intensities are, again, measured in photons per unit time. Branching ratios

(A-22)

are a onvenient form to use, as the branching ratio for a transtion is proportiona to

the intensity (and thus ratios of branching ratiosare equd tointengty ratios) and, if the
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level lifetime is known, can be realily converted to Einstein coefficients and oscill ator
strengths.

As long as the intensities are measured sufficiently acarately, and the relative
intengity cdibration with resped to wawvelength is acairate, the branding ratios can e
acarately measured. Care should be taken in choosing the source of emisgon lines, as
self-absorption in the source ca be aserious urce of error. If this is avoided, the
intensity cdibration is likely to be the greaest sourceof error in the branching ratios.

It is dso possble to define an upwards branching ratio (as opposed to the
downwards branching ratio defined in equation (A-22) ) in terms of the intensities of
upwards transitions. Given a comprehengve set of upwards and downwards branching
ratios, it isin principle possble to determine a compl ete set of relative intensities for all
trangitions, regardless of the upper and lower levels involved. A set of absolute
oscillator strengths can be obtained from a single lifetime (or absolute oscill ator
strength). Perhaps more usefully, a number of lifetime measurements can be combined
in order to reduceerrors.’

It is also posshle to measure @solute oscillator strengths diredly from
emisson or absorption lines. The basic process of the formation of spedral lines,
either in absorption or emisgon, iswell described in chapter 3. The problem is reduced
to fitting parameters in the radiative transfer in order to reproduce the observed
gpedrum. This, in turn, requires acarate knowledge of the population of the initial
state of the trangtion (the upper level for emisson measurements and the lower state
for absorption measurements). This is difficult to adchieve if the line sourceis not in
LTE or if the temperature is not known acarrately. For a stable sourcein LTE, the
temperature is usualy not particularly high, so only the lowest energy states have
significant populations. Shock tubes can be used to adbtain higher temperatures, but
measurements must be made faster, so photometric acarracy can suffer, particularly

for wedk lines. Sources using non-thermal excitation rarely have known populations,

°For an example of the use of such a process seeCardon, B.L., Smith, P.L., Scalo, JM., Testerman,
L. and Whaling, W. “Absolute Oscill ator Strengths for Lines of Neutral Cobalt between 2276 A and
9357 A and a Redetermination of the Solar Cobalt Abundance’ The Astrophysical Journal 260, pg
395412 (1982. The basic procedure had been suggested at least as early as 1970 (By Rossin Ross
JE.R. “The Solar Abundanceof Iron” University Microfilms, Ann Arbor, Michigan (1970.)



Appendix A: Atomic Data 233

so arc and hollow cathode sources are not particularly useful for such measurements.
Thus, methods of this nature ae usually restricted to absorption line measurements
from low energy states or to strong lines. This can be auseful method to obtain
absolute oscillator strengths for resonance lines. If conditions in the source ae

sufficiently well known, self-absorption can be correciedfor.

A.3.2. Reative Oscillator Strengths

The oscill ator strength of a transition can be measured relative to the oscill ator
strength of another trandtion. This is a smpler process than measuring absolute
oscillator strengths. If intensities of unknown lines are measured relative to lines with
known oscillator strengths, then, from equation (A-18), the unknown oscill ator
strength is
'ij}\jz
| A

where the lines are measured in emisson and share a @mmon upper level. Absorption

g fij =0, (A-23)

intensity measurements can be used if the lines share acommon lower level.
Alternately, if sufficient lines are measured, either upwards or downwards

branching ratios can be found.

A.3.3: Spedroscopic Intensity M easurements

Spedroscopic intensity measurements requires two basic items. alight source
and a spedroscope. Whilethe light sources for absorption and emisson measurements
are very different, the spedroscope systems required have many feauresin common.

The basic requirements are sufficient acaracy and resolution in both
wavelength and intensity determination. In order to med the wavelength
requirements, a resolution high enough to resolve the lines in the sourceis neaded. A
higher resolution is desirable, as it will enable self-absorption or other effeds which

will alter the line profile to be deteded more eadly.
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To med the intensity measurement requirements, a detedor sensitive enough
to give good photometric acaracy for the wedkest lines measures is needed. The
noise in the system must aso be low enough so as not to mask small signals.
Badkground noise from scatered light within the spedroscope is a more serious
problem when making absorption measurements than when measuring emisson lines,
as it is more difficult to measure. When measuring emisson spedra, the badground
noise can be measured at any wavelength point sufficiently far from any line, and can
then be subtraded from the data

The spedroscopic requirements for measurement of emisson line intengities is
discus=d in more detail in Appendix B.

The variation in the refradive index of a gas in the neighbourhood of a spedral
line can dso be measured to find the line strength. This is the amomdousdisperson or
hook method. An interferometer is used to measure the speead of light in the medium.
The interference fringes diow a dharaderistic hook shape nea a spedral line, and the

separation of the pe&ks of the hooks depends on the line strength.

A.3.4: Absorption Spedroscopy

A source of absorption consists of alight source and an absorbing medium. As
the photosphere wnsists of neutral atoms and ions rather than moleaules, an absorbing
medium composed of such atoms is desirable if photosphericdly interesting transitions
areto be measured. Asa result of this, ether high temperatures or some other method
of producing such atomsis required if transitions in elements such as titanium through
to nickel are to be measured. These dements form the bulk of the unblended solar
lines (see Appendix C). A high temperature furnaceis a typicd absorbing medium.*
A furnace is aso typicdly in LTE, so if the temperature is gable axd known
acarately, the population ratios for different levels can be found.

As furnaces are usually limited to temperatures of about 300K or lower, it is
difficult to measure high excitation lines. Conversely, as absorption lines are

measured, excitation to the lower level of the trangtion is required rather than the

1°The furnace used by Blackwell et al. was operated at 2000°K.
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upper level as would be the cae in emisson measurements, so the excitation energies
required are lower.

The asorbing medium can in principle be placel anywhere dong thelight path,
and could even be between the spedroscope and photodetedor. The usual
arrangement isto use a ontinuous light sourceto passthe light through the dsorbing
medium and then into the spedroscope and photodetedor, but other arrangements
could be used if desired. In particular, light from a narrow bandwidth tunable source
could be passed through the medium straight into the photodetedor.

As the strength of absorption lines is measured relative to the loca continuum,
no intensity cdibration for wavelength variation is required. Thus, one of the largest
sources of error in emisson measurements is absent. This also makes it difficult to
acarately measure the intensities of wed lines where the difference between the line
and the oontinuum can be quite smal. (This is compounded by the difficulty of

measuring the badkground noise.)

A.3.5: Emisdon Spedroscopy

A wide variety of sources are used in emisson spedroscopy. An emisson
source requires a method to obtain excited single @oms of the dement being
measured. Common sources are shock tubes, arcs, and hollow cahode lamps.

Shock tubes can provide high temperatures (and thus populate high excitation
energy levels) of up to about 8000°K.*" Shock tubes are dso generally in LTE, as at
the temperatures and presaures attained, collisonal processes are dominant. As the
high temperature is only maintained for a short time, it can ke difficult to measure line
intensities acarately. Instead, the hook method is often used with shock tube
measurements.

Other emisson sources tend to not be in LTE and are thus suitable only for
relative intensity measurements. The source must be stable over the time in which

measurements are made. As this time can be several hours, or even days, long when

“Huber, M.C.E. “Hodk-Method Measurements of gf-values for Ultraviolet Fe | and Fe Il Lines on a
Shock Tube” The Astrophysical Journal 190, pg 237240(1974.
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measuring we lines, this can be an important criterion. There ae alarge number of
different arc sources that can be used, with their individua advantages and
disadvantages. Many arc sourcesare susceptible to self-absorption, and care should be
taken to avoid this, or least to deted whenit occurs. A hollow cathode lamp sourceis
described in Appendix B.

As sif-absorption is a serious problem with emisson measurements, efforts
should be made to chedk whether it significantly affeds the lines being measured. In
the cae of aline with strong self-absorption, it will be detedable from the line profile,
which will show an absorption line superimposed on the amisson line (seefigure A-1).

Note the resemblance of the salf-absorbed line to a doublet.

Self absorption in emission line

Intensity

Wavelength

Figure A-1: Strong Sdf-Absorption
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A lesser case of sdlf-absorption will be harder to deted. If the intengity ratio between
two lines with a common upper level is dependent on the conditions in the source, it is
likely that self-absorption affeds one of the lines.

The other mgjor problem with emisson measurements is the neeal to cdibrate
the spedroscope and detedor system for the wavelength dependence of intensity
measurements.  This generaly requires a source with a known variation of intensity
with wavelength. The source ca either be aline source where the line strengths are
well known, or a ontinuous urce with known behaviour. The wavelength
dependence of the intensity measurements is a result of wavelength dependence of the
behaviour of the opticd components of the spedroscope axd the wavelength
dependence of the photodetedor. At some wavelengths, atmospheric absorption can

be important.

A.4: Observations of the Solar Spedrum

The solar spedral observations used to compare synthetic spedrato must be of
aufficient quality. The photometric acairagy must behigh enough so that the strengths
and profiles of we& lines are acarate, and the resolution must be much higher than
the widths of Fraunhofer linesin the solar spedrum. A number of solar spedra atlases
are available thateasly exceal the minimum requirements.

The major spedral atlas used in this work is the Jungfraujoch Solar Atlas.*? As
matching synthetic spedra to the observed spedrum to a greder degree of acaracy
than posses=d by the observational data is fairly meaningless it is useful to know how
acarate the observed line profiles are. A number of lines in the Jungfraujoch Solar

Atlas are compared to the smelinesfrom theKitt Peak Solar Atlas™ in figure A-2.

Debpauill g, L., Roland, G. and Neven, L. “Photometric Atlas of the Solar Spedrum from 30004 to
1000Q8” Insgtitut o Astrophysique, Liege (1973.

*The National Solar Observatory (NSO)/Kitt Peak FTS data used here (the Kitt Peak Solar Atlas)
were produced the National Science Foundation (NSF)/National Optical Astronomy Observatories
(NOAO).
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Figure A-2: Comparison between Jungfraujoch and Kitt Peak Atlases

It can be seen that the two atlases are quite similar, but there ae differences

between them. The differences between the dlases and the differences between

synthetic and observed spedra is examined in chapter 8. The differences are more

noticedle for the we&ker lines (the lines on the right in figure A -2).

Fewer spedral atlases of such quality are availablefor disk positions away from

disk centre.



