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 CHAPTER I
INTRODUGTION

Much'uspﬁul infqrmatioh.congerning the properties of a stellar
atmoapharé‘canvbe.ob;ained from é»étudy of the intensities of the
ahsofption lines appearing in the sﬁellar‘spegtrumq ‘A commonly employed
method'of analyzing aBsorPtiQn liﬁe intensities involves the application
of idealiée@ curves‘oﬁ éroﬁth}v The purpose of this papef ig to describe
the use Of thisvapprogcﬁg.gglled "grobapalyse' by Germanvworkers, in

‘a squdy gf the spectyum of the star e Ursaé Majoris*.

Thé advantége.df the cqrye of gﬁowth 1iés in the fact thaﬁ it
may be used to handleumany.obseryé;ion?lvdafa,,namely; the equivalent
widths.of"the lines; .TheveQuivaieng'width.df é'liﬁe is a readily
 ébtainab1g'quangity,vwhéreé$'theAactual shape or Prbfiié of a line,
which is required for‘the use of the ﬁore refined modelbatmosphere
techn;qués, ig difficult to determine, especially’for weak liﬁes, The
disadvantage of the eurve of growth arises from iﬁs being a statistical
procedure whiéh ignoyeﬁ.information that might be g@btainable from the
shapes of certain lingg;

The cufva of growth was intyoduced by Minnaert and Slob (1931) and

dgveloped and applied by many other weorkers, Menzel (1936) first

*@ Ursae Majoris is listed by Johnson and Morgan (1953) as a ‘
subgiant (spectral type F6, luminesity class IV). Its visual magnitude
is 3.3 and its cQordinates are «(1900) = 9h26™, §5(1900) = +5208'
(Kegnan and Morgan, 1951), o



deve10ped‘the ﬁhggry_gs:it applies to the Schuster-Schwarzschild (S-S)
 m0d$l atmqsphérevwwh@rein thﬁ entire‘continuous spectrum:isiproduced
vby a‘sharply defineﬁ'rgdiatiﬁé surface or photosphere, overlaid by'a
 reversing layér thch préduqes ali.the 1ina absorption but no continuous
ébSOrptiqn;.‘chh'an approximation céﬁ be coﬁsidered quite representative
for the lines of néut;al meta1§ (eyg.,, Ca I apd Na Ivin the supn) where
the ﬁumbex’qﬁ ébserber$ diminishes With opﬁiqal‘depth becapse of
incneased iénizatiéﬁ wiﬁh.inc%easéd temperature. The othér e%treme
approximation, wherevthe Linésl@r;ginate in theﬂsamevlayers as does the
_continuousfspecttum,i$ ebbodigd in the'MilnefEddington (M-E) approxima-
‘ ;ion,§an ratié of lipe'ta continuoﬁs @bsorp;ion coefficiéht thch is
constant'with depth. Stromgren (1937) haé found, at least inisome
cases, that ﬁh@ variation §f this ratiovwith bptiéal depth is sufficiently
ém%ll to permit-é mean vélue»to bg employéd over the 1ayeré important
in line ﬁqrmat;on;vin which case the M-E model can be used, The true
sitﬁatioh.fﬁx aﬁy lihé lies betwéeﬁ‘the tWo.extrémesgrepresented by
the 5-8 éﬁd‘MﬁE‘deels-
Wrubel (1949, 1950,,1956).has'computed theoretical cufves of growth
| based upon the Mvamodel for pure scattering and fdr pure absorption.
The préqesseé of‘pure‘scaﬁtering and pure absorption are the two extreme.
. mﬁchénism§ by which a line may be f@rmed, Also, Wrubel (1954a) has
published curwves for thg 5-§ mddel'with pure scattering. All of Wrubel's
curves of groﬁth are based upbn Chandrasekhar's exact solutioné of the
eqﬁation of tréﬁsfeﬁ and thexefore ére.regarded as the most accurate
available.fqr the abpve mentioned models. Theoretical curves of growth
for th¢'8~$ and M&E:models.with.pure absoxption have been calculated by

,Hﬁnger (1956)-.



Althéugh.these idealizéd curves can be brought into approximate
QQin¢idence’(Wrubél, 1954b5‘and‘Hungef, 19536), significant differences
- exist, However, the scatter in tﬁe ohservations is usually large
enough that it is difficulf to deterﬁine with any degree of certainty"
which‘pf the idealeed‘curQes is‘bésﬁ fit by the observatioﬁs; hence,
it was deemed advisable to apply all four sefs of curves to the study
of Fhe $pe¢trgm of Q.Ursae Majoris} The}fout sets of curves applied
‘iﬁ'this sﬁgdy'ére'those for_pure scattering by Wrubel for-the M-E and
8~ 8 moaéls and Hunger's‘MwE ana Sws phre'absprptioﬁ curves. ' For reasons
to be diéﬁussed in Chaptef II,‘Hunger's’M;E pure absorption curves
weve used rather than those by Wrubel for this same model.

.This iﬁvestigation was restricted to those lines for which‘labqra?
tory abéolpte f-values aré r@asohably well knaWn,‘-Recently, Corliss and
Bozmaﬁ (1962)'publi$hed'a 1is£ of éxpﬁriméntallf-determined.ab$olute
.f?Valuéé for 25;000 spectral lihgs of seventy elements. Due to the
avallability éf Ehis extensive taEulaﬁion% there appeared to be np
ﬁedessity for using theoretically calcuiatéd fvvaluésg sucﬁ quantities
determined by‘laboratoﬁy:measures are considered to be more reliablé
that those qalculatéd from theary: Other experimentally determined £~
values employed in this investigation are those of King énd King (1938)
.for Fe I andaTi,I,,HiIL aﬁd King (1951) for Cr I, and Carter (1949) for
Te I. Also, the solar log>xf's of Wright (1948) were used to augment the
i 11 dara, R

. Only 1ines wi;h Wévelengths in excess of 4000 angstroms were used,
since the spectrum is quite complex to the violet’of 14000, Also; many
‘lines in this region are on the broad wings of the H add K lines of

© ionized calcium,



Equivalent widths have.b¢en measured for 359 lines of Ca I, Ti I,
Ti'ﬁl, Crll? Mnbl, Fe T, Ca I,Jand Ni I. The spectral region éovered
| is.h}#OOO*ﬁsoﬁ, agd.pnly_thosé lines which were sufficiently well
régoived énd'un51endadvwere used; Kinetic &elociuies, damping‘constants,
‘ﬁxcitatibn’tempﬁraﬁureé? and ébundances wegé detefmined using the
ﬁheoretical curves of.growth based‘upoq both the M*E ana S-S models.
Eéﬁulﬁs Werq,obtaiﬁeﬁ ﬁof'the,egtremevcases of‘pure scattering and

7ppra'absorptipﬁ for the two modslé-



GHAPTER 1T
THE CURVE OF “GROWTH
Definition

The turve of growth is the rélation'betWeenithe intensity of an
~absprption line and the number of absorbing atoms active in producing

the line.

The Intensity of an Absorption Line

The te?m‘”inﬁgnsity" here méans-;he ﬁotal'amount of energy sub-
;;a@ted frﬁm_the ¢Qntihﬁquvspacﬁrum by the»absorptién line and is best
specified by a quantity calied‘ﬁhe‘"eqdivalent‘width,”vW, of the line.
Tﬁe profile of a line is the: plot of“the fiux at each point in the
line versus thé wavéleﬁgth. Hence, the area enclbsed by the profile
and the continuum is'thg"tptéi amount’ofvenexgy absorbed in the line.
The equ;valgnt'Width is_the‘Width of pﬁe rectangle having this same’
ared and.with a height equal to that of the adjacent continuum. These
relations are shown in Figure 1.

~ The édvantages of expreséing the intensity of a line in terms of
éhe'equivalent widfh are‘thatlw ié’huch less éffected by the finite
.ﬁeéolutioh qf_thabspectrographkthaﬁ is the line profile, and W is
independeﬁt of the Doppier effects of stellar rotatioﬁ and large scale

turbulence in the stellar atmosphere,
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Pigure 1. Tha'EquiValent Width, W, of a Spectral Line,

The Number of Absorbing Atoms

Thé nﬁmbe; Qf absgrbiﬁg atoms for a line originating from a level
n.and'tefminating en lewel j isbgivaﬁ.by Nhﬁnj’ whefe Nn‘is thé number
of atoms in level n,.and fnj is the f-rvalue or oscillator strength of
ﬁhe transiﬁion from level n to level AP When_an atom in_level n is
exposed to fadiation of_all fraquenéies it may absorb any ohe of
v$¢V€réludiffqrent'quanta. In speciinng thé numbér of absorbing atoms

‘for a partitulax line it is fhecessary to includé the f-value to fake
. into‘a6count the probabjlity of ﬁhe atom‘ab$orbing the pgrticulaf
quantum corresponding to the transition in question, The f-values

. - v » v
depend’only:upon the structure of the atom,zaﬁd may be eoﬁputed from

thegry or measured in the laboratory.

Qbgerved Curves of Growth

Lines Produced in an Absorption Tube

Let us consider the growth of a particular line as the number of

absprhers 18 increased. This "growth" of a line may be observed in the



1aborat0fy by varying the concentration of the element under investiga-
tiom in an absorptgon tuBe._ Lines with strengths depending upoﬁ the
concentration are formed when light from an incan&escent source shines
through the tube. When the number of absorbers is small the principal
gqntfibutor te the equivalent width is thermal Doppler broadening, with’
the resulﬁ thaﬁ W is proportienal to Nf. H@ﬁce, plotting log W ("log"
reppqsents the logariﬁhm to the baée‘ten) versus log Nf:for small
vaiﬁes of Nf.gives'é’portioﬁ of tﬁe curﬁe of gfowth which is linear
émihas slape equal to unity,.jlnqreasing the number of absorberslgéuses
the center oﬁ the line to become saturated, and a linear relation:between
W andvﬁf ng longar ekists; The point of departure from linearity is
Ealledvthg ”Rﬁe@" of the éurve ofvg#owﬁh.> Beyond the kﬁeelw increases
slowly, being propertional té the square root of the»natural logarithm
of Nf. As the number of absérbers_is increased still more, the damping
pértion'éf the absorpﬂibn_coeffiCient_is reached. Here the number of
atoms»is»iéfge gnough_té suffi¢iently‘pertu%b the.energy levels so that
an appre¢iablq amount of absorption occufs away from the saturated
: center of the line. Thug’ghe,line begins to grow more rapid}y. In
this portion of the curve of grdwth W is proportional td;the square
root of Nf.

| ‘This disgussién aés@mes tﬁaq the temperature of the ahsorbing atoms
ig a particular'constant value, The pﬁsition of the knee of the curve
of g%owth VQriesvwith the tempgrature. As the témperature inereases,
- the Maxwellian velocity distripution beecomes more extended, and satura-
tién\oc¢urs at a greater line'widfh, giving a higher knee on the curve
of‘g;OWth._ Also, thequint at which the‘dampingkﬁortion of the curve

hegins moves closer ﬁo the knee as the value of the damping parameter



increases, The damping parameter, a, is the ratio of the effective

ngtupal line width to the Doppler width. Figure 2 illustrates these

relatigns.

Tz'> Tl . 83.> az,> ?1»
. . a3
T, Wa (NE)E oy~ 2
log W ' . log W ‘ a;
T ,}
W« (loge Nf)*

« Nf ' ‘

‘“’v168 Nf‘ ) log Nf
(a) _ S : » (b)

Figure 2. Effects of Temperature (a) and Damping (b) on the Curve of
Growth, .

Lines Produced in a Stellar Atmosphere .

The discussion thus far has dealt. with the growth of a single
_line as the number pf absorbing atoms is increased. A single line
cannot»be observed to grow in a stellar sgectrum because annj does
not change. MHowever, in going from one line to another,of the same
.;glemenﬁ, annj gégg.chaﬁge, since fnj varies frbm line to line, . and Nn
élso varies if the lipes arisg from different levels,. Again a curve
Qﬁ growth results from the_relation between the equivalent widths of
the various lines and the corresponding values of annj'
»In beginning a study of a stellar spectrum, the values of Nn are

not known, and one of the objectives of a curve of growth study is to



-determine these quantities. The procedures employed for this purpose
" are described later in this chapter.

In applying the curve of growth technique to many different lines
of'an element it is necessary to assume that all the lines are formed
at the same témperature. The témperature in a stellar atmosphere
increases roughly as T%, where T ié the optical depth. Thus the
assuymption 1s made that all the lines are formed at a particular depth
‘in the atmosphere; This may be a poor assumption for weak lines and
the wings of strong lines where tﬁe absorption coefficient is éméll.

In this case the line is forxmed in a thick layer through whicﬁ £he'
temperature may change appreciably, In the center of a strong line

thé absorption coefficient is large, and the line is efféctively formed
in a thin.layer‘in which the temperature -may be practically constant.
Cqﬁsidering non-resonant lines of a neutral atom, the temperature in
the outer layers’of the atﬁésphere may be ﬁoo low to appreciably excite
the atoms to levels capable of absorbing these lines. 1In very deep
ia&ers of the atmosphere idnization will reduce the number of absorbers
to a negligible number, The lines are consequently formed in inter-
médiate.layerﬁ, and the temperature in‘thié case is charécteristic of
these layers., -

It is also necessary to assume that a particular value of the
démping parameter can be taken as representative for all the strong
lines. This assumption is sqwgwhat questionable, since the démping
parameter is known to differ from line to line, However, this effect
does hot come into play for wegk lipes, énd it is usually poséible'to'
determine a vaiue for the damping parameter that fits the observations

reasonably well,



10

As mentioned earlier, the position of the knee of the curve of
growth depends upon the temperature. Another factor which may influence
the pqsitiqn of the knee is microturbulence, i.e., turbulent motions of
the gases of the atmosphere where these motions or eddies are confined
within the layer in which the lines are produced. The presence of micro-
.tﬁrbulence increases the widths of the lines thus increasing the number
of absorbers required for saturation of the line center. Hence, the
position of the knee is elevated. Effects of microturbulénce are
espegially evident in curves of growth for giant and supergiant stars,

Struve and Elvey (1934) first called attention to this phenomenon.

Theoretical Curves of Growth

Caleculations of thepretical curves of growth are based upon various
assumptions as to the structure of stellar atmospheres and the mechanism

of line formation.

The‘thuster-Schwarzschild Model

The Schuster-Schwarzschild (8-S) model depicts the atmosphere as
consisting of a ''reversing layer' of depth H overlying a sharply defined
radiating surface or photosphere. The continuous spectrum is produced’
below the photosphere, and the reversing layer is the region of line
formation. The opfical depth of the reversing layer is‘a function of’
the absorption coefficient of the line, and theré is no continuous
absorption in the reversing layer. A portion of the radiation incident
upon the photosphere from below is transmitted while the remainder.is
diffusely reflected. ' The transmitted energy is subject to selective

absorption and scattering, Radiation returned to the photosphere is
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absorbed there by continuous absorption., For a point in the wing of a
liﬁe the optical thickness of the reversing layer is small, while it is
much greater in the line core. This ﬁodel is a good approximation for
neutral metals where the number of absorbers diminishes rapidly with

depth becguse of increased ionization with increased temperature.

ThelM;lne-Eddington Model

In the Milne~Eddington (M-E) model the lines and the continuum are
formed in the same region. For each frequency the ratio of the line
absorption coefficient to the continuous absorption coefficient (ﬁv/uv =
ﬂu) is assumed to be constant with depth, although fv and nv may indi-
vidually change with depth. In the line wings there are few absorptions
and reemissions, and consequently the emergent radiation follows a
short path through the atmosphere, 1In the line center the quanta
follow longer paths (many absorptions and reemissions) and the probabil-
ity of continuous absorption is greater (say due to H in stars like
the sun) and the energy may be lost,

Thus, in both models a selective process followed by continuous
absorption forms the line, Figure 3 illustrates these two idealized

models.

> ¥ &
® » 2

[ @ * &
& & & eL

o -

Z

S$-S Model M-E Model

Figure 3. The S-S5 and M-E Models. Dots represent selective absorption
and emission; hatches represent continuous absorption.
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The Formation of a Line

The mechanism of spectral line formation is determined by conditions
existing in the atmosphere. If the atmosphere is in a state of radiative
equilibrium, then for each quantum absorbed a like quantum is emitted.

This process is called "'scattering."

Scattering is coherent if the
frequency of the emitted quantum is exagtly the same as thevfrequency of
the absorbed quantum, If the frequency of the emitted quantum is slightly
different from that of the absorbed quantum, the scattering is non-
coherent. If the atmosphere is in "local thermodynamic equilibrium,"
i,e., Kirchhoff's law holds at each point of the atmosphere for the

local temperature, then the lines are formed by the process of "absorp-
tion," Here there is no one~to-one correspondence between the absorbed
ffequency and the emitted frequency, and the absorbed quantum is. "lost."

Hence, a spectral line may be formed by scattering or absorption

or by some combination of the two,

The Theoretical Curves Used in This Study

The four sets of theoretical curves used in this investigation are
as follows: 1) M-E pure scattering by Wrubel, 2) S-S pure scattering by
Wrubel, 3) M~E pure absorption by Hunger, and 4) S-S pure absorption by
Hunger,

-Curves for M-E pﬁré ébsorption have also been calculateq by Wrubel
and published in an article by Aller (1960):‘ The calculations were
based upon Chandrasekhar's exact solution of the equation of transfer
and, therefore, should be the most accurate available fdr the M~E pure

absorption case, However, these curves include only two values (-1 and
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~3) of log a, where a is the damping parameter. Because of this limita-
tion they have not been employed in this study.

The integr4l equation for the equivalent width, W, is
v
z =_,£<1 - R)dv, w

wherebb is the Doppler width of the line, R, the "residual intensity,"
is the ratio of the flux of the radiation at a point in the line to the
flux in the adjacent continuum, and v 1is the distance from the center of
the line in units of the Doppler width. Here v = (A -<Xo)/b, where A
is the wavelength at a point in the line, and ho is the wavelength at
the center of the line, Also, b = kov/c, where v is the most probable
velocity of the atoms and ¢ is the velocity of light.

It should be noted that the velocity v includes both the effecfs
of thermal and micreoturbulent motions. That is,

i

2 2

v = vth + Vturb’ (2)

is the most probable thermal velocity, and v is the most

wher
ere V‘ turb

th

probable velocity of the microturbulence. It isvassumed that the turbu-
lent elements have a random distribution of velocities. The thermal
velocity is given by

Vth =\/-2_M'——ﬁ ’ ()
where k is Boltzmann's constant, T is the kinetic temperature, and M
is the mass of the atom producing the lines.

The residual intensity, R, is found from the solutiop of the equation

descfibing the transfer of radiation through a stellar atmosphere. R

depends upon assumptions as to the atmospheric model and the mechanism

of line formation, In his calculations of theoretical curves of growth,
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Wrubel employed the expreésions»for R resulting from Chandrasekhar's
exact solutions of the equation of transfer. -Expressions- -for R which
follow from the work of Uns6ld (1955) were used by Hunger in his calcu-
lations of theoretical curves of growth.

Both Wrubel's and Hunger's curves employ the assumption that the
Planck function varies linearly with optical depth in the continuum;
i.e., B (T) = B + BITUD This leads to a limb darkening law in the
chtinuum that is linear in cos 8, where .§ is the angle between the line
of sight and the normal to the stellar surface. In the S-S model this
is expressed as I_= 1° + I1 cos B, and in the M~E model as I = B° + Blcos.eo
The effect of the addition of‘an exponential term to the linear expression
for the Planck function has been investigated byIHunger (1956). He con-
cluded that the addition of such a term has negligible effect and is
therefore unnecessary.

The expression for the residual intensity, as given by Chandrasekhar
and used in Wrubel's calculations, involves the ratio of the limb darken-
ing coefficients, IO/Il or BO/B]'° Pure scattering curves are available
for the 8-§ model with IO/Il equal to %, %,,l,and 2, gnd.for the M-E
model with B°/B! equal to 1/3, 2/3, 4/3, and 10/3.

Equation (1), with the appropriate expressions for R, was employed
by Wrubel in his calculations. - Consequently, the ordinate of his curves
is log W/b, Hunger divided Equation (15 by R the "limiting depth' of

the line, to obtain

- .0
W %1-R
7R b J 5 av, (4)
C (e} C

where
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B0 > (5)
Bl

and the symmetry of the integral about v equal to zero has been taken
into agecount. The ordinate of Hunger's curves is log W/ZRCb? For the
cases of M=E and S-85 pure absorption, the ratio (l~R)/RC is independent
of the 1limb darkening coefficients° This results from the particular
expressions for R used by Hunger, Therefore, Hunger's formulation of
the curve of growth for M-E and S5~8 pure absorption-avoids the necessity
of having to calculate separate curves for each value of BO/Blo It is
to be noted, however, that the limb darkening is still taken into ‘account
by Hungér since BO/B1 is involved in the ordinate of his curves,

Tn the calculations of theoretical curves of growth the damping
constént, a, is considered to be a free parameter. Wrubel's pure scat-
tering curves were calculated for values of-log a running from -3.0 to
~1.0 in steps of 0.4. The pure abéorption curves published by Hunger
were computed for values of log a running from ~4.3 to +0.7 in stéps of
0.5, He also included a curve for log a = ~w,

-For ﬁbe M-E model (both scattering and absorption) R is a function
of m,, where
(8)
[L,is the fictitious absorption coefficient at the center of the line,
and % is the mean continuous absorption coefficient. The abscissa for
both the M=E scattering and M=E absorption curves is log ﬂoa In Hunger's
notation the abscissa is leog €, but, as he points out, C = ﬂo for M-E
pure absorption.

For the transition.from level n to level j, ﬂo is given by
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-ﬁo WleZKZann,
Mo =% ST | @
mc bp
where

e = charge.of the electron,

m = mass of the electron,

A = wavelength of the line in question,

Nn = number of atomé in level n per unit volume,

fnj = oscillator strength of the transition from
level n to level j,

c = speed of light,

b = Doppler width of the line, and

o = density of the stellar material.

Here W is the mean absorption coefficient per gram of stellar material.

Using the relation b = Av/c, it follows that

log no = ]_og Nn/p;{ + ].Og C + ].Og fnJ>\ + lOg C/V: (8)
where
n%ez ,
mc

The residual intensity, R, in the 8-5 model is a function of T the
fictitious optical depth at the center of the line. For S-S pure scatter-
ing Wrubel uses log T, as abscissa while Hunger, for S-S pure absorption,
uses log C, where C = %To in this case, Hence, Hunger's abscissa differs
from that of Wrubel by the additive constant log 3/2.

AN £ H
nn

T = f pH = -] > (10)
o) o) -
mc b

where H is the depth of the reversing layer. Then

= ) + .
log.To log NnH + log C + log fnjx log c/v (11)
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The Tdealized Situation

If 1) the atmosphere were built on either the M-E or the $-8 model,
2) the temperatyre and density were constant throughout the
atmosphere,
3) turbulence were negligible,
4) the effects of broadening were constant with depth,
5) measurements for many lines from a single level were available,
6) the lines were formed either by pure scattering or pure
absorption, and
7) absplute f-values were known,
fhen 1) the damping constant could be found,
2) the temperature could be determined, and
3) the abundance of the element could be determined,
all from the curve of growth.

For such an idealized situation the procedure, for the 5-85 pure
scattering model for example, would be as follows: plot log W/\ against
log fA and‘superpose this observed curve of growth upon the theoretical
curves drawn éo the same scale; shift vertically and horizontally with
no rotation until the curves are brought into coincidence; obtain log a.
by noting which theoretical curve best fits the damping.portion of the
observed curve; from the vertical shift determine log c/v and thus v;
from this valug of v ;alculate the kinetic temperature using. Equation (3),

since v = v in the absence of turbulence; from the horizontal shift,

th
.which gives log N H + log C + log c/v, find log N H.

Departures from the idealized conditions may place severe limitations

on the curve of growth technique.



Reduction of Curve of Growth Data

The Boltzmananqqation

In practice, a large number of lines all arising from the same
level of excitation usually are not available. Hence, lines arising
from different levels are piotted on the same curve of growth. For
this purpose the assumption is made that an,excitatioﬁ temperature can
ke specified so that the distribution of atoms in the various energy

levels is given by the Boltzmann equation, i.e.,

18

Ng
= —i -
N .= —— exp( xe/kT), (12)
where
N = total number of atoms per unit volume of the element

in question,

g = 2J + 1. = gtatistical weight of level n,

n
Xe = excitation potential of level n,
.k = Boltzmann's constant, "
T = excitation temperéture, and
u = the partition function = Eﬁiw exp(-xe’i/kT) summed

over all levels in.the-atom...w is a correction for
pressure effects.
By replacing Nn in Equations (8) -and (11) by the expression in

Equation (12), it follows that

]

log T]O -]_-og N/p—i + log C + log gnfnj)\ - log u + log C/V _ eXe,

and ' #

: A - + ;-
log U log NH + log C + log gnfnjk log u + -log c/y exe,

where 6 = 5040/T, if Xe is expressed in electron volts.,

(13)

(14)
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»The_Method of Analysis

For purposes of the following discussion, let us confine our
attention to the applicatioh of the S-S pure scattering model to the
analysis of the lines belonéing to a single element in-a particular
stage of ionization.

-Notice that all the terms on_thé right-hand side of Equation (14),
except log gfA¥* and exe, are constant for all the,iines. -For a group of
lines that all arise from the same atomic term,ixe is practically‘con~
stant; therefore, log gfA is the only variable quantity involved in the
abscissa of a curve of growth limited to such a group. The ordinate of'
the theoretical curves can be written as

| log W/b = log W/A + log c/v, (15)
vwherg log c/v is assumed to be constant for all the lines. Hence, plots
that can be compared to the theoretical curves can be obtained as follows:
all 1inés arising from the same atomic term are plotted together on
transpgrent -paper with log gf) as abscissa and log W/\A as ordinate.

-Each plot obtained in this manner, i.e., by taking the lines i?
groups corresponding to particular atomic terms, defines a portion of the
observed curve of growth} These plots are then superposed upon plots of
the theoretical curves, drawn to the same scale, and shifted vertically
and horizontally (with no axial rotation) until the best fit is obtained.
.If enough‘étrbng lines are available, a value of log a can be determined
by choosing, from among the theoretical curves for various values of

log a, the curve that WBest fits the plots containing the strong lines.

*To simplify the notation, the subscripts on g and £ will be omitted:
henceforth. : ‘

L]
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If plots are available which-fit around the knee of ‘the curve of growth,
it is possible to obtain .log c/v from the vertical shift-~since

vertical shift = log W/b - log W/A = log c/v. (16)
It should be noted that the same vertical shift must be used for all
plots, since log c/v is assumed to be the same for all the lines.

. The horizontalrshift yields Alog X, where
Alog. X = log_To - log gfA. _(17)
Also,

Alog X = [log NH + log C - log u + log ;/V] - exe; (18)
which éaﬁ be seen by referring to Equation (14). In Equation (18), the
quantity in brackets is constant for all the lines. .Hence, plotting
WAlpg,X versus Xe'for each of the different terms should give a straight
line Wifh slope equal to.—e; The éxcitation temperature can be found
since T = 5046[@.

,From.Eéuation (18) it is apparent that Alog X +v9xe is equal to a
constant, henceforth called the "shift." Then
| | shift = log NH + log ngylog u+ log c/v. (19)
Consequently, the abﬁndaﬁce is given by
‘log NH .= shift --log C + log u -~ log c/v, (20)
From the values of the shift and log c/v determined'as described above,
log NH can be caiculated'from,Equation (20) with the aid of log .C,
whichAis a known constant (-12.30), and log u, which has been tabulated
by Aller (1960); Since N is thg number of atoms per cubic centimeter
and H is the depth of the reversing layer, NH is the. number of atems in
a one sqﬁare centimeter column of the reversing layer.
The abeove discussion describiné the application of the S-S pure

scattering model can be made valid for the other three models. by a few
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simple alterations. These changes are outlined in the paragraphs to
follow.

The discussion relating to the application of the S-S pure scatter-
ing model can be made valid for M-E pure scattering by replacing log gfi

by log gfh + Alog M, .7 by 7T, and NH by N/gX. The addition of

o)
Alog ﬂo to log gfl takes into acéount limb darkening effects. ‘As
mentioned earlier, Wrubel's curves have been calculated for several
values of Bo/Bl, or IO/Il, with a separate curve resulting for each
value. -Since these quantities depend upon the wavelength; and therefore
vary from lipe to line, each line should fit on a different curve of
growth. This effect is negligibly smgll for the S-S pure scattering
model and need not be considered.  For M-E pure scattering, however,

in order to plot all lines on the same curve of growth, say for BO/Bl =
2/3, it is necessary to add a quantity, Alog nQ, to the value of log gfA
for each line. This shifts the abscissa of the line by the proper amount
to take into account the limb darkening effect. These limb darkening
corrections can be determined by interpolating in the tables published

by Wrubel for the case of M-E pure scattering.

Hunger's curves for M-E and S-S pure absorption do not depend upon
the limb darkening coefficients. Limb darkening effects are taken into
account by the inclusion of Rcsin the ordinates. Rc can be calculated
for each line from'Equation (5), using appropriate values of Bo/Blo’

To. convert the discussion relating to S-S pure scattering to oﬁe apply-
ing to M~=E and S-8 pure absorption proceed és follows: M-E model--
replace W by W/ZRC,,TO by Mys and NH by N/p#; S-S model--replace W by

W/ZRC, T by 3T0/2, and '"'shift! by "shift' + log 3/2. The log 3/2

comes about because the abscissa here is log 31-0/2a not simply'log‘Too
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In the M-E model the abundance of the element is expressed as
N/g%. N/p is the number of atoms of the element in question per gram
of stellar material, and 1/% is a measure of the numbar of grams of
stellar material in a one square centimeter column of the atmosphere.
Hence, N/pK is a measure of the number of atoms in a one square centi=-
meter column of the atmosphere.

If the element beingfstudied exists in several stages of ionization,
then the .total abundance is given by the Saha equation. 1In logarithmic
form,

log Nl/No = - log Pe - @xi + 2.5 log T -~ 0.48 + log 2u1/uo, (21)
where X4 is the ionization potential in electron volts, Pe is the elec-

2 ;
tron pressure in dynes per cm , N, is the number of singly icnized

1

is the

1

3 . 3
atoms per cm”, NO is the number of neutral atoms per cm™, u
partition function of the singly ionized atoms, and ug is the partition
function of the neutral atoms. The equation may be successively applied

to include all significant stages of iomization.

Summary of Steps Involved in a Curve of Growth Analysis

1) Obtain spectrograms of the star to be investigated.--It is
necessary to use spectra of the highest dispersion possible so that
effects of blending will be minimized.

2) From these plates cbtain microphotometer tracings.--Micro-
photometer tracings are plots of the density of the spectral image
versus the wavelength.

3) Obtain intensitometer tracings.--The intensitometer converts
the density of the image into intensity. Calibration involves the use

of sources of known intensity. The central portion of the density=-intensity
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curve for the plate is used,

At the Dominion Astrophysical Observatory steps two and three were
performed separately. At other observatories, Mt. Wilson for example,
the two may be combined intec a single operation., Line profiles may
also be obtained by photoelectric spectrophotometry. The instruments
and procedures used in these various techniques have been described by
Wright (1962).

4) Draw in the continuum,--The location of the continuum is a
great source of error. The continuum can be drawn directly on the
intensitometer tracing or first drawn on the microphotometer tracing
and then transferred. The procedure employed depends upon which seems
to be the most reliable for the wavelength region concerned.

5) Identify the lines and approximate the profiles.--If the
apparent line profile.is irregular or asymmetric, several tracings may
be compared to determine if the variations are real. A possible cause
for irregularities and asymmetry is blending. In drawing the profiles
these possible effects of blending should be taken into account. Conﬂb
cerning the approximation of the profiles a question arises: should
the profiles be drawn so that the wings are inversely proportional to
UZ, as theory indicates, or should the profiles be assumed to be
triangular in shape -as some workers do? The procedure indicated by
theory was followed in this investigation.

6) Determine equivalent widths.--The following steps are needed:
a) planimeter the lines to determine the area enclosed by the profile
and the continuum, b) measure the height of the continuum, c¢) measure
the dispersion, and d) calculate the equivalent width. Deutsch (1954)

has discussed the effect of the finite width of the microphotometer
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analyzing slit on the equivalent width. He found that as the slit
opening increased so did the measured equivalent width.

7) Bring together lines arising from the same term and plot
log W/X (or log W/ZRCK) versus log gfA on transparent paper.--Appro-
priate limb darkening corrections should be included.

8) Fit these plots to the theoretical curves of growth.--Then,
a) the theoretical curve which is best fit by the strong lines gives
log a, b) log c/v is obtained from the vertical shift, c¢) the excitation
temperature is found from the slope, determined by the least squares
method, of the straight line that best fits the plot of Alog X versus
,xé, and d) the abundance is determined from the horizontal shift,

; Steps 7 and 8 must be repeated for each element and each degree
of ionization.

9) Apply the Saha equation to get the total abundance of all

observed elements.



CHAPTER III
OBSERVATIONAL MATERIAL
Spectrograms and Tracings

' The 8 Ursae Majoris spectrograms used in this study were taken at
the Cassegrain focus of the 72-inch telescope of the Dominion Astro-
physical Observatory by Dr. K. O, Wright. ©Some representative spectro-
grams are shown in Plate 1.

The dispersion varied, depending upon the spectrograph used. ' For
the Littrow spectrograph with the Wood grating (15,000 lines/inch)
the dispersion was approximately 7.5 A/mm for the second order spectra
in the range AA4800-6750; for third order spectra in the range AA3750-
4300, the dispersion was about 4.5 A/mm, When the Bausch and Lomb
grating No. 496 (30,000 lines/inch) was used in the second order, the
dispersion was about 3.2 A/mm. For the three-prism spectrograph the
dispersion varied from about 5 A/mm ta 15 A/mm over the wavelength range
studied,

The microphotometer and intensitometer tracings were made at
Victoria by Dr. Leon W, échroeder. The magnification of the tracings
is 200, Details of the spectrograms and tracings are given in Table I.

Figure 4 is a reproduction of a portion of one of the microphotom-
eter tracings showing the estimated position of the continuum and the

profiles of some representative lines.
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Spectrum of 6 Ursae Majoris in the Regions AA4000-4100 and 4915-5260. Wavelengths and
identifications have been marked for representative lines. The spectrogram at the top
was made with a grating, while that at the bottom was made with a three prism spectro-
graph.

9t



TABLE I

27

VIGTORIA PLATE, MICROPHOTOMETER, AND INTENSITOMETER
DATA FOR 6 URSAE MAJORIS

Vietoria Microphotometer &

Wavelength Range

36795

1819

Grating ~-2nd

Plate . = . Intensitometer Spectrograph
_Number Tracing Number , , | (Angst?oms)
55224 1808 Grating®-2nd Order 3900-4080
55053 1828 Grating®-2nd Order 3990-4085
38157 1827 Grating -3rd Order 4000-4210
50092 1797 Prism 4120-4250
55225 1793 Grating®*-2nd .Order 4180-4315
55054 1811 Grating®-2nd Order 4210-4340
50092 1796 Prism 4250-4580
34599 1807 Grating -3rd Order 4275-4455
55225 1792 Grating®-2nd Order 4300-4480
37112 1914 Grating*-2nd Order 4310-4900
37075 1915 Grating*-2nd Order 4310-4900
‘55054 1810 Grating®~-2nd Order 4335-4495
31421 1799 Prism 4600-5020
38133 1816 Grating -2nd Order 4700-4830
38133 1815 .Grating -2nd Order 4825-5180
31421 1798 Prism 5015~5710
37111 1812 Grating -3rd Order 5130~5450
37074 1800 Grating ~-2nd Order 5160-5450
34800 1814 Grating.~2nd Order 5165-5510
36796 1818 Grating.-2nd Order 5600~6010
34799 1817 Grating -2nd Order 6000-6325
Order 6200-6700

*The asterisk refers to grating spectra

E¥Y

Lomb grating No.

496, or 169 in the cases of

All other grating sﬁectra were made with the

spectrograms were made with the three prism spectrograph.

made with the Bausch and

plates 37112 and 37075.

Wood grating.

Prism



4248,228
4250.125
4250,790
4254 ,346

Cr I

Fe 1

Figure 4. Microphotometer Tracing of the Spectrum of 8 Ursae Majoris in the Region AA4248-4255.
A line has been drawn indicating the estimated position of the continuum and four representative
-profiles are drawn for lines whose equivalent widths were measured. Wavelengths and identifi-
cations have been tarked.
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Location .of the Continuum

Forithe.mOSt'part, the continuﬁm was drawn directly on the intensi-
itometer tracings as the average of the galvanometer deflections due to
plate grain in the regions between the lines. In a few cases, however,
the position of the continuum was more apparent on the microphotometer
traciﬁg and hence was first drawn there and then transferred to the

intensitometer tracing.
Approximation of the Profiles

Theory indicatés that the shépe of the wings exhibited by the
stronger lines should be inversely proportional to the square of v,
" the gistaﬁcg froﬁ the line center in units of the Doppler width. An
‘attempt ﬁas made to take this into account when drawing the profiles of
the stronger lines. The shapes of the wingé were readily apparent for
very strong lihes; expecially when there were no nearby lines to produce
blending effects in the wings, When blending was serious the wings

were roughly approximated.
Identification of the Lines

The lines wére identified by referring to the tables published by
Swensson (1946) in his paper hThe Spectrum of Procyon.'" Identifications
could be hade'in this way becapse the spectrum of Procyon (spectral
type ES@ luminosity class IV) is quite similar to that of ©-Ursae
Majoris. Also, the 8 Ursae Majoris tracings were compared with similar

ones for Procyon which were used by Schroeder (1958) in his study of

that star. The work by Charlotte E. Moore (1945), A Multiplet Table
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»oﬁhAstrthysical Interest, Revised Edition, was also consulted for

purposes of line identification.
Selection of Lines

The sélgqtion of lines to be used in this study was based upon the
following considerations; effects of blending, the availability of
f-values, and the nymber of lines available for a particular element.

These gre discussed in detail in the paragraphs to follow.

Effects of Blending

Equivalent widths were measﬁred only for lines which were believed
to be substantiaily free of blending effects in the central portions of
the profiles. These effects were tole;ated when present in the wings
of the strong lines, since this was almost always the case. Decisions
as to whether or not blending was serioué enough to preclude the use
of a line were based upon Swensson's line identifications for Procyon.
Any line listed by Swensson as having more than one contributor was
discarded. Also, the selected lines were restricted to those with
waveleﬁgths greater than 4000 angstroms, To the violet of A4000 the
spectrum isvvery complex, and many lines in this region are on the

broad wings of the H and K lines of ionized calcium,

Availability of f-Values

An exténsive bibliography on transition probabilities -has been
published by Glennon and Wiese (1962). This paper proved to be of

valuable assistance in gathering information concerning f-values.
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Wright (1948) has pointed out that oscillator strengths measured
in the laboratory are more accurate than those calculated theoretically.
Corliss and Bozman (1962) have published laboratory absolute f-values
for'zs,ooo lines between 2000 and 9000 angstroms for 112 spectra of 70
. elements, Their work was done at the National Bureau of Standards, and
‘henceforth these frvalues will be referred to as '"NBS f-values." The
‘existence of this extensive work should greatly reduce the use of
theoretically calculated f-values in studies of the type presented in
this paper. However, some limitations are present in these listings.
‘Due to the relatively low temperature (about SIOOQK) of the copper arc
used to excite -the lines, the weaker lines of several of the spectra,
Ti IT for example, were not excited sufficiently for measurement.
‘Hence, no f-values are given for these lines. The accuracy of the NBS
fryalues is admittedly not as great as for f-values measured by more
refined and laborious techniques; but the NBS measurements are almost
certainly more reliable than theoretical f-values. The principal
usefulness of the NBS tébles.lies in the large number of values made
" available, the wide range of wavelength covered, and the fact that the
scale is absolute.

Tables of laboratory oscillator strengths for Fe‘I and Ti T ha?e
been published by the Kings (1938), for another group of Fe I lines
by Carter (1949), and for Cr I by Hill and King (1951). All of these
meaéurements are considered to be quite accurate. These f-values are
on relative scales.

All of the above mentioned works were used as sources of f-values,
although the NBS tables were the major source, Most of the lines for

whieh frvalues are given by the Kings, Carter, and Hill are also included
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in the NBS tabulations; but due to the more accurate nature of the
méasures of the Kings, Carter, and Hill, it was considered advisable

to make independent analyses of the curves of growth for Fe I, Ti I,

and Cr I using these oscillator strengths. The results obtained .for
tﬁe different sets of f-values could then be compared. Also, the Kings'
and Carter's f-values for Fe I were not combined, but were used to
“derive independent results.

As mentioned above, there was found to be a shortage in the NBS
tables of f-wvalues for the weaker lines of Ti II. This was the only
ionized element considered suitable for investigation here, and thus
offered the only opportunity to compare abundances of the neutral(and
ionized atoms. To improve the accuracy of the results obtained for
Ti II, it was decided to supplement the available data by including a
number of weaker lines for which Wright (1948) has tabulated solar
log Xf-values, These can be converted to f-values in the manner der
scribed in Wright's paper, i.e., by means of the relation

log gfA = log X_ + 5040 Xe/T’ (22)

f
where Xe is the excitation potentigl in electron volts of the lower
levél of the transition in question, and T = 4700°K is a mean value,
suggested by Wright, of the excitation temperature for the sun. The
application of this equation puts the derived f-values on a relative
scale, Values were calculated for ten lines éf Ti II which are common
to Wright's and the NBS tabulations, and the average value of the
differences between these and the corresponding NBS quantities was
used to convert to an absolute scale, that of the NBS. Figure 5

compares the derived oscillator strengths (on the absolute scale) with

the NBS values for these common lines.
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With NBS f-Values for Ten Common Lines. £

Number of Lines AvailableTfor a Particular Element

The reliability of the results obtained by the method of curve
of growth analysis employed in this study depends strongly upon the
number of lines avallable for the element being investigated. Hence,
it was felt that results derived from only a few lines would be of
doubtful value. Qf the elements studied, Co 1 was represented by
twelve lines. Elements with fewer lines available were not considered
for analysis.

Table IT lists the eight atoms and ions studied, the sources
providing the f-values, and the number of lines available for each set

of f-values.
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TABLE II

LIST OF ATOMS AND IONS STUDIED IN THIS INVESTIGATION

"Atom  Source No. of Atom Source No. of
~or Ton  of f-values Lines or Ton _of f-values _Lines
Ca I NBS 21 Mn I NBS 22
Ti T NBS 55 Fe I NBS 115
Ti T King 17 Fe I King 30
Ti IT  NBS & Wright 27 Fe T Carter 29
Cr I NBS ' 65 Col NBS 12
Cr I Hill & King 36 Ni I NBS 32

Determination of Equivalent Widths

The determination of equivalent widths first involves measurement
'pfbthe‘area enclosed by the line profile and the continuum. These areas
vere obtained using. an Ott rolling disc planimeter. Each line was
imeasured twice, eash measurement consisting of two circuits of the
profiie-with the planimeter.' The continuum height was taken as the
average of theivalues adjacent to the line. For each tracing the dis-
persion was taken at various points along the spectrum and a straight
- line fitted to a plot of dispersion against wavelength. For the calcu-
lation of equivalent widths the dispersion was then read from these
plots. W was calculated in milliangstroms. -Due to overlapping and
duplication of the spectrograms, some lines were represented by as
many as seven profiles, a few by only one. The equivalent width, in
éll’cases, was taken as the average with all measures assigned equal
weight, For a representative group of lines, Figure 6 compares the
equivalent widths measured on different tracings with the corresponding
 avarage values., Every tracing used in this study is represented in

this plot by at least one measurement of W.
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Figure 6. Comparison of Equivalent Widths Measured on. Different Tracings
With the Average Values for a Representative Group of Lines. .The scale
is logarithmic with the average values as abscissae and the values
obtained from different tracings as ordinates. A set of points forming
a vertical array represents the values of W measured for a particular
line, The 45~degree line gives the position of the average,
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Thackeray's (1936) relation was applied to increase the measured
gquivalent widths of the lines located in the wings of the Balmer lines.
-This relation :is

W= , (23)

£ 1=

where Wb is'the measured equivalent width referred to the.wing as the
continuum, r, is the ratio of the intensity of the wing to the intensity
of the txﬁe continuum at the center of the line being studied, and W

is the equivalent width the line would have if no blending occurred.
This relation is not ekact but should be sufficiently accurate to

permit the use of such lines.
Table of Equivalent Width Measures

Equivélent widtﬁs obtained in this study are listed in Table III
‘along with other quantities used in the analysis, A section is included
for each element studied, and these are arranged according to increasing
atbmic weighg. -Within each section the lines are tabulated in the order
of increasing wavelength.

Column 1 lists the wavelength in éngstroms as given by Miss Moore

(1945) in the Revised Multiplet Table (RMT).
S Column 2 gives the RMT multiplet number.

quumn 3 lists the excitation potential of the lower level of the
transition, in electron wvolts,

Column 4 givés log gfi, where the wavelength is in centimeters.
This coiumn is divided into two'sub-colﬁmnsw The sub-column on the
left, headed by "NBS," contains values of log gfA taken from the NBS

tables.” The sub-column on the right, headed by "Other," contains



LINE INTENSITIES IN THE SPECTRUM OF 9 DURSAE MAJORIS

TABLE 111

’ ’ Number
A "Multiplet lo £A ' W )
RMT R e Nes =0 other of W log 3 ~blog T,
. Measures
. Ca 1l A
4226.728 2 0.00" -4.,92 .3 " 400 -4,02 +0.15
4283.010 5 1.88 ~4.74 3 119 -4.56 +0.18
4289.364 5 1.87 -4.79 3 114 -4.58 +0.18
4298.986 5 1.88 -4.83 3 137 -4,50 +0.17
4425 441 4 1.87 -4.68 5 132 -4.53 +0.17
4434 .960 4 1.88 -4.34 4 167 -4 42 +0.16
42434, 688 4 1.88 -4.90 4 134 -4.52 +0.17
4526.935 .36 2.70 -5.15 2 69 -4.82 +0.14
4578.558 23 2.51 -5.16 2 80 -4.76 +0.14
5262.244 22 2.51 -4.55 3 119 -4 .64 +0.06
5512.979 48 2.92 -4.89 1 106 -4.71 +0.04
5581.971 21 2.51 -4.61 1 79 -4,85 +0.04
5588.757 21 2.51 ~-3.84 1 177 -4.50 +0.04
5590.120 21 2.51 ~4.69 - 1 66 - =4.,93 +0.03
5601 .285 21 2.51 -4.,61 2 123 -4 .66 +0.04
6102.722 . 3 1.87 -4.83 1 121 ~4.,70 -0.01
6122.219 '3 1.88 -4.38 1 173 -4.55 ~0.01
6162.177 3 1.89 -4.,20 1 183 -4.53 -0.01
6166.443 20 2.51 -4.,95 1 36 -5.23 -0.01
6439.073 18 2.51 -3.89 1 181 -4.55 -0.03
6493.780 18 2,51 =4 .24 1 121 -4.73 -0.03
v Ti I '

4008.046 o187 2.11 =4.23 3 .38 --5.03 +0.15
4008.926 12 0.02 -5.18 -2.22 3 108 -4,57 +0.19

186 2.13 2 7 -5.77 +0.12

4016.264

-4.52

LE



TABLE IIT {Contjinued)

: Number
A Multiplet log gfA ¥
RMT RIT Xe NBS other . °F W log 3 blog 7,
Measures _ .
Ti I {(Continued)
4060.263 80 1.05 -4.54 2 15 L -5.44 +0.12
4166.311 163 1.87 -4.74 i 8 -5.70 +0.12
4169.330 163 1.88 ~4.44 2 6 -5.82 +0.11
4186.119 129 1.50 -4.19 1 21 -5.30 +0.12
4265.723 - 162 .1.87 -4.84 2 4 -6.03 +0.11
4281.371 44 0.81 -5.42 1 7 -5.79 +0.11
4286.006 44 0.82 ~4.49 -1.48 4 79 -4.73 +0.17
4287 .405 44 0.83 -4.51 -1.48 5 37 -5.06 +0.14
4305.910 44 0.84: =3.65 -0.70 5 200 =4.33 +0.15
4321.655 - 235 2.23 ~3.80 7 28 -5.19 +0.13
4326.359 - 43 0.82 -5.25 4 15 -=5.45 +0.11
4417.274 161 1.88 ~4.09 6 14 -5.51 +0.11
4427 .098 128 1.50 -3.85 1 14 -5.49 +0.11
4453.708 160 1.87 -3.99 4 19 -5.38 +0.11
4465.807 146 1.73 -4.12 4 18 =5.41 +0.11
4518.022 42 - 0.82 -4.49 -1.47 4 59 -4.88 +0.14
4533.238 42 0.84 -3.70 -0.64 4 151 -4.48 +0.15
4534 .,782 42 0.83 -3.93 -0.80 4 108 -4.62 +0.15
4548 .764 42 0.82 . =4.52 2 42 .=5.03 +0.12
4555.486 42 0.84 -4.62 -1.60 4 66 -%.84 +0.14
4617.269 145 1.74 -3.63 -0.80 -3 44 -5.02 +0.11
4623.098 145 1.73 -3.94 2 22 .=5.33 +0.09
4639.369 145 1.73 -4.24 2 19- -=5.39 +0.09
4639.669 145 1.74 -4.27 2 11 -5.65 +0.09
4645.193 145 1.73 -4.,46 2 15 -5.51 +0,09
4656.468 6 0.00 -5.48 -2.49 4 38 -5.08 +0.11
4681.908 6 0.05 -5.32 -2.21 4 92 -4.71 +0.13
4758.120 233 2.24 -3.61 3 22 -5.33 +0.08

8¢



TABLE I11 (Continued)

Number
A Multiplet log gfA . W
RMT RMT Xe NBS Other of W logy Alog 1,
Measures
Ti I (Continued)
4759.272 233 2.25 -3.60 3 25 -5.27 +0.09
4799,797 242 2.26 -4.05 3 30 -5.21 +0.08
4805.416 260 2.33 -3.97 3 12 -5.62 +0..08
4820.410 126 1.50 -4.55 2 19 -5.42 +0.07
4840.874 53 0.90 ~4.79 3 .23 -5.33 +0.07
4913.616 157 1.87 -3.98 1 18 -5.45 +0.07
4919.867 200 2.15 -4.10 1 11 -5.64 +0.07
4981,732 38 0.84 -3.73 -0.59 2 123 -4.,61 40,09
5016.162 38 0.84 -4.74 -1.64 2 54 -4.,97 +0.07
5024 .842 38 0.81 -4.,77 -1.69 2 74 -4 .83 +0.08
5025.570 173 2.03 ~-3.86 2 41 -5.09 +0.07
5039.959 5 0.02 -5.26 -2.17 2 66 -4 .88 +0.07
5043.578 38 0.83 -5.60 2 14 -5.55 +0.06
5152.185 T4 0.02 -6.02 1 11 ~5.67 +0.05
5173.742 4 0.00 -5.35 -2.16 5 74 -4 .84 +0.06
5194.043 183 2.09 ~4.36 2 8 -5.86 +0.05
5201.096 183 2.08 -4.50 1 8 -5.83 +0.05
5210.386 4 0.05 -5.18 -1.90 4 62 -4.93 +0.06
5224 ,301 183 2.13 -3.86 2 18 -5.46 +0.05
5689.465 249 2.29 -4.16 1 12 -5.68 +0.02
5713.895 249 2.28 -4.,53 1 13 ~-5.65 +0.02
5766.330 309 3.28 -3.44 1 14 . =5.60 +0.01
5866.453 72 1.06 -4.77 1 14 -5.62 +0.01
5918.548 71 1.06 -5.31 L 14 -5.61 +0.01
Ti II
4300.052 41 1.18 -4.92 4 218 -4.30 +0.15
4301.928 41 1.16 -5.32 4 152 =4 .45 +0.16

6€



TABLE IIT (Continued)

' ‘Number
A Multiplet log gfA _ W
RMT RMT Xe NBS Other of W log 3 Alog M,
Measures :
Ti IT (Continued)
4312.861 41 1.18 -5.31 7 176 =4.39 +0.16
4316.807 94 2.04 -5.94 7 55 -4.90 +0.15
4337.916 20 1.08 -5.14 6 159% -4 44 +0.16
4344 .291 20 .1.08 -5.95 4 104% -4 .62 +0.18
4394 .057 51 1.22 -5.90 6 110 =4 ,60 +0.18
4395.031 19 1.08 -4.82 6 223 =4.,29 +0.15
4395,848 61 1.24 -6.37 6 87 -4.71 +0.17
4409.519 61 1.23 -6.96 2 37 -5.08 +0.13
4417.718 40 1.16 -5.48 6 129 -4.53 +0.17
4421 .949 93 2.05 -5.92 6 63 _ -4.85 +0.16
4443 .802 19 1.08 -5.00 5 173 -4.41 +0.16
4450 ,487 19 1.08 -5.88 5 137 -4.51 +0.17
4468.493 31 1.13 -4.93 5 189 -4,37 +0.15
4533.966 50 1.23 -4 .84 3 253 -4.25 +0.13
4563.761 50 1.22 -5.21 3 194 =4,37 +0.14
4568.312 60 1.22 -7.20 2 46 -5.00 +0.12
4571.971 82 1.56 -4.52 3 245 4,27 +0.13
4708.663 49 1.23. . -6.80 2 68 -4, 84 40,12
4779.986 92 2.04 -5.94 3 8% -4.76 +0.11
4805.105 92 2.05 -4.98 2 155 -4.49 +0.11
5129.143 86 1.88 -5.12 2 137 -4 .57 +0.07
5185.90 86 1.88 -5.88 4 76 -4 .83 +0.06
5336.809 69 1.57 -5.52 4 85 -4,80 +0.06
5381.020 69 1.56 -6.57 3 72 -4.88. +0.05
5418.802 69 1.57 -6.61 3 59 -4.96 +0.04

0



TABLE III {Continued)

.35

" Number s
A Multiplet log gfA i W
RMT RMT Xe NBS Other of w log 3 Alog M,
7 Measures
Cr I

4001 .444. 268 3.87 -3.35 2 36 -5,04 +0.15
4022.263 268 .3.87 -3.61 3 15 -5.42 +0.12
4039.100 251 3.83 -3.26 2 29 =5.15 +0.13
4065.716 279 4.09 -4.,75 1 6 -5.85 +0.12
- 4120.613 65 2.70 -4.60 -0.57 1 16 -5.40 +0.12
4126.521 35 2.53 -4.24 -0.51 2 15 -5.43 +0.12
4197.234 249 3.83 -3.90 3 11 -5.58 +0.12
4208.357 249 3.83 -3.96 1 4 - -6.03 +0.11
4209.368 248 3.83 -3.49 1 15 =545 +0.12
4211.349 133 3.00 -4.36 2 11. -5.60 +0.12
4254 .346 1 0.00 -4 .64 -1.37 3 180 -4.,37 +0.16
4272.910 96 2.89 -4.46 -0.61 3 16 -5.42 +0.11
4274 ,803 1 0.00 ~4.76 ~1.47 3 172 -4.40 +0.16
4289.,721 1 0.00 -4.95 -1.61 4 219 =4.,29 +0.15
4337.566 22 0.96 -5.12 -1.80 6 g3* -4 .67 +0.17
4339.450 22 0.98 -4.94 4 54% -4.90 +0.15
4339.718 22 0.96 -5.43 4 25% -5.23 +0.13
4344 ,507 22 1.00 ~4.69 -1.43 2 g7% -4.65 +0.18
4346,833 104 2.97 -4.16 -0.27 5 29% -5.18 +0.13
4351.051 22 0.96 -5.43 2 48 - =4.,96 +0.14
4373.254 97 0.98 -6.15 4 10 -5.66 +0.11
4381.112 64 2.70 =4 .62 -0.68 1 5 -5.93 +0.10
4384.977 22 1.03 -5.24 : 3 46 =4.,98 +0.14
4387.496 103 2.99 -4.25 -0.41 4 37 -5.08 +0.13
4410.304 129 3,00 -4.63 2 7 -5.79 +0.11
4412.250 22 1.03 -6.42 4 12 -5.57 +0.11
127 3.00 -0.21 3 -5.10 +0.12

4458.538

-3.98

1%



TABLE II1I (Continued)

Number
A Multiplet 1o fa
RMT R o wEs o Other of W Log 3 Aleg T,
Measures
Cr 1T (Continued)
4511.903 150 3.07 -3.98 +0.01 4 .37 -5.09 +0.12
4535.146 33 2.53 -4.82 2 15 -5.50 +0.10
4545.956 10 0.94 -5.31 -1.99 4 84 -4.73" +0.14
4591 .394 21 0.96 -5.52 -2.27 5 58 -4.90 +0.12
4600.752 21 1.00 -5.36 -1.85 5 86 -4.73 +0.13
4616.137 21 0.98 -5.29 -1.90 4 70 -4.82 +0.13
4626.188 21 0.96 -5.33 -1.89 4 65 =4 .85 +0.13
4639.538 186 3.10 -4.27 1 35 -5.12 +0.10
4646.174 21 .1.03 -4 .82 ~-1.45 4 132 -4.55 +0.14
4649 .461 32 2.53 -4.97 2 15 -5.49 +0.09
4651 .285 21 0.98 -5.30 -2.00 4 61 -4, 88 +0.12
4652.158 21 1.00 -5.12 -1.54 4 76 =4.79 +0.13
4708.040 186 3.15 -3.63 +0.35 5 40 -5.08 +0.10
4718.429 186 -3.18 -3.51 +0.36 5 56 -4.93 +0.11
4724 .416 145 3.07 -4.,31 2 12 =5.58 +0.08
4730.711 145 -3.07 -3.94 2 29 -5.21 +0.09
4745.308 61 2.70 -5.09 2 11 -5.66 +0.08
4756.113 145 3.09 -3.45 +0.41 5 55 -4.,94 +0.10
4764 .294 231 3.54 -3.94 2 24 -5.30 +0.09
4836.857 144 3.09 -4.85 3 13 ~-5.56 +0.07
4922 .267 143 3.09 -3.60 +0.18 2 156 -4.50 +0.10
4936.334 166 3.10 ~-3.98 -0.20 2 41 -5.08 +0.07
4954 .811 166 3.11 -3.97 -0.20 2 60 -4.92 +0.08
4964.928 9 0.94 -6.60 1 30 -5.22 +0.07
5110.751 60 2.70 -4.96 2 11 =-5.66 +0.05
5206.039 "7 0.94 -4.27 -0.83 4 164 -4.,50 +0.07
5238.971 59 2.70 -4.17 1 20 -5.43 +0.05
5243.395 201 3.38 -4,29 4 27 -5.28 +0.05
5247 .564 18 0.96 -5.72 ~-2.29 4 55 -4.98 +0.06
5296.686 18 0.98 -5.64 -2.06 4 76 -4.84 +0.06
5297.360 94 .2.89 -4.42 +0.03 4 82 -4.81 +0.06

Y



TABLE II1I (Continued)

: Number
A Multiplet lo fA
RMT RAT Xe wps oo Other of w log 7y Alog 1,
- Measures
Cr I (Continued)
5298.269 18 0.98 -5.35 -1.85 4 146 -4{56 +0.06
5329.12 94 2.90 -4.40 -0.12 4 57 -4.97 +0.05
5345.807 18 1.00 -5.25 -1.66 4 84 -4.80 +0.06
5348.319 18 1.00 -5.56 -1.84 4 55 -4.,99 +0.05
5390.394 191 3.35 -4.83 3 26 -5.31 +0.03
5409.791 18 1.03 -4.97 -1.38 3 119 -4 .66 +0.05
5712.778 119 3.00 -4,81 1 9 -5.79 +0.02
"Mn I
4018.102 5 2.11 -4.05 4 143 -4 45 +0.18
4030.755 2 0.00 -4.87 4 286 -4.15 +0.15
4033.073 2 0.00 -5.03 4 225 -4.25 +0.15
4034 .490 2 0.00 -5.27 4 181 =4 ,35 +0.16
4055.543 5 2.13 -3.92 3 113 -4.56 +0.19
4059,392 29 3.06 -4.,17 2 31 -5.12 +0.14
4070.279 5 2.18 -4.69 4 33 =5.09 +0.14
4079 .422 5 2.18 -4.29 2 87 -4.67 +0.18
4082.,944 5 2.17 -4.14 3 55 -4 .87 +0.16
4257 .659 23 2.94 -3.98 3 15 -5.46 +0.12
4265.924 23 2.93 -4.00 2 23 -5.27 +0.12
4453,005 22 2.93 -4.29 2 18 -5.39 +0.11
4457 .045 28 3.06 -4 .65 2 11 -5.59 +0.11
4470.138 22 2.93 -4.20 4 23. -5.29 40,11
4502.220 22 2.91 -4.17 3 28 -5.21 +0.11
4709.715 21 2.88 -4.38 4 30 -5.19 +0.10
4739.108 21 2.93 -4 .44 4 25 -5.28 +0.09
4754 ,042 16 2,27 -4.19 4 129 -4.57 +0.12
4765.859 21 2.93 -4.07 3 67 -4.07 +0.11

€y



TABLE III (Continued)

Number
A Multiplet log gf)\ W
RMT RMTp Xe NBS Other of W Log 5 hlog M,
Measures
o Mn I {(Continued)
4766.430 21 2.91 -.~-3.87 4 85 ~4.75 +0.11
4783.420 16 2.29 -4.21 4 158 ~4.48 +0.11
4823.516 16 2.31 -4.17 4 180 -4.43 +0.11
Fe I
4005.246 43 1.55 ~4.46 -1.32 '3 284 -4.15 +0.15
4009.714 72 2.21 -4.86 3 103 -4.59 +0.19
4045.815 43 1.48 -3.67 -0.62 4 558 -3.86 +0.15
4062 .446 359 2.83 -4.33 '3 98 ~4.62 +0.19
4063.597 43 1.55 =4.00 -0.76 4 372 =4 .04 +0.15
4071.740 43 1.60 -4 .03 -0.81 4 329 -4.09 +0.15
4107 .492 354 2.82 -4.23 2 85% -4 .68 +0.18
4134.681 357 2.82 -4.,23 1 123 -4.53 +0.18
4143.871 43 1.55 -4.50 -1.24 2 265 -4.19 +0.15
4147.673 42 1.48 -5.87 1 103 -4 .60 +0.19
4154.502 355 2.82 -4 .24 1 123 -4.53 +0.18
4175 .640 354 2.83 -4.29 3 102 =4,61 +0.18
4181.758 354 .2.82 -3.95 3 154 ~4 .43 +0.17
4187.044 152 2 .44 -4.12 3 129 -4.51 +0.18
4187.802 152 2.41 -4.15 2 180 -4.37 +0.16
4191.436 152 2.46 -4.32 2 150 -4 .45 +0.17
4199.098 522 3.03 -3.56 3 133 -4.50 +0.18
4202.031 42 1.48 -4.67 -1.43 3 228 -4.27 +0.15
4206.702 3 0.05 -4.60 3 116 -4.56 +0.17
4216.186 .3 0.00 -7.47 -4.05 3 137 -4.49 +0.18
4219.364 800 .3.56 -3.51 -3.70C 3 141 -4.48 +0.17
4222.219 152 2.44 -4 .64 -4.99C 3 120 -4.55 +0.18
4227 .434 693 3.32 -3.37 . =3.76C 3 231 -4.26 +0.15

A



TABLE IIT (Continued)

Number
A Multiplet lo A W
RMT RMT Xe NES  ©° " Other of W Log 3 Alog 1,
Measures .
Fe I - (Continued) _

4233.608 152 2.47 -4,17 -4 .66C 3 140 -4.48 +0.17
4235.942 152 2.41 -4.04 -4 . 44C 3 207 -4,31 +0.16
4238.816 693 3.38 ~3.97 -4.06C 3 139 -4 .48 +0.17
4247 ,432 693 3.35 -3.98 -4.11C 3 154 A +0.17
4248.228 482 . 3.06 -4 . 44C 3 93 -4 .66 +0.18
4250,125 152 . 2.46 -4,15 -4.,60C 3 156 ~4.43 +0.17
4250.790 42 1.55 -4.75 -1.43 3 177 -4.38 +0.16
4260.479 152 .2.39 -3.75 -4.,19¢C 2 223 -4,28 +0.15
4271.159 152 2.44 -4,18 -4 .48C 3 184 -4,37 +0.16
4271.764 47 1.48 -4,21 -0.98 3 276 -4.19 +0.15
4282 .406 71 2.17 -4.63 -4.74C 4 144 -4.47 +0.17
4291 .466 3 0.05 -4.,71 4 89 -4,68 +0.17
4325.765 42 1.60 -4,12 -0.78 4 372 -4.07 +0.14
4337.049 41 1.55 -5.55 -2.25 4 158% -4 .44 +0.17
4352.737 71 2.21 -4.90 6 159 -4.44 +0.16
4369.774 518 3.03 -4.55 5 131 -4.,52 +0.17
4375.932 2 0.00 -6.93 -3.72 4 139 -4,50 +0.17
4383.547 41 1.48 -4.,01 -0.60 4 397 -4.,04 +0.14
4389.244 .2 0.05 -4,98 4 4ty -5.00 +0.14
4404 .752 41 1.55 -4.25 -0.88 4 313 =415 +0.14
4415.125 41 1.60 -4 .45 -1.36 4 276 -4.,20 +0.14
4427 ,312 2 0.05 -6.89 -3.72 4 156 -4.45 +0.16
4430.,618 68 2.21 -6.74C 4 118 -4.57 +0.17
L4442 ,.343 68 2.19 -4 .85 -5.28C 3 138 =4.51 +0.17
4443.197 350 2.85 -4.59° -3.99¢C 3 120 -4.57 +0.17
L4447 .722 68 2.21 -4.83 -5.23C 3 134 -4.,52 +0.17
4454 ,383 350 2.82 -4.69C 3 109 -4.61 +0.17
4461.654 2 0.09 -7.16 -3.89 3 197 -4.36 +0.16

oy



TABLE III (Continued)

Number

A Multiplet 1o fA W
RMT RMT Xe nes o0 other . OF W Log 5 hlog T
Measures
Fe I (Continued)
4466.554 . 350 2.82 -4.15 3 152 -4.47 +0.16
4489 .741 2 0.12 -4.55 3 113 -4 .60 +0.16
4494 .568 68 2.19 -4.79 -4.99C 1 161 -4 .45 +0.15
4531.152 39 1.48 -5.97 -6.09C 1 265 -4.23 +0.13
4602 .944 39 1.48 -5.89 -2.26 2 119 -%4.59 +0.14
4736.780 554 .3.20 -4.40 3 137 -4 .54 +0.12
4859.748 318 2.86 =4 .66 4 145% -4.,53 +0.10
4871.323 318 2.85 -4.19 4 195% ~4.40 +0.10
4872.144 318 2.87 -4.41 4 191% -4.41 +0.10
4890.762 318 2.86 -4.42 4 193 -4 .40 +0.10
4891.496 318 2.84 ‘ -4.09 4 235 -4,32 +0.09
4918.999 318 2.85 -4.28 2 203 -4,38 +0.09
4920,509 318 2.82 -3.94 2 269 -4.,26 +0.08
5001.871 965 3.86 -4.06 2 170 -4.47 +0.08
5005.720 984 3.87 -4,14 1 145 -4.54 +0.09
5006.126 318 2.82 ~4.63 1 145 -4.54 +0.09
5049,825 114 2.27 -5.28 2 144 -4 .54 +0.08
5051.636 16 0.91 -6.93 2 155 -4.51 +0.08
5068.774 383 2.93 . -4.93 2 117 -4.,64 +0.08
5083.342 16 0.95 -6.98 2 119 -4.63 +0.08
5110.414 = 1 0.00 -7.54 -4.41 2 161 -4.50 +0.08
5133.692 1092 4.16 -3.58 '3 142 -4.56 +0.07
5191.460 383 3.03 -4,24 -4.63C 4 152 - =4.53 +0.07
5192.350 383 2.99 -4.10 -4.46C 4 145 -4.55 +0.07
5194.943 = 36 1.55 -5.83 -6.30C 4 106 -4 .69 +0.07
5216.278 36 1.60 -5.86 -6.28C 4 122 -4.63 +0.07
5225.533 1 0.11 -9.03C 1 59 -4.95 +0.06
5232.946 383 2.93 -3,91 -4.29C 4 194 ~4.43 +0.06

9%



TABLE IIT (Continued)

Number
A Multiplet log gfA X
RMT RMTp Xe NBS Other of W log 5 Alog. .1,
. Measures .
Fe I (Continued)
5250.650 66 2.19 -6.23C 4 82 -4.81 +0.06
5266.562 383 2.99 -4.20 -4.,61C 4 142 -4.57 +0.06
5269.541 15 0.86 =5.67 -2.05 4 202 -4.42 +0.06
5281.796 383 3,03 -4.56 4 106 -4,70 +0.06
5283.628 553 3.23 -4.06 3 161 -4.,52 +0.06
5307.365 36 1.60 -7.10¢C 4 75 -4,85 +0.06
5324.185 553 3.20 -3.84 -4,15C 4 167 -4.50 +0.06
5328.042 15 0.91 . -5,70 -2.19 4 265 =4.30 +0.06
5339.935 553 .3.25 -4.,49 4 102 -4,72 +0.06
5364.874 1146 4.43 -3.75 3 92 -4.77 +0.06
5367.470 1146 4.40 -3.70 3 95 -4.75 +0.06
5369.965 1146 4,35 -3.56 3 117 -4.,66 +0.06
5383.374 1146 4.29 -3.41 3 136 -4 .60 +0.06
5393.174 553 .3.23 ~4.,37 3 109 -4.69 +0.05
5397.131 15 0.91 -6.12 -2.66 3 170 -4.,50 +0.05
5404.144 1165 4,42, -3.29 3 183 -4.47 +0.05
5405.778 15 0.99 -6,05 -2.50° 3 167 -4.,51 +0.05
5410.913 1165 4 .45 -3.56 ‘3 107 -4,70 +0.05
5424.072 1146 4.30 -3.34 3 156 -4 .54 +0.05
5429.699 15 0.95 -6.03 -2.56 3 228 -4,38 +0.05
5434.527 15 1.01 -6.17 -2.73 3 160 =4.,53 +0.05
5445.045 1163 4,37 -3.81 3 103 -4.72 +0.05
5446.920 15 0.99 -6.12 -2.63 3 222 -4,39 +0.05
5497 .519 15 1.01 -6.68 2 174 -4,50 +0.05
5501.469 15 0.95 -6.93 2 146 -4.58 +0.05
5506.782 15 0.99" -6.60- 1 154 -4.55 +0.05
5569.625 686 .3.40 -4.21 1 124 -4.65 +0.04
.5572.849 686 3.38 -4.05 1 146 -4.58 +0.04

LYy



TABLE III {Continued)

A Multiplet log gfA Numger . oo ¥ .
RMT RMT Xe NBS Other ° °8.\ ~blog T,
- Measures
Fe I (Continued)
5576.097 686 3,42 -4 .65 1 86 -4 .81 +0.04
'5586.763 686 3.35 -3.96 .1 193 -4.46 +0.03
5615.652 686 3.32 -3.90 2 215 =442 +0.03
5762.992 1107 4.19 -4.05 1 113 -4.71 +0.03
6024 .066 1178 4,53 -3.79 1 76 =4.90 0.00
6065 .487 207 2.60 -5.26 1 99 -4.79 0.00
6137.696 207 2.58 -5.06 1 114 -4.73 -0.01
6230.728 207 2.55 -5.10 2 134 -4 .67 -0.01
6246.334 816 3.59 -4 ,52 2 77 -4.91 -0.01
6252 .561 169 2.39 =5.47 2 108 -4.76 -0.01
6265.140 62 2.17 -6.07 2 64 -4.99 -0.01
6301.515 816 3.64 -4 .54 2 103 -4.79 -0.02
6318.022 168 2.44 -5.81 2 79 -4.,90 -0.02
6393.605 168 2.42 -5.52 1 117 -4.74 -0.02
6411.658 816 3.64 ~4.32 1 124 -4,71 -0.02
6421.355 S 111 2.27 -5.77 1 93 -4 .84 -0.02
6430.851 62 2.17 -5.78 1 93 =4, 84 -0.02
6494 ,985 168 2.39 ~-5,08 1 129 -4.70 -0.03
Co I ‘ '
4020.898 16 0.43 -5.98 3 .29 -5.14 +0.14
4092 .386 29 0.92 -5,.13 2 112% -4.56 +0.19
4110,532 29 1.04 -5.19 2 38% -5.04 +0.15
4121.318 28 0.92 -4 .41 2 90 -4.66 +0.18
4517.094 150 3,11 =442 2 23 =5.29 +0.11
4693.190 ' 156 3.22 -4.01 2 18 -5.48 +0.09
4727.936 15 0.43 =7.48 2 14 -5.54 +0.08
5156.366 180 4.04 -3.70 1 50 -5.01 +0.06
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TABLE III (Continued)

Number
A Multiplet lo fa W
RMT RMT Xe Ngs  © © Other of w Log 5y hlog.m,
Measures
Co I (Continued)
5212.699 170 3.50 -3.57 1 15 -5.54 +0.05
5342.703 190 4.00 -3.22 2 9 -5.77 +0.04
5343.383 - 190 4,01 -3.52 3 24 -5.34 +0.04
5369.591 39 1.73 -5.52 1 17 -5.51 +0.04
Ni I
4462 .460 86 3.45 -4,12 3 57 -4.89 +0.15
4470.483 86 -3.38 -3.68 3 67 -4.82 +0.15
4604 .994 98 - 3.47 -3.57 2 72 -4.81 +0.13
4606.231 100 .3.58 =-4.04 2 23 -5.31 +0.09
4648.659 98 3.40 -3.55 3 75 -4.79 +0.13
4686.218 98 -3.58 -3.94 2 235 -5.13 . +0.10
4714.421 98 3.37 =3.49 4 136 =4 .54 +0.13
4715.778 98 3.53 -4.,07 4 53 -4.95 +0.10
4756.519 98 3.47 -3.93 4 67 -4.85 +0.11
4806.996 163 3.66 -3.98 4 © 35 -5.14 +0.09
4829.028 131 3.53 -4.07 4 99 -4 .69 +0.11
4866.267 111 3.52 -3.89 4 66% -4 .87 +0.09
4873.437 111 3.68 -4.06 4 ©52% -4.97 +0.09
4904 .413 129 3.53 -3.83 3 58 -4.93 +0.08
4918.363 177 3.82 -3.88 2 51 -4.98 +0.08
4935.830 177 3.92 -4.05 2 26 -5.27 +0.07
4980.161 112 3.59 -3.78 2 96 -4.71 +0.09
4984.126 143 3.78 . =3.66 1 91 -4.74 +0.09
5000.335 145 3.62 -4.23 1 78 -4.81 +0.08
5012.464 111 .3.68 -4.12 2 55 =4.96 +0.07
5017.591 111 3.52 -3.77 2 97 -4.71 +0.08
5035.374 143 3.62 ~3.40 2 85 _=4.77 +0.08

6%



TABLE III (Continued)

Number
A Multiplet 1o fA
RMT BT Xe xBs = ° Other of W log 3 Alog M,
Meagsures
Ni I (Continued)

5080.523 143 3.64 ~-3.38 2 102 -4.,70 +0.08
5081.111 194 3.83 -3.47 2 67 -4.88 +0.07
5084.081 162 '3.66 -3.97 2 73 -4 .85 +0.07
5099.946 161 3.66 -3.97 2 78 -4,.82 +0.07
5115.397 177 3.82 -3.97 2 65 -4.90 +0.07
5146.478 162 3.69 -3.78 3 100 -4.71 +0.07
5155.764 210 3.88 -3.66 3 65 -4.90 +0.06
5176.565 209 -3.88 -4,14 5 33 -5.19 +0.05
5578.734 47 1.67 -6.55 1 27 -5.32 +0.02
5592.283 69 1.94 -5.98 1 22 =5,41 +0.02

0s
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values of log gfA from other sources; for Ti I the values in this
sub~column are taken from the Kings' tables, for Ti II the values are
from Wright, for Cr I the values are from Hill and King, and for Fe I
the values are from the Kings' tables and Carter's tables. Carter's
values are followed by the letter "C" so that values from the two
sources may be distinguished.

Coiumn 5 lists the number of profiles measured for the line.

Column 6 gives the equivalent width in milliangstroms. Equivalent
widths of lines found in the wings of the Balmer lines have been correct-
ed according to Thackeray's relation and are.indicated by an asterisk,
-Data pertinent ta these lines are listed in Table 1V,

Column 7 gives log W/K, where W and XA have the same units,

Column 8 lists the value of ‘the limb darkening correction, Alog ﬂo,
for the Milne-Eddington pure scattering model. Such corrections can
be ohtained by interpolating in the published curve of growth tables.
The addition of Alog ﬂo to the abscissa of each line accounts for
differences in limb darkening (which depends upon .the wavelength) and
makes possible the fitting of all lines to a theoretical curve of growth
calculgted for a single value of BO/Bl, here taken to be 2/3.

Alog ﬂo is a function of BO/Bl. Hence, to determine Alog ﬂo for
a given line, it is necessary to know the value of BO/B1 corresponding
to the wavelength of the line, It was assumed that the values of
BO/Bl for & Ursae Majoris are approximately the same as for the sun,
where the source of continuous opacity is the negative hydrogen ion.
.This seems to be a valid assumption, inasmuch as the temperature of
© Ursae Majoris is only slightly higher than that of the sun and is

certainly much too low for neutral hydrogen and helium to play a
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TABLE IV

DATA PERTINENT TO LINES LOCATED ON WINGS OF HYDROGEN LINES

"Wing » . W(mA) W(mAa)

.*rng) — Element ~..Location Ty ‘ __Observed Corrected
4092 ,386 Co I Hs 0.904 102 112
4107 .492 - Fel H 0.832 71 85
4110,532 Co I HE 0.891 34 38
4337.049 Fe I Hy 0.808 127 158
4337.566 Cr I Hy 0,769 71 93
4337.916 Ti I Hy 0.739 117 159
4339.450 Cr I Hy 0,561 30 54
4339.718 Cr I Hy 0.519 13 25
4344 ,291 Ti II Hy ' 0.811 84 104
4344 ,507 Cr 1T Hy 0.832 81 97
4346.833 Cr I Hy 0.899 26 29
4859.748 " Fe I HB 0.602 87 145
4866.267 Ni I HB 0.821 54 66
4871.323 Fe I HB 0.89 174 195
4872 .144 Fe I HB 0.902 172 191
4873.437  _ Ni I H8 0,913 _48 _52

prominent role in the continuous absorption. Therefore, the values of
BO/Bl used in this paper are taken from the solar values observed by
iHoutgast (1942). The valueé were read from the plot in .Figure 7 which
Qas constructed from Houtgast's data.

Alog ﬂo varies with the intensity of the line, i.e., with log W/b,
as well as with BO/Bl. In order to obtain approximate values of log W/b
for>each line, log c/v was taken to be‘approximately equal to 5.00;
values in this neighborhood had been obtained from the applications of
the other models. Then, using the measured values of log W/,

log W/b = log W/\ + 5.00, 24)

The limb darkening corrections are slightly affected by the value
of the damping parameter, a. These variations were considered to be
hegligibly'small, however, and the values of Alog.ﬂo given .in Column 8

are for log a = ~1.4.
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Figure 7, vBo/Bl Versus Wavelength. .The data used to construct the
curve are the solar values observed by Houtgast (1942)0 The circled
points are the values given by Houtgast. The points were connected
by a smooth curve for purposes of interpolation.
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For the S-S pure scattering model, limb darkening corrections are
not large enough to be of/any consequence and have not been applied in
this study.

Limb darkening effects are taken into account in a different way
by Hunger in his pure absorption curves. Here, the limiting depth, RC,
which depends upon BO/Bl,‘appears.in the ordinate of the theoretical
curves. The observed curves of growth in the case of pure absorption
are plotted with

log w/Zch = log W/A - log 2R (25)
as prdinate. The wvalues of logHVZRC were read for each line from
Table V, which gives log 2Rc as a function of BO/Bl, In order to form
this table, RC was calculated from Equation (5) for each value of BO/B1

listed.

Comparison of Equivalent Width Measurements

With Those of Greenstein

In’Figure 8, a comparison is made of the equivalent widths of the
8 Ursag Majoris lines measured in this paper and identical lines measured
by Greenstein (1948)., Inspection of the figure reveals good agreement
for values of log W/A around -4.50. -For stronger lines, our values are
larger than those of Greenstein, and the reverse is true for the weaker
lines. These variances may be due to the different methods used to
obtain equivalent widths. In Greenstein's work the profiles were drawn
on the microphotometer tracings, line depths measured every millimeter,
cqnverted into absorptiéns, and numerically integrated to obtain the
equivalent widths. In this paper the profiles were drawn on the intensi-

tometer tracings rather than the microphotometer tracings. The profiles



were then planimetered to obtain equivalent widths. Consequently,

differences might be expected.

TABLE V

LOG 2R AS A FUNCTION OF B°/8!

3/p! log 2R_ B°/B* log 2R_ 5%/l log :
0.20 40,19 7 0.43 " 40.08 | 0.66
0,21 +0.18 0.44 +0,08 0 0.67
0.22 +0.18 0,45 +0.08 0.68
0,23 +0.17 0.46 +0,07 0.69
0.24 +0.17 0.47 +0,07 ©0.70
0.25 +0.16 1 0.48 +0.07 0.71
0.26 +0,16 0.49 40,06 0.72
0,27 +0.15 0,50 = .  +0.06 0,73
0.28 +0.15 ~0.51 +0.05 0.74
0,29 +0,14 0.52 40,05 0,75
0.30 +0,14 0,53 +0.05 0.76
0.31 +0,14 0.54 +0.04 0.77
0,32 +0.13 0,55 +0, 04 0,78
0,33 +0.13 0.56 +0,04 0,79
0.34 +0.12 0.57 +0,03 ©0.80
0.35 +0.12 0,58 +0,03 0,81
0.36 +0,11 0.59 +0.03 . 0.82
0.37 0,11 0.60 +0.02 0,83
0.38 +0,10 0.61 +0,02 0.84
0,39 40,10 0.62 © 40,02 0,85
0.40 +0,10 0.63 +0,01 0.86
0.41 +0,09 0.64 +0,01 0,87
0.42 40,09 0.65 40,01 | 0.88
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‘Figure 8, Comparison of Equivalent Widths for Lines Common

and Greenstein.
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CHAPTER 1V
RESULTS
Discussion of the Procedures Used in the Reduction of the Data

The géneral prbcedures employed in this study to determine log c/v,
log a, the excitation temperature, and the abundance from the curve of
growth have been discusséd in Chapter II. The detailsiinVOlved in the
application of these procedureé are considered in.the following para-
graphs. For convenience in the discussion, the designations'”Fe.IﬂNBS,”
"Fe I-King," and "Fe I-Carter" are used to differentiate betweén the
ﬁhree-different sets of data for Fe I corresponding to the three sources

of f-values, Similarly, data pertaining to Ti I and Cr I are referred

to as "Ti I-NBS," "Ti I-King," '"Cr I-NBS," and '"Cr I-Hill" data.

Determination of Log c/v

To provide a means for Eomparing the observed curve of growth for
the lines of a givén element in a particular Stage»of ionization with
the theoretical curves, the values of log W/A (or log W/QRCX) for lines
which all arise from a given atomiq term were plotted against the corres-
ponding values of log gfl (or ‘log gfA + Alog ﬂo). Such plots represent
portions of the observed curve of growth, Each point on these plots
was weighted roughly according to the number of profiles measured in
obtaining the equivalent width of the line--the more ﬁrofileé measured,

the more reliable the point., The sizes of the points were made to

57
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indicate the weights, and the larger (more reliable) points were given
greater influencé in determining the fit of the plot on the theoretical
curve of growth,

It is necessary to have a plot which defines the knee of the observed
curve of‘growth in order to.determine log ¢/v., The vertical shift re-
‘quired to fit Such a pl&t_on the theoretical curve gives log c/v, as can
be seen.fromvKuation (16) of Chapter II., In this manner, values were
obtaineH from the observed curves for Ti I-NBS, Ti I-King, Ti II, Cr I-
-NBS, Cr IwHill, Fe I-NBS, and Fe I-King, In each case, four values of
log c/v were determined corresponding to the four different atmospheric
models. No plots suitable for the determination of.lqg c/v were avail=
able for ény‘of the other sets of lines investigated.

.Because éf the large ﬁumber.of lines available and the relatively
small scatter of the points defining the observed curve of growth, the
values of log c/& obtained. for Fe I-NBS were regarded as more reliable
than any of the other &eterminations. Hence, the Fe I-NBS values of
1og‘c/v_werevadobted for use with the corresponding atmospheric models
in the analysis of the lines of Ca I, Mn'I, Co.I, and Ni I. For Fe I-
Carter, the one remaining -set of lines, the values of log c/v found for
Fe I-King were employed. Since the Kings' f-values were used by
Carter to establish a preliminary relative scale for his measurements,
these two sets of frvalues are closely related, - For this reason, the
F¢‘1~King values, of log c/v were felt to be the most appropriate choices
for gse with the Fe I-Carter lines,

Concerning the validity of using the Fe I-NBS values of log c/v
in the study of the lines of Ca I, Mn [, Co I, and Ni I, it should be

noted that the velocity, v, depends upon the mass of the atom .in question.
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However, this dependence should be negligibly small, as indicated by

the following discussion, Equation (2) of Chapter I1I can be written as

_ ) 2sT 2
v \/ M + Vturb ! (26)

where M is the mass of the atom and T is the kinetic temperature.

Before this equation can be used to compare values of v for different
atoms, it is necéssary to specify a kinetic remperature and a turbuient
velocity, Tt was assumed that the kinetic temperature is apbroximately
equal to the effective temperature, i.e,, T = 6210°K as listed by Keenan
and Morgan (1951) for stars of class F6:IV. Then, using the mass of

the iron .atom along with the Fe I-NBS values of log c/v, turbulent
“velocities were calculated from Equation (26), The four values obtained,
corresponding to the four different atmospheric models, were found to
range between 2.16 x 105 and 2.67 x 105 cm/sec. Using these estimated

values of v Equation (26) was employed to calculate values of v for

turb?

calcium, ﬁhich has an atomic mass differing from that of irom by a
greater amount than any of the other elements investigated. It was
found that the resulting values of log c/v were Subétantially the same
as those for Fe I-NBS. For example, the largest difference between

the Fe I-NBS and calcium values for the same atmospheric‘model amounts
to 0,02, which is negligible for the purposes of this investigation.
Because of these results, it was felt that the values of log c/v deter-
mined for Fe I-NBS were the best approximations available when this

.

quantity could not bhe determined directly.

Determination of Log a

» If strong lines defining the damping portion of the curve of growth
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are available, log a can be determined. For Fe I-NBS, Fe I-King, and

Ti IT, single plots for a given term were available with enough lines

of a sufficient range of intensity to adequately define the trénsitiOn
portion (the section between the knee and the beginning of the damping
portibn) as well as the damping portion, Since the transition portion

_ of the curve of growth is not perfectly horizontal, the onset of damp-
ing occurs at greater intensitiesvas the damping parameter decreases.,
Hence, fitting the above mentioned plots on the ﬁheoretical curves for
differént values of the damping parameter requires larger vertical
shifts for smaller values of log a. However, the vertical shifts were
‘determined by other plots that fit around the kneef In each case, using
the appropriate vertical shift, the plot defining the transition and
dampingfportions was superposed upon theoretical curves of growth for
differeﬁt values of log a. The wvalue belonging to the curvé giving

the best fit was adopted as characteristic of the element and atmospheric
model under.investigation.

For Ca I, Cr I-NBS, Cr I-Hill, and Mn I only a few lines were
strong enough to fit on the damping portion. Since it was not possible
to locate the position of the change from transition to damping with
“ the plots available here, the procedure discussed in the above para-
graph could not be used. For each of these cases‘the valug of log a
was‘taken to be that which resulted in the best straight 1ine'when
Alog X was’plottéd against i:. This straight line relation is discussed

further in the next section which is concerned with the determination of

7.“Sincee the excitation potentials of the lower levels af the transi-
tions may be slightly different for different lines arising from a

vl

particular atomic term, an average value, Xe> Was used for each term,
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excitation temperatuyres. A set of values of Alog X was obtained for
each value of iog a, and Alog X plotted against‘ie, The value of log a
giving the best straight line was determined by comparing these plots.. .
This rather indirect method for determining log a should not be consid~
ered as reliable as the procedure described in the preceding paragraph.
-Because of the absence of strong lines, it was not possible to
determine values of log a from the lines of Ti I-NBS, Ti I-King, Fe I-
Carter, Co_I,‘and Ni I, For a~particular atmospheric model, all the
theoretical curves of growth for various valyes of log a are the same
below the knee. Hence, the value of log a . is of no significance when

only weak lines are consildered,

Determination of the Excitation Temperature
zecerminab ol of -0e . So1n Aol L 1L

Equation (18) of Chapter II may be written as

Alog X = constant - 6}8, o 7))
where ¥ is the average of the excitation potentials of all the lines
arising from a given term, It is apparent from this equation that a
straight line relation should exist between Alog X and Ye with a slope
equal to -6. For each atomic term Alog X was found ‘from the hori-
zontal shift required to fit the corresponding plot on the theoretical
curve of growth. The same vertical shift was used for fitting to a
pérticular curve all plots belongihg to the same element in a given
stage of ionization, although this vertical shift usually chahged in
going from one atmospheric modél to another, .The method of least squares
Was.employed to obtain the slope, r8, of the straight line which best
fit the plot of Alog X versus ie’ The excitation temperature was then

calculated from T = 5040/9T
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For the purposes of the least squares calculations each value of
Alog X was assigned a weight indicative of its apparent reliability. A
weight was assigned by consideting the number of points on the plot
used to determine Alog X, the scatter of the points, the extent of the
curve of growth defined by the plot, and the fit of the plot on the
theoretical curve of growth, Some terms were represented by only one
point. In such cases the values of Alog X obtained were given zero
weight when there were a suyfficient number of other values to adequately
d%;ermine the straight line relating Alog X and ie. Also, when a value
of Alog X was clearly far off the prelimipary straight line, it was

given zero weight.

Detgrming;iqn of the Abundance

In Chapter Il the equation for the abundance in the case of 5-S5
pure scaﬁtering is presented (Equation (20) ), and the means of modifying
this equation so that it will apply to any of the other models is indi-
cated, Written out in full, the equations giving the abundances for
the four models are as follows:

M-E pure scattering and pure absorption=-= -

log N/gn = shift - log C + log u - log c/v, (28)
S-S pure scattering--

log NH = shift -~ log C + log u - log c/v, ‘ (29)
and S-S5 pure absorption--

log NH = shift » log C + log u - log e¢/v + log 3/2. (30)

When relative f-values were used, as was the case for Ti I-King,
Cr I-Hill, Fe I-King, and Fe I~Carter, it was necessary to subtract

another quantity, Alog gf, from the right-hand sides of Equations (28),
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(29), and (30), .Alog gf is defined by the foilowing;

Alog gf = log gf log gf . (31)

absolute ) relativg
The use of relative f-values causes the shifts obtained to be too large
by the amount Alog gf; hence thg subtraction of this quantity. If one

or more absolute f-values are known for lines included in the tables of
;elative f-values, which. are on a uniform scale, Alog gf can be cal-
culated from Equation (31), The values used for Ti I-King, Cr I-Hill,

Fe I-King, and Fe I~Carter are given later in this chapter when the
resylts obtained from these sets of lines are presented,

As pointed out in Chapter II, shift = Alog X + Gie, From this
equation, values of the shift were determined for each atomic term, and
weighted avérage values were calculated using the same weights as
employed in the least squares determinations of the excitation temper-
atures. The weighted average values were used in the abundance compu-
tations, The constant ¢ is given by Equaéion (9) of Chapter II. The
bvalues of log u were obtained by interpolating, when necessary, in the
tables publisﬁed by Aller (1960), where log u is given as a function of
the excitation temperature,

Values have been determined in this study for the abundances in
the atmosphere of 6 Ursae Majoris of the neutral atoms of seven elements
and the singly ionized atoms of one element, titanium. Titanium was
the only element studied where-fesults were obtained for both the neutral
and singly ionized atoms. Since second and higher ionizations‘arg
negligible, the total abundance of titanium can be obtained by adding
the abundances of the neutral and singiy ionized atoms, Iﬁ was found

that the contribution of the neutral atoms to the total abundance is
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completely negligible as far as the accuragy attained in this study is
concerned. Hence, the abundances obtained for singly ionized titanium
also represent the total abundances for titanium.

For the other six elements studied, where only the abundances of
the neutral atoms were determined, the Saha equation provides a means
for estimating the contributions of the ionized atoms to the total
ahundances. The validity of the results obtained is affected by depar-
tures from ideglized conditions, Although such departures (e.g., non-
uniform distribution of the atoms‘and ions throughout the stellar
atmosphere and deviations from thermodynamic equilibrium) are known to
exist, the Saha equation, beiﬁg the best means available, was sgpplied
to estimate the total abundances.

The Saha equation is presented in Chapter II, and for convenience

it is restated below:

(NH) 2u
1 5040 _ 1
log G ~log P_ - T2 x. 2.5 log T - 0.48 + log S (32)

As stated here the equation applies to the S-S5 model. The subscripts

1 and O refer respectively to the singly ionized atoms and to the neutral
atoms. For applicafion to the M-E model, (NH)l and (NH)O are replaced

by (N/g), and (N/g70)  «

For purposes of the calculations, the temperature, T, was taken .to
be equal to the effective temperature, 62100K, which is characteristic.
of an optical depth in the atmosphere of 0.6. This is a representative
depth for line formatiom, It shéuld be noted that results obtained from
the Saha equation are sensitive to the value used for the temperature,
which leads to some uncertainty in the results. The ionization poten-

tials, Xy» were taken from the Revised Multiplet Table. Values of
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the partition functions, u and us which depend upon the temperature,
were obtained by referring to the tables published by Aller (1960).

The one remaining quantity necessary fqr the calculations is the
electron pfessure, Pe' The fact that abundances were determined in this
investigation for both neutral and singly ionized atoms of titanium
offered the opportunity to calculate values of Pe from the Saha equation.
For this purpose, T was taken to be equal to 6210°K as discussed above,
bénd Xi"uo’ énd U, were obtained from the gbove mentioned sources.
Since abundances were determined.for four different atmospheric models,
four values of log Pe,,where Pe»is in dynes/cmz, were obtained: 1.36,
1,30, 1,27, and 1,32 which correspond to M-E pure scattering, M-E pure
absorption, S-S pure scattering, and S-S pure absorption respectively,
 The abundances of the neutral atoms determined for Ti I-NBS were used
in the calculations. The average of the values obtained for log Pe
vis 1.31. This average value was used in subsequent calculations.

Since segond and higher ionizations are negligible, the total

abundance in the 8-S model is given by

am) |
M) ooy = Q)+ ), = () [ +-(—N—ﬁ—)—;]. (33)
It follows that
log‘(NH)total = log (NH)O + Alog N, (34)
where
7 o )
Alog 9= log [1 ol (35
Y .
Replacing NH by N/p% makes the above equations valid for the M-E model.
Alog N gives the contribution of the ionized atoms to log (NH)total or

log (N/pw) .For each of the six elements for which the abundances

total’
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of the neutral atoms only were determined, the Saha eqﬁation<was employed
to calculate a valye of (NH)l/(NH)o from which Alog?]was obtained, For
a given element (NH)l/(N'H)o and (N/gﬁ)l/(N/ﬁﬁ)o have the same value.
Hence Alog N does not depepnd upon the atmospheric model,

The results of the determinations of the values of log c/v and
log a, the excitation temperatures, and the abundances of the atoms for
each set of lines studied are presented in the following paragraphs.
The ordéf of presehtatién is the order in which the sets of lines are

listed in Table 1T of Chapter III.
Resulﬁs for Ca I

The f-values emplayed here were those of the NBS. Observational
data ﬁere_available for thntyrone lines bélonging to five different
lower. atomic terms, Table VI lists the terms, the values of &e in
electron volts, the numbers -of lines representing each term, the weights

”u§ed,in the least squares calculations of thé excitation temperatures,
and the values of Alog X»andbthe-shift obtained from.the application
,ofveach of the four éets of theorefical curves of growth. The values
of log c/v listed in the top row of Table VI were adopted from those
obtained for Fe . I-NBS, This is indicated in the table by enclosing the
values in parentheses. The second row gives the values of log a, which’
~were determined by the seégnd méthod discussed earlier in this chapter
for the determination of‘theSe»quantities, i.e.,\frbm,the value giving
thevbesﬁ straight line relation between Alog X and ?e. .The" lower portion
to the table lists the values of 6, the excitation temperatures with the
prgbablé errors derived from the least squares calculations, the valués

of log u, the weighted shifts, the abundances, and Alog.



TABLE Vi

CURVE OF GROWTH DATA DERIVED FROM €a- 1 LINES

M-E Model '5-S Model
Scattering Absorptioen Scattering Absorption
log c/v (5.06) (5.00) (5.07) (5.05)
log a -1.8 . -1.8 -1.8 -1.8
Term X, E?;ezf Weight AMog X  Shift Alog X  Shift Aog X~ Shift = Alog X  Shift
t's  0.00 1 1 8.22 - 8.22 8.16  8.16 8.06  8.06 8.20  8.20
43p°  1.88 9 2 6.27  8.23 6.44  8.13 5.98  8.07 6.45 . 8.25
3% 2,51 9 2 5.60  8.22 5.90 8.16 5.27  8.06 5.80  8.21
sl 2.70 1 0 5.87  8.69 5.78  8.21 5.66  8.66 5.69  8.28
4% 2.92 1 0 6.04  9.09 © 6.23  8.86 5.66  8.91 6.14  8.94
8 1.045 0.899 1.112 0.959
Excitation Temperature (°K) 4825 + 34 5607 + 99 4532 + 23 5256 + 151
log u 0.07 0.12 0.05 0.09
Weighted Shift 8.22 8.15 8.06 8.22
. log /g . 15.53 15.57 . |
}Abundance log NH P - 15.3% 15.38
Alog N 3.25

L9
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Figure 9 illustrates the data used in the determination of the
excitation temperatures, The straight liqqs are those which were deter-
mined by the method of least squares, In these plots the sizes of the
points indicate the weights they were given in the calculations. Circled

’points indicate zero weights.,

The cuxves of growth obtained for the four models are shown in
Figure 10, 11, 12, and 13, The theoretical curves are represented by
the solid lines, For M-E and S5-5 pure scattering the theoretical curves
are those calculated for BO/Bl and IO/I1 equal to 2/3. In each case,
the value of log a corresponding to the pictured thebretical curve 1is
indicaﬁed on the figure, Also.indicated is the Vaiue of log ¢/v used
in the apalysis, In the figures, different symbols are used to distin-
guish points représenting observed datg pertaining to different atomic
Eérms. Following the proceaures outlined in this study, each such set

of points was fitteéd individually on the theareticgl cugve.
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Figure 9, Excitation Temperatures Derived From Ca I Lines,
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Results for Ti I

Ti I-NBS

The data pertaining to the Ti I-NBS lines are given in Table VII.
The values of log c/v were determined from the_aSF plot, which fits
‘around the-knee of the curve §f growth, No lines strong enough to
determine - log a were available, and the values listed in the second
r§w of Tabhle VII mgrely indicate the theoretical curves used for fit-
ting.;he observed plots. .To call attention te this, the values of log
a listed in the table are enclposed in parentheses. A value of AlogN
. for ti;anium.is not given since the abundances obtained. for Ti II also
repfesent; és diécussed earlier, the total abundances for titanium,
Figure 14 illustrates the excitation temperature data, and Figures

15, 16, -17, and 18 are the curves of growth obtained for Ti I-NBS.



TABLE VII

CORVE OF GROWTH DATA DERIVED FROM Ti I-NBS LINES

M)

M-E Model S-S Model
Scattering Absorption -Scattering. Absorption
log c/v  4.90 4.75 , 4.95 4.85
log a {~1.4) {-1.8) C(-1.4) ‘ {-1.8)
Term X i?ée:f Weight Alog X Shift Alog X  Shift Alog X  Shift Alog X  Shift
a°F  0.02 7 2 5.56  5.58 5.36  5.38 5.45 5.47 5.41 5.43
&F  0.83 14 4 4.75 5.65 4.52 5.42 4.68 5.56 4.57 5.46
alD  0.90 1 0 4.43  5.40 £.23  5.20 4.33 5.29 4.28 5.24
r 1.06 .3 1 4.28  5.42 4.07  5.21 4.15  5.28 4.12 5.25
ate  1.50 3 1 3.76  5.38 3.55 . 5.17 3.70 5.30 3.60 5.20
2P 1.73 6 2 3.65  5.52 3.43  5.30 3.57 5.41 3.49  5.34
43¢ 1.87 6 2 3.55  5.57 3.3  5.36 3.48 5.47 3.41 5.41
22 2.03 1 0 3.83  6.02 3.65  5.84 3.70  5.86 3.69  5.86
2F°  2.11 5 1 3.60  5.88 3.40 5.68 3.55 5.80 3.50 5.76
D 2.15 1 0 3.65  5.97 3.20 5.52 3.29 5.58 3.29 5.59
S 2.0 3 1 '3.38  5.80 3.14  5.56 3.30 5.69 3.18 5.57
ple 2.6 1 0 3.85  6.29 3.64  6.08 3.73 6.14 3.69 6.11
22p°  .2.29 2 0 3.62  6.09 3.50  5.97 3.48 5.92 3.56 6.01

<L



TABLE VII (Continued)

M-E Model 5-S Model
Scattering Absorption Scattering Absorption
Term 4 Egéezf Weight Alog X Shift Alog X  Shift Alog X  Shift Alog X Shift
c’P 2.33 1 0 3.26 5.77 .3.06 5.58 3.17 5.65 3.16 5.65
1y5G9 3.28 1 0 2.82 6.36 2.65 6.19 2.67 6.17 2.73 6.24
0 1.079 1.080 1.066 | . 1.069
Excitation Temperature'(oK) 4671 £ 215 4667 + 206 4728 + 240 4713 + 218
log u 1.45 1.45 1.45 1.45
Weighted Shift 5.60 5.38 5.50 5.42
log N/px 14 .45 14.38
Abundance _
log NH 14.30 14.14

9¢
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Excitation Temperatures Derived From Ti I-NBS Lines.
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Ti I-King

The Ti I-King data are presented in Table VIII. The values of
log c/v were determined from the aSF plot. Values of log a could not
be determined because of the absence of strong lines, and the values
listed indicate the theoretical curves used for fitting the observed
plots.

.8ince the f-values of the Kings are on a relative scale it was
necessary to determine a value of Alog gf for use in the abundance
calculations, .The absolute f~values of the NBS were not used to obtain
a value of Alog gf since the accuracy of the NBS values is open to some
~question, and it was desired to keep the determinations for Ti I-NBS
and Ti I-King as independent as possible. Allen's (1955) absolute
f-values were used for this purpose, giving a.value of Alog gf equal
to.-3.30, The absolute f-values listed by Allen were determined.from
the Kings' relative values using f-sum rules and, due to the scarcity
of accurate measurements of abéolute f-values for'Ti I, were regarded
as -the best available.

The plots of the data used to determine the excitation temperatureé
are presented in Figure 19, and the curves of growth are illustrated

in Figures 20, 21, 22, and 23.



TABLE VIII

CURVE OF GROWTH DATA DERIVED FROM Ti I-KING LINES

M-E Model $<5 Moasl
Scattéring Absorption Scattering Absorption
log c/v 5.00 4.85 5,04 - 4.90
log a -1.4) (-1.8) (-1.%) (-1.8)
Term  X_ Eigeif Weight Alog X Shift  Alog X  Shift Alog X  Shift Mog X Shift
aoF 0.02 6 2.73 2.75 2.50 2.52 2.54 2.56 2.45 2.47
2 F 0.83 10 4 2.00 2.80 1.78 2.58 1.83 2.60 1.72 2.52
a P 1.74 1 0.99 2.66 0.75 2.42 . 0.86 2.48 0.72 2.39
) . 0.962 0.960 . 0.932° 0.959
Excitation Temperature (QK) 5239 + 320 5252 + 375 5410-+-310 5257 + 305
log u 1.49 1.50 1.51 1.50
Weighted Shift 2.77 2.54 2.57 2.49
log N/oi 14.86 . 14.79
Abundance
log NH 14 .64 14.51

€8
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Figure 19, Excitation Temperatures Derived From Ti I-King Lines.
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Results for Ti II

NBS f-values and values derived from Wright's solar logva's were
combined for use in the study of the Ti IT lines. Table IX gives the
results obtained, Since the values of Qe were the same for the azP and
b4P‘terms, these were combined to form a single plot defining a large
portion.bf the curve of growth. This plot was used to determine- both
the values of log c/v and log a. The b2D and a2H terms were also com-
bined since the respective values of §e~were practically the same.

The excitation tempefatures found from this set of lines are very
uncertain. This is made apparent by the four very different values
obtained from the application of the four idealized models. The range
of Xe-represented by the Ti II lines is quite small. In such a situation,
small changes in the values of Alog X can result in a relatively large
change in the slope of the best straight line relating Alog X and ie’
thus producing a-largé variation in the excitation temperature.

Figure 24 gives the plots of the data pertaining to the excitation
temperature determinations, Figures 25, 26, 27, and 28 are the curves

of growth obtained for Ti II.



TABLE IX

CURVE OF GROWTH DATA DERIVED FROM Ti II LINES

M-E Model STt 78§ Model
Scattering ,Absorptiondf;fff;f”Sﬁﬁftéfing Absorption
log c/v 4.95 5.05 - 5.00 5.07
log a 1.8 o -1.3 .18 -1.3
Term X gg;e:f Weight Alog X  Shift Alog X  Shift Alog X  Shift Alog X  Shift
a’p 1.08 5 6.89  7.72 7.08  7.75 6.82 . 7.75 6.98  7.66
azG 1.13 1 0 6.78 7.64 7.00 7.70 6.72 7.69 6.93 7.64
aéP 1.17 4 1 6.92 7.81 7.12 7.84 6.84 7.85 7.06 .7.80
aZP 1.23 4
b4P 1.23 3 2 7.11 8.05» 7.29 8.05 7.00 8.06 7.22 8.00
v’D 1.57 3 -
aZH 1.56 1 1 6.92 8.12 7.12 8.09 6.75 8.10 7.02 8.01
b2G 1.88 2 1 6:38 7.82 6.78 7.94 6.18 7.80 6.68 7.87
bZP 2.05 4 1 6.38 7.95 6.62 7.89 6.24 8.00 6.55 7.84
8 0.764 ' 0.619 0.860 ' 0.631
Excitation Temperature (OK)V 6600 £ 478 8141 + 614 5861 + 357 7985 + 608
log u

1.78 1.86 1.75 1.86

06



TABLE IX {Continued)

M-E Model S-S Model
Scattering Absorption Scattering Absorptioen
Weighted Shift 7.93 7.94 7.95 7.88
log N/pu .17.06 17.05
Abundance
‘log NH 17.00 16.79

16
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Figure 24. . Excitation Temperatures Derived From Ti II Lines.
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Results for Cr I
Cr IfNBS

The results for Cr I~NBS are given in Table X. The aSD-plot was
used to determine log c/v. The scatter of the points in the aSD plot
was quite large, making the determination of log c/v rather uncertain.
Also,_the'points representing the two weakest lines of the aSD term
were separated a large distance from the other points on the plot,
Hence, these two weak lines exerted considerable influence -in the deter=-
mination of log c/v, Since the possible effects of blending are most
seripus for weak lines, this influence leads to uncertainty in the
values of log c/v.

An attempt was made to determine the values of log a by comparing
plots of Alog X versus ie from fittings on theoretical curves with
various values of log a to see which gave the best straight lines. The
values of log a decided upon in this manner, and:listed in Table X, are
very uncertain due to the large scatter of the points.

Figures 29, 30, 31, 32, and 33 present the plots illustrating the
least squares determinations of the excitation temperatures and the

curves of growth obtained for each of the four models.



TABLE X

CURVE OF GROWTH -DATA DERIVED FROM Cr I-NBS LINES

M-F Model S-S Model
Scattering Absorption Scattering Absorption

log ¢/v 4.70 4.65 4.95 4.80

log a -1.8 -1.8 -1.4 -1.8
_Term gzée:f - Weight Alog X Shift Alog X Shift Alog X Shift Alog X Shift
a7S 0.00 3 1 5.81 5.81 5.63 5.63 6.22 6.22 5.89 5.89
a’s  0.94 3 1 5.40  6.17 5.45  6.21 5.63  6.41 5.56  6.33
aSD 0.99 21 3 5.33 6.14 5.22 6.02 5.50 6.32 5.37 6.19
aSG 2.53 .3 1 3.90 5.96 3.80 5.84 4.07 6.17 3.94 6.02
aSP 2.70 5 1 3.99 6.19 3.87 6.05 4.11 6.35 4 .05 6.27
z7Po 2.89 3 1 4.15 6.51 4.16 6.50 4 .32 6.72 4.25 6.63
aBH 2.98 2 1 3.79 6.22 3.68 6.09 3.97 6.44 3.79 6.25
bsD -3.00 4 2 . 3.55 6.00 3.46 5.88 3.73 6.22 3.58 6.05
a3G 3.08 6 2 3.62 6.13 3.52 6.01 3.78 6.34 3.64 6.18
adF  3.11 2 1 3.79  6.32 3.72  6.23 3.95  6.53 3.8  6.40
2F° 3.1 3 1 3.43 5.99 3.38 5.92 3.62 6.23 3.52 6.11
BBP 3.35 1 0 4.28 7.01 4.24 6.95 4,38 7.16 4.35 7.11
z7Do -3.38 1 0 3.79 6.54 3.72 6.45 3.89 6.70 .3.83 6.62
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TABLE X (Continued)

M-E Model S-S Model
Scattering Absorption Scattering Absorption
X No. of Alog X Shift Alog X  Shift Alog X  Shift Alog X  Shift
Xe Liines °8 . 08 g g
3 3.54 1 0 3.35  6.24 3.28  6.14 3.50  6.44 3.40 6.32
31 3.83 4 1 2.76  5.88 2.65  5.74 2.96  6.14 2.78  5.94
> 3.87 2 1 2.93  6.08 2.82  5.95 3.12  6.33 2.95 6.14
3 4.09 1 0 3.53  6.86 3.43  6.73 3.72  7.11 3.57  6.94
6 0.815 0.808 0.830 0.824
Excitation Temperature (OK) 6187 + 292 6239 £ 352 6071 + 305 6114 + 305
log u 1.11 1.12 1.10 1.10
Weighted Shift 6.11 6.00 6.33 6.18
log N/oi 14,82 14.77
Abundance log NH B I 14.78 14 60
Alog N
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M-E Scattering
6 T = 6187 + 292°K
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31—

Figure 29. Excitation Temperatures Derived From Cr I-NBS Lines.
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Cr I-Hill

The Cr I-Hill data are presented in Table XI. The values of log c/v
were determined from the aSD plot. The values of log a were determined
in the same mannér as for Cr I-NBS, and are also quite uncertain.

Hill's f-values are on a relative scale, and to obtain a.value of

~Alog gf for use in the abundance calculations tﬁe absolute f-values of
Bell et al, (1958a) were employed. These measurements are regarded as
highly accurate. The value obtained for Alog gf was -3.42,

Figure 34 presents the plots of the data and least squares straight

lines used in finding the excitation temperatures, The curves of growth

for Cr I-Hill are reproduced in Figures 35, 36, 37, and 38,



TABLE XI

CURVE OF GROWTH DATA DERIVED FROM Cr -I-HILL .LINES

M-E Model =~ ' 8-S Model

Scattering - Absorption Scattering” Absorption
log e/v - 5.05 5.00 '5.10 5.05
log a : -1.8 - -1.8 -1.8 -1.8
Term %, g;éezf Weight Alog X  Shift Alog X  Shift Alog X Shift Alog X  Shift
a’s 0.00 3 - 1 3.76  .3.76 3.78 3.78 3.68 3.68 3.82 3.82
a’s 0.94 2 1 2.80  .3.87 2.95 4 .04 2.67 3.73 2.90 3.98
a°D 0.99 15 3 2.67 3.79 2.65 3.80 2.49 3.60 2.57 3.71
e 2.53 1 0 0.18 3.05 0.03  2.97 0.11 2.95 0.03 2.95.
2P 2.70 2. 0 0.01 3.07 -0.12 3.02 -0.05 2.98 -0.09 3.02
2'P°  2.89 -3 - 2 0.53 3.80 0.49 3.85 0.36 3.61 0.45 3.78
2’ 2.98 2 1 0.42 3.80 0.28 3.75 0.33 3.68 0.28 3.72
b”D 3.00 1 0 0.36  3.76 0.22  3.71 0.25  3.62 0.20  3.66
adc '3.08 -3 1 0.22 3.71 0.10 3.68 0.14 3.60 0.10 . 3.65
aF 3.11 2 1 0.55 4.07 0.54 4.16 0.41 3.91 0.47 4.06
2 F° 3.17 2 1 -0.03 3.56 -0.10 3.59 -0.16 3.40 -0.15 3.51
8 1.133 1.163 1.124 1.153
Excitation Temperature (°K) 4449 + 146 4335 + 182 4484 + 151 4370 + 182
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TABLE XI (Continued)

M-E Model S-S5 Model
Scattering Absorption -Scattering Absorption
" log u 0.98 0.97 0.98 0.98
Weighted Shift 3,79 3.83 3.64 3.77
Abundance - EI{IO% ' - — 15.24 157
:Alog g 2.35

L0T



108

| |

Alog X

M-E Scattering
T = 4449 £ 146°K

M-E Absorption
T = 4335 £ 182°K

S5-8 Scattering
T = 4484 + 151°K

8-S Absorption
T = 4370 + 182°K

Figure 34.

Excitation Temperatures Derived From Cr I-Hill Lines,
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Results for Mn I

The NBS f~values were employed for Mn I. Table XII gives the
results obtained from the curve of growth analysis. The values of
log c¢/v were adopted from those determined for Fe I-NBS, The values
of log a were taken to be those that gave the best straight line rela-
tions between Alog X and e

The plots illustrating the determinations of the execitation
temperatures are shown in Figure 39. The curves of growth are shown

in Figures 40, 41, 42, and 43.



TABLE XII

CURVE OF GROWTH DATA DERIVED FROM Mn I'-LINES

M-E Model . - . . S-S5 Model
Scattering Absorption Scattering Absorption
log c/v (5.06) (5.00) - (5.07) (5.05)
log a -1.4 -1.3 -1.4 -1.3
Term X, Ezﬁe:f Weight  Alog X  Shift Alog X  Shift Alog X  Shift Alog X Shift
2% 0.00 3 1 7.38  7.38 7.22  7.22 7.22 7.22 7.24 7.24
& 2.1 s 2 5.10  7.41 4.9 7.22 4.93  7.25 4.90  7.20
25p°  2.29 3 0 5.75.  8.21  5.84  8.27 5.58 8.05 5.93 8.38
a®p  2.92 9 2 4.22  7.36 4.10  7.20 4 .04 7.18 4.08 7.20
-Pp°  3.06 2 1 4.20  7.49 4.05  7.29 4.06 7.36 4.05 7.32
s 1.074 o 1.060 1.077 - 1.069
Excitation Temperature (OK) 4693 + 130 . - 4752 £ 95 4678 + 164 4714 £+ 124
log u _ 0.82 - 0.82 , 0.82 0.82
 Weighted Shift 7.40 7.23 7.24 7.23
Abund log N/ogw - : 15.46 15.35 _
Joundance log NH ' ' 15.29 15.12
Alog N - 2.05
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M-E Scattering M-E Absorption
T = 4693 + 130°K T = 4752 + 959K
7 Lo
6 —
5 —

S5-5 Scattering S-S Absorption
T = 4678 + 1640K - T = 4714 x 1249K

Figure 39. Excitation Temperatures Derived From Mn I Lines,
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Results for Fe I
Fe I-NBS

The resylts for Fe I-NBS are presented in Table XIII. The values

5P and a3F plots. The

of log c¢/v and log a were determined from the a
asP plot fit around the knee of the curve of growth and the a3F plot
determined the damping and transition portions of the curve,

Figures 44, 45, 46, 47, and 48 give the excitation temperature

plots and the curves of growth.
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TABLE XIII

CURVE OF GROWTH DATA DERIVED FROM Fe I-NBS LINES

M-E Model . 5-S Model
Scattering Absorption Scattering Absorption
tog c/v . 5.06 5.00 5.07 5.05
‘log a -1.8 -1.8 -1.4 -1.8
Term '§e ' iiﬁegf Weight Alog X  Shift Alog X  Shift Alog X  Shift Alog X  Shift
a”D 0.03 5 1 9.12 9.15 9.17 9.20 8.69 8.72 9.22 9.25
a’F 0.95 12 2 8.24 9.16 8.58 9.45 7.72 8.61 8.63 9.52
aoF 1.53 18 4 7.27 8.75 7.23 8.63 6.77 8.21 7.25  8.68
a P 2.19 8 3 6.55 8.67 6.62 8.62 6.19 8.25 "6.60 8.65
ap 2.27 - 2 1 6.77 8.96 7.05 9.12 6.30 8.4k 7.01 9.13
aSH 2.41 4 1 6.50 8.83 6.84 9.04 6.07 8.34 6.80 9.06
2% 2.44 9 1 6.23 8.59 6.25 8.48 5.83 - 8.13 6.28 8.56
bF 2.58 3 1 6.27 8.76 6.58  8.94 5.80 8.23 6.53 8.94
5P 2.83 8 1 5.81  8.54 5.7 8.32 5.42  8.08 5.70  8.35
2F° 2.85 8 1 6.54 9.29 6.75 9.35 6.05 8.73 6.80 9.47
2'2°  2.98 6 1 5.90 8.78 6.20 8.92 5.42 8.22 6.25 9.04
alc  3.03 2 1 '5.82 8.75 5.73 8.50 5.45 8.30 5.69 8.53
0% 3.22 5 1 5.72 8.83 6.04 8.98 5.25 8.28 6.05 9.06
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TABLE XIII (Continued)

M-E Model " $-8 Model
Scattering Absorption Scatterriyng - ) _ :...,Ab:sofption
— No. of . Qs £ cey ‘ . .
Term Xa Lines Weight Alog X Shift Alog X Shift Alog X Shift Alog X Shift
22F° . 3.37 8 1 5.77  9.03 5.97  9.05 5.32  8.49 6.04  9.19
a'H  3.56 1 0 5.33 8.77 5.30 - 8.55 4.93  8.28 5.33  .8.66
22°  3.62 3 1 5.40  8.90 5.80  9.11 4.96  8.37 5.69  9.08
2% 3.86 1 0 6.00 .9.73 6.31  9.83 5.56  9.19 6.35  9.96
250°  3.87 1 0 4.80  8.54 6.12  9.65 5.38  9.02 6.15  9.77
vF° 4,16 1 0 5.17  9.19 5.52  9.32 4.72  8.63 5.55  9.44
22p° 4,19 1 0 5.20  9.25. 5.48  9.31 4.78  8.72 5.40 9.32
226°  4.35 5. 1 4.83  9.03 5.0  9.01 4.38  8.47 5.00. .9.07
236°  4.41 3 1 4.94  9.20 5.18  9.21 4.48  8.63 5.14  9.27
VF° 453 1 0 4.45  8.83 4.58  8.72 4.10  8.36 4.45 . 8.69
o 0.966 0.913 0.941 0.936
Excitation Temperature (QK) 5219 + 279 5522 £ 511 5358 +£-263 5383 £ 501
log u 1.46 1.48 1.47 1.47
Weighted Shift 8.87 8.89 8.36 8.94
bund log N/gi 17.57 17.67
undance log NH 17.06 17.48

Alog N

1.
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T = 5383 £ 501°K

Figure 44.

Excitation Temperatures Derived From Fe I-NBS Lines,
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Fe I-King

Table XIV contains the results obtained for Fe I-King. The values

of log c/v and log a were determined from the a°D and a°

F plots,

The reliable absolute f-values of Bell et al; (1958b) were used to
obtgin a value of Alog gf equal to ~3.27 for use in the abundance
determinations, |

Excitation témperature data are plotted in Figure 49. The curves

of growth are shown in Figures 50, 51, 52, and 53,



CURVE OF GROWTH DATA DERIVED FROM Fe I-KING

TABLE XIV

LINES

M-E Model S-S Model
Scattering Absorption Scattering Absorption
log c/v 4.97 4.90 5.05 4.95
log a -1.4 ~1.3 1.4 1.3
No. of . ' . . . . s .
Lines Weight Alog X Shift Alog X  .Shift Alog X Shift Alog:X  Shift
9 2 5.43 5.50 5.27 5.34 5.46 5.52 5.24 5.31
7 1 4.06 5.34 4.20 5.48 -3.99 5.27 4.23 5.49
14 2 .3.43 5.50 -3.25 -5.33 3.46 5.54 3.25 5.30
0 1.347 1.351 1.350 1.330
Excitation Temperature (OK) 3741 + 165 3730 + 153 3732 £ 267 3790 + 201
log u 1.38 1.38 1.38 1.38
Weighted Shift 5.47 5.36 5.48 5.35
log N/on 17.45 17.41
Abgndance Tog NH. ' 17.38 17.17
Alog ‘N 1.79

6C1
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M-E Scattering M-E Absorption
T = 3741 + 165°K T = 3730 £ 153°K

Alog X

S-S Scattering S-S Absorption
T = 3732 + 267°K T = 3790 £ 201°K

~

Figure 49, Excitation Temperatures Derived From Fe I-King Lines.
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Fe IﬁCarter

Table XV presents the results obtained for Fe I-Carter. The values
of log ¢/v were taken to be the same as the values obtained for Fe I-
King. Values of log a could not be determined because of the absence
of strong lines. In Table XV, the listed values of log a indicate the
theoretical curves used in the analysis,

Carter's frvalues were intended to be on an absolute scale. How-
ever, the absolute scale used by Carter ig nowbbelieved to be incorrect,
and for the pufposes of this investigation the scale was regarded as
relative, Carter first determined his f-values on a relative scale,
that of the Kings (1938), then converted to the absolute scale of R. B.
King (1942). .Later, as discussed in the paper by Bell et al. (1958b),
it was necessary to revise King's absolute scale because of improved
vapor pressure data. Due to this revision, a correction is required
in the absolute scale used by Carter, This was taken into account
in the calculation of abundances by applying a value of Alog gf equal
to 0.46,

The excitation temperature plots and the curves of growth are

shown in Figures 54, 535, 56, 57, and 58.



TABLE XV

CURVE OF GROWTH DATA DERIVED FROM Fe I-CARTER LINES

M-E Model a S-S Model
Scattering Absorption Scafterihg Absorption
log c/v (4.97) (4.90) (5.05) (4.95)
log a (-1.4) (-1.3) (-1.%) (-1.3)
Term  X_ E?Ae:f Weight Alog X  Shift Alog X  Shift Alog X = Shift Alog X  Shift
ad 0.1 1 1 9.33  9.46 9.28  9.41 ° 9.22  9.34 9.24"  9.36
aF  1.56 4 2 7.49  9.27 7.53  9.32 7.38  9.10 7.50  9.25
a’P 219 6 3 6.60  9.10 6.41  8.92 6.62  9.03 6.42  8.88
2D°  2.44 6 2 6.13  8.91 5.97  8.77 6.19  8.88 6.00  8.74
bP  2.84 2 0 5.35  8.59 5.19  8.45 5.34  8.47 5.15  8.34
2'P°  2.99 4 2 5.81  9.22. 5.90  9.33 5.72 9.0l 5.92 9.28
P 3.06 1 0 5.23  8.72  5.08  8.59 5.2 8.58  5.05  8.49
2D°  3.20 1 1 5.54  9.19 5.66  9.33 5.44  8.96 5.70  9.29
2% 3.35 3 2 5.58  9.40 5.42 9.26 5.65  9.34  5.46  9.22
a'm  3.56 1 1 5.01  9.07 4.85  8.93 5.04  8.96 . 4.82  8.82
® 1.140 1.147 1.101 1.123
Excitation Temperature ("K) 4420 % 310 4394 + 447 4578 + 306 4487 + 456

9¢1




TABLE XV {(Continued)

M-E Model S-S Model .
Scattering Absorption Scattering Absorption

log u 1.42 1.42 1.43 1.42
Weighted Shift 9.19 9.13 9.07 9.08

log N/pn "~ 17.94 17.95

Abundance
log NH 17.75 17.67
1.79

Alog N

LET



138

10

M-E Scattering
¢ T = 4420 £ 310°K

;
i

i

M-E Absorption
T = 4394 + 447°K

]
00
o
—
< S-S Scattering
. T = 4578 % 306°K
9
8
7
6
5

8-S Absorption
T = 4487 = 456°K

Figure 54. Excitation Temperatures Derived From Fe I-Carter Lines.
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Resultg for Co I

For Go T the NBS f-values were used. Table XVI presents the results
obtained. The valﬁes of log q/v were adopted from those obtained for
Fe 1-NB§. Because of the absence of streng lines it was mot possible
to determiﬁg valugs of log a. The values listed in Tahle XVI merely
;indigﬁté #he theorefical:qurves'used in the analysis.

.The @#citatidn téﬁpérathevdata are plotted in Figuyre 39. The

curvea'pf grthh are shown in Figures 60, 61, 62, and 63,



TABLE XVI

'CURVE OF GROWTH DATA DERIVED FROM Co I LINES

M-E Model 5-5 Model
Scattering f%bscrption Scattefing Absorption
log /v . (5.06) (5.00) (5.07) {5.05)
log a {-1.8). (-1.8) C{-1.8) (-1.8)
Term  X_. ‘i?ée:f1 Weight Alog X  Shift Alog X Shift  Alog X Shift bslog. X Shift
B 043 2 2 6.63  7.05 ' 6.48  6.89 6.47 .5.89 .. .. 6.51  £6.92.
a’F 096 3 2 5.80  6.74 5.60  6.52 5.48 6.4 . 5.55  6.47
 34? ~1.73 1 1 5.18  6.88 5.10  6.76 5.00 6.67 5.11  6.77
270 3.1 1 1 4.31 7.36 416 7.15 4.16  7.17 4.16  7.14
0% 322 1 1 3.66  6.82 3.55 . 6.65 3.52  6.64 3.55  6.63
S0 3.0 1 L 3.18  6.61 3.10  6.47 3.00  6.39 3.11  6.46
y'e® 4.0l 2 2 3.01 6.9 2.90  6.76 2.81  6.69 2,91 6.75
6% 4.04 1 0. 4.10  8.06 4:06  7.95 3.85  7.76 4.02  7.89
5 0.980 0.962 0.968 0.958
Excitation Temperature (OK) 5142 £ 425 5241 + 458 5204 + 551 5259 £ 517
log u .1.50 1.51 1.50 1.51
6.91 6.74 6.69 .73

Weighted Shift

1



TABLE XVI . (Centinued)

M-E Model 5-5 Model
Scattering _ ‘Absorption . Scattering Absorption
. log N/pn 15.63 15.55
Abundance = ‘
log NH 15.40 15.29
Alog N 1.58

i1
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Figure 59, Excitation Temperatures Derived From Co I Lines.
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Resylts for Ni I

The f*valges uged here weré those of the NBS. Table XVII gives
the resylts ohtained for Ni I. The values of log c¢/v listed in the
table were adqp;ed from the values obtained for Fe I-NBS. Because of
the abﬁénce of strong lines, values of log a could not bevdetermined,
andtthe yalues }isﬁed in Table XVIT merely refer te the theoretical
qqr#és #géd in the anglysis,

Figures 64, 65, 66, 67, and 68 present the excitation temperature

plots and the curves of growth obtained for each of the four models.



TABLE XVII

CURVE OF GROWIH DATA,DERIVED FROM Ni I LINES

M-E Model S-S Model
. Scattering 7 Absorptionl : " Scattering Absorption -
log cfv (5.08) (5.00) O 5.07) . (5.05)
log a ' (-1.4) - (-1.8) {-1.4) - (-1.8)
Term R gggegf Weight Alog X Shift Alog X Shift Alog X Shift Alog X  Shift
plp 1.67 1 1 6.49 - 7.97 6.42  7.82 6.25  1.75 6.40 7.8
o 1.9 1 1 5.80  '7.52 5.71  7.34 5.56  7.30 . 5.69  7.36
20°  3.42 2 2 4.51 7.5 452 7.29 4.30  7.36 4.33  7.28
26°  3.48 7 3 4.37  7.45 4.32 .24 416 7.26 4,22 7.22
22p°  3.53 2 2 4.73 7.8 . 4.71  7.67 440 7.56 4.59  7.64
2F°  3.60 5 3 4.58  7.77 4.61  7.53 4.34 ' 7.57 4.51 7.62
27 3.67- 4 1 4,53 7.78 471 7.79 4.18 747 4.61 7.78
2p° 367 4 2 4.59 (7.8 . 4.69  7.77 4.33  7.62 L.57  7.74
P 3.83 1 1 4.10  7.49. 4.13  7.34 3.82  7.25 4.03  7.34
¢ 3.85 3 2 4.28  7.69 4.23  7.46 4.03  7.48 417 7.49
2'0°  3.88 2 2 L2t 7.68 421 7.47 4.00  7.48 4.16  7.51
9 0.886 0.839 0.896 ~0.863

Excitation Temperature (OK) 5686.+ 437 6004 + 619 5625 + 383 5840 + 574

A%




TABLE XVII {(Continued)

M-E Model S-S Model
Scattering Absorption Scattering Absorption

log u 1.50 1.52 1.50 1.51
Weighted Shift 7.68 7.51 7.46 7.51

log N/gii 16.42 16.33

Abundance
log NH 16.19 16.09
Alog N 1.42

€61
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Figure 64, Excitation Temperatures Derived From Ni I Lines,
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CHAPTER V
SUMMARY AND CONCLUSIONS

The results of this investigation are summarized in Table XVIIIL.
Values of.log c/v, or log a, or both could not be determined from the
ébserved cﬁrves of growth for some of the sets of lines. 1In such cases,
" values of log ¢/v and log a were adopted, as discussed in Chapter 1V,
for use in the analysis. 1In Table XVIII such values are enclosed in
parentheses to indicate that they are not definitive results of this
investigation; For titanium no value of Alog ¥\ is given since the
abundances listed for Ti I] alsp represent, to the limit of the accuracy
attained im this study, the total abundances obtained for titaniumn

The results ohtained from the Fe I-NBS lineé are regarded as the
most reliable; more liﬁes were available here than for any. other set,
and the observed curves of growth.for Fe I-NBS were very well defined.

A curve of growth analysis is a statistical procedure, and the Fe I1-NBS
data muSt be considered as best from a statistical point of view.

The excitation temperatures found from the Ti II lines are very
uncertain, as evidenced by the four very different values obtained from
the application of the four idealized models.  As discussed in Chapter IV
in the presentation of the results for Ti II, the responsibility for
this yncertainty lies in the small range of Xe represented by the Ti II
‘lines, In such a situation, small changes in the values of Alog X éan

result in a relatively large chénge in the slope of the best straight

159



TABLE XViI1

SUMMARY OF THE RESULTS

log c/v log a TémﬁZE:EiEZO?OK) log N/pn log NH Alog N
Scattering (5.06) ~1.8 4825 = 34 15.53
Absorption (5.00) -1.8 5607 £ 99 15.57
' 3.25
Scattering (5.07) -=1.8 4532 + 23 15.34
Absorption (5.05) -1.8 5256 £ 151 15.38
Scattering 4,90 (-1.4) 4671 £ 215 . 14.45
Absorption 4.75 {~1.8) 4667 £ 206 14.38
Scattering 4,95 (-1.4) _ 4728 + 240 14.30
Absorption 4 .85 (=1.8) 4713 +£ 218 14 .14
Scattering 5.00 (-1.4) - 5239 + 320 14.86
Absorption 4,85 (-1.8) 5252 % 375 14.79
Scattering 5.04 (-1.4) 5410 = 310 14.64
Absorption 4.90 (-1.8) 5257 + 305 14.51
Scattering 4.95" -1.8 6600 + 478 17.06
Absorption 5.05 -1.3 8141 + 614 17.05
Scattering 5.00 -1.8 5933 % 309 17.00
Absorption 5.07 -1.3 7985 .+ 608 16.79
Scattering 4.70 =-1.8 6187 .+ 292 14.82
Absorption 4.65 -1.8 6239 £ 352 14.77
: ) 2.35
Scattering 4.95 -1.4 6071 * 242 14.78
Absorption 4,80 -1.8 _ 6114 + 305 14,60
Scattering 5.05 -1.8 4449 + 146 15.44
Absorption 5.00 ~1.8 4335 += 182 15.52
2.35
Scattering 5.10 -1.8 4484 £+ 151 15.24

Absorption 5.05 -1.8 4370 + 182 15.24

091



TABLE XVIII {Gontinued)

log c/v log a Temizizii;:O?OK) log N/gi log NH Alog N
M-E Scattering (5.06) -1.4 4693 £ 130 15.46
M-E Absorption (5.00) -1.3 4752 £ 95 15.35
Mn 1 2.05
S-S Scattering (5.07) -1.4 4678 L+ 164 15.29
S-S Absorptien (5.05) -1.3 4714 £ 124 15.12
M-E Scattering 5.06 ~-1.8 5219 .+ 279 17.57
M-E Absorption 5.00 ~-1.8 5522 £ 511 17.67 ,
Fe I-NBS 1.79
S-S5 Scattering 5.07 -1.4 5358 £ 263 17.06
S-S Absorption 5.05 -1.8 5383 + 501 17.48
M-E Scattering 4.97 -1%4 3741 £ 165 17 .45
M-E Absorption 4,90 -1.3 3730 &+ 153 17.41
Fe I-King h 1.79
S-S Scattering 5.05 -1.4 3732 + 267 17.38
S-S Absorption 4.95 -1.3 3790 £ 201 17.17
M-E Scattering (4.97) (-1.4) 4420 + 310 17 .48
M-E Absorption (4.90) (-1.3) 4394 + 447 17.49
Fe I-Carter 1.79
§8-8 Scattering - (5.05) (-1.4) 4578 £ 306 17.29
S-S Absorption (4.95) (-1.3) 4487 £+ 456 17.21
M=-E Scattering (5:06) (-1.8) 5142 + 425 15.63
M-E Absorption (5.00) (-1.8) 5241 + 458 15.55
Co 1l ' ' 1.58
S-S Scattering (5.07) (-1.4) 5204 + 551 15.40
S-S Absorption (5.05) (-1.8) 5259 4 517 15,29
M-E Scattering (5.06) (-1.4) 5686 % 437 16.42
M-E Absorption (5.00) (-1.8) 6004 + 619 16.33
Nil 1.42
S-S Scattering (5.07) (-1.4) 5625 £ 383 16.19
S~S Absorption (5.05) (-1.8) 5840 .+ 574 16.09

191
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line relating Alog X andlie, thus producing a large variation in the

excitation temperature.
Comparison of Results Obtained Using Different Sets of f=Values

Most of the lines included in the Ti I-King, Cr I-Hill, Fe I-King,
and Fe I~Carter data were also present among the NBS lines. .For these
common lines the NBS f-values are compared in Figure 69 with those from
the other sources. .The NBS f-values are on an. absolute scale, while
those from the other sources are on relative scales., The values of
Alog gf used in the abundance caléulations for Ti I-King, Cr I-Hill,

Fe I-King, and Fe I-Carter are the quantities necessary to convert from
the relative to absolute scales. This can be seen from Equation (31)

.of Chapter IV. However, there is no guarantee that the absolute scales
determined in this manner will be the same as the NBS scale. In Figure 69
the values of Alog gf were used to establish the positions of the 45-
degree lines. Points falling exactly on .the lines represent perfect
agreement between the absolute f-values of the NBS and the derived
absolute f-values of the other sources. Some large deviations from agree-
ment are apparent in the figure. At the approﬁriate points in the follow-
ing discussion these deviations are taken into consideration.

For Ti I, Cr I, and Fe I many more lines were available with NBS
f-valges than with f~values from the other sources; hence small differ-
ences might be expected in the results obtained using the different sets
of f-values, .Falling into this category are variations in the values of
log c/v and the excitation temperatures found from the Ti I-NBS and Ti I-
King lines and in the values of log c/v found from the Fe I-NBS and Fe I-

King lines, However, certain differences are present which cannot be
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attributed simply to statistical causes. These are discussed below.

Ti T

T——————

The most important differences between the Ti I-NBS and the Ti I-
King results are in the abundances. As is evident in Figure 69a, the
absolute scale of the NBS f-values does not agree with the absolute scale
derived for the Ti I-King f-values from Alog gf = -3.30. This disagree-
ment may be largely responsible for the apparent differences in the abun-
dances. The fault may lie in thé value of Alog gf, in the absolute scale

used by the NBS, or in a combination of the two.

Cr L

———

The Cr J-NBS and Cr I-Hill results differ markedly in the values of
log c/v, the excitation temperatures, and the abundances,

As remarked in Chapter IV in the presentation of the results obtained
from the Cr I-NBS lines, two weak lines were very influential in the
determinations of log c/v; These two lines were not included among the
Cr I-Hill lines. The large differences between the Cr I-NBS and the
Cr I-Hill values of log c¢/v are due to the effects of these two lines.

The differences between the Cr I-NBS and Cr I-Hill excitation
temperatures are a result of the non~uniform relationship between the f~
Valués used in the two cases. It is apparent from Figure 69b that the
f-values for Cr I fall into two groups: those for lines with Xa greater
than 2.53 ev and those for lines with“'Xe less than 1,03 ev. The excitation
temperature is found from the slope of the best straight line relating
Alog X and ie" The values of Alog X depend upon the f-values, e.g.,

Alog X = log T " log gfA in the 8-S pure scattering model. For
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convenience in the discussion, consider that the Cr I-Hill f-values are
placed on the absolute scale given by Alog gf =v~’3.42° (Whether the

scale is relative or absolute does not gffect the excitation temperature
determinations, but the uniformity of the scale is important.) Then, for
lines with xe less than 1,03 ev, the values of Alog X obtained using the
Cr I-NBS frvalues should be approximately the same as those obtained

using the Cr I-Hill f-values.” This can be seen from Figure 69b.  For

%o greater than 2,53 ev, the values of Alog X obtained using the Cr I-NBS
f-values should be considerably larger than those obtained from the

Cr I~Hill f-values. Hence, the slope of the best straight line relating
Alog X and ie obtained using the Cr I-NBS f-values should be substantially
different from that obtained using the Cr I-Hill f-values. This is a
possible expianation of the differences between the excitation temperatures
found from the Cr I-NBS and the Cr I-Hill lines.

The abundances determined from the Cr I-NBS lines are smaller than
those found from the Cr I~Hill lines. The abundances in each of the four
models are dependent upon the quantity

shift + 'log u - log c/v.
The shift is given by Alog X + (5040/T)§e, where T is the excitation tem-
perature., .Larger excitation temperatures give smaller shifts, and thus
smaller abundances. This effect is partially offset by the increase of

log u with temperature, However, the variation of log u with temperature

*This assumes that the same vertical shift (log c¢/v) is used for both
cases, Although this was not true in the actual analysis of the Cr 1
lines, inclusion of this consideration would only complicate the argument
and not alter the outcome, This can be seen by noting that a change in
log c/v is accompanied by a change in Alog X, and for Cr I, where most of
the lines are weak, most of the changes in Alog X should be approximately
the same. Hence, the slope of the best straight line relating Alog X
and Xe should not be altered appreciably.
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is comparatively small. Hence, the much greater excitation temperatures

obtained for Cr I-NBS than for Cr I-Hill produced to a:large extent the

1!
differences in the calculated abun;,dances°

. Another consideration of impo#tance.in the abundance ¢alculations is
the connection between Alog X and iog c/v. By coﬁsidering the shape of
the curve. of growth, it can be seeﬁ that as ‘log c/v increases so does
Alog X. In the region well below ghe knee of the curve of growth, the
slope of the curve is unity. For lines confined to this region, increases
in log c/v are accompanied by like increases in Alog X, and the effects
of these changes exactly cancel one another in the abundance calculations.
For stronger lines, h&wever, an increase in log c/v produces a . larger
increase in Alog X, with a resulting increase in the calculated abundance.
In the case of Cr I most of the lines were weak, and it would be expected
that the differences between the values of log c¢/v found for Cr I-NBS
and Cr I-Hill would be largely compensated in the agbundance calculations
by the resulting differences in the values of Alog X. This would be true
were it not for the non-uniformity in the relationship between the f-values
used for the two sets ¢f lines, and the effect of this on the values of
Alog X. BRecause of this non-uniformity the values of Alog X found from
the Cr I-NBS lines with Xa greater than 2.53 ev were disproportionately
‘larger than the corfesponding‘Cr I-Hill values. This acted in such a
way as to decreasé, but not nullify, the effect in the abundance calcu~-

létions of the differences between the excitation temperatures,
.Fe T

Important differences exist in the excitation temperatures found

from the three setsiof Fe I lines, These differences seem to reflect
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the differences in the ranges of the excitation potentials applying .in.
each case, For Fe I-King the values of Xe ranged from 0.05 to: 1.54 ev,
for Fe I-Carter from 0.11 to 3.56 ev, and for Fe I-NBS from 0.03 to 4.53
évw As a point of interest, excitgtion temperatures were calculated from
the Fe L-NBS values of Alog X, obtained from the S-S pure scattering
‘model, covering first the same range in Xe @8 represented by the Fe I-
King lines, and second the same range in X 28 represented by the Fe I~
Qarter lines. For Xe in the range 0.05 to 1.54 ev the temperature found
was 3616OK, and for Xo in the range 0.11 to 3.56 ev the temperature deter-
mined was 5009°K. The first value corresponds closely to that obtained
for the Fe I~King,temperature (37329K for S-S pure scattering), and the
second is not greatly different from the Fe I—Cérter value (457801()°
It appears that the value determined for the excitation temperature
depends upon the range of Xg> with lower temperatures being characteristic
of the lower levels of excitation. This lends weight to the reasonable
assumption that lines arising from the higher levels in the atom are
more likely to be formed principally in deeper layers of the atmosphere
‘where the temperature is higher. In a curve of growth analysis the
assumption 1s made that a single value of the excitation temperature can
be specified which yields the correct distribution of atoms among the
various energy levels., As is apparent from the above discussicn, this
assumption may be open to serious question when a wide range of excitation
potentials is involved.

As described in the discussion of the Cr I results, differences.in
the excitation temperatures have a rather strong influence in producing
differences in the calculated abundances. However, this is not apparent

in the abundances found from the three sets of Fe 1 lines. .In the :
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abundance calculations fér Fé L;NBS’and Fe I-King, ‘the differences in the
values of log c/y exert a greater.influénce than the differences in
excitétion.teﬁperafure. Most of the lines included in these two sets
are strongilines;.and fdrbstrongvlines an increase in log c/v produces
a larger increége in Algg.X. $incé the Fe I-NBS values of log c/v are
larger than the Fe I—King;valﬁeé,,this effect. acts in a manner contrary
to that of the excitatiqn temperatures in the abundance calculations for
Fe I-NBS aﬁd Fe I-King; »Also,‘the fact that smaller valués of log a
were obtaiﬁed from the Fe I-NBS lines than ffbm the Fe I;King lines™
‘(except for the S-S Pufe'scattering case) tends to cause!further increases
in the Fe I-NBS values of Alpg X bver those of Fe I—Kiné. The result is
that the Fe I1-NBS abundanceskare larger, except for the S-S pure scat-
tering case, fhan the Fe I-King abundanceé..

In.Figqre $9d it is.apparent that the derived absolute sc;ie for
the Fé'I—Garter f-valueé does not agree with the absolute écéle of the
Fe i-NBS fvvalues,. Thiékdisagreement is'mainly responsible. for the

differences betweenvthehFe I-Carter and Fe I-NBS abundances.
.Comparison of Results Obtained Using Different Idealized Models

‘A'comparison of the results found ffﬁm’the'four diffefént sets of
theoretical curves of growth revesdls well defined trends in the values
of log c/v andbthe abundances, |

Except- for Ti I1, the S-S pure scattering model produced the largest

values of log C/v, and the M-E pure absdrption mpdél the smallest wvalues.

*The different values of log a -were brought about by the different
values of log c/v obtained from the two sets of lines. This can be seen
by referring, in Chapter IV, to the description of the procedures used in
determining log a. ’
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The reason for this is apbarent from an examination of Figure 70, where
theoretical curves with log a = -1.8 for the four models are compared.
Even if the S-8 pure scattering curye were to be shifted horizontally so
that the Doppler portions (i.e., the portions below the knees) of all four
curves were cqincident, the transition portion of the S-S pure scattering
curve would still be higher than the transitipn portions of the other
curves, .Hence, the largest veftical shifts,‘and thus the largest wvalues
of log c/v, should result from the application of the S~S pure scattering
curve. .Conversely, the smgllest value‘should_be‘given by the M-E pure
absorption curve. |

It should be noted that for use with the M-E pure scattering model,
the M-E pure absorption model, and the 5-S pure absorption model the
observed curves of growth were altered ffom those used with the S~8 pure
scattering model by the application of the limb darkening corrections--
log ZRC and Alog ﬂo, However, the limb darkening corrections in most
cases were not large enough to change the trend discussed in the preceding
‘paragraph.

In the case of Ti II the damping parameter was important in the
determination of log ¢/v. The plot used to determiﬁe log c/v extended
from the kphee well into the damping portion of the curve of growth;
therefore this plot was also used to determine log a. Log a = -1.8 was
found for both scattering models and log a = -1.3 for both absorptien
models., The curves for log & = 1.3 rise more rapidly than those for
log a = =1,8, This, combined with the effects produced by the inclusion
of the limb darkening corrections, caused the S-S pure absorption model
to give the largest value of log c/v and the M-E pure scattering model

the smallest value.



M-E Pure Scattering -------—c--ememoa o~

M-E Pure Absorption — — — — — — ////////
11— | ‘ :

S-S Pure Scattering -

S-S Pure Absorption N ,/”////j,”

log Y

log X

Figure 70. Comparison of the Theoretical Curves of Growth for the Four Models. The curves are
for log a .= -1.8.

For M-E Pure Scattering, . X = ﬂo, W/b. “For M-E Pure Absorption, X ='ﬂo, Y = W/ZRCb.

For S-S Pure Scattering, X = T , Y = W/b.  For S-S Pure Absorption, X = 3TO/2, Y = W/ZRCb.

0L1
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?he values of log N/p# found from the M-E models are larger, in
most cases, than the values of log NH determined from the S-S models,
From figure 70 it can be seen that‘the curves of growth for the M-E
models tend to give either smaller values of log c/v or larger values of
Alog X than the curve for the S-S pure scattering model. The result in
either case is that the M-E abundances tend to be.larger. than the S-S
pure scattering abundance. The S-S pure absorptien curves of.Hdﬁger are
plotted withnlog 3To/2 as abscissa rather than simply;log_To.-fihis‘
amounts to shifting the curve horizontally so that the Doppler p;rtion
coincides with the similar portions of the M-E curves.. Hence, the
differences in the values of Alog X obtained from this model and the M-E
models should be insignificant, However, the term log 3/2 appears nega-
tively in the equation giving the abundance in the $-S pure absorption
model. This compensates for the shift in the abscissa, and the resulting

abundance should be smaller than those found from the M-FE models.
Comparison of the Results of This Study With Those of Greenstein

Greenstein. (1948), in his study of a group of F stars, employed
observed curves of growth based mainly upon Fe I lines and Wright's solar
log Xf~Values. These were analyzed using theoretical eurves of growth
based upon the M-E model., Greenstein's values of log V"F/Ycl’ and eexc,

~which are discussed below, were obtained from his obgserved curve of growth
for Fe i.

Greenstein‘found for © Ursae Majoris a value of log v = 5.44. (The
velocity parameter in Greenstein's notation is represented by '"V.")
This leads to a value of log c¢/v equal to 5,04, which agrees closely
With the most reliable values (the Fe I-NBS values) obtained in this

investigation,
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He obtained a value.of.l“/yCl equal to-1l.7, which corresponds to
log a ='-2‘3’ Here ' is the effective damping constant and Ycl.is the
classical damping constant, By referring to Figure 8 of Chapter III it
caﬁ be seen that for the strongest lines, which-are important in the
determination of log a, the values of log W/A measured by Greenstein
are smaller than those measured in this investigation. This difference
could have caused the value of log a determined by Greenstein to . be
smaller than the valués found in this study.

~For eexc_Greenstein obtained the value 0.98, which corresponds to
an excitation temperature equal to SlSOQK, The lower level excitation
potentials of the Fe I lines used by Greenstein range from 0.00 to 4.09
ev. The extent of this range 1s intermediate to those represented by
the Fe I-Carter and Fe I-NBS lines used in this investigation., As
expected from the apparent relationship, discussed earlier, between the
excitatibn temperature and the range of X the excitation temperature
obtained by Greenstein falls between the values found in this study from
the Fe I-Carter and Fe I-NBS lines,

.Greenstein determined abundances in the staré relative to.those in
the sun, and these quantities cannot readily be compared with the gbun-
dances found in this investigation. The abundances obtained by Wright
(1948) for the star Procyon, which has a spectrum similar to that of

.0 Ursae Majoris, are of the same order of magnitude -as those found for

6 Ursae Majoris in this study,

Comparison of Wrubel's and Hunger's M-E Pure

Absorption Curves of Growth

Hunger's M-E pure absorption curves of growth were employed in this
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investigation although curves for the samevmodel-by.wrubél‘were available,
Wrubel's curves were calculated using Chandrasekhar's exact solution of
the equation of transfer and therefore are regarded.as the best available
for'the M-E pure absorption model. However, calculations were made for
only two values of log a, -1 and -3, thus limiting the usefulness of

these curves,

.The abscissa of both Wrubel's and Hunger's curves is log no' (In
Hunger's notation the abscissa is log C, but for M-E pure absorption C =
-ﬂo,) The ordinate of Wrubel's curves is log W/b, while for Hunger's
curves the ordinate is 1og W/ZRéb, Wrubel calculated cufves for two
values of BO/Bl, 2/3 and 10/3, 1If BO/B1 is equal to 2/3, then 2R is
equal to unity, In this case Hunger's ordinate is simply log W/b, the
same as Wrubel's ordinate. By interpolating in Hunger's tables, curves
were obtained for log a.= -1 and log a = -3, These were then compared
with Wrubel's éurves‘for BO/B1 = 2/3. The calculated points of Wrubel's

and Hunger's curves could not be compared individually because Wrubel

%

and Hunger did not ﬁse the same sets of values of ﬂo in their caiculations°
To compare the curves for the same value of log a, the two curves were
plotted, using the same scale, and one superposed upoﬁ the other. vfhere
‘were no noticeable differences in the two.curves with log a = -1 nor in
the two curves with log a = -3.

The ordinate of Hunger's curves can be written as
W__ W
log 2R¢b = -log . 1og.2RC. (36)

If BO/Bl is equal to 10/3, then log 2Rc>is equal te +~0.477. Hunger's
ordinate in this case is

W o X ~
].O.g ZRCb - ]-Og b + Ow4770 (37)
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To obtain a curve which relates log ﬂo and log W/b foy BO/Bl = 10/3,

it is only mnecessary to subtract the quantity 0.47Z.from Hunger's
tabulated values of log W/ZRcbH For log a = -1 and log a = =3 there were
no noticeable differences . in the curves obtained in this manner and the
curves calculated by Wrubel for BO/B1 =.10/3.

The above &iscussion does not eliminate the possibility that signi-
ficant differences might exist between the M-F pure absérptiqn curves of
Hunger and those calculated using Wrubel's method for vglues of loé a
other than ~1 and -3 and values of BO/Bl other than 2/3 and 10/3. However,
the sdggestion is strong that for any values of log a and B?/Bl the curves

should be substantially the same.

The four sets of curves of growth used in this investigation are
based upon idealized models which represent extreme approximations as
to the structure of the stellar atmosphere and the mechagnism of line
formation. None of these models can be expected to perfecgly characterize
the actual structure and radiation processes. of the atmosphere'éf 8 Ursae
Majoris.

In the case of the star Procyon, Schroeder (1958) has pointed out
that the S-S model is to be preferred for the lines of low and interme-
diate excitation potential since these lines are formed well above the
photosphere, For lines of higher excitation potential, which are formed
primarily in the same region as the continuum, Schroeder cohcluded that
the M~E model would be more appropriate, Due to the similarity of
Pracyon and 6 Ursae Majoris, it seems likely that the above remarks

should also apply to © Ursae Majoris.
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In the spectrum of § Ursae Majoris the central intepnsities of the
strongesﬁ lines are not zero. This indicates that the iines are not
formed solely by the scattering process,. which requifes zero central
intensitiesAfor the strongest‘lines. -The lines are most likely formed
by a combinatioﬁ of the processes of scattering and absorption.

Although the four idealized modgls (i,e., M-E and S=S pure scattering,
and M-E and 5-S pure absorption) represent extreme approximations;_the
results obtained in this investigation from the application of the four
different models are not greatly variant.

In abundance determinations the quantity most désired is»N,,the
number of atems per cubie¢ gentimeter, ‘N is inherent in the expressions
NH and N/QR,,which afe‘the ”abundan€e§" determined in this study. H

is the depth of the reversing layer characterizing the &6~S model, In
the M-E model 1/px is a measure of the geometrical depth of the atmos~
phere corresponding to-infinite thical depth in the:continuum. It is
clear that a knowledge of H ar 1/g is prerequisite to obtaining a
bvalﬁe»for N. .H depends upon excitation, ionizatiom, and varies from
element to element, while 1/px may‘vary stronglerith»OPtical depth. At
best, average values of H and 1/pn can be obtained. .Until more refiped
techniques are devised, curve of growth analyses will-yield only NH or
N/gﬁ, tbe number of atoms in a one square centimeter column.in the line
of sight.

A curve of growth analysis yields information of a statistical natﬁre
concerning the propefties of a stellar atmosphere. Such information pro-
vides a basis for more detailed studigs of the individqal line profiles
using model atmosphere techniques., Studies of this type are called for

in the further investigation of the atmosphere of 6 Ursae Majoris.
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