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Abstract

Stellar abundances are essential parameters for many branches 

of astronomy. They are also particularly important as tests for 

theories of nucleosynthesis. Despite the encouraging results from 

band photometry, detailed spectroscopic analyses are still important in 

furthering knowledge of physical processes occurring in a variety of 

stellar objects. This thesis presents the first of a series of 

absolute abundances for the late-type giant Arcturus. The broader 

aim of the investigation is to make Arcturus a reliable standard 

star, and also it is hoped that equilibrium assumptions in its atmos­ 

phere can be scrutinised.

An essential prerequisite to a model atmosphere is the continuum 

flux curve. Certain discrepancies near the flux maximum prompted 

the construction of a spectrum scanner which was used to obtain fluxes 

of Arcturus at the Wise Observatory, Israel. All known flux results 

have been collated for Arcturus, and the continuum flux curve is 

presented for the region 3800 & to 13 microns.

Ways of measuring the effective temperature are discussed. The 

only adequate method for Arcturus and other cool stars involves com­ 

paring the relative energy distribution with model predictions. As 

all present models fail to account for the flux below £000 j^ this 

method is not as accurate as it could be. A value of UU50 - f>0°K is 

adopted for Arcturus; most of this error is due to the unrealistic 

nature of the models.

Using this temperature a grid of line-blanketed models with 

different gravities has been constructed. The suggested gravity- 

indicator requires a precise value for the microturbulence, and for 

this preliminary analysis a model with log g = 1.7 was selected. 

This vatue, reported by several investigators, is later shown to be 

fairly realistic.



Uncertain oscillator strengths continue to plague abundance 

work in astronomy, though the Oxford furnace is now producing 

precision values for several elements. Using this furnace a series of 
neutral titanium lines of direct astrophysical interest have been 

measured, and they are accurate to at least -0.03 dex(7$) on a 
relative scale. Considerable effort is still needed in establishing 
accurate absolute scales howevei-j these results have been made absolute 

by referring to theoretical and observational lifetimes.

The internal consistency of the Ti I values has been verified 
by studying the solar abundance of titanium. Rf restricting the 
analysis to good quality weak lines, uncertainties in damping and 
microturbulence have been avoided. A log abundance of 1|.81 - 00 03 
is reported (on the log H = 12.00 scale).

For the Arcturus analysis, a few iron lines have also been 
included. In this star the abundances are very sensitive to the value 
assumed for the microturbulence. The empirical nature of this para­ 
meter is emphasised. A value of 2.1 - 0.2 km sec" was found by 
demanding an unique abundance for all lines. Using this velocity 
gave absolute abundances of :-

log n(EL) = k.kZ - ' 0.1^ 

log n(Fe) = 7.37 - 0.10 

WLth suitable solar abundances these imply [jTi/H \ = -0.39 "1" 0 «07,
[FQ/H]= -0.33 ± 0.10.

Theories accounting for the origin of iron-peak elements are 
discussed. Explosive Silicon burning cannot account for all the 
observed isotopes, and the equilibrium process has been re-introduced 
to explain soin-a anomalies. These theories are examined in relation 
to supernova models and Galactic evolution, and also with regard to 
the broader purpose and prospects for measurements of stellar 
abundances.



CHAPTER 1 

INTRQDaCTIQN

1 .1 Abundances of_chemical elements^

A great deal of effort has been directed towards the accurate 

measurement of chemical abundances in the Universe. As the results 
are usually presented as an 'ultimate answer' their relevance is not 

always self-evident. This is demonstrated by the large volume of 

literature reporting abundance peculiarities in isolated, perhaps
insignificant, astronomical objects. As this thesis might be criticised

or 
as an example/such ill-directed research, it is pertinent to ask at

the outset; Why bother to measure abundances?

Quite apart from wishing to quantitatively understand the 
Universe, its material and its history, abundances are necessary 
input data for scientific disciplines as diverse as cosmology and 
seismology. Accurate £S^o^Lomi£al^ abundances, more germane to this 
thesis, are vital for determining structures of stellar atmospheres 

and interiors, and as these affect evolutionary models, the seemingly 
insignificant abundances become quite indispensable.

Of even greater importance is the role that astronomical and 
terrestrial abundances play in furthering knowledge concerning tha 

origin and distribution of the cheraisl elements, and how the 

nudsosynthesis theories can be connected to Galactic history. In this 
context therefore an abundance curve is the ultimate test for a 

nucleosynthesis theory. As these theories themselves may rely on 

stellar models, one can see that the topic of abundances envelopes 

almost every aspect of astronomy.

^'2 Stellar abundance^

Nucleosynthesis predictions are usually compared with solar- 
systen abundance curves (e.g. Suess and Urey 1956, Cameron 1963,



1963, 197^) derived mainly from meteoritic, lunar and terrestrial rock 

samples. Stellar abundances hav« been regarded as 'second-best' for 

this purpose because of large uncertainties attached to the results. 

Yet it is clearly desirable to continue measuring stellar abundances, not 

only to investigate ways of reducing these uncertainties, but also to 

find out whether the solar-systera abundance mix is representative of 

that in other regions of the Galaxy. Despite the lack of precision, 

stellar atmospheres are far more homogeneous than rock samples, which 

show staggering differences from place to place. It should therefore 

be noted that the composite abundance curves of Cameron* based mainly 

on raeteoritic data, depend critically on the way these inhomogeneities 

are allowed for.

This is not the place to describe in detail the procedures 

adopted for extracting abundances from stellar' spectra and this 

cursory introduction must necessarily use terminology defined in 

later chapters. Nevertheless a brief criticism of present methods 

is needed to explain the purpose 6f this thesis.

Classical abundance investigations (e.g, Menzel 1936)used am 

unified theory known as the 'curve of growth 1 . This curve relates 

the strength of an absorption line to the product Nf, where N is the 

abundance of the relevant atomic energy level for the element, and 

f is a quantity called the oscillator strength or f-value needed to 

explain selective absorption. As the shape of the curve of growth 

(c.o.g.) can be predicted according to various theories of line- 

formation (v.der Held 1931 ), a comparison between the observational 

and theoretical curves yields, among other things, the abundance N.

It was quickly realised that the scatter on the observed c.o.g. 

made it very difficult to describe the curve with any certainty. 

Although line measurements were spoilt by poor spectra, inaccurate 

f-values were mainly to blame. These f-values, sometimes estimated 

theoretically but more usually measured in the laboratory, have hindered



direct astronomical abundance work for many years. A great deal of 

effort has been directed towards their accurate measurement but it is 

still quite evident that what had been thought of as reliable f- 

values even very recently, are in fact hopelessly in error.

For these reasons astronomers have preferred to perform differ­ 

ential analyses. Given a solar abundance, a differential c.o.g. 

can be used that avoids f-values altogether. Of course any error in 

the solar analysis (which will have used f-values) is transferred, 

but even so the method is at first sight quite plausible. It does 

have some limitations however. The curve of growth is not unique: 

lines of different excitation not only form in different regions of 

the atmosphere but are broadened to different extents. The ideal 

solution would be to calculate a curve of growth for each line using 

a physical model of the stellar atmosphere, though this demands 

accurate f-values. As the average astronomer does not have the 

patience to plough through the mass of published f-values (nearly all 

of which disagree with one another) differential analyses are still 

in favour.

With f-values of increased precision now available from careful 

work (e.g; Blackwell et^ aJ^ 197Ua), and also with the provision of 

several good model atruosphere programs, it is perhaps time that line- 

by-line methods were used to establish abundance standards of different 

spectral types with which simple differential analyses can be quickly 

yet accurately compared.

All above methods require good quality high dispersion spectra 

and are referred to as 'detailed analyses'. It would bs unfair to 

omit to mention the exciting and useful work made through narrow and 

intermediate bandpasses, isolated either spectroscopically or with 

interference filters. These methods (reviewed by Str^rrgren 197U) can 

offer quick yet reliable results for many stars. As examples one can 

cite the extensive surveys of Williams (1971ab) Griffin and Redman 

(1960), and more recently the work of Osborn (1973) using the David



Dunlap System described by Me Lure (1973). Such studies are also 

invaluable in providing information for stellar classification schemes 

(see Morgan and Keenan 1973). From the point of view of nucleosyn­ 

thesis and Galactic evolution, the relevance of the band results is 

already well known (Spinrad and Taylor 1969, Williams 1971 b).

Notwithstanding these remarks there is still a need for detailed 

analyses, to check and calibrate these band systems and also to invest 

igate and understand the many aspects of stellar spectroscbpy and line 

theory that detailed analyses unavoidably involve.

"I name this standard Arcturus,

God bless her. and all who ss.il in her"

The need for standard abundance stars has been emphasised. To 

avoid unnecessary accumulation of errors arising from long chains 

of differential analyses, it is desirable to use absolute f- values 

and perform sin absolute abundance analysis for each standard star,

As all standards should have good spectra, the choice is immediately 

restricted to a handful of bright stars. In the hotter doruain, work 

is progressing with models for Sirius (Fowler 1 97k ) and Procyon 

(Stron and Kurucz 1966, Darius 197U) though abundance results have 
not yet been given.

The position with cool stars is slightly more complicated* The 

lower temperature results in a confused line spectrum making model 

cons traction a difficult task. For giants with low pressures and 

extended atmospheres many of the conventional assumptions of line and 

model theories nay be invalid. Nevertheless a start must be made 

somewhere ?.nd cool stars are not only challenging in the above respects^ 

but are also important in understanding the later stages of stellar 

evolution.
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For this work the star Arctunis o<Boo K2III (m^ =-0.1 ) 
has been chosen. This bright nearby giant is in many ways an ideal 
standard. Griffin (1963) obtained an excellent spectrum of dispersion 
1-1.5 X/mm, which is widely available and was in fact intended to serve 
as a standard reference. The only other bright cool star under detailed 
study is Betelgeuse MI (<% = +0.7) (Fay and Johnson 1973) whose lower 
temperature introduces many molecular bands making model construc­ 
tion even more difficult. Furthermore as it is variable ana fainter 
than Ar-cturus, its flux curve will be more uncertain, and its spectrum 
will not match the quality oi' Griffin's.

As one might expect Arcturus has already been studied extensively 
(e.g. Gasson 1966, Griffin and Griffin 1967, Upson II 1973) though 
nearly always differentially with respect to the sun. There is cer­ 
tainly a demand for absolute abundances for this star, particularly 
for the iron group (".fegner 197^i) and the main aim of this work is 
to provide these using f-val.ues determined in the absorption furnace 
at Oxford. It will also be possible, eventually, to test assumptions 
such as thermodynamic equilibrium, which may not hold in the lower 
density regions of the atmosphere of this star.

For this thesis the main objective is to set out the ground­ 
work for the above research. In particular :-

1. A model atmosphere is needed for Arcturus. This demands an 
observed energy distribution for the star which the model 
should accurately reproduce.

2. A start must be made on the enormous task of measuring precision 
f-values for the iron-group elements. Titanium was chosen as 
the first of a large number of elements now under investiga­ 
tion. The lines to be measured should be closely tailored, to 
abundance work in cool stars, and an accurate absolute scale 
for these f-values is also needed.
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3. A preliminary set or absolute abundances for Arcuirus can 

then be established using the available f-values. An error 

analysis would be particularly helpful in showing where future 

investigations should be performed with greatest care.

As the Titanium f-values will hopefully be the best available, a solar 

Titanium abundance would also be of interest. This would enable a 

comparison with other Arcturus/solar abundances in the literature.



CHAPTER 2 
SCAMIER OBSERVATIONS OF ARGTURUS

2 . 1 The importance of_j> tellar fluxes^
In the measurement of radiation the terms 'intensity 1 and 'flux' 

have several connotations. Of interest here, however, is the specific 
intensity 1^ , which is the radiant energy crossing a unit area 
oriented normal to the beam, into unit solid angle, in unit wave­ 
length interval & unit time. Thus if 9 is the angle between the 
normal to a surface dor and the direction of a solid angle do) , 
then the energy dE <\ in time dt and wavelength interval d/V is 
generally given by:

dE^ = I ^ ( z, 9, <f> ) do- cos & du> dX dt (2.1)

where the spatial variation of I<^ is given by two angles (® ,r ) 
and a distance z from some reference level. In stellar atmospheres 
the assumption is usually made that the plane-parallel layers are 
homogeneous, and thus there will be no azimuthal (or J> -) dependance. 
Therefore for a given level I is a function of 9 only.

The flux is defined as the net rate of energy flow across unit 
area, obtained by integrating dE -^ over all solid angles, viz:

COS0 dOJ (2.2)*

A quantity sometimes called flux or astrophysical flux leads to 
confusion, and is here referred to as the surface mean intensity. 
This weights the intensity according to the area projected and is 
defined by:

f^ = <pl^(9) cosO dw / <j> cos Q dw (2.3)

thus for z-axis symmetry d^= TT FA (2.U)
In this thesis when referring to 'flux' the quantity C/A is implied and 
written as "u FA in all equations to avoid any possible confusion. 
The total flux over all wavelengths is then:

°°

J = irF = iTF 'X
o

Deep inside a star the density of material is high enough for 
thermodynamic equilibrium, and the specific intensity is given by the
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Planck function for a black body:

(2.6)

where T is the temperature and h,c,k are fundamental constants. 

Because of the high density the photons emitted are soon absorbed by 

various processes. Towards the surface the temperature and density drop 

and thermodynamic equilibrium is no longer possible. However if the 

atmosphere is stratified in temperature it may be possible to assume a 

local thermodynamic equilibrium (LTE) for each layer and temperature. 

The intensity of emitted radiation at that level can then still be 

given by (2,6) using the relevant temperature.

If photons of all wavelengths escaped from the same level then 

the radiation would approximate to a black body distribution at the 

appropriate temperature, but the material in the atmosphere absorbs 

more at certain wavelengths and where the absorption coefficient or 

'opacity' is greater the photons originate higher up in the atmosphere 

where T and B ^ (T) are less. Consequently the flux at that wave­ 

length is reduced. In the absence of LTE B 9^ is replaced by an analogous 

function S 9^ called the source function. The argument still generally 

holds however, and the detailed equations are discussed under the 

construction and use of model atmospheres in Chapter U.

The distribution of flux with wavelength is called the flux 

curve and it depends basically on two parameters, temperature and 

opacity. A comparison between theory and observations can yield useful 

information about both quantities, though the important absorbers are 

generally understood and the main aim of measuring stellar fluxes has 

been to determine quantities related to the distribution of temperature 

in the atmosphere. Of particular significance is the effective tempera­ 

ture T , related to the total flux J~ by Stefan's law
6

TTF - 3 - cr-T 11 (2.7)e

This quantity is raore useful than say, the surface temperature, as it 

is the most important parameter of a model atmosphere defining the 

total flux the model must produce. It is shown in Chapter h that T
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can be determined by several methods including the use of aquation 2.7j 

all methods depend on an accurate knowledge of the flux curve however.

At this point a distinction must be made between the continuum 

flux and the observed flux. For a cool star these will not be the 

same because of the many absorption lines present in the spectrum which 

acsorb a significant proportion of the energy thereby reducing the 

emerging flux. Since the model atmospheres generally predict continuum 

fluxes ie. without lines, this effect known as 'line-blanketing', must 

be allowed for. This can be done by using a high dispersion spectrum 

of the star and measuring the energy blocked by the lines in the 

wavelength regions where comparisons are to be made.

Although the determination of T (or a related temperature index),
Q

has been the main motive for measuring stellar fluxes, detailed 

features in the flux curves of various stars have led to important 

findings in many branches of astronomy. Generally if the bandwidths 

A. *X ̂  50 £ then the photometry is termed narrow-band photometry and 

although such work gives more precise information the method is only 

suitable for the brighter stars where there is plenty of energy 

available. For fainter stars wider bands are necessary and although 

detail may be lost, the broad band ( > 5>00 I) photometry of Johnson et 

(1967) for example, has given general information about many faint stars

In this chapter and that following, the flux curve of Arc turns 

is discussed. For Arcturus the results of narrow-band photometry are 

more important, though the broad-band work will also be used. This 

chapter deals mainly with the results obtained by the author and co- 

workers at the Wise Observatory, Israel using a spectrum scanner built 

and designed at Oxford. The need for these observations is also 

discussed. Establishing a flux curve for Arcturus based on all the 

observations (including the author's), and correcting the flux curve 

for line blanketing is discussed in the next chapter.

2.2 Previous measurements of the flux from^'cturus

As Arcturus is bright and cooler than the Sun, the flux curve has 

been studied extensively, usually with the aim, of establishing the
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absolute flux outside the Earth's atmosphere. Such spectrophotoinetric 
standards are useful in that absolute fluxes of other stars can then be 
obtained directly by comparison.

Altogether the region 3300 A to 13 microns has been studied, 
although most effort has been concentrated in the visible region where 
the flux is greatest and raost important for determining the effective 
temperature. Table 2.1 lists the various data available, the wave­ 
length range considered, and the bandwidths used.

Detailed scanner observations are restricted to the region 3300 - 
9000 1, and beyond 2 microns the only detailed measurements are those of 
Gillett et^al_ (1963). However, the spectrum has been fairly comprehensively 
covered apart from the difficult region between 1 *k & 1.8 microns. Here 
ground-based observations are severely hampered by extensive water-vapour 
absorption in the Earth's atmosphere. The only measurement here at 
present is due to Walker (1969), but with the current interest in space 
astronomy there is hope that our knowledge of this region may be 
supplemented in the near future. The importance of the region lies in 
the fact that theory predicts a sub-maximum at this point in the flux 
curves of cool stars because of the minimum in the absorption coefficient 
of the negative hydrogenion. This point is quantitatively investigated 
in the next chapter.

In the visible region the fundamental scanner measurements are 
due to Willstrop (1965)^who has reduced his observations to absolute 
values without the use of another standard. Such 'primary' results 
usually involve calibrating the flux at the Earth's surface with a 
standard lamp to allow for instrumental absorption.and meticulously 
correcting the results for atmospheric extinction. Willstrop's results 
initially cover the region UOOO - 6500 J but he has kindly supplied 
additional unpublished data extending the range to 3300 ana 6900 S. The 
internal consistency in the published data is quite good; results on 
different nights differ by less than \\%. The quality of the unpublished 
results is not so good.

The other scanner results are secondary measurements; that is, 
absolute fluxes have been found by using a primary standard. Koinarov &



Table 2,1

Fluxes of Arcturus

Source

This work

W'illstrop(l965) 

Koraarov & Pozigim

(1970)

Kharitonov & 

Knyazeva(1969)

Wavelength region

3697 - 8817 

3300 ~ 6900
*

4000 « 9000

3450 - 7250

Bandwidth etc.

24-48 1 

50

50

15-20

Johnson(1963,1965), 

et al(l966)

Walker (1S-69 5 

Johnson et al(l967) 

Gillett _et al(l97l) 

Gehrz & V/oolf(l97l) 

Gillelt et al('1968)

0.36

0.36

0.33

3.50

3.50

2.80

2.21

1.10

11 .0

11 .0

13.0

U-N colours

7 colours 

13 colour?

4 colour,o

4 colours

range includes unpublished results
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Pozigun (1970) for example, used o(Lyr, V U Ha, and ^ Ari as standards. 
They scanned beyond Willstrop rs fluxes to 9000 1 and are the main source 
of narrow band fluxes in the near infra-red, Kharitonov and Knyazeva 
(1 968) used c< !yr and 7~Qri as standards and scanned notably in the 
ultraviolet to 3U50 JL The secondary data is not as detailed as that 
of Willstropj Kharitonov & Khyazeva present fluxes for every 1 00 A in 
the range considered, Komarov & Pozigun for every £0 &f whereas .ftillstrop 
scanned at intervals of 25 1.

Stickland (1970, 1971) has drawn attention to possible errors incurred 
in the use of current spectrophotometric standards. The favourite 
standard would appear to be o(Iyr (Vega) and although this star must 
surely be a poor choice with such a large Balmer discontinuity it has 
been repeatedly studied In the last decade (see Oke & Schild (1970) for 
a review). Despite the efforts there are still notable discrepancies 
between different observers (see Hayes 1970). Indeed, Willstrop f s 
measurements of <Xiyr are 6% higher than those of Oke & Schild (1970), 
but since similar discrepancies are seen between other reliable 
observers it is not clear who has the best fluxes for this star and the 
author decided not to alter Willstrop f s results.

The broad-band results cover the entire measured spectrum but are 
mainly of use in defining the flux curve in the far infra-red. Johnson 
0963, 1965, et^ a^ 1966) gives the magnitudes on the Arizona system 
(U through to M), ana these are extended further with the data of 
Gillett e_t al (1971 ) and Gehrz & Woolf (1971 ). These results overlap 
considerably and the more detailed fluxes of Qillett et al (1968) are most

— .')!.. a*u~?* * '

useful in the region 2.8 to 13 microns. In the near infra-red the 
fluxes of Walker are useful, these have been calibrated using a black 
body. High resolution spectra of Arcturus have been obtained by Johnson 
& Msndez (1970) as. far as 2.5 microns, but as they are not presented on 
an absolute scale they are not used here.

Of particular interest is the 13 colour data of Johnson, Mltchell 
and Lathara (1967) with its absolute calibration based on standard 
reference stars as described by Mitchell & Johnson (1969). Ihese 
measurements are made with smaller bandwidths then those of the Arizona
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system, ( ^ 300 - £00 X) and are confined to the region 0.33 to 1.10 

microns. Together with the Arizona system they offer a crude definition 

of the flux curve for a star for. which there is no narrow«band data 

available.

The range of bandwidths used for all these observations makes it 

difficult to compare measured fluxes obtained by different observers. 

Discrepancies are properly shown only by a comparison of continuum 

fluxes, where the line-blanketing effects have been removed. In the 

visible region, where such corrections are largest and different obser­ 

vations overlap considerably, the broad-band data is difficult to use. 

Over such large bandwidths the line absorption and continuum flux may 

change a great deal thus blanketing corrections are difficult to apply 

correctly.

The continuum flux of Arcturus and the necessary blanketing 

corrections are discussed in Chapter 3, but the results are anticipated 
here in order to explain why it was felt necessary to supplement the 

already existing flux data. In Fig 2.1 the continuum fluxes in the 

visible region are shown. The precise way in which these results were 

derived from the observed fluxes is described in the next chapter.

It is evident from this comparison that the agreement is generally 

fairly good, particularly in the region 5000 - 6000 1. However for 

6300 2 - ?25>0 1 is a serious disagreement of about 20$ between the 

Russian authors. For this important region Willstrop's fluxes are 

either poor or non-existent and a check on the results in the vicinity 

of the maximum flux at 6^00 1 is needed. Furthermore if the reason for 

the discrepancy is due to an error in the fluxes of Komarov & Posigun, 

then their values out to 9000 X may similarly be suspect. These dis­ 

crepancies and uncertainties in an important region as far as effective 

temperature is concerned, prorated a new investigation in order to fix 

the flux curve, ana therefore the value of T , more precisely.
Q

2.3 The Oxford spectrum scanner

The instrument described below was not built solely for investi­ 

gations of Arcturus, but has been used for determining effective



Fig. 2.1

Blanketed scanner fluxes
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temperatures of other moderately bright (n < 6) stars of various 

spectral types. As the apparatus has been used by others a detailed 

description will be given elsewhere (Willis 1975?). In order to 

clarify the observing procedure however, a basic outline is provided. 

In particular, a description is included of that part of the design 

which was influenced by the requirements of the Arcturus measurements.

A plan of the instrument is given in Rig. 2.2, and reference will 

be made to this diagram. The optical arrangement is that of a Czerny- 

Turner monochroinator (Czerny & Turner 1930) and closely resembles that 

used by Willstrop (1965). Light from one of a selection of entrance 

apertures (1 ) is collimated into a diffraction grating (2) wftich is 

mounted on a rotating table driven by a stepping motor. Hie diffracted 

light is focused onto an exit slit (3) whose width determines the band­ 

width used. In order to follow changes in the atmospheric transparency 

a small glass plate (U) reflects 2$% of the white light to a 'monitor 1 

channel; the diffracted light enters the 'object' channel.

Each channel consists of a photomultiplier, an electronic pulse- 

counter, and a digital display. Both channel signals are simultaneously 

integrated for a pre-selected interval and then displayed together. 

For this work the photomultipliers were both EMI Modified S-20 with 

quarts; windows, chosen for their extended infra-red sensitivity. In 

order to reduce the dark currents, both photomultipliers are Peltier- 

cooled to -20 C during observation periods.

The grating is positioned using calibrated settings on a digital 

voltmeter. The calibration can be checked periodically by using a small 

mercury lamp (5) brought onto the optical axis with the manual rod (6). 

To simplify the observing procedure an eyepiece (?) and microscope (8) 

are included. (See inset Fig. 2.2) The eyepiece, used in conjunction 

with a prism, is primarily for guiding purposes, whereas the microscope 

which drops in place behind the entrant aperture (1 ) is used for 

centring and assessing image quality.

The Bausch-Lomb grating is ruled at 600 lines/mm and is biased at 

n *X =» 16000 X so that observations are made in n = 3 for A '5000 1 

and n = 2 for \ > 5000 1. A setting accuracy of 1 I was chosen,- a



Figure 2.2

The Oxford Scanner - plan & cross-section (not to scale )
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greater error would introduce significant uncertainties in the blanketing 

corrections. This constraint leads to an angular resolution of 1U'M for 

the grating, and the stepping motor was constructed appropriately. The 

dispersion is 12 S/mm in n = 2 and 8 Vmm in n = 3, thus since the exit 

slit can be set to 0.01 ram, this corresponds to an error of less than 

0.12 1 in the bandwidth; the large dispersion means the exit slit is 

much larger than the corresponding stellar image ( ** 0.07 mm) thus

ensuring a near-rectangular transfer function.  7 
The electronic counting system has a 'dead-time' of about 10 sees,

thus a counting rate of less than 1 0 is desirable to maintain linearity. 

On the other hand the rate must be high enough for a reasonable low 

noise level. The instrument was designed mainly for use with the 

UO-inch telescope at the l/&se Observatory, Israel, and for a zeroth 

magnitude star using this telescope the theoretical count rate (assum­ 

ing no instrumental losses) is 1-5 10 sec~ for a 5>0 A bandwidth. 

Thus the problem of this astronomer is one of too much energy.1 The 

rate was reduced by introducing two neutral density filters (9), one 

of which can be removed for observations of fainter stars without 

opening the instrument. The monitor channel has an interference 

filter (10) of bandwidth ^ 160 1 centred at 5109 1 placed over the 

photomnltiplier window, thereby reducing the count rate and defining a 

constant wavelength for the channel.

To avoid light from other orders entering the object channel, a 

series oi colour filters (12) are incorporated. Choice of such filters 

in the region "X < U500 X is extremely difficult with the present grating, 

since the range 3300 <\ < U5?00 in n = 3 corresponds to 5500 < \ < 7500 

in n =» 2, a region where the filter should have a transmission of less 

than 0.01 % to avoid contamination. Only one such filter (llford 621) 

could be found.

For Arcturus it was decided that rather than duplicate the detailed 

scanner work of Table 2.1, a few high quality relative fluxes at carefully 

chosen wavelengths would satisfy the needs mentioned in the last section. 

In choosing these wavelengths several criteria were drawn up:
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1 ) The regions must,as far as possible, avoid large atmospheric 

features so that there will be no time variations or residual 

effects in comparing Arcturus and the standard star.

2) The blanketing corrections for the region should be known 

accurately. For this reason the ends of the bands should be 

free of large absorption features which, in the case of a 

setting error, would change the correction, furthermore the 

blanketing should be minimised to avoid uncertainties introduced 

by inaccurate continuum levels and scattered light.

3) There should be plenty of regions in the range 6000 < A < 9000 X. 

The choice is further limited at the short wavelength end by the lack 

of suitable colour filters, and also by the uncertain blanketing correc­ 

tions. At the long wavelengths the choice is limited by the end of the 

Griffin atlas (1 968) (used for criterion 2) at 882£ 2, which almost 

coincides with the fall in the photoinultiplier sensitivity at 9000 5. 

For criterion 1 the solar atlas of Moore et^ aj^ (1966) was used and it 

was generally found that 35 i was the maximum bandwidth satisfying this 
and other criteria. A constant bandwidth of 2l\ S. was eventually adopted 

wherever possible, this corresponds to about 2 mm on the exit slit in 

the second order.

The 17 regions chosen are listed in Table 2,2 together with the 

approximate percentage line-absorption and the expected flux according 

to the results of Table 2,1. In addition the regions are grouped 

according to the use of the colour filters for isolating the relevant 

orders.

2.k Observing procedure

For the purpose of resolving uncertainties in the flux curve of Arcturus, 

and also for the purposes of other research conducted in this department, 

observing time was obtained at the Florence & George Wise Observatory 

of the University 01 Tel-Aviv, Israel. 3Ms relatively new observatory 

is situated at longitude 3U° 37' E and latitude 30° 30' H at a height 

of ~ 900 ra in the Negev desert. The telescope is a UO-inch Boiler & 

Chivens reflector, and the Oxford scanner was attached to the



Table 2.2

1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17

Regions

X
3697
4002

4513
4620

4947
5299
5566
5835
6045
6388 -
6695
6813
7476
7766
8077
6482

6636

for

AX
12

12

12

24

24

24
24
24
24

24

24

24
24

24
24

24

24

observations o

n J|:
62

54
3 31

22
_, 16

17
2a 10

6

^ . 4
6

2b 6
3

3
4
4

2c 5

6

63
110

280

292

334
391
404
428

415
424
428
430
413
407
391
365
365

Col 1: Band number

2: Central wavelength in Angstroms

3: Bandwidth in Angstroms
4: Spectral order and colour filter scheme (abc)

5: Percentage line blocking (approx.)
	.0 ^

6: Observed flux at Earth in Watts cm micron
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Cassegrain focus. The observations of Arcturus were made on k moonlit 

nights during April 1973.
As mentioned before, for this investigation the Arcturus measure­ 

ments, need only be relative, and thus absolute extinction corrections 

are not necessary. As the star will be generally observed at various 

zenith distances however, differential atmospheric extinction is import­ 

ant. If the star has been observed over a large range of zenith 

distances, the observations can be used to define an observed extinction 

curve which then provides the necessary corrections. The zenith distance 

is easily found from the sidereal time given by a digital clock in­ 

corporated in the Oxford scanner.

In order to allow for the different colour filters used for 

isolating various orders, reference to a standard star is necessary. 

The observed ratio of the test star (Arcturus) to the standard star is 

then used together with the known standard star fluxes to give fluxes for 

the test star. The choice of such standards is mainly limited by the 

requirement that these stars should also be observed over a suitable 

range of zenith distances. It was fortunate in this instance that 

during April, when Arcturus transits close to midnight, both o<Leo and 

cC I$rr are also favourably planed. For various reasons given later, 

the primary measurements of Hayes (19?;0) were chosen for the reduction. 

An investigation of possible errors in interpolating these fluxes 

revealed that it was sufficient merely to observe the standard stars at 

the 1 7 wavelengths reserved for Arcturus.

The general procedure therefore was a series of readings for a 

set of bands in the test star, followed by the same series observed in 

the standard star. Each reading consisted of 3-5 measurements of the 

object and monitor channels with a specified integration time, 1 second 

in this instance. In order to minimise possible errors introduced by 

time variations in the atmospheric extinction, one should interchange 

between the stars for each band. Such a procedure is impracticable 

however, and in the reduction such time dependances have been ignored.

Before observing commenced the photomultipliars were cooled to 

-20 C or soj in the meantime the grating calibration was usually checked.
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Even at such low temperatures the dark current during the first few 

nights was sometimes as high as 200 counts sec" , but the rate dropped 

(albeit somewhat erratically) to only 5 sec" on the last nights. The 

count rates for the stars were generally between 10 and IQr sec for 

the object channel, and about 5.10 sec" for the monitor channel. Thus, 

even at its worst the dark current represents only 2% of the signal.
The entrance aperture was kept at 21 M .3.for all these observations. 

Normally apertures are limited by sky background troubles but for 

Arcturus and other bright stars this is no problem. Enlarging the 

aperture reduces scintillation effects which were usually about 2-3". 

Thus light from the full image always entered the apparatus and as the 

dispersion is fairly high the effective change in wavelength across the 

exit slit because of scintillation amounts to less than 0.2 A. The 

sky signal was quite small and consisted almost entirely of dark current, 

thus no wavelength dependence or variation with sky position would ba 

important. The sky background was measured every k or £ scans by 
temporarily allowing the telescope to drift off the star.

The observing record is given in Table 2.3, together with the 

traditional vague comments on the observing conditions (see Observatory 

No.- 1000), On all U nights the sky quality was good, though on the last 

night there was discernable cirrus. Although the site is good for its 

clear skies, its position in a large complex of sand and stone deserts 

(particularly to the south) leads to a significant dust content in the 
lower atmosphere. In these regions winds of 60 kph are quite frequent 

and the turbulence and scattering caused by these dust clouds could 

seriously affect any astronomical observations made from this observatory.

2.5 Reduction of data

This section is intended to give an outline of the procedure 

adopted for the reduction of the Israel dataj emphasis has been placed 

particularly on the assumptions made and the possible alternative 

methods. It is worth remarking that the data has been reduced independ­ 

ently without significant differences.

The recorded data consists basically of an object reading termed



Table 2.3

Observing record

Night Date

15-16th

16-17th

8

9

22-23rd

23-24th

Order Comments

Seeing good 1-2" 

ditto

Seeing poor

3-4"

Cirrus, seeing 

moderate 2-3 n

Col 2: April 1973

Col 3: A = Arcturus ( 06 Boo )

R = Regulus ( OC^eo )

V - Vega ( (X Lyr )

Bracketed niunbers refer to bands observed

(see Table 2.2)



20

'a 1 , a monitor reading 'b', and the sidereal time t~ . The set of 

observations for one star is then simply (a. , b) i = 1,..17, where the 

subscript i refers to the band number and hence a wavelength* To 

simplify the discussion further, 'X will be used for wavelength, and z

for zenith distance.
- 7 

In accordance with the suggested 'dead- time1 (of t , ~ 1 .2 10 sec),

for the electrons. c counting system, the large count rates can be corrected 

for non-linearity using the first order relation:

a° = a± (1 + a..td ) i - 1,..17 

° (2 ' 8)
b = b (1 +b td )

Topically a. $ b ^£.10 sec" and so the correction is 4 6%. The 

precise value of t, is not important as an error of 20$ in t , leads to 

only 1 % error in the corrected reading;
It was revealed in the last section that the sky count was largely 

dark current, and that it was therefore impossible to include an 

explicit 'X or z term when subtracting. The dark current, and therefore 

the sky background, did vary quite erratically with time however, and 

intermediate values were found by interpolating from sky-time graphs 

constructed for each night. A typical such curve is given in Fig* 2*3 

where the plotting has been performed using a procedure written in 

Algol 63-R (Woodward & Bond, 1971 ). This procedure, kindly supplied by 

P.G. Craven is useful for astronomical functions with discontinuities, 

as the plotting interval is varied according to the second derivative. 

In this case discontinuities have been allowed when the telescope was 

moved onto a different star. Subtracting the sky count gives:-

a[ - a? - skya (T ) i - 1,..17

0 H° * («-^ (2 ' 9) b b sky, Cfr)

Generally sky counts lay between 20 and 1*00 sec" and thus were only 

important for the weakest object channel readings.

In monitoring changes in the atmospheric transparency, it has been 

assumed here that fluctuations in b (at ^£139 - 180 X) can be 

applied directly to ^ for all \ ±. ^ other words, the assumption is
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that changes in transparency have no *X -dependence, and that a cloud 

or dust-particle is a 'grey 1 absorber. To improve upon this one effect­ 

ively wishes to reduce the wavelength difference j A - A | between 

the two channels. An alternative method is to introduce a series of 

colour filters for the monitor channel that roughly keep in step with 

the grating setting, but a large number of quite narrow-band filters 

would be needed to avoid the assuption altogether, t&llstrop (1965) used 

several broad-band monitor filters in his apparatus and his electronics 

output the ratio a/b directly. For relative measurements requiring 

reference to a standard star such a method introduces the need for 

transmission curves for these filters. This is because in referring to

the standard star the ratio (a/b). ./(a/b) . , introduces difficultiess"ou.
for the quantity b, , /b . , which will vary from one monitor filter to n test std *
another in a complex manner. In our simple analysis monitoring is 

effected by taking the ratio of a to b, setting

Ri * 4 / ^ ' i = 1 »" 17 (2.10) 

where an average over the 3-5 measurements constituting each ith 

reading has now been performed.

Differential atmospheric extinction is corrected by reducing all

the ratios R. to the s^ia zenith distance, in this instance z = 0.i '
different methods were used: firstly a theoretical investigation 

utilising published absorption coefficients, and secondly an experimental 

investigation using the values of R. observed at different z. 

In the theoretical investigation the relation

(a) - R(zO) - sec z(K - K (2.11

was used, where 7( . is the exponential absorption coefficient for the 

ith band in the object channel, and ?<, that for the monitor band. The 

relation assumes a plane-parallel atmosphere and also that X is independ­ 

ent of z. For these observations z was less than U0° and both assumptions 

are reasonable. The coefficients, taken from Alien (1973), include the 

effects of molecular scattering, water vapour, ozone and dust absorption. 

They were weighted against the transmission curve (f(7\) 9 for the inter­ 
ference filter of the monitor channel, since ?C^ changes appreciable
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across 1 60 A. Across the narrow bandwidth of the object channel 

(12~2U 1) wavelength variations in ?C^ are negligible.

Thus for each value of R.(z) a value for R. (zK)) way found using 

equation 2.11, and those results for which z "^0 were weighted in 

determining a mean -value. R- values, S. (0), T. (0) can be found for the 

standard and test star respectively, and the ratio for the test to 

standard at 2 ^ 0 is then written as T.(0) / Si (0) i ~ 1,..1.7

The experimental method also employs equation 2.11, but here the 

results of both test and standard stars were combined to defina a curve

log (T. / 3.). vs. sec Z. for each i, "By using a least-squares program e >. i i
the curve using one standard star was shifted to join that for the other 

standard, thus utilising all the results in one extinction curve for 

that night. The ratio T. (0)/S. (0) can, in fact, be found immediately 

for both standard stars frora the intercept of the curve with the sec 

z=1 axis, and the shift needed to bring the two curves together. The 

advantage of the least-squares method is that it is easy to estimate 

the errors in such a program. As is seen from Table 2.3? the observa­ 

tional. curve for a given night is defined by between 3 and 7 points in 

the range 1.0^ sec 2^1 .3. A typical error analysis is surunarised 

in Table 2.1; in which it will be seen that the standard deviation on tho 

observations is usually less than 0,02 dex(£$), leading to an implied 

error of about 0.03dex(7#) or less, in the final ratio T(0)/S(0). 

Generally this method is quite successful and would be particularly 

useful for many points spread over a larger range of sec z since a 

reasonable estimate of A^ could then be obtained.

It is encouraging to find that the theoretical and experimental 

values for T/S agree to within 0.02dex(f>#) for most of the 17 wave­ 

lengths. The mean ratios for the two methods gives the following 

information :

T. (z - 0) / Si (z =0) i = 1,17 for S = o<I$rr & XLeo

It now remains to introduce the fluxes irF (i) for the standard
s

star. The Arcturus 1'luxes are then simply given ;by:



Table 2.4

Error analysis of experimental extinction method

( Night 8 )

Band

1
4

9

13

17

3697

4620

6045

7476

8636

log(A/R) z=0

-0.265 ± 0.028

-0.206 0.010 

+0.254 0.020 

4-0.489 0.019 

+0.595 0.018

-0.752  - 0.023

-0.884 0.008

-0.082 0.017 

+0.186 0.015 

+0.290 0.015

a

0.022

0.008

0.017

0.015

0.015

Notes:

Col. 3 & 4: Ratios of test to standard at zero zenith

distance using notation of table 2.3 

Col 5: 0 Standard deviation on the observations
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TTFT (i) =TTFs (i) (T.(0) / Si (0)} i = 1,..1? (2.12)

Fig. 2.1; shows the flux curves of <^ Lyr obtained using the data of Oke 

& Schild (1970) and Hayes (1970). Oke and Schild's results are based on 

detailed calibrations against a standard tungsten lamp and various black- 

body sources (Lee 1969), whereas Hayes only used a standard lamp. The 

agreement is very good (to within Om.02) but because of slight irregular­ 

ities in the data of Oke and Schild (1970) at short wavelengths and also 

because their secondary data for <X Leo (Schild 1 971 ) does not cover the

entire wavelength region required here, the values of TTF (i) have beens
interpolated from the results of Hayes for both c<iyr and °(Leo. On Fig. 

2.U the 17 wavelengths at which interpolation was made are marked, the 

vertical scale is in magnitudes relative to Z556 A.

In order to reduce the final fluxes to continuum fluxes, the results 

must be de-blanketed and this procedure is described in detail in Chapter 

3 since this correction must be applied to all observed fluxes before 

useful comparisons can be made.

2 6 Final results

The flux curves for Arcturus for the four nights are given in Fig^ 

2o. For greater clarity these curves have been separated in the y--axis, 

but the relative scales are the same. It is again emphasised that it is 

not possible to compare with other published results until line-blanketing 

corrections have been made. The purpose of this section is to discuss

the reliability of these results and to produce one averaged flux curve
i

for use in Chapter 3.

The four curves are all encouraging in that they predict a maximum 

flux at 6500 X, and the results for \> £000 S differ little from one 

night to another. However it is immediately apparent that the results for

X < 5000 X are not only variable but must be in error. The. clear 

discontinuity between these two parts will be worse in the flux curve for 

the continuum because the blanketing correction generally increases with 

decreasing wavelength. This disturbing feature present in all [j. curves 

can only therefore arise from instrumental or reduction errors.
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Useful knowledge of the reproducibility of the reduction procedure 

is given by the good agreement of 0.025 dex(6£) between fluxes reduced 

via «XL5rr and <KLeo. A further assessment of the reliability of the 

Israel measurements can be obtained from a study of the comparison
<X, Leo/ o( lyr with that given by Hayes. Such a comparison is shown 

in Fig. 2.6 from which it will be seen that the maximum discrepancy in 
slope over the useful wavelength range is about 0^0.3 or only 0.01 5

In attempting to place an error on the final fluxes a distinction 
must be made between instrumental and reduction errors. Assessment of the 

instrumental error would require a detailed investigation, and for this 

thesis such an error is ignored. The pho ten statistics however imply an 

error of less than \% for all counts. In the reduction program apprec­ 

iable errors could arise at 3 stages : in the monitoring correction, the 
extinction corrections, and in the standard star correction.

For a 'normal ' atmosphere* Alien (1 973 ) shows that the transmission 

changes by 12$ from ^b 0=51 89) to 3600 i. Thus the grey-absorbe-r. assump­ 

tion used in applying monitor corrections, could lead to large .errors for 
the bands at long wavelengths. Across a set of 1? measurements however, 

allowing for sec z variations, the monitor variations were less than $% 
and so *\2% errors in such corrections lead to negligible errors in the 
final fluxes. It is interesting to note that increasing the dust- 
content of the atmosphere will, all other tilings being equal, reduce 
the wavelength dependence of the total absorption coefficient. This is 
because the wavelength dependence of dust absorption is much less than 

that of Rayleigh scattering by molecules, or that of water vapour and 
ozone absorption. Doubling the dust content in fact reduces the change 

in transmission from 12$ to 2%. Such experimenting is not rigorous, of 

course, and the term 'normal atmosphere 1 is as vague as the weather 

conditions given in Table 2.3. It would nevertheless appear that the 

monitoring assumption holds remarkably well for dust/ conditions.

The extinction correction is always the most uncertain part of such 
reduction programs, and absolute results will depend critically on a 

knowledge of the extinction coefficient. For established observatories
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standard atmospheric extinction coefficient have usually been deterr-iined 

by detailed investigations (eg. Oke 1965 for Palomar); but for the 

Wise Observatory no data is available yet. Although great accuracy is 

claimed in such general tables, users would appear to employ gross 

approximations in referring to them. The corrections are critical even 
for relative fluxes and the author maintains that the detailed treatment 

of section 2.5 is quite essential. It seems, in fact, that this treat­ 
ment for relative fluxes is more rigorous than methods often adopted for 
absolute fluxes. Although these relative results using theoretical 
coefficients will depend on the dust and ozone contents the agreement 
of less than 5£ between the two methods described in section 2.5 Is 
encouraging, and to avoid a lengthy analysis this is taken as the likely 
error for this stage.

As the standard star fluxes of Hayes (1970) and Oke & Schild 
(1970) differ by less than 0^.02 (0.008 dex) (see Fig, 2.U) a final 
error of about 0.02(5$) is claimed. The above error analysis is hardly 
rigorous, but can ba used as a guide when comparing continuum fluxes 
in Chapter 3.

The erroneous results obtained for *X<5000 1 were all observed 
using the blue colour filter, Ilford 621. It was mentioned in section 

2.U that this filter was the onl^ one that would prevent the stronger 
flux in the second order from entering the object channel. Ilia observed 
discontinuity in Fig. 2,5 could arise when changing from one filter 
to another at 5000jL Normally such discontinuities are eliminated by 
referring to the standard star, but a residual would remain if the filter 
transmitted a small amount of light at longer wavelengths. A leak of a 
few pez'cent for A> 6000 1 would contaminate the region UOQO-5000 1 

observed in n = 3. It would be possible to calibrate this filter and 
correct the observations below 5000 1, but this is unnecessary as the 
main interest in these results lies in the region > 6000 X. For future 
work the best answer is a grating blazed at a shorter wavelength. 

Perhaps the moral of this story is simply not to believe the manufact­ 

urer f s data sheets.' Scattered light could introduce a further error. 

As the flux curves of test and standard stars are quite different there
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could be a residual affecting the sho.rt wavelength values.
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CHAPTER

TUB CONTIMUUIi FLUX FROM

3.1 Introduction

defining the continuum flux curve this chapter finalises the 
first set of observation material for Arcturus* Although the .motive for 
producing this curve is a precise determination of the effective temp­ 
erature, it may also be the starting point for several other investiga­ 
tions, and the curve therefore represents a result in its own right. It 
is possibly the first time that stellar fluxes from such diverse 
methods have been collated, and the discussions in section 3.U are of 
value in a broader sense for all cool stars. Inasmuch as fluxes 
eventually lead to abundances, the discussions are therefore important 
for many branches of astronomy.

It has been emphasised that the distribution of the continuum 
flux with wavelength is required in order to make useful comparisons 
between the results of various observers and also for matching observa­ 
tions with calculated fluxes from model atmospheres. This chapter 
deals firstly with a description of the procedures for removing the line- 
blanketing, and discusses the uncertainties that the correction introduces.

Two further modifications are necessary before comparisons with 
theoretical models are possible. Firstly the fluxes are reduced to 
values at the stellar surface. This transformation is effectively a 
change in units, and involves a knowledge of the angular diameter that 
Arcturus subtends at the Earth, This quantity is known only to a 
limited precision, v and thus errors are introduced by converting fco a 
stellar flux scale. It is relevant to point out at this stage that 
stellar fluxes are only required if an absolute comparison with theory 
is intended; fluxes at the Earth are sufficient for relative comparisons.

The second modification to the flux curve involves the possible 
effects of interstellar extinction and reddening. Interstellar matter 
in the form of dust particles called 'grains' could reduce the flux 
received and thus effectively alter the stellar scale. I-fore important 
perhaps is that if these absorptions are strongly wavelength dependant 
the shape of the flux curve would be changed. This effect is briefly
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discussed In section 3.3.
The final continuum flux curve is presented in section 3.5, 

the various modifications having been previously discussed. 'The curve 

is tabulated in a numerate form for the convenience of others who nay 
wish to utilise the curve for various purposes,

3»2 Blank eting_ correctiojis

To allow for line- absorption which reduces the emitted flux, it is 
necessary to refer to a photometric tracing of a high dispersion 
spectrum. .An. integration of the line spectrum across the relevant band- 
vridth e.g. with a planimeter, is normally sufficient to give the
correction. If the continuum flux is 1TF (A) and the observed (line)c
flux 'Tt-R (A), then the blanketing coefficient, normally defined as the 
fraction of energy blocked by the lines is

->o ~ 1 - J
(3.1)

where the integrations ars performed across the bandwidth. Die observed 
flux is then multiplied by a factor ^ =* (3—- 1/ry > to obtain the 
continuum flux. l 1 /^^ i

For line-blanketing in the visible region of the Arcturus 
spectrum, Griffin's atlas was used; this covers the important region 
3600-8875 5L The main source for the infra-red is the spectrum of 
Connes et.a"^ (1970) which covers the region 1,0-2.5 microns. For 
the intermediate region the blanketing coefficients of Bdmonds (1973) 
were usedj these are derived from tracings obtained by Griffin (196U).

The corrections increase generally as one proceeds to shorter 
wavelengths, and exceed $Q% for X <C 1*000 A. For wavelengths longer 
than 6000 X the coefficients are less than 1%, and thus do not critically
affect the observations. In the region 7000-9000 the atomic lines are«
gradually replaced by molecular bands, and at longer wavelengths the
coefficient occasionally increases considerably e.g. in the region
*X> 2.3 microns where the bands of CO are particularly intense, though
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sufficiently far apart in wavelength for the average coefficient across 

a band of 100 S to be less than 1%.
The Connes spectrum is not in the form of a tracing, but lists 

the features present and their equivalent widths. The resulting 

coefficients, found by summing the equivalent widths, will therefore 

be a lower limit, since the table omits numerous weak features. Such 
errors are not important because the coefficients themselves are so 
small. The lack of spectra beyond 2.5 microns is similarly not a great 
handicap.

It is worth mentioning that planimetering between 20 and 100 
bands for the results of each of 7 observers is a long and tedious 
business. It is therefore of interest to investigate possible approx­ 
imate methods. Both Warren (1 970) and Edntonds (1 973) have measured 
blanketing coefficients for Arcturus in the manner described above in 
steps of 100 A, though they were concerned with constructing line- 
blanketing statistics for model atmospheres rather than correcting observed 
fluxes. Nevertheless interpolation in their values would be far quicker

A

and could give results bearing on approximate methods for stars for 
which high dispersion spectra are not available.

Fig. 3.1 shows the variation of "? with wavelength for Arc turns 
in 100 A steps. Also included is the variation in the values over 
the quarter-intervals 5 this sometimes amounts to as much as i;0$. It 
is therefore quite evident that to maintain the high accuracy of the 
observed fluxes, blanketing corrections must be determined using the 
correct bandwidths. The rapid variation of *?• with wavelength also 
means that the corrections at any wavelength are probably peculiar to 
the Arcturus specrum and cannot be transferred accurately to another 

star.
In planimetering the scanner observations, the transmission 

function can be regarded as a rectangular block, (Willstrop 1965) but for 
the intermediate and broad-band results the filter transmission must 

be taken into account as the bandwidth becomes rather a vague term. A 

detailed analysis weighting 7 A against the transmission 9 for small
I « f A

intervals across the entire filter was compared with a relatively



Figure 3.1

70

60

50

/O

30

20

10

•

*-I
i

•0

-*-

i»- ''li
t

x. 0/
*? /o

« ii

t}"' ]f ..

i,
!'« r1 , i

o « * , M 9 1 • /> /on^j !( \ ^ 1 1 • • ,i « .
A (10 A) -* !| {i 4 4«,» jHM.il., -I i

1 * > '

i 1 i I i

5 6 7 8
Line blocking Po118 c°efficients and quarter interval dispersion



straightforward mean blanketing coefficient at the 'effective wavelength' 
of the filter (see below). For the 13 colour system both methods agreed 
to within 5&

For the broad-band results a further complication arises. Even 
in a star with no absorption lines the continuum flux may change 
appreciably across such broad bandwidths, and thus the coresponding 
wavelength at which the flux is valid need not necessarily be the 
centre of the band. For this reason Johnson (1965) has established a 
set of effective wavelengths for the U-N system, and in constructing 
the curves these have been used. The appropriateness of effective 
wavelengths, determined essentially by weighting <P (A) against A, 
w&s confirmed by King (1952). As continuum slopes change with effective 
temperatures these wavelengths are not valid for all stars, but in the 
far infra-red where the broad-band results are 6f most use, such effects 
are quite small.

.Although the blanketing corrections are largest for "A < U500, they 
are also most uncertain here. As the size of *[ and its rapid variation 
with wavelength would suggest, the lines here are so crowded that it 
becomes impossible to determine the position of the continuum with 
precision. Griffin states in his atlas that the continuum so drawn 
is only well-defined for» 5200, and is most uncertain for /< U300. 
A typical error of 2% in the continuum level could alter the correction 
by as much as 5%, so no great weight should be placed on continuum 
fluxes for X^^300'-. Methods for determining effective temperature 
that rely on accurate fluxes for this region should therefore be 
avoided wherever possible. Elsewhere, errors in the continuum are much 
less and :the" error in the resulting correction is mainly due to measure­ 
ment and is probably less than 1 %,

3 • 3 Inters tellar Reddening

The extinction of radiation (absorption plus scattering) in 
interstellar space is attributed to dust particles called grains. The 
best way of determining the extent of the effect, and particularly its
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wavelength dependarice, is by comparing the- observed fluxes of 0 ana B stars 

at various distances. Hot stars are chosen because of the absence of 

line-blanketing effects which could vary appreciably from one star to 

the next.
The classical work of Stebbins et al (19UO) shewed that the

extinction is generally "vl /kpc in the visible region of the spectrum,

and that it increases as VX . The effect of this '1/X- Is** 1 is fco 

redden starlight by an amount depending on the distance of the star. 
The reddening is, in fact, determined more accurately than the total 

extinction, which requires a knowledge of the true flux for a close, 
supposedly unreddened star.

More recent measurements (summarised by WLckramasinge, 1967; and 

Johnson, 1963) show that there is no universal reddening law. The 

extinction curve is usually specified by a parameter R defined by

(3.2)

where the A~, A~ are extinctions in magnitudes for the wavelengths in
.D V

the broad-band system of Johnson. Hie quantity A~ - Ar is the B - V 

colour excess, more coamonly written EL -• Johnson has shown (1 968)
j TT

that RJ.ies between 3 and 6, being most for the direction L =* 100-200°, 

and the value of JLhas been determined for 207 different directions by 

Neckel (1967). The possiblility of extinction affecting the continuum 

flux from Arcturus, and its distribution with wavelength, can therefore 
be investigated using the above results, and corrections can be made • 

if necessary.
The proximity of Arcturus (11 pc) suggests at first that it is 

unlikely that interstellar material could significantly altar the flux 
curve, although near stars are not necessarily unreddened. Hindi and 
Unsold (1962 ) for example, found evidence for reddening in CX Oph, 

which is only 20pc distant.
For the region in which Arcturus lies, Neckel gives an extinction 

measured over 3 kpc of only O1 .3. This amounts to only Om.001 for 

Arcturus, thus it is quite evident that total extinction and reddening 

are both negligible for any reasonable value of R...
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3.U Discussion of tho continuum flux result

Rig. 3.2 shows the continuum flux results for Arcturus obtained 

by de-blanketing the observed fluxes discussed in Chapter 2. To avoid 
the graph beco:Tiing too confused not all the scanner data hss been 

included, and tho visible ration 380oS - 1 micro i has been drawn separately 
on Pig. 3.3.

For_tha region < 6000 X blanketing corrections are important and 
it is pleasing to note that the resulting curve is smoother lh?n that 
obtained by using the raw observed fluxes. Also, where the corrections 
are most accurate, the discrepancies botween the results of different 
observers have been reduced.

The spread of results for A<U300 is generally twice that for 
"X 5£00-650Q A and this is primarily due to uncertainties in the 
blanketing corrections caused by the abconce of a clear continuum level. 
However the internal consistency of, for example, Willstrop's fluxes 
is much worse at these short wavelengths. The Griffin atlas begins at 
3600 X and thus it is not possible to r.i-;:asure blanketing for cdl the 
results of Willstrop and of Kharitonov and Khyaseva that extend to 3UOO X. 
For completeness ho : /ever, an attempt has been made to include these 
results, though thy correction (determined by extrapolation), would 
appear to have been overestimated as tho flux curve does not have the 
same slope at these wavelengths. For A<].|500 A an error of about 0.08 
d8x(2Q^) is claimed for those fluxes, this being the sum of the mean 
difference between various observers on Fig. 3»3 and the likely error in 
the blanketing corrections determined in section 3.2. This is an 
average error across the region 3UOCK A<US'00; for the shortest wave­ 
lengths the error night be as mch as twice this vao.ue.

The Israeli data is in good agreement with the fluxes of Willstrop, 
and emphasises the divergence between the Russian results. It is now 
clear that the fluxes of Kharitonov and Khyaseva are probably incorrect 
by 0.03dex(20#) for 685Q-725'Q. Komarov has found a similar discrepancy 
for other stellar fluxes published by Kharitonov and Khyazeva. With one 

exception the Israeli results agree to their claimed error of 
0.25dax(6$) with the other scanner data, and the resulting curve is now
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remarkably well defined, particularly around the maximum. Using a

similar error analysis, a figure of 0.035(8$) is obtained for the flux error

in the region li500<\<9QOO.

The 13 colour results by themselves define the flux curve only 

fairly well, the results being often 0.05dex(12$) too high, which could 

arise from an error of that amount in tha calibration. The relative 

calibration of the system (i.e. with wavelength) relies on the standard 

stars °^Iyr and <*CMa, for which the results of 5 different authors 

were averaged; these included Hayes and liillstrop but not Qke and Sciiild. 

The absolute calibration for the entire scale comes from tha work of 

Labs and Nsckel (196?). As the maximum possible error in the cali­ 

bration of the 13-colour s/stem is only 0.01dex(2$), the observed 

discrepancy is not understood.

Turning to the near infra-red (0.8-2.5 microns), (Fig. 3.2), it is 

seen that the curve is not so well defined, and it is here in particular 

that future work should be directed. The results of Walker are partic­ 

ularly decisive, and yet where comparisons can be made, his fluxes are 

down by about O.OUdexOO^). The K-magnitude for example, has been 

measured, together with its calibration, several times (Johnson 1962, 

196U et^ aJ^ 1966) and the flux here would therefore appear to be well 

established, yet Walker's value is O.OUdex less. It is nevertheless 

difficult to believe that Walker's absolute calibration (based on a 

black body source) could be in error by such a large amount. Farther- 

more, the error in the effective wavelength of his filters would have 

to be as much as UOO 1 to account for the discrepancies. Walker states 

that his results give evidence for a brightening at 1.6 microns, 

consistent with the minimum in the H" opacity at this wavelength. How­ 

ever when the results of other observers are included, the author finds 

that this effect is quite small unless Walkers points are all raised 

by about O.OU dex(1Q,3). The results then coincide elsewhere, and give 

a brightening at 1.6 microns which is roughly consistent with model 

predictions. This region is unfortunately quite important, and thus 

emphasises the need for more results. For the purpose of assessing errors 

in T an error of O.OUdex(IOjS) is placed on the fluxes in the region 

0.9-2.5 U.
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For the far infra-red, > 2o microns, the results are not important 

for determining the effective temperature. Ihe infra-red spectrum of 

Gillett e^b aj^ (1 963) is invaluable in this region, and together with the 

broad-band magnitudes of Johnson et^ aU (1966), Gohrz and Woolf (1971 )> 

and Gillett et^ al (1971 ), the flux curve is fairly well defined. 

Beyond 7 microns there is considerable scatter however, and Gillett warns 

that such variations do not necessarily represent any features. There 

are conspicuous gaps in Gillett f s spectrum where atmospheric absorption 

considerably reduces the flux at the Earth's surface. Between k and 

U.5v* there are strong CCL bands, and between f> and 7 IA water vapour is 

the main absorber. The region 17-30u is in fact the last infra-red 

window, and it is therefore necessary to use orbiting instruments to 

determine the flux for the intermediate regions.
The far infra-red results are particularly useful for investigating 

the possibility of infra-red emissions from circumstellar grains 

(Gillett ert al 1 971 ). It was proposed by Koyle and Wickranasinghe (1 962 ) 

that stars could form an extensive envelope of graphite or silicon 

grains which would be heated to a few hundred degrees by the stellar 

radiation, and would then emit a black body spectrum in the far infra­ 

red, Many such infra-red emissions have since been detected (see review 

by Spinrad and Wing 1 969) j and most occur in the spectra of cool stars 

at 10«11U , corresponding to a grain temperature of about 2£0°K. 

Gillett revealed, using his broad-band photometry at 11 u , that the 

emission is dependant on the luminosity, being most prominent for M-typo 

supergiants.
Gillett et^ al^ (1 963) compared the detailed infra-red spectrum of 

Arc turns with that of a black body at ItOOO^ K in order to investigate 

the possibility of long-wavelength emission. Beyond 5>p the observa­ 

tions are below the black body curve by about 0.11dex(30$), though the 

shape from 7*5 - 13|i is very much the same. Gillett's calibration was 

initially based on the L-N magnitudes of Johnson et al^ (1966) but has 

been verified independently by Gehrz and Woolf (1 971 ). Thus for Arcturus 

there is clearly not an excess of flux at any wavelength in the far- 

infrared and Gillett concluded there was no evidence for any circumstellar 

material.
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It is interesting to note that there is also a similar depression, 
with respect to a black body curve at UOQO°K, of about 0.10dex(2$^) for 
AU.5~5.5w . Suoh troughs have been explained as being due to extensive 
band absorption by the molecule CO (Solomon and Stein 1966). This is quite 
an i:*portant point because although Spinrad and Wing (1969) have recently 
said that CN is the most important band opacity in the far infrared, the 
work of Taraashita (1 962) on CO prompted an investigation by Alexander 
and Johnson (1973) which has produced some interesting model atmospheres. 
These are discussed in Chapter Ij.

3.5> Rmal continuum /lux curve

For easier comparisons with the predicted flux curves of model atmos­ 
pheres, it was decided to reduce the many observations given in Fig. 
3,2 onto one curve. This curve is given in Fig. 3«U together with the 
flux errors at various parts of the spectrum as determined in the last 
section.

For the visible region, A < 9000 X, fitting the curve was quite 
straight forward because of the wealth of scanner data now available. 
The 13 colour results were excluded here because of the puzzling 
discrepancy with the scanner resultsj their removal does not however 
increase the error of the curve.

In the near infra-red the problem is much worse. There is only one 
result between 1.2 and 2.2M , and it has been demonstrated that this 
point (due to Walker) may be considerably in error. The points of 
Walker were all adjusted by +O.OU dex as suggested beforej this is quite 
arbitrary and apart from matching the fluxes with other results in the 
neighbourhood there is little justification for such manipulation. It 
does however introduce a sizeable brightening at 1.6^\ , and the curve 
was fitted in this region with the help of theoretical fluxes from model 
atmospheres at 1*000° andl4iOO°K (see inset to Pig, 3.U)j this fitting is 
not sensitive to the model used.

For the remaining region, ̂ > 2.5^ , the curve closely follows a 
Rayleigh-Jeans law. The gradient of the log flux - log ̂  curve here is 
in fact roughly that of a blackbody at about UOOO - 1»200 K, as can be 
inferred from Gillett f s (1963) comparison. No attempt has been made to
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fit the possible depression at U.I? - £*!>u as no suitable no lei fluxes 
for this region were available. It is therefore suggested that anyone 
interested in using such a curve for the far infra-rad would do better 
using the full results given in Plg s 3,2.

It is fairly easy to reduce these fluxes at the Earth to those at 
the stellar surface and thereby permit absolute comparison with Model 
predictions. In fact,

* (3.3)

where superscripts * and ©refer to stellar and terrestrial-based 
fluxes respectively, and Q is the angular diameter in radians. It is 
thus evident that the stellar flux scale is particularly sensitive to 
errors in 6 .

Pbr Arcturus there are two published values of 0 . Bie classical 
determination using Michelson's int erf erome trie method (Pease, 1 931 j 
Michelson and Pease, 1921 ) gives B - 0" .020, and a recent measurement 
by Gezari et^ al^ (1 972 ) using the new technique of speckle interf orometry 
on the 2 00- inch at Mount Palomar gives a slightly higher value of 8= 0" 
"i" 0.003. A third value of 0 ?' .026 - 0,005 from Currie (reported by 
I/psoa II 1973) has not been published and is not used in this thesis. 
As Pease does not include any errors, and also because of overwhelming 
advances in instrumentation ove& the last 5>0 years, the value of 
Gezari has been chosen. (The fact that Pease's value cones within 
Gezari f s error is nevertheless a tribute to his outstanding experimenta­ 
tion). Pig* 3.U therefore includes a stellar flux scale based on this 
diameter. The uncertainty in this scale, from the error in 6 , is 
- 0.1Qdex(26jo) and further uncertainties are introduced if this tfalue 
is to be corrected for limb-darkening. Thus the scale in Fig. 3.U 
is very approximate, but future values of \j can be readily incorporated 
in it by using equation 3-3«

Jbr general convenience, the flux at the earth at various repres­ 
entative wavelengths has been determined from fig* 3.U and is tabulated 

in Table 3.1 .



Table 3.1 

The continuum flux from Arcturns at the Earth

log TtP^ A log -w]?^

-11.772

-11.900

-12.050

-12.390

-12,685

-13.160

-13.540

-14.060

-14.700

-15.140

0.40

0.45

0.50

0.60

0.65

0.70

0.80

0.90

1.0

1.2

1.4

-11 .640

-11.438

-11.362

-11.322

-11.315

-11 .338

-11.374

-11.420

-11.481

-11.588

-11.700

1.6

1.8

2.0

2.5

3.0

4.0

5.0

7.0

10.0

13.0

—2 —1 Fluxes are in Watts cm micron . and are subject to

the following uncertainties :

X < 4500 A >0.08 dex(20>o)

4500 £ X^ 9000 0.035 dex(8c/o)

X > 9000 0.04 dex(lO?'o)



CHAPTERJ4

"0 what a load of misery and pain 

Each Atlas-line bore off I ••• a shine of hope 

Came gold around me, cheering me to cope 

Strenuous with hellish tyranny. "

Endymion: John Keats (1 81 7 )

The discussion so far has been restricted to the continuous 
energy distribution and its 'determination. Trie line spectrum 
(also originating in the outer layers of the star) contains a 
wealth of information about many atomic species, but in order to 
utilise this spectrum it is necessary to know the physical con­ 
ditions in tho region of its formation. Such information can 

generally como only from a theoretical solution of the equations 

determining the structure of the outer layers. It is possible to 
parameterise the theoretical solution by considering the continuum 
flux and also by studying the profiles of certain lines in a way 

described later. Once these parameters are known the theoretical 

solution can be found and applied to the line spectrum.

In this chapter the assumptions and construction of model 

atmospheres are discussed quite generally, though the main motive 

is a model for Arcturus consistent with the continuum flux curve 

presented in the last chapter.

^ • *• MliH^Ei?^1^

Ear3,y investigations showed that a single temperature and 

pressure, determined for example from the continuum flux, led to 
inconsistencies when regarding the excitation and ionisation of 

atoms in the line analysis. A more realistic representation of the 

atmosphere is a series of stratified layers each with its own



temperature and pressure. The model atmosphere problem is then 

simply to determine the run of such physical variables with depth. 

As the energy source for the star is in the central regions far 

below the atmosphere, the problem is basically a solution of the 

transfer of this energy through the outer layers. The radiation will 

be absorbed, scattered and emitted according to the conditions at 

each layer, and a general solution of the equations would be a 

very difficult task. Many mathematical and physical approximations 

are therefore necessary to make the problem tractable. Some of 

these assumptions and. approximations were initially introduced to 
avoid tedious calculations by hand and have been removed with the 

advent of high-speed computers, whereas others reflect inadequate 

knowledge of the physical processes concerned. The usual assump­ 

tions are listed below and discussed in turn.
1 ) The atmosphere is plane-parallel: This is realistic 

if the atmosphere is thin relative to the stellar 

radius. For extended atmospheres this may not be 

valid and although the transfer equations can be easily 
written in circular geometry they require a value for 

the stellar radius, an uncertain quantity for this type 

of star.

2) The atmosphere is homogeneous except in the normal 

direction: This is not so easy to justify as there 

is considerable evidence to the contrary for the sun. 

As such two-dimensional effects may also be time- 

dependant it follows that the model can only give some 

crude average representation at each level. It is also 

assumed that the relative abundances are specified and 
constant with depth.

3) The atmosphere is in hydrostatic equilibrium: For no 

net acceleration pressure balances gravity i.e.

if .. 
dx.
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where £ is the density, and g, the gravity, is assumed 
constant over the atmosphere. (U.1 ) means that all large 

scale velocity fields are ignored.

U) The atmosphere is in a steady state: i.e. effects such 
as pulsations, expanding envelopes etc. are not included.

5>) The atmosphere is in energy equilibrium: No energy is 
generated in the atmosphere thus the total flux is 

constant with depth* In the general case where energy 
can be transported by modes other than radiation, this 
means that for each level -

irh cr

For a prescribed T(x) this will generally not be true, 
and an important function of the model is to alter T(x) 
until (U.2) holds reasonably Fell for all levels.

An additional assumption sometimes made is that the atmosphere is 
in LT£, i.e. that each layer can be given one temperature valid for 
excitation and ionisation as well as for the radiation field and 
the velocity distribution of the atoms. For low densities where 
collisions will not maintain a steady-state population, this will 
not be justified and detailed equilibrium calculations must be made 
for each species. Such non-LTE calculations have represented the 
frontier of progress in studies of model atmospheres for many years. 
They are no longer limited by the size and speed of the computer, 

but are hindered by the need for detailed equilibrum rates and 
atomic constants, many of which are most uncertain.

By restricting studies of the spectrum to those lines which 

originate in the higher density regions it has always been hoped 

that non-LTE calculations can be avoided. It is possible to
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examine the validity of such an assumption by determining abundances 

from lines in various stages of excitation and ionisation. Such 

investigations have so far been restricted to the sun where the 

density is not so critical.

The following discussion attempts to bring together the many 

relationships used in constructing rcodel atmospheres. In practice 

the sequence of operations is complicated by the inter-dependance of 

many quantities; for this reason the final procedure is described 

at the end of the discussion.

The radiation field at any depth can only be determined by 

solving the equation of transfer, which is merely a conservation 

of energy. across the atmosphere. The energy change in the radia­ 

tion of intensity I*\ , passing through an element of material 

(see Fig. U«1 ), equals the energy the element emits Fiinus that it 

absorbs, i.e. in time dt

where j~ and k ^ are the emission and total absorption (or 

extinction) coefficients per gram of material. In the plane-parallel 

case j dz = U. ds (where fi = cos Q ) and so

It is more convenient to replace z by the optical depth

which is a direct measure of the opacity at that wavelength. 

addition the quantity.j / k^ is defined as the Source function



Figure - 4.1

An elemental cylinder in a stellar atmosphere ( see text )

dz
ds
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, Therefore (U.U) becomes:-

It is useful to introduce S^ because it renders many equations 

such as (U.6) valid for several different physical approximations. 

Similarly k^ represents the total extinction coefficient which nay 

include scattering and line opacities, as well as those of pure 

absorption, S^ ana k/^ are given below for three important 

cases :

1 ) LTE emission plus coherent isotropic scattering :

2 ) LTE emission and no scattering j

j K^ - K^ (U.3)

3) Coherent isotropic scattering only:

where X^ , C7^ represent the true absorption and scattering coeffic­ 

ients, B ^\ is the Planck function (see eqn. 2.£), and «M is the 

mean intensity over all solid angles :

= j f 
A. J 

-I

In solving the transfer equation (U.6) two boundary con­ 

ditions are imposed; firstly for JU <. 0 there is no incident radia 

tion at T = 0, viz.
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and secondly, for ij>0 the intensity contribution from infinity 

is zero, i.e.

Using these solutions it follows that cut

*~ Q
ft.13)

To summarise therefore, a knowledge, of S-^ and -^ at 

various v/avelengths enables a determination of tha radiation field 

at each level in the atmosphere. If scattering is to !>o included 

the solution is complicated by the inter-depend anoe of S -^ end 

J ̂  , (I;.?), though this can be bypassed either by iteration or 

using a method of integration matrices (Kurucz 1969).
. '»

In order to correlate the different optical depths it is 

useful to have a fixed depth scale. This can be either the optical 

depth at a standard wavelength or some suitable mean optical depth. 

Here the Rosseland depth will be used as it will feature prominently 

in future discussions. Various other mean depths have been dis­ 

cussed by Chandrasefchar (19>0). The Rosseland depth is defined by:-

so that if VC^ = - 'StortVL^ (k.16)

then -L = J fn 4T (1^.17)

f



The introduction of a standard optical depth has the advantage that 

the equation of hydrostatic equilibrium can be written in a density-

independant form. Combining (U.1 ) and' (U.16) gives: 

tcU
-J— (U.18)

where the total pressure includes components of radiation, 

turbulence and gas pressures. Electron pressure is normally 

contained in the gas pressure term.. If g is .specified and. a pre­ 

liminary K. is assumed, it is possible to Integrate (U«13) to give 

P total ( f ).

Improving the initial estimate of r and also determining C^ 

for many *\ requires evaluation of the opacities. These in turn 

require a knowledge of the number densities, which are found by 

writing down equations for conservation of charge, nu^h^r and 

abundance (for each species).

Abundance:
ttii species 
ccmcdinwa the

Charge: £! n ^ Y^ n ~ ^ = °
-ve lon&

Number: *) ^\ + ^l\ 

oil

where X is the atomic abundance for that species, and r. is the
JnL

total number density.

Each term in (U«19) can be written as a function of the 

neutral atom and electron number densities using the Sana equation 

relating adjacent stages of ionisation. There are theu as many 

equations as unknowns and all the number densities can be found. 

These equilibrium equations are not linear however, and their
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solution requires an interative process such as that described by 

Carnahan et^ al^ (1969 p.2iiO). In practice it is easier to assume 

an electron number density and then correct it using the solutions.

The astute reader will realise that the entire model calcula­ 
tion so far assumes a temperature distribution. The raain aim is to 
produce the radiation field at each depth and obtain an improved 
temperature distribution. Knowing n and T it is then easy to add

6

up all the opacities for each wavelength and level:

(4.2.0)

^—*

and thus produce S* , fc^ and solve the equation of transfer for

In cases where convective transport is important it is 
necessary to calculate the convective flux* Unfortunately, 
convection is not well-understood and most workers resort to a

£
crude first-order approximation known as the mixing-lengh theory,

fa>

reviewed by Cox and Guili (1963). Simple calculations (Biermann 
1 9U3 ) show that the convection in the Sun is turbulent, and although 
detailed hydro dynamical calculations of the interacting eddies have 
successfully reproduced the observed polygonal pattern of the 
solar convective granules (Fromm 1966), the incorporation of such 
theory into a general model atmosphere program would be a hope­ 
lessly difficult task.

The mixing length theory assumes that convective elements are 
bubbles of diameter 1 which rise a distance 1 and radiate before
merging into the background. As 1 will vary with depth, the ratio

p total
1A is usually specified, where h = « / £3 is the 'scale-height'.
Typical analyses have used 1/h = 1 or 2, though there is little



evidence for any particular value.

Schwarzschild found that if the tenrperature gradient exceeds 

that corresponding to an adiabatic gas, the region is convectively 

unstable, and bubbles will rise carrying energy to cooler regions. 

In fact radiative losses bring the bubble gradient closer to the 

background gradient. Writing

V =

the convectlve flux is (Mlhalas 1 970 p202 )

(U.21 )

where G is the specific heat at constant pressure, found by

considering the total energy per unit mass at various depths, 

and VCQ^V is the bubble velocity found by considering its 

equation of motion.

The radiative and convective fluxes are combined and compared, at 

each depth, with the value required by the effective temperature. 

There are two criteria to satisfy:

i ) The flux error should be zero :

4- r* r~ i * f" Conv
TTF . fl' (U.22)

ii ) The flux derivative should be zero :

0 0,23,

Gingerich (1 961 ) showed that temperature corrections based on 

(U.23) alone could lead to convergence to unreal situations. In 

fact, for deep layers where the flux originates, (U.22) is more 

sensitive and using temperature corrections derived frora A(l 

it is possible to integrate (U.23) providing corrections for the
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higher layers* There are now several good temperature correction 

procedures available for model programs; in particular Avrett and 

Krook (1963) devised a method which allows a perturbation in both 

T and T thus speeding up convergence considerably. The method has 

been extended to include convection (Kurucz 1970), though this 

slows convergence considerably. Fig* lj.,2 shows the convergence for 

a solar model using an Avrett-Krook scheme. In favourable cases it 

is posvsible to obtain convergence to 1 % in 8 iterations without 

convection, and in 15 iterations with convection, though speed of 

convergence will very from one program; _, to another, and (perhaps 

surprisingly) from one set of parameters to another.

To recap the procedure used in constructing a model, a flow 

diagram of the program ATLAS (Kurucz 1970) is given in Fig. Iu3« 

This programs in fact, uses a fixed mass depth scale rather than 

a Rosseland depth scale. The merits of this and other details v-ill 

be considered in a later section.

^•U I bdgl^j^ ̂ o^pu er es Jferjjigoj^ ,gt ars

An appropriate way of testing a model is to try and reproduce 

and observed flux curve. Such a comparison is quite sensitive to 

the temperature distribution T( T" ) used, and can reveal import­ 

ant information about the opacities. For stars of spectral type 

earlier than F? the models are q\iite realistic (Peytremarm and 

Parsons 1973). As an example, the fluxes of Hayes (1970) for the 

standard star <X livr are reproduced remarkably well by the model of 

Woolf and Ney (1963). For cool stars (cooler than the sun, 

T t 4> ^3-00° K), however, these simple models have to be modified for 

several reasons.

A glance at the spectrum of Arc tums reveals that lower 

temperatures generally induce a more complex line spectrum. The 

absorption lines havo two important effects. Firstly they block



Figure 4.2

Convergence of the Avrett - Krook scheme for a solar nodel



Figure

Flow diagram for ATLAS (Kurucz 1970)
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radiation and affect the flux measured in photometric bands; this 

effect was discussed in the last chapter and can be allowed for 

using a high dispersion spectrum and an accurate continuum reference. 

Prom energy considerations however, the absorption will, for a 

given total flux, mean an increase in the adjacent continuum flux 

corresponding to a rise in the local temperature. This effect 

known as 'backwariaing ' , means that the T( T' ) is changed such that 

for ^^1 there is a rise in temperature, whereas tha boundary 

temperature, T , drops. Thus line-blanketing can seriously affect 

interpretations of the line- spectrum.

To take account of backwarming, it is necessary to include the 

line absorption coefficient 1-^ in the Source function. Mihalas 

(1969) has shown that it is usually safe to assume the lines form 

by LTS absorption and that a non-LTE line-blanketing theory 

(e.g. Kihalas 1970 p.U32) will only change small details. Thus 

in LTE the source function becomes s

<li.2U)

and the problem in a nutshell is to calculate and incorporate

It is possible to calculate 1 9^ in a detailed f ashion using 

an extensive list of lines and their atomic parameters and thus to 

generate a synthetic spectrum (see Bell 1972). This approach has 

been successful for hotter stars -(Norton and Mihalas 1965, Hickock 

and Norton 1963), but to represent the millions of weak lines 

present in a cool star would not only require several hours of 

computer time for each iteration but would also demand accurate line 

data that is just not available at present. It is therefore 

desirable to investigate possible approximations to t^.

The picket fence approximation of Chandrasekhar (1936),
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developed by Munch (19u6), replaces 1^ by blocks or pickets of 

suitable width and spacing. This first order approximation can 

in some instances be worse than no blanketing ai all (Carbon 197U).

A more elaborate approach (originally suggested by ) Vabs ) 

has been developed by Mihalas (196^). Here, 1^ is transformed 

to a smooth distribution function which can be easily represented 

in (U.210- If f 0 ) is the fraction of some interval for which 

1 - =1 + A 1 then definin

and inverting the function to obtain 1 -^ (f ), it is seen that this

function, with end points 1-^0) = ^TMX > ^ "\ (®^ * ^r^«n > 

is well-behaved. Using 1 000^ intervals Strain and Kurucz (SK, 1966) 

incorporated lino-blcsnkoting into a nodcl of Frocycn (T 'v 6500 K)
t*-

by this method i to define 1^ data from 30,000 lines was used. 

Kurucz (197U) has since produced a staggeriug list of 1,660,000 

lines for use v?ith models of solar type stars, and ho proposes to 

extend this list further thereby slowly working his way to later
0

type stars. For T ^ UOOO molecular bands viill be ir.porlsnt and
6

computer storage will indubitably limit his progress.

The above method ignores any depth-depsnclance 1 ^ ( ^). If 

the line spoctrum changes appreciably over an interval At^ < 1 

the distribution functions could bo unrealistic. Calculating 1^ 

at various depths would return to the computing problems associated 

with the synthesis programs.

It is possible to estimate the depth-dependance empirically 

by fitting profiles of suitably chosen lines. Carbon and Gingerich, 

(CG, 1969) usv.d an extended picket fence model and separated the X 

and T" dependences, thus
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The lines were split into wing and core, and both":pickets were 
adjusted to natch the observed blocking. Three spectra were used 
for constructing a grid of blanketed models - Arcturus (IjOOO <[ T 
500C?), the Sim (£000°^ T < 6000") and Procyon (6000° < T ^ 10000°).

Despite the impressive line list used by SK, their fluxes 
for Procyon are in fact poorer with respect to the observations of 
Bahner (1963) than those of CG (see Fig, luli). Peytremann 0 97k) 
has repeated the SK analysis using an edited list of 6000 strong 
lines, this time including convection. His T(^ ) is almost ident­ 
ical to that of CG and confirms, that a detailed line list does not 
necessarily improve upon the empirical approach of CG.

All methods require accurate line statistics and such data 
is badly needed for a whole rauge of spectral types., The solar 
statistics of l-iO.tschlecner and Keller (1970, 1972) are now adequate, 
and Edmonds (1973) is presently collecting data for 10000 lines 
from the Griffin Arcturian atlas. For stars without high dispersion 
spectra however, interpolating these statistics is the only present 
solution (see Natta and Ranieri 1972), and will be a poor approx­ 
imation in the region T ^ UOOO K because of the appearance of 
nany different molecular bands. These contribute to 1-^ in the 
same way as the atomic lines and some models have attempted to 
include their effects, though usually in a primitive fashion e.g. 
Auinan (1967 ? 1969a b). A large number of molecules such as CO, CN, 
contribute significantly in the infra-red end have been reviewed 
by Spinrad and Wing (1969, 1970). In particular Johnson (1973) has 
constructed models that include the molecule CO according to cal­ 
culations by Querci e_b al^ (1 971 ) and finds the boundary temperature 
of a liOOO ° model is reduced by 1000 degrees.

As with bound-bound opacities, so different continuous 
opacities such as C~ may be important for cool stars (see Vardya
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1970 for a review). Many possible cool opacity sources have not 

been investigated and those that have, e.g. Fel (Travis and Matsushima 

1963) contain gross uncertainties "even for astronomers". At short 

wavelengths scattering may replace H~ as the dominant opacity, 

thus Rayleigh scattering by H, IL, He and possibly even C, should 

be included. The fact that all flux curves for cool stars, (including 

the sun), are less than theory predicts for 'A < 1*000 X warrants 

further investigation of cool ultra-violet opacities.

The difficulty of constructing line-blanketed models explicitly 

has led to widespread use of 'scaled atmospheres'. These are 

models for stars of different T but supposedly identical in all
V?

other respects, obtained by scaling T'Ct^ ) as T (new)/T (old);
Q C?

pressures can be recalculated if necessary using this new distri­ 

bution. Various investigators- have attempted to demonstrate that

over large ranges of T scaled blanketed distributions are accurate
-f e 

to within - 10 degrees at most depths (e.g. CQ 1969). The principle

of scaling can be investigated by considering the Rosseland depth. 

From (it. l^), (h.17) and integrating the Plank function

(Vr A - 4rr A f B <L* . 4-n a. ( €L \
1 U Ti <V\ = —— —— I \J -x LV~ •** ~ — - — \^ -- 1

J 3 T

Thus in a purely radiative model

cr IP
^ o ^^floss

+ c)whence

and T( ) should scale as Tg .

Scaling will therefore only be valid on ^\0^ depthscale in 

a model without convection. In fact many workers have used scaled
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solar models for T ^ U000° (Upson II 1973, Gasson 1966). For
G

solar roodels'?Jic>ss '"u1 0̂00 > but at I|QOO° K an appreciable flux in 
the near infra-red makes ^oê ^^ k • This shifting Eos sol and scale 
will lead to a small error over large ranges of T . Changes in

t?

convective equilibrium are also important. Fig. k*5 shows the error 
at various depths found by scaling different models in the CG grid 
(which includes convection) down to lj.000 K. It is remarkable that 
even over small changes in T errors of 1 00 deg are common; this

r»
is contrary to the findings of CG at 6000 K. The importance of 
convection in the region l;000 - ij.500 K iriafces a scaled model 
6000°->UOOO° only slightly worse than one from U$000 -9» U000°. 
Fig. 1*.6 shows a similar graph for models scaled to U50Q s including 
the solar model of Gingerich et_ aJL^ (1971 )• Even here scaled models 
are unlikely to be correct to within 100 deg* at important depths, 
Simile;-5 errors were found in interpolated models, A crude abundance. 
analysis has shown that this error corresponds to 0.03 dex in the 
derived metal- abundance.

Perhaps even more surprising is that a scaled solar blanketed 
model at U330 nay be worse than an unblanketed model. Since

crl £ =/"""„

thon defining a continuum temperature cr

T. i
and so -t = , — (li.29)

Te.
where V is the total line-blocking coefficient. As an illus­
tration ?7 =0.10 for Arcturus hence T - T ^ 100°,c e
which is about the s&'ue as the error introduced by scaling. Thus in 
the case where T( ^ ) is not affected by the lines, the method 
could be used to produce a blanketed model from an unblanketed 
one. For cool stars where **? is large however, bacfcwarming changes 

considerably as Pig. it. 7 shows.
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It has already been shown that convection may be important 

in disrupting scaled models for T = UOOO - 1|>00° K. The opacity 

rises sharply at the H ionisation zone and the temperature gradient 

becomes steep enough for convection. This is increasingly import­ 

ant for later spectral types, and particularly for giants and 

supergiants. Unfortunately 1/h affects T( 7~ ) considerably for the 

deepest regions though the flux carried does not change much. 

Convection is possibly the worst problem in studying of cool stars 

since not only is the mixing length theory inadequate, but 1/h 

is also unknown.

It is of interest to compare the continuum fluxes of various

blanketed models for a standard cases T = UOOO log g = 2.0.e
Fig* U«8 compares the following modelss-

1) Auman (1969*0 1b=atoraic + H20

2) CG (1969) 1b=eT?ipirical atomic (Arcturus), convection

3) Johnson (1973) 1b=atomic (solar) + molecules, convection^

molecules in equation of state. 

U) ATLAS no lb, convection
(1 b=line~blanketing,)

Johnson claims his model at T = 3300 K reproduces the flux curve 

for c< Ori Betelgeuse (Fay and Johnson 1 973) yet his flux curve 

shows several, features absent in other curves here on Fig. Iu8. There 

is a displacement of u-v flux to the near infra-red which suggests 

his blanketing in the u-v may be too strong* The fact that even 

the unblanketed ATLAS curve comes closer to a typical observed 

curve at this temperature (e.g. Arcturus Fig. 3.U) implies Johnson's 

statistics are less realistic than those of Aunan and CG, whose 

curves are similar to that of ATLAS. Johnson included CO in his 

models and.it is interesting to note that in the.far infra-red they 

predict a trough at U-5>-5«£ microns (. -'• shown on Fig. U.3) con­ 

sistent with the remarks made in section 3.U. He agrees (private 

communication 1 97k ) that his models are at present rather unreal-
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is tic, and is attempting to rectify this by adding HO and other 

more exotic molecules. His approach, whilst instructive, has its 

shortcomings at present, possibly because the incorporation of 

the molecular opacities as a straight mean is unrealistic.

The above models were all calculated in LTS. For lower 

temperatures and densities non LIE will ba important and much work 

is needed in this direction, Simon (1971 ) has investigated the 

chromosphere of Arcturus attempting to fit strong line profiles; 

he found a temperature reversal was necessary. Yet Peytremann 

and Avrett (197U) revealed that the Call-K line was fitted better 

by a LTE model. It would appear therefore, that like line-blanket­ 

ing, a non-LTE analysis depends critically on the way it is in­ 

corporated.

A model can be crudely represented by four parameters s

effective temperature (T ), surface gravity (log g), compositione
and opacity, all of which are important though in different ways and

to varying extents. T is the most important parameter as it wille
affect subsequent observational determination of all other para­ 

meters. It can be found by studying the flux curve which, for 

cool stars, is fortunately more or less independent of gravity and 

composition. The opacity includes line-blenketing which can alter 

the flux curve considerably as Fig. l|»8 has already demonstrated. 

It therefore simplifies matters considerably to regard the flux 

curve as a way of distinguishing between models in which line- 

blanketing has been incorporated in different ways, and then one can 

proceed to fix T from a grid of the most realistic models.
G

For Arcturus the models of CG are the most encouraging and 

the determination of T was performed using a grid of their models.
w

For cool stars, the gravity nust come from considerations of the



line spectrum, and it is therefore desirable to consider a grid of 

models with various gravities and a fixed T(t") appropriate to a 

determined T and line-blanketing.
€3

U.5a Effective temperature

Previous determinations of T for Arcturus, given in Tablee
U.I, are of interest in tracing a steady rise in the value as new 

astronomical techniques have developed. The extent of the revision 

may be seen from a comparison of the value of 3310° K for a K2I1I 

star given by Keenan and l-brgan (1951 ) with that of U250° K given 

by Alien (1973). As later studies of Arcturus, using the model 

to be determined here, will investigate the existence of equilibrium 

in the atmosphere, methods for determining T that rely on ionisa-
©

tion arid excitation equilibria must be avoided. The continuous 

opacity in Arc tin us is mainly due to I-T (see later), and as Lambert 

and Pagel (1 963) have satisfactorily shown this is formed in 

equilibriuii, methods involving the use of the continuum flux curve 

are preferable. In Table U«1 the two distinct methods for determin­ 

ing T have been separated.
G

In principle T can be obtained directly from the total flux..
&

Combining (3.3) and (U.2) gives

M ® r~ @ "T 4 ^J TT r - 5L!s- 0 (u.3o)
4

This method has the advantage that no allowance for line-blocking 

is necessary. In addition it does not depend on a model atmosphere. 

Griffin and Griffin (196?) obtained a value of U163° by integrating 

WLllstrop's fluxes alone. A large contribution to the flux will 

come from the near infra-red however, where Willstrop did not 

measure .sroturus. Williams (1970) has included Walker's fluxes and 

the broad band colours to obtain higher values of about U300° (see 

Table U.I for details).



Table 4d

Previous T for Arcturus

Author Method Value

Kuiper(l938)

Griffin2 (1967) 

Williams(1970) 

Williams(1970) 

Williams(1971) 

Simon(l97l)

lladiometric data(Pettit 

& Hicholson 1928)* 

Willstrop's fluxes

Broad "band data

RIK colours

Willstrop plus CG- models

4074

4163

WillstroD c: talker's fluxes 4280

4370

4338

4250

Gasson(l966) T . for Fe relative 0

Conti et al(l967) Forbidden 0 I lines

Warren(l971) Tgx for Ti relative 0

V/arren(l971) T__, for Iv e relative R YirT for .Pe relative ex

4720

4150

4350

4305

I-Iean values: \;arren(197l) 4300 i 50

Linsky & Ayres(l973) 4250 i 250

Notes: Top portion refer to methods using the 

flux curve, generally using -J" of Pease(1921) 

Other methods involve equilibrium assumptions 

"X"pettit E. ,Viicholson S.B. 1928; Ap« J. 68, 279



Although the large infra-red contribution is now known with 

good accuracy from the Russian and Oxford scanner results, the 

great disadvantage of this method is the need for an angular 

diameter, 63 . Previous determinations have used Pease f s value 

which has now been replaced by the speckle interferometric measure­ 

ment of Gezari et al (1 972 ). To demonstrate that T is particularly
~~~ —~— • Q

sensitive to errors in 6 , the calculation has been repeated using 

the comprehensive set of observed fluxes discussed in Chapters 2 and 

3, together with the new 6 . Bie total flux at the Earth from 

Arcturus is

M e P J ' - TTT + 
5.03 ~ 0.03 10 Watts era

and was obtained by integrating the raw fluxes (before deblanket-
•

ing). Gsa.iri claims that 0 =0'-,022 - 0.003; this value should 

be correctee- for limb- darkening* For Arcturus the correction is 

about 10,^ v;hen measured .with an intensity interferometer (Hanbury- 

Brown et^ al^ 1 97U ) • The precise value of the correction is not 

important for this discus sx>nj the main concern is the uncertainty 

in Q (whether corrected or not) and the subsequent error in T .
G

Applying a rough 1 0% correction gives a true diameter of 6 = 

0».02li .£ 0.003. Thus in (U.30):-

I 261° * usiris ® s °"' 022

, using 6 = 0«.02U 

Using Pease's value with a 10$ correction gives T ^ [^200° with an
Q

unspecified error.

Even with the improved diaoioter measurement the uncertainty 

of the total flux method is evidently very great. This is particul&rly 

so if the additional uncertainty introduced by the limb- darkening 

correction is also considered, the minimum error then would be at



least - 300 deg.

Ideally the accuracy to which T t is known should match that 
to which a subsequent abundance analysis is. required. Numerical
experiments show that a $% accuracy in &n abundance analysis demands+• 
Te to ~ 30 de§ arrl wner*ce 0 should be known to 3/5 for this method.
Thus even in the favourable case of Arcturus, a nearby giant. tl'O 
uncertainty introduced by the interferometric method is still an 
order of magnitude too great for a reasonable detern.lnation of T

tx

by the total flux method.

Utilising the relative distribution of the continuum flux 
with wavelength has the advantage of brin? independent of 0 . 
This is an elaboration of the more coir^iionly used, but .less funda­ 
mental 4 method based on colour differences (described for example 
by Williams 19?1a). The continuum fluxes trill be unreliable 
shortward of liSOO X because of inaccurate blanketing corrections, 
but it is possible to compare the region 'X y 5000 A with models 
at different temperatures. The CG model T = ii500°, log g = 3.0

c»

was scaled to various effective temperatures in the rar^e U20Q- 
14.500 K and fluxes wore obtained for each model. Fortunately the 
adopted T is fairly close to U500 and thus large errors in scaling

w

will Jiot affect the concJ.usions. The fliu:es produced by these models 
were shown to be virtually independent of gravity and input abundance, 
in agreement with the findings of Auman (1969a).

Tha sensitiveity of the predicted fl\u>: curve to changes in
T is greatest in the region Uf?00-6£00 1 and drops for shorter e
wavelengths. This is explained by the iiiiportance of neutral 
hydrogen f.s an opacity source in this vravelcngth region. Fig. U/iO 
shows the various opacity contributions at r^CJOO =1 for l;ij.OOOK> and 
Fig. U-11 shows the increased temperature at ^-000 =k has introduced 
a Balmer discontinuity of f.bout 0 'Udex, Tni.s substvartial increase 
in the total opacity at short wavelengths is much greater than the 
corresponding increase at 5000 X (where the opacity is almost
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exclusively due to H even at solar temperatures), and the sensitivity 

to temperature at short wavelengths is therefore less. This is 

fortunate because the line-blanketing corrections for *\ > 5000 A" 

are more reliable and in matching the curves of Plg T k.9 results 

for "X < 1|800 have been ignored. The calculated fluxes included, 
in addition to the standard solar opacities, those due to Ho , H^ , 
and Rayleigh scattering from He atoms. Fig. U.10 shows however 
that over the important region 'X 5000- 2u , H" and Rayleigh scatter­ 
ing from H ato:ns together account for some 99.6% of the total 
opacity. •

The comparison shows that the model at 4500 K reproduces the 
observed shape for A> 6000 1 to within O.OU dex(10/0 though a model 
at ItUOO0 would be better for 5000 < A < 6000 J. mere is however a 
serious disagreement for A < 5000 A which could be partially due to 
inaccurate fluxes and blanketing corrections as well as due to an 
incomplete knowledge of the opacities at. theca wavelengths. Although 
it was concluded earlier that circumstellar reddening is probably 
negligible for Arc turns, the M/'X-law' could make such extinction 
quite sizeable in this region and yet perhaps not heat the grains 
sufficiently to produce a far-infra-red emission.

This poor agreement for *X<5000 K is clearly quite serious 
and would seem to be a general problem for cool star analyses; 
similar discrepancies are noted by Kurucz (197U) for the sun, 
by Morgan (1970) for fcVir, and by Fay and Johnson (1973) for 
Betelgeuse. If the source of error lies with the blanketing correct­ 
ions this would imply the continuum is 20% too low even at U500 A. 
As the first stretch of flat spectrum in the Griffin atlas £s at 5500 X 
it is possible that many thousands of weak features (e.g. molecular 
transitions) could be lowering the effective continuum by this 
amount. If this is the case it would be a serious blow to all 
investigations of cool stars as it would be a formidable problem to 
allow for such effects. A more optimistic solution would b-3 to say
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that the models are simply unrealistic at short wavelengths. Quite 

apart from possibilities of molecular blanketing there may be miss­ 

ing continuous opacities. It would be beneficial to study the same 

method for another star of roughly this effective temperature 

(Betelgeuse is unfortunately not a good choice for reasons described 

earlier). These uncertainties necessitate using only the region 

£000-2 u in fixing T , and from Fig. k.9 a value of

T = 40 - 50 K e

is adopted. The error is due to the qualit:/ of the fit- obtained, 

taking into account the accuracy of the observations.

This value is slightly higher than other values obtained by 

flux comparisons, which give T^U250° (e.g. Williams I971a). They
w

often rely on scaled solar models however, which will not only 

introduce large scaling errors of 150 deg or so (see last section) 

but also assume that backwarming has the same effect on the solar 

T(T) as it does for Arcturus. This is a poor approximation as Fig. 

U.6 has shown.

Perhaps more disturbing however is that the value obtained 

from the shape of the flux curve is a good deal higher than that 

obtained from the total flux, even after allowing for the error 

in 6 . Yet it is quite evident that a model at U25>0° for example, 

would give serious flux inconsistencies at all wavelengths. Further

evidence for the higher T comes from the size of the sub-maximume
at 1.6u. which decreases with increasing temperature because of 

the reduced H~ abundance. Not only is there evidence for such a 

brightening in the observed curve but the bump is within $% of that 

expected at UUOO° K. At 1*253 K the bump would be twice as large 

and quite inconsistent with 'Walker's fluxes. The adopted higher

T couM raeau that the angular diameter used in the iotal flux 
e 

calculation is too high, either because the limb- darkening correc­

tion is much less than 1 3% or because Gezari's error analysis is
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too optimistic; Pease's value may be more accurate after all.'

It is possible to determine T from the stellar monochromatice
flux although this requires both a model and an angular diameter. 

Whereas the total flux is proportional to the fourth power of T ,
G

the monochromatic flux depends on a higher power and thus the error 
introduced by Q can be offset by an increased sensitivity to T % .

t«

It is essential to choose a wavelength where the opacity is well- 

defined, and this restricts the method to XX 5000 - 1 v . The precise 
T obtained in this case will depend on wavelength since one model
"

cannot fit the observed curve even over this limited wavelength 
range. Using Gezari's 0 with the 10# correction gives?

T = U130° - 170° at \5556 I
€*

T = UliOO0 - 130° at \ 1 u
w *

The error (solely due to uncertainties in 6 ) is thus a little less 
than for the total flux method, though still too large for serious 
application of this method. A further error will of course be 

introduced if the model is unrealistic at the chosen wavelength.

For almost every other cool star, the angular diameter is 
known with even less precision, if at all, and. both monocliromatic 
and total flux methods become quite inadequate. Tne only hope is 
to use the relative distribution and the present error of - £0 
could be reduced if more realistic models were available.

The surface gravity, g, affects the equation of hydrostatic 
equilibriuri (U.13) and hence the pressure structure of the atmosphere. 
Thus whereas T(?~) depends on T but hardly on g, the rest of the

G

model requires a precise value for g s The electron pressure is 
particularly important since it determines the degree of ionisation 

needed for abundance analyses.
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The flux curve is pretty well independent of gravity for 

cooler stars. This is a direct corollary of the independence of 

T(-'D') to changes in g, and can be verified experimentally by 

inspecting the fluxes and T(T) of models in the CG grid. Physically

this is explained by the dominance of H~ as an opacity source at
/\ 

these temperatures. Although the actual opacity at any changes

with electron pressure (and hence gravity), the shape of ?Cx j which 

determines the relative flux curve, does not. This is fortunate in 

one respect as it renders the previous determination of T, independ­ 

ent of g, but it also means that features of the flux curve normally; 

used as gravity indicators are not present and resort to the line 

spectrum has to be made. Consider for example the Balmer discontin­ 

uity at *\ 36!|7 A which has been used fairly successfully in 

determining gravities for hotter stars (Underbill 1972). Fig. U.10 

shows that at U>00 K there is no discontinuity, and even if there 

were^the continuum in this region would be difficult to establish.

The di sad vantage of using line features as opposed to continuum 

features for gravity determinations, is that a host of other quantit­ 

ies are immediately needed. For detailed work a model atmosphere 

is required, though once T has been established a grid of models
C

can be constructed. Line profile analyses, however, require abund­ 

ances and atomic constants and depend critically on velocity fields, 

all of which can be uncertain.

The simplest and perhaps most common spectroscopic method 

used for cool stars involves the ionisation equilibrium of Sana's 

equation. "By determining the abundances of elements in different 

stages of ionisation a mean electron pressure can be found, g then 

follows from an approximate theory of Pagel (196U). Dividing the 

elements into hydrogen and metals gives an electron pressure
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where x is the degree of ionisation. Then for H~ opacity alone (ii.13) 

becomes:

and differentially with respect to another star these equations 

give:

where the |_J notation denotes logarithmic ratio.

The method is not always ussd differentially though it then 

requires atoroic oscillator strengths (see Chapter 5) which could 

contain systematic errors for ionised species. A mean electron 

pressure is used despite the fact that p varies rapidly with depth.
w

Such gravities can therefore only be regarded as rough estimates. 

In this thesis the method is not desirable as it assumes LTE for 

ionisation. Although this may be so s the eventual need is for an 

Arcturus model to test such an assumption.

The relationship between spectroscopic g-indicators and 

element abundances is unfortunate since it makes any detailed 

analysis an iterative procedure. Gravity indicators used in narrow- 

band photometry also rely on SOIBQ abundance for their calibration. 

Ideally we require indicators that are independent of abundance and 

velocity fields. Spinrad and Taylor (1969) claim they have such a 

system though this is refuted by Gottlieb and Bell (1969). Narrow- 

band methods are successful only where average abundances are mean­ 

ingful (e.g. in large samples); in an individual study a more exact­ 

ing indicator is sought.

Despite the good quality spectrum there is no reliable gravity 

for Arcturus. Griffin and'Griffin (196?) used Pagel's equation (U-31

with respect to the sun and £Vir and obtained values of 50 and
2 100 cm sec ' respectively. Triey concluded that g x 100, though an
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independent error analysis of their results gives 37 ̂  g < 1 £0.

Upson II (1973) has developed an ingenious indicator for late 

giants and applied it to Arcturus. As these stars show a strong 

gravity effect in the formation of molecules (through the appropriate 

partial pressures), it follows that the observed ratio of OH/0 I line 

strengths can be used to discriminate between models of different 

gravities. The 0/H abundance ratio is required and flpson determined 

this separately. Using a spectrum synthesis program he concludes g 

is "about" 50 and "is not" 125. Unfortunately his models were scaled 

solar ones reproduced at the low T of l|1 00 K. This may mean his
6

gravity interpretations are in error by as much as p-.3dex.
«

As a check on these values it is possible to estimate g from 

the luminosity of Arctums. This is defined as

L

and since .

0/So
a determination of the mass from a mass-luminosity relation gives 

g. R must come from the parallax and angular diameter. Using 

Gezari's diameter gives

d . (45 ± 10) M
J M

and the mass-luminosity relation of Harris et^ al^ (1 963 ) for 

T = U5007 gives M -(2.2 - 1.2 JM ie. 1*5 g < 153

Williams (1 971a) determi.nes L from the parallax and the 

WLlson-Bsppu effect (Wilson and Bappu 1957). This empirical rela­ 

tionship (between L and the core profile of the Call-K line), has 

been shown to be dependent on the metal abundance of the star (Pagel 

and Tomkin 1969), though Heifer (1969) has attempted to salvage a
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relation by including a metal abundance term. Williams uses the 

Iben (1 96? ) mass-L relation to get g = 1 2%, a value specifically 

excluded by Upson II. Williams value is probably only accurate 

to about 0.33 dex however.

A method avoiding equilibrium and abundance assumptions has 

been suggested by Professor KLackwell and R.B. V&llis, and in­ 

volves comparing strong and weak lines originating from the same 

loiter level. For the sun, where g is accurately known, the abund­ 

ance of the level is found using the weaker line and applied to 

the stronger line to give a damping constant consistent with its 

King profile. A similar analysis for Arcturus with the known 

damping constant can distinguish between models of different 

gravities. The method requires a good oscillator strength for the 

weaker line, and the fact that both lines must be clear ard un­ 

blended limits the choice considerably. In investigating wing 

profiles uncertainties in continuum levels and instrumental funct­ 

ions will be important.

It is proposed that this method be applied to a variety of 

late-type stars including Arc turns, though in this research it has 

not been performed for two reasons. Firstly, for reasons given in 

Chapter 7, the level population can only, be determined accurately 

if a weak line is used and at present there are no good oscillator 

strengths for such lines in the Arcturian spectrum, though using 

techniques described in Chapter 6 these values will be shortly 

available. Secondly, all line profile analyses and the majority of 

spectroscopic gravity-indicators are sensitive to the velocity 

field. It is necessary, at first, to assume a gravity and determine 

the field from a preliminary abundance analysis. The non- thermal 

velocity field is conventionally divided into two components; micro- 

turbulence - a small scale field affecting abundance interpretations
H

(discussed in Chapters 7 and 8), and macroturbulence - a large scale 

field which affects only the profile of the line.
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For this preliminary investigation a value of g = f>0 is 

assumed; this corresponds to a mass of ^1.2 MQ . The micro- 

turbulence derived in the abundance analysis can be used to redefine 

g more precisely, if required, using the above method.

li.5> c Results and^discussj-Oii

The previous sections gave T = iih5>0 - 5>0° K and g -^ 50e
for ' Arcturus. It is now relatively straight!' orward to construct a 

model from these parameters. It was hoped, at the inception of 

this research, tha.t a detailed grid of models could be constructed 

using ATLAS with the preliminary line-blanketing statistics of 

Edmonds (1973). This program was made operational on the University 

of London CDC7600 but is not amenable, in its present form, for 

calculating cool nodels.

ATLAS uses a fixed Mass-depth scale, conveniently termed 

RHOX (= /£<xx_ ), rather than a optical depth scale. This cuts 

computer time by about 3 since iteration on the opacities in solving 

for pressure is eliminated. The temperature correction procedure 

is less efficient however. As RHOX ana p are slovsr functions,

with respect to T, than TR and ^ , a small correction AT implies 

a largo At* and a negligible ABHOX. This makes such corrections 

unstable on a RHOX scale and it is perfectly possible for ATLAS 

to clsconverge a flux-constant model.1 The situation is worst for 

cool stars because of the convective flux included in the tempera­ 

ture corrections. Using a patched version the author has obtained 

convergence to within 0.1 # in 30 iterations for T ^liOOO°K, but
t?

this is clearly uneconomical. Other users of this code (e.g. Fay 

and Johnson (1973)* Simon (1971 ) etc.) run older versions of the 

program with a conventional ^5ooo depth-scale. Their models converge 

in about 10 iterations, each iteration takes 3 times as long.' There 

is clearly a need for a faster convergence procedure for cool stars
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By preserving the blanketed. T(f ) from the CG model, tempera­ 

ture corrections are unwanted in this work. A couple of iterations 

with this T(^), and a specified T , g gives the entire Arcturus
6

model. The only free parameters left are composition, opacities 

and turbulence. The composition hardly affects the model at all and 

nominal values of n(He)=0.11n(H) and metals at J solar abundances 

were adopted. Turbulence (consisting of micro plus macro) can 

contribute a significant pressure via.

For p, , ~ 0.1 p. , , this requires v tur^ > 3km sec~ and in

these models turbulence has been ignored. The opacities were 

decided by reference to Fig, lj.10, and convection was included with 

(1/hH consistent with the CG models (once T(^) is fixed this has 

little effect).

The final models are given in Tables k.2 and U-3j the convective 

boundary is marked. The entire models cover only 2.\0^ km which 

is < 2% of the Arcturus radius thereby justifying the plane- 

parallel geometry used. Both models have log g = 1 .? (g = £0.1 ) and 

the effects of uncertainties in this value are depicted in Pigs. 

U.12 and U.13 showing pCO and p (t) for a grid of models at
6

K with 1 .5 4- 1°S g ^ 2.5. Once the micro turbulence has been 

established this gravity-grid could be used to determine a more 

accurate model for Arcturus.



Table 4.2

ARCTUTIUS

TAU5000

1.000E-3
1.585E-3
2.512E-3

3.980E-3
6.3102-3
1.000E-2
1.585E-2
2.512E-2
3.981E-2
6.31 OE- 2
1 .0003-1.
1.585E-1
2.512E-1
3.981L-1
6.310E-1
1 .OOOE+0

1.585E+0
2.512E+0
3.98TE*0
6.310:^-0
1 .OOOE+1
1.585 EH- 1
2.512E-M
3.981E+1
6.310E+1

MODEL

TEMP

3547.4
3561.1
3571.8
3585.5
3604.1
3627.6
3655.9
3690.1
3735.1
3791.8
3o63<2
3958.0
4097.9
4259.2
4515.4
4832.2
5242.8
5761.1
6409.3
7044.9
7474.1
7794.8
8069.6
8319.9
8556.5

TEPP = 4400

PRESSURE

6 0 129E+1
9.893E+1
1.469Ev2
2.091E+2
2.906E-1-2
3.950E+2
5.313E+2
7.054E^-2
9.296E+2
1 .211E+3

I ^~\ l'\ £\ i- ; ' J . ^\

{-•- • \J \J ) J.J 1*" [„)

2.540^4-3
3.203E+3
4.0b1E-f3
5»191S-h3
6.624E+3
7.912^-3
.8.606EH3
8.993^-3
9.251E-:-3
9.499E+3
9.750E+3
1.U03E+4
1.036E+4

LOG G = 1.7

PE

1.321E-3
1.990E-3
2.772E-3
3.738E-3
4.9731^3
6.562E-3
8.649E-3
1o140E~v

1 .'522E-2
2.051E-2

k! . c03E—2

3.906}?;-2
5.622E-id
8.002E-2

1 .217E-1
2.276^-1
6.943E-1
2.906E+0

1.334E+1
4.606E+1
9.4981-J+1
1.555E+2
2.303E+2
3.2262+2
4.363E-:-2

Line narlfs convective boundary. 
Other parameters for this model:

/ LTE / Plerli - 0.11 / metals = 0.33 solar / (l/h)
no turbulence /

/



Table 4.3

ARCTURUS MODEL = 4500 LOG G = 1.7

TAU5000

1.000E-3
1.585E-3
.2.512E-3
3.981E-3
6.310E-3
1.000E-2
1.585E-2
2.512E-2
3.9S1E-2
6.310L-2
1 .OOOE-1
1.5853-1

2.512E-1
3..981E-1
6.310E-1
1 .OGOE+0
1.585E+0
2.5123+0
3.981E+0
6.310E+0
1.000E+1
1.585E+1
2.512E+1
3.931E-M
6.310E+1

TEMP

3628.0
3642.1

3653.5
3667.2
3686.4
3710.0
3739.7
3774.5
3820.1
3878.1
3951.3
4043.0
4191 .6
4356.2
4618.4
4942.1
5362.0
5892.7
6555.0
7205.4
7644.2
7972.8
8253.1
8509.0
8751 .6

PRESSURE

5.922E+1

9.556E-M
1.415E+2
2.G09E+2
2.784E-i-2
3.778E+2
5.075E-H2
6.734E-I-2
8.87-E-1-2
1 .159EH-3 '
1.502E-I-3
1.S31E+3
2.467E-:-3
3.140E+3
4.029E+3
5.^00E-;3
6.573E+3
7.654E+3
8.236E+3
8.553E+3
8.767E+3
8.971E+3
9.181E+3
9.417E+3
9.688E-:-3

PE

1 .422E-3
2.168E-3
3.044E-3
4.129E-3
5.5193-3
7.294E-3
9.6271-3
1.269E-2
1.690E-2
2.267E-2
3.077E-2
4.246E-2
6.025E-2
8.526E-2

1 .345E-1
2.856E-1
9.445E-1
3.935E+0
1.758E+1
5.90SE+1
1.19&E+2
1 .935E+2.
2.833E+2
3.9253+2
5.2523+2

Kotes as for Table 4.2



Figure 4.12

Pressure structure for a gravity grid at 45CO K
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Electron pressure structure for gravity grid at 4500 K
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OF _OSCIIIiArgRSTREKGTHS AND THB OX?0>-D FUU:IACS

£«^ Introduction and . def initions_
Of all the physical quantities required by the astronomer the 

oscillator strength is surely the most abused. In education for 
example, the treatment of the subject is usually restricted to its 
definition and use in procuring abundances; the outstanding difficul­ 
ties in its determination are rarely mentioned. Astronomers therefore 
have a habit of taking the published results at face-value (despite the 
clarity with which large uncertainties are shorm)* or generally the 
attitude seems to be that a large quantity of poor quality results 
when averaged will give the right answer. This approach is dangerous, 
for systematic differences of 0.30de-x in oscillator strengths are 
fairly common, and these lead to abundance differences of the same 
amount. Indeed, it is almost entirely because of changes in the oscillator 
strengths that the solar abundances of iron-group elements have been 
revised by factors of up to 10 during the last decade (Takens 1970). 
The precision for the lighter elements is generally sufficient for 
astrophysical purposes, but despite the recent revision there is 
evidence (Blackwell and Gollins 1 972 ) that there are systematic errors 
still present in some modern results for the iron-group elements.

The purpose of this chapter is therefore to briefly discuss the 
advantages and disadvantages of the various methods for determining 
oscillator strengths. The discussion does not pretend to be exhaustive, 
ana there are several general reviews(e.g. Foster 196U) which are more 
complete. However, although oscillator strengths are useful in many 
branches of physics, tho concern here will be for accurate values for 
abundance work in cool stars. The emphasis will also be for the iron- 
group elements, where a great deal of accurate work still needs doing. 
It is shown later that the only useful lines for such abundance work 
are weak lines originating from low-lying levels; also for cool stars 
like the Sun and Arcturus the blending of lines at short v/avelengths 
limits accurate stellar measurements further. Ihus although general



67

points will be made in the ensuing discussion, the orientation -Jill be 

very much for the purposes of this thesis.

The Oxford furnace is dealt with separately., and the absorption 

method used is explained. Since the last complete description of the 

apparatus (Collins 1970) there have been a few modifications, which are 

described in more detail. In order to define an oscillator strength 

and introduce many relations needed for the discussion, first the 

basic nature of line emission and absorption must be considered.

A spectrum line occurs when an atom changes its energy state. 

For an emission line, the intensity across the profile of the line is 

given by:

= J I dV = r- N A , 1 hV •>ab i • v TTF a A abline

where A , is the transition probability, or Einstein A- coefficient, per 

second for an atom to spontaneously change from state a:=to state b.

N is the number density of atoms in state a, and 1 is the thickness of 
a

the emitting layer. In (5.1 ) it is assumed there is no other form of 

decay fro--i a to b, and that state a is not fed from another state. It 

is thus immediately apparent that the intensity of lines originating 

from state a will depend on A , .
Suppose now that there are many allowed transitions from a to

lower states. The population N will decay according to:a

d t

The solution of (5«2) is a simple exponential function, which leads to 

the definition of tne lifetime T^ of state a as being the interval

over which N drops to 1/e th its starting value. Hence 
a

^ • 1 / 2 Aab <•'>
O

Again repopulation of a, ana induced emission from a, are ignored.

Pbr absorption lines the atbimin a lower energy state b absorbs 

sufficient energy from a radiation field (such as a continuous spectrum)



68

to allow it to JUMP to a higher energy state a; this is therefore not 
analogous with the case of emission lines where spontaneous transitions 
are possible. If the absorbing atoms in state b aro uniformly distrib­ 
uted in length 1, then across an element dl the change in the radiation 
intensity is:

Sb hV d1

where R is the Einstein absorption B~ coefficient and I,, the radia- ba . v
tion intensity.

Using a simple extinction formula of the type
I y - I v (l-O)exp(- KV 1) ($.5)

it is easy to relate the exponential absorption coefficient ?<v to the 
Einstein absorption B-coefficient.

I.1 • »"V/ ** *^line * 

where integration over the line gives the total intensity as in eqn

To introduce the oscillator strength, an equation analogous to 
(5.6) ±3 produced by assuming that the atom behaves like a classical 
oscillating dipole. When such an atom is placed in a radiation field, 
it vibrates with the frequency of the radiation. If this frequency 
lies close to the natural frequency of the atom, the oscillations may 
attain considerable amplitude. In this way it is possible to explain 
the rudiments of line absorption. The derivation is quite lengthy, 
although simply involves solving the equation of motion of the electron 
in an oscillating electric field with the help of Maxwell's equations. 
Foster (19614. p. U73) gives a clear summary, the unexpurgated version 
appears in Wbolley and Stibbs (1953). For this classical approach

^c = J *
line >»c

where e,m,c are the fundamental constants, and N is the number density 
of classical oscillators. Ihus collecting (5.6) and (5.7) and taking
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the ratio gives :
N me 

fba * -1- '

where the ratio N /N, is called f, , the absorption oscillator strength 

for the transition b to a. It is therefore the number of classical 

oscillators corresponding to one atom in quantum state b. The name 

derives from the concept of the atom having different strengths, 

or f -values, at different frequencies, thus explaining selective absorp­ 

tion whilst retaining the simple classical picture.

It is sometimes more, useful to represent absolute line intensit­ 

ies by a parameter S, , the line strength, related to f, Isy

Vba -

where g, is the statistical weight of state b.

£br induced eniss.ion there is a similar argument leading to an 

Einstein B-coefficient for emission, and an emission oscillator strength

f • . It is easily shown that : ab

Bab

ga fab

hence the emission f -value is always negative.

Finally f can be related to the spontaneous transition probability

fba

It is stressed that generally the transfer of radiation must consider 

all 3 forms of transitions to and from state a, and then (f?.f>) is no 

longer valid. In particular (5.3) becomes

ZAab 
a
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where the last tern ̂ suns the transitions by induced absorption fron a

to higher levels c< . The product gf is symmetric and occurs so frequently
in these relations, that it has become customary to quote results as
gf-values in the form log.. Q gf.

It is therefore seen that any absolute abundances based on line 
measurements (line strengths or integrated profiles) require absolute 
f-values. It may be mentioned at this stage that it is generally 
considerably $ore difficult (for a given accuracy) to measure absolute 
values, than it is to measure f-values relative to one another. Relative 

f-values are internally more accurate, and can be placed on an absolute 
scale, either by doing one measurement absolutely, or by referring to a 
uell-established absolute scale. This is in sorae ways convenient because 
absolute methods are usually accurate for a restricted set of lines 
that do not include ones of astronomical interest. It is therefore 
suii'icient merely to measure one of these lines relative to all the 
ones of astronomical interest in order to establish a complete absolute 
scale. The disadvantage, however, is that the accuracy of the final 
abundances contains at least the error in the absolute scale; further­ 
more, comparisons between many relative scales become very complex, 
particularly when there is no clearcut 'best' absolute scale to use.

It has been said earlier that it is possible to avoid using 
f-values by studying abundances of one star relative to a standard 
star, usually the Sun. The final abundances are only as good as those 
for the standard however, and the approximations made when comparing the 
same spectrum lines in both stars introduce further errors. These 
errors can be limited by performing a detailed analysis of star/standard 
using relative f-values however; nevertheless there is a graat need for 

accurate absolute f-values and damping constants, particularly for the 

astronomer, whose fear of doing absolute analyses is hindering our 
knowledge of processes occurring in a wide variety of stars.

5.2 jfethpds for determining oscillator strengths

5.2 a) .Approximate methods

Ifceoretical estimates of f-values can be found by manipulating
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tabular material concerning line strengths (.Alien 1 973., Bites and Damgaard 
19U9) as well as from detailed quantum mechanical calculations. Such 
tables are calculated on the assumptions of LS-coupling, and Coulomb's 
law, and give the radial integrals necessary for converting relative 
line strengths in a multiplet into absolute f -values. Tho nothod is 
fai.rly successful for light elements, but for the iron-group elements 
deviations from LS~coupling occur and intermediate coupling if-ust be 
considered.

Although the relative line strengths can be calculated in such 
coupling, the radial integrals must come from a solution of the appro­ 
priate wave equations. A discussion of the various possible approx­ 
imations at this stage is beyond the scope of this discussion and the 
interested reader is referred to Gars tang (1 955 )j more recent calcula­ 
tions are described by Stewart and Rotenberg (1965)* Naqvi (196U), 
Siddall (1969), and are reviewed by Crossley (19^)*

Despite the collapse of LS-coupling and Coulomb's law for complex 
atoms, attempts have bean made to establish an absolute scale for experi­ 
mental relative f -values by using a sura -role. Insofar as the f -value 
can be regarded as the effective number of electrons per atom at that 
wavelength, it follows that the sum of the absorption f -values for any 
one series is the number of electrons that give rise to the spectrum 
(not necessarily the atomic number), i.e.

This rule is known as the Thoraas-Kuhn-Reiche sumrule, and the descrip­ 
tive argument above has been verified rigorously by Bathe and Salpeter 
(1957). It is only strictly applicable where LS-coupling holds, and 
thus its use in complex systems is questionable (see Prokof fev 1 969, 
for discussion).

5.2 b) gniissionjriethods

These methods rely on the relationship between the emitted intensity 
and the f- value, which is derived by solving the equation of transfer 
for the gas. A rigorous derivation of 5.1 is now given; this introduces 
other equations of importance as well as clarifying the assumptions
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involved.
Jbr a change of intensity dl(x) from an element of gas at x, 

thickness dx, per unit area and solid angle :

J Aab hv na + Kx)

This is completely general and includes all forms of radiative transitions 
between levels a and b. If the plasma is in LTE then N and Jfc can 
be related using Boltznan's equation.

N: = M cu exp- (5.16)b

Where T(x) is the local equilibrium temperature at x.

Substituting ($.16) in (5.15) and using (5.8), (5.10) ana (5.12) 

gives a transfer equation:

= A(x) - l(x)B(x) (5.17)
dx

where
(x)

*)-1 |hv e/h.T(*)-1 (5.13)
a 2hV 3 L

This can be solved if N and T are independent of x:a

1(1) = - (1-e"331 ) = 0-e-^) (5.19)

where ^ is the optical depth. Inoptically tliln conditions where 

this reduces to (5.1 )

1(1) = f - Tit ANhV- (5.20)

(5.20) is thus the basis of the emission methods. Although intensities 
can be measured fairly accurately, the assumptions are often not valid 

in practice and this has led to results of poor quality.

The source for the emitted radiation is normally an electric arc
•

or a luminous shock tube. The arcs are of two basic types, those that
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are stabilised by some means and those that burn freely in air.

The general procedure with arcs is to measure, photographically 

or electronically, the intensities of many emission lines in the arc 

spectrum. The element under investigation can either be introduced into 

a Moped' arc with Cu electrodes, or can itself form the electrodes 

for the discharge. In both cases the relative intensity scale is given 

by using eqns.(5.12) and (5.16) in (5.20):

Vab expM^S'*! ,,* N 
TVb' rl kT j (5.21)

thus requiring a fmean r temperature for the arc. It is the determina­ 

tion of this mean temperature that has aroused much controversy, yet 

has also prompted considerabla improvements in the emission technique.

With the free-burning arc of Alien and Asar.d (195?) elements were 

introduced in known concentrations between Cu electrodes. For an 

optically thin layer, (5.20), (5.12) and (5.16) give

j^ \ Z_L' 7 / A

where M is the total number density in all states, and Z(T) is the atomic 

partition function. Taking logs gives:

log(XLXaJ> ) C- (|p (5.23) 
t 9af<Lb )

and a plot of the left-hand-side of (5.23) against E for lines of

known relative f-values gave a mean temperature for their arc. A 

comparison of the resulting f-values in (5.21 ) with known abso3.ute 

values gave an absolute scale for the results of Alien and Asaad.

The mammoth investigation of Corliss and Bozman (1 962), 

involving some 25000 lines from 70 elements was carried out in a similar 

fashion. To allow for temperature variations in the arc, the constant 

C in (5.23) was allowed to be a function of E . A lengthy discussion of 

the derived arc temperature, its likely errors, and the various form 

of C(E ) is given by Takens (1970). He shows that corrections of as
cL

much as x100(2 dex) are sometimes necessary, though generally the 

absolute scale is accurate to about 0.30dex. The sheer volume of data
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produced by Corliss and Ebzman should not inspire statistical confidence, 

particularly as there is evidence (folnik & Berthel 1973) that there 

are systematic errors; unfortunately for lack of alternative data, 

these values have been used extensively for detailed work in astrophysics.

To reduce instabilities of temperature and density during the 

observations arcs have been stabilised in various ways, and it is possible 

to operate such arcs under carefully controlled conditions. They usually 

consist of a rotating tube observed end-on to reduce self-absorption, 

and by observing the intensity variation of, say, some hydrogen lines, 

a temperature and density can be assigned to each distance from the 

axis. The relative intensities derived using these distributions can 

be made absolute by reference to another method. Using such vortex 

arcs far higher temperatures (~ 15>000 K) can be reached than for the 

free-burning arc (^ 5000 K) and consequently lines of higher excita­ 

tion can be studied.

The stabilised arcs are a considerable improvement on the free- 

burning arc, and the results of Garz and Kock (1969) for iron-group 

elements for example, are claimed to O.IOdex on an absolute scale. 

However, temperature errors are still possible, ana systematic errors 

in the work' of Garz and Kock have been reported by several investigators 

(see ELackweli and Collins 1972). To determine absolute f-values 

directly, a.knowledge of the number of emitting atoms is required and 

although various attempts have been made (Tatum 196lu), the results show 

the method to be unsultable for absolute values.

The other main source of emission is the shock tube, described by 

Laporte and Wilkerson (1960). This method has also been used occasion­ 

ally in absorption. A discharge sends a shock wave along the tube and 

this excites the specimen vapour long enough for thermal equilibrium to 

be set up. The temperatures and densities can be calculated from the 

known composition of the gas and the shock wave hydrodynamics. The 

shock condition lasts for less than 10" sees thus rapid electronic 

recording is essential. The method has been studied by Grasdalen et al 

(1968) and they claim 0.06dex for their relative values of Pel and II. 

There is a great deal of controversy concerning the reduction procedure
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however, particularly with regard to tho hydrod/mmics. The lin-2 

broadening mechanisms ore also uncertain, though large damping wings 

are seen and these present observational problems. Wolnik and Brrthel 

(1973) found that adsorption of certain eler.isnts on tho ohock tube walls 

could alter experiments}, valuer by as much a^ 1 clox. By flushing the 

tube prior to firing, a reduced error of 0.08dex is claimed for their 

Ti I and Tl II absolute f-values.

A serious drawback with all omission measurements is that the 

central Intensity of tho lino ccai be absorbed by the cooler regions. 

This effect, teiiaed 'self-reversal' is particularly important for ground 

state lines observed in arcs. The main advantage of the methods, is the 

relative ease with which such a wealth of data can ba obtained. Further­ 

more the i"3 a frictions are f&w and as trophy sic ally important lines c.ra 

be readily observed^ but the cciiplex nature of the sources often leads 

to errors in temperature, and deviations from LTS are possible, thus 

systematic errors in the f-values are likely.

£.2 c) ^^£j^^^2^^S!°^

These Methods study the ijiflm-nce of the gas on a continuous 

spectrum* If the gas is cooler than the source an absorption spectinim 

is formed. Absorption regions such as furnaces can be extended and 

thus it is much easier to study thermal equilibrium and line-form.?.tion 

than in tho confined lotions of arcs.

In the simplest absorption method, first attempted by King si:."i 

King (1935, 1933), the element under investigation is placed in an 

electrically heated furnace* At temperatures of about 2000 K sufficient 

vapour is present for detailed measurement of the absorption spectrum. 

In absorption work where there is a clear continuum reference, it is 

convenient to express the absorbed energy as an equivalent width W^. 

This is simply the width of n line of infinite photographic density which 

removes the same amount of energy from the spectrum, i.e, over the line 

profile,
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The gener-al solution of the transfer equation (5.17) for M .ind T

indepei

1 970):
independent of x with a boundary condition I =» I at x = 0 is (Collinsc

I(x) -A - (A - I )e~ Bx (5.2Ub) 
B B C

absorption

Thus use of exponential is justified since from (5.13) even at/\ 10
T-30QO K, 'X = 5000 A, A/B -^ 10 and the stimulated emission factor 

e~hV' kT(from B, ) is only 10" ^. Viz.
Del

where B - -^ HjjB^h V = j?<v dV (fron 5.6)
tine 

ana thus in an optically thin plasma for any point on the line profile,

^v (= "K-v*- ) « 1 ana

I v = Ic^~ V ~ I C 0 -7<V O (5.25a) 

uhere t is the absorbing path length, and from (5-7) and (5.3)
. ire2- H , -f .~ —— '^blbcL

me 
o

thus w , f%< v edLv =- I!:V N b fb i (5.25b)
v J me ^

hence i me/

(5.26)

where Boltziaan's equation has been used to give the total number N 

over all levels.
Thus in an optically thin gas W^ is proportional to Nlf for a 

given temperature T* The precise relationship between W^ and Nif for

as the line strengthens is known as the curve of growth (after 

van der Held 1931 ). Fbr lines with dl/I ^ 10$ the curve departs from 

linearity and this must be corrected for by considering the precise 

form of the curve of growth.
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Considering the rudinentary nature of the apparatus an! photonuAry 

used by King and King, their relative f -values for Ti and ?e are 

remarkably useful, and have formed the basic Material for several other 

scales (Prokof 'ev 196?). The method is particularly suited to relative 

values of weak lines originating from low-lying levels. These are 

also lines of astrophysical interest, and the iron-group elements are 

at present under study at Oxford using an improved absorption furnace, 

Although the procedure adopted at Oxford is basically that above, 

several major modifications make it desirable to discuss this nethod 

separately in the next section.

Attempts to measure absolute f-values by this method (Estabrook 

1 95>1 ) require a value for N , which is usually taken from the- vapour 

pressure corresponding to the measured temperature. As the pressure 

must be low to avoid broadening, it usually means that the temperature 

of the gas is near to its melting point where vapour pressure data is 

imprecise.
Accurate absolute f-values have been measured by the atomic beam 

method first described by Kopferman & Vessel (1 93'1 ). The principle of 

the method is as follows : The specimen is placed in a crucible with a 

small orifice at the top, which is then placed in an absorption furnace. 

The atomic beam emanating from the orifice absorbs continuous radiation 

passing through the furnace, and the spectrum is analysed as before. 

For weak absorption W~ gives MLf , and N can, in this method, be determined
A

directly by measuring the increase in weight of a collecting pan (enclosed 

in the furnace), on which the atoms condense. The temperature, 

measured with a pyrometer as for the furnace method, is used to give the 

velocity distribution in the beam, and hence the absorbing length 1 . 

The observations of Bell et^ al^ (1 953 ) on the iron resonance lines show very 

good agreement with other absolute measurements and they claim an 

accuracy of O.Olidex. The method is difficult to perform accurately, 

and in order to avoid multiple collisions in the beam the density of gas 

must be kept low, which results in very weak absorption (generally

8 m£) and so only the strong resonance lines have been measured./Y
A

Although these are not usually of astrophysical interest the method has
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the advantage that the number- density N can be cbteniined with relative 

certainty and it has proved useful for establishing absolute scales.

The technique has been recently improved (Bell and Tubbs 1970) 

by using a chopped atomic beam giving a signal independent of continuum 

fluctuations. The absorption is still necessarily weak, and significant 

errors could arise in the instrumental profile of the spectrograph 

used.

An ingenious method avoiding photometric errors was devised by 

Rozhdestvenskii (1 91 2 ) and is particularly in favour with other fellow 

comrades. With this method extensive relative measurements have been 

accumulated, and a few absolute measurements have been made.

The method relies on the property of anomalous dispersion of 

radiation. In section 5.1 the classical oscillator was used to give 

the line absorption coefficient. The velocity of the radiation in the 

medium is given by o/\J£ where £. is the dielectric constant, in general 

a complex number of the form.

-IK (i a ) (5,27)

where X is the absorption coefficient and U 9 the refractive index* 

Equation (5.7) was obtained by solving the equation 01 motion 

for the oscillator and taking the imaginary part. The corresponding 

real part gives U in terms of N the number of classical oscillators, 

and hence relates U and f. This relation is (Vfoolley and StibbS 1953)

b 2±«- b4. (5.23)

Thus in the region 'X^ Afe<t a plot of ( p^ -1 ) against A. shows a 

pattern similar 'to the cross-section of a breaking sea-wave. A study 

of this pattern gives f ̂ .
The apparatus is essentially a Jamin-Mach interferometer, one arm 

of which is a King furnace. The fringes observed depend on the optical 

path difference and hence the refractive index. To make the pattern 

clearer, a thick plate is normally introduced into the compensating 

aria thereby producing a retardation which tilts the fringes to form
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'hooks T on either sido of tiis spectru.i line. The scpavaticn of the.t:-;o

hooks is related to f, byba

4 ibdL
1 A2" 

- 3

where K^ is the constant of the apparatus and 1 is th3 length of the 

interferometer arm. It is usually assumed that the hooks are isolated 

fron the hooks of other lines. For complex spectra this is a severe 

limitation since A is usually about 2-3 'K, and although it is possible 

to allow for superimposition of hooks (Ostrovsky and Penkin 1 95? ) the accuracy 

of the results is then reduced.

The hook method is capable of giving very accurate relative 

f -values. There are no photometric errors and the accuracy is limited 

only by the measurement of A and a knowledge of K\ . The Russian 

authors usually claim less than 0.01dex(2$) for their relative values.

In order to allow simultaneous photographic ineasureEients of hooks

surrounding many lines the spectrographic dispersion has been kept
A S 

relatively low, and so for & of reasonable magnitude only the

resonance linos with large i,lf values have been observed, Again there­ 

fore, astrophysical lines have not beon measured.

It is possible to use the hook method to determine absolute f-values, 

by simultaneously measuring the equivalent width W-^ • (Ostrovsky and 

Penkin 1957). 
For a strong line ^ »A

where I is the damping constant, which is the reciprocal p.ean life­ 

time for a resonance level (Foster 1 96k). Thus combining (5.29), 

(5.30) and (5.3) gives

4 - R 9s 2L /
A

where R is a conglomeration of fundamental constants.

(5.31 ) thereby enables f^ ̂  be found without needing ^ or T.

It is an extremely difficult procedure in practice, requiring the use of 

two spectrometers, and photometric errors are naturally introduced in
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measuring W-A. To produce a measurable ssparation A , Nlf nuirb be 
large, yet 11 must be small enough for collision dariping to be neglig­ 

ible j in practice this means 1 must be very large.

The absorption methods all offer a reasonable means for determin­ 
ing relative f- values. Temperature control is far greater than for the 
arc methods. Both the atomic beam and the hook methods can give 
reasonable absolute values, but are restricted at present to resonance 
lines which are too strong for direct use in astrophysical investiga­ 
tions of cool stars. There is incidentally no reason why the hook 
method could not be adapted for weaker lines by increasing the disper­ 
sion.

£•2. d) Lifetime methods^

By measuring the lifetime of levels it is possible to produce an 
absolute scale for existing relative oscillator strengths. This method 
has the advantage that no knowledge of the temperature or density is re 
quired. The principle is to excite the upper level a in some way,
and observe the subsequent decay in the population N (t).a
3y definition f /o-

Njt) , M t(oH ' * (5 . 32)

and for spontaneous decays from level a to lower 3.evel b it follows from 

6.3) and (5. 12) that

where it has been assumed there is no repopulation of level a. Generally
-3 

^ is of the order of 1 0~ sees so direct measurements have been limited
in the past by the speed at which recordings can be made.

The simplest method for measuring ^f consists of exciting the 
atoms by electron bombardment, removing the electron current in a time 
much shorter than t , and observing the decay in intensity of a trans­ 
ition from the level with a fast oscilloscope. Holzberlein (196U) 
has used this technique for levels in helium. To achieve sufficient 
intensity however, electron energies greater than the excited energy of 

the level are necessary, and thus cascading from higher levels can
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occur. This can be allowed for, but the uncertainly is then much 
greater.

A similar though more accurate technique is that of 'delayed 
coincidence', which has been tddely employed for many elements (Fennett, 
1961 ). To illustrate the method the apparatus of Heron et^ al (1956)
is described.

-3 The electron gun, used for excitation, is pulsed for 2.10 sees
duration at a frequency of 1 Ok Hz and the light emitted by the decaying 
atom is detected by a photomultiplier. The arrival of a photon produces 
a negative voltage at the cathode and this is applied, together with the 
delayed pulse of the gun, to a coincidence circuit. Tty varying the 
gun pulse delay a graph of log coincidence rate against delay time is 
drawn, and the slope givesT". The method claims an accuracy of $%, 
though higher accuracy is now possible with recent advances in pulsed 
electronic circuitry (Corney 1970).

The time dependant docay of atoms can be converted into a spatial 
decay of intensity by exciting a moving beam. Such methods were origin­ 

ally limited to levels with long lifetimes so that a sufficiently long 
beam would result. However the discovery by Eashkin (196U) that ions in
the besLTi of a Van der Graaff accelerator, travelling at velocities of

9 -»1around 10 crn sec . were strongly excited by passing through a thin
carbon foil, has made this tha principle of the 'bean-foil' method for 
determining *£* . It has produced accurate lifetimes for many highly ionised 
atoms, though in practice there are several difficulties. In particular 
the unselective nature of the excitation leads to cascade problems, and 
the data must then ba analysed as the sum of several exponential decay 
curves. Usually the line intensities are weak and thus require 
integration over a long period. This means that the beam must be very

stable.
The technique is also applicable for neutral atoms. A gas target 

replaces the foil and is bombarded with ions such as H and the sub­ 
sequent decay in intensity from the target atoms is studied. However 
uncertainties arise because the energy of the emitted foil atoms and 
their anrular distribution is unknown. It is better to use a conventional
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foil and use the fact that a significant portion of the beam contains 
neutral atoms, particularly if low particle energies are used. This 

method has been used for iron group elements such as Ti I and Fe I 

(Wlialing ejb al^ 1969, Andersen et al 1973), but is restricted by its 

nature to fairly strong lines. The developments in this rapidly expand­ 

ing field are summarised by the proceedings of three international 

conferences (Bashkin 196$, Martinson 1970, Bashkin 197U).

The 'phase-shift' technique is much older (Mitchell and Zemansky 
1961 ) ana uses the fact that the response of the population of a leval 
to a periodic excitation process is shifted in phase with respect to 
the excitation. The phase lag is determined by the lifetime t~ and 
the frequency of the excitation process, which is normally several times 
greater than T* .

If I (t) is the intensity of the exciting resonance radiation, and 
I (t) that of the scattered radiation, then for optically thin conditions

/
/

C.3U)o
where C is a constant depending on the number of absorbing atoms, their 

f-values etc.
If I (t) is modulated according to• - wt

then integration of (5 -3k) gives

where tan 6 = WC" . Thus measurement of the lag in phase, 0 at a 

given LO yields t .
The use of modulated light for excitation has been described by 

Ziock (195>7) and reviewed by Jones (19614). Ziock used a Kerr cell 
operating at 1 MHz for measuring lifetimes in Fe I to 1 0$, whereas 
Demtroder (1 9b'd ) has used the uif fraction of light in a standing ultra­ 
sonic wave to modulate light at 13 MHz thereby achieving an accuracy of 
1-5>$. In this form tne method is possibly the most accurate available, 

though is restricted in application to the few levels with strong
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electric dipole transitions to the ground state. The optical modulators 

limit the wavelength range to 2000-5000 1. Lawrence (1963') has developed 

a modulated electron beam however, which extends the application of the 

phase-shift technique considerably.

Nearly all the methods described above suffer fro:i problems of 

cascading. The corrections applied require observations of all the 

transitions in the cascade; this can only be done for a few atons.

The measurement of the Lorenz width for a series of spectrum line 

profiles will allow a determination of the natural or radiation damping 

constant \ , and hence the lifetime /2~. For a line a-b

(5-36)

Normally the line profiles are dominated by thermal Doppler broadening, 

although this can be reduced or corrected for. A technique of high 

resolution spectroscopy has been used by Kuhn and Vaughan (1963) to 

study emission line profiles and lifetimes for inert gases. The Doppler 

effect can be substantially reduced by inducing the signals with a radio 

frequency (rf ) magnetic field. These methods known as 'resonance 

fluorescence' methods are carried out at low densities to limit pressure 

broadening effects. Of particular interest in this field is the results 

of optical double resonance technique which has been used by Hese (1 972 ) 

to measure lifetimes for levels of direct astrophysical interest.

This method, first applied by Brossel and Bitter (1952) is capable 

of very accurate lifetimes for resonance levels. Polarised light is 

applied to atoms in a resonance cell such that the R-vector of the 

radiation is parallel to the constant magnetic field H in the cell. The 

radiation stimulates only .Am, = 0 electric dipole transitions which decay
d

emitting TT -polarised ligiit. If the atoms are subjected to a strong 

rf field Q - , perpendicular to H, then magnetic resonance can occur.
***"*' I

When the Larmor frequency VL , of the excited atoms in H approaches 

the angular frequency of the rf field H, 1 , atoms are transferred to

m = - 1 states by stimulated magnetic dipole transitions. Decays from
J . 

m = - 1 levels are thus <J~-polarised. The photomultiplier is arranged
J
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to detect only TT-polarised light so at resonance the intensity recorded 
decreases. A curve of signal versus H shows two peaks surrounding the

resonance value. The shape of the curve for various H „ gives the-"I
lifetime directly. The full analysis is given by Corney (1970).

The selective nature of the optical excitation used in resonance 
fluorescence experiments makes these methods extremely accurate for 

there are no cascading troubles. For short lifetimes however, Impract­ 

icably large rf fields are necessary to produce resonance, /n accuracy 

of 3-5>/£ is claimed for resonance linesj for nonresonance lines 10;> is 
possible.

Thus combined with good relative f-values from absorption or 

emission methods, accurate lifetimes are invaluable for determining the
•

absolute scale. .Although most emphasis at present seems to be with the 

beam-foil methods, the species investigated by this method are genera3.1y 

too highly ionised for direct relevance in studies of cool stars. The 
cascading difficulties also limit the accuracy of these experiments, 
(though several values for neutral iron-group elements are claimed to 
$% even after cascade corrections). Resonance fluorescence is a particu­ 
larly attractive technique though has not been used very much. Never­ 
theless the work of Hese for example, is perhaps as exciting for astrophys- 

as the discovery of Bashkin was for the beam-foil spectroscopists.

The method adopted at Oxford is still essentially that used by 

King and King, and has already been described in section 5.2 b. Many 

of the King's assumptions have since been shown to be unjustified. This 

was mainly because of the limitations of their apparatus and experi­ 

mental technique and it does not reflect any general disadvantages for 

the absorption method, By using an improved furnace and a more refined 

technique it is now possible to measure relative oscillator strengths 

at Oxford to a precision of at least 2% (KLackwell et al 1974a), whilst 

also quantitatively justifying the assumptions necessary.

Itefore describing the instrument in detail, it is desirable to 

briefly mention the technique used at Oxford, thus placing each part of
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the apparatus in a broader context. Tho element uader investigation is 
vapourised in a heated carbon tube. Continuous radiation fron a high 
pressure xenon arc is passed through tha tube, and observed with two 
identical low-noise spectrometers, one for each of two lines to be 
measured. Ity scanning across the two line profiles simultaneously, the 
equivalent widths are found. The curve of growth iu then used together 
with equation (£.26) to give the ratio of the gf-valuos for those lines. 
In this way many such comparisons can be used to build a scala of rela­ 
tive oscillator strengths.

5.3 a) Description of furnace

The history of the Oxford furnace has been well-documented. The 
original design described by Peach (1966, 1969) was replaced by a refined 
version described by Collins et_ al. (1970). It is the latter design that 
is now under discussion, and a more copious description has been given 
by Collins (1970).

Pig. 5»1 shows a simplified view of the apparatus. The element to 
be studied is placed on a carbon tray (1 ) inside the cylindrical carbon 
heater tubs (2). This tube is 122cm long with an internal diameter of 
5cm, and is approximately threo times longer than the original graphite 
tuba used by King* This provides a more uniform temperature distribu­ 
tion along the column of absorbing vapour, and thus the absorption t<*ces 
place in a well-defined region. The increased length also gives greater 
absorption and thus weaker lines can be examined. The carbon tube is 
installed in a steel cylindrical vacuum chamber (3) to avoid possible 
oxidising reactionsat higher temperatures.

The tube is heated by current passing through two copper busbars 
(5 & 6) which are connected to the tube via two sets of carbon blocks (7). 
These complete the electrical circuit by carrying the current through a 
compression joint. Power is provided by a transformer capable of an out­ 
put 01' 1*2.57 and 5000 amperes.

Cooling the apparatus effectively raises the temperature at which 
the furnace may be safely used. Both busbars are internally water-cooled 
(3) and the vacuum chamber is surrounded by a jacket (l|) through which water 
flows continuously. In the apparatus described by Collins the furnace
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was cooled by the mains water supply, and this limited operation to 

temperatures below 2500 K« An improved cooling system has now been 

installed, in which water is pumped in a closed circuit via an air cool­ 

ing tower outside the department. This allows safe operation to at least 

3000 K. In the event of a pump failure, cooling is transferred to the 

mains water supply.

The vacuum chamber is closed at two ends by quartz windows (9 & 10) 

through which the continuous radiation from a high pressure xenon arc (11) 

is directed. The windows are 150 en and 70 cm from the ends of the 

heater tube (2) thus minimising any deposit on the windows. This is 

particularly important for the more distant window (9), through which 

accurate temperature measurements ars wade with a disappearing filament 

pyrometer (12). In practice such deposits have been found to be insignif­ 

icant even over 100 hours of normal operation.

The temperature at various points along the tube can be measured 

by sighting the pyrometer (12) onto carbon blocks mounted along the 

tray (1 ). An accurate temperature distribution is essential when 

excited lines are being investigated, for the line profile is calculated 

according to the vapour pressure anil Boltzmori factor, exp(- K / kT), 

along the entire tube. 'This pyrometer has been calibrated by the 
National Physical Laboratory and is accurate to between - 7-10 deg K 

for temperatures below 2600°K. These measurements necessitate blanking 

off the arc light with a mechanical shutter (13). A continuous, though 

less accurate, record of temperature is obtained with a photoelectric 

pyrometer (1)4) which monitors the central wall temperature for the tube 

through an auxiliary quartz window (15).
This accurate temperature distribution is possibly one of the nost 

important modifications to the technique used by the Kings, who simply 

measured the central wall temperature at glancing incidence. The 

uniformity of the distribution is increased further by two extensive 

carbon heat shields (16) surrounding the heater tube. Other heat shields 

are situated by the carbon end blocks (18), and at the entrance to the 

'top-hat' (17). Gollins et aj^ showed the temperature is constant to 

within the error of measurement over a length of 50 cm (approximately
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0$ of the tube length). Even 1p en from the ends of the tube the 

temperature is still <£>% of that at the centre.

The furnace is normally filled with inert gas at a pressure 

sufficient to keep the absorbing vapour in the heated tube (Peach 1969). 

Pressures of 10 to 70 torr are sufficient for all but the very weakest 

lines, and ensure that collisional excitation maintains therri'jil equil­ 

ibrium. Extremely low pressures ( ^ 0.1 torr) could result in undesir­ 

able non-equilibrium effects (Blackwell & Collins 1972 ), whilst pressures 

above 2-300 torr produce damping wings, (particularly for linsa of high 

excitation potential), which affect equivalent width measurements and 

curve of growth interpretations. These and other uncertainties are 

discussed under the reduction procedure in section 5.3c.

5.3 b) Optics ana spoctrophotometry

The continuous radiation from the 900 Watt xenon arc is rendered 

parallel by an off-axis paraboloid. This mirror ensures that the beam 

passing through the furnace is collimated at all wavelengths. The 

emerging light is directed to a half-silvered beam splitter where it is 

equally divided between two identical spectrometers. Such an arrange­ 

ment is necessary for studying detailed line profiles ox two lines of 

different wavelengths because the range of each spectrometer for a given 

grating position is only about 5> A.

Aa important conclusion in section 5>.2 was that, together with 

errors in temperatures, photometric problems havo presented the great­ 

est uncertainty in the determination of accurate oscillator strengths. 

Accurate photometry is essential in many branches of astronomy, and 

considerable progress has been made in reducing such errors in stellar 

and solar spectroscopy as well as for more general observations of 

distant objects. In spectroscopy accurate photometry particularly 

demands both a high quality diffraction grating and a low-noise detec­ 

tion system.
Observations made by several workers show that there are wave­ 

length dependent errors in the Fe I f-values of King and this strongly 

suggests that the quality of the grating used in this early work was



poor. To remain on a region of the curvo of gro;rbh where corrections 

for non-linearity are small one must uso narrow lines, A poor grating 

instrumental profile with extended vrings would chango the cf.fectl.vo 

continuum position and thus reduce the measured equivalent width. 

Griffin (1969a,b,c) has discussed this effect quantitatively and suggest­ 

ed that the useS of single-pass spectrometers aro thus severely limited. 

However Blackwell et_ al^ (1971 ) have in turn demonstrated that the 

considerable effort in improving grating performances over the last 

20 years has resulted in modern echelles of excellent quality and that 

Griffin's remarks are relevant only to the older Babcock gratings. They 

studied tho instrumental profile of one of the Oxford gratings using a 

helium-neon laser technique similar to that employed successfully by 

Gurtovenko and Fedorenko (1969). The resulting profile shows a reiaru-kably 

symmetrical core with a width at half intensity of only 10.9 ra2« The 

width at 1 % peak intensity is U3 mA and there are no conspicuous features 

or 'ghosts' to intensities much less than 1 % even using the full grating 

aperture. These measurements thus satisfy the first requirement of 

accurate photometry.
The second requirement is a low-noise detection system. King used 

photographic plates, which would give a typical noise level of 1-2;* 
on the mxcrophotorn.eter tracings, For lines of 2%% depth this amounts to 

an error of 3$ in the equivalent width W^. Itien the line is not on the 

linear portion of the curve of growth, a small change in W -^ could lead 

to an increased error in the derived gf-value and so this effect could 

be quite serious for strong lines,
A low noise level is also essential, in comparing two lines of 

different strengths. The stronger line must be limited to avoid sn 

undesirably large curve of growth correction so the capability of the 

entire system, i.e. the negotiable ratio W^ : W-^ . depends on the 

smallest equivalent width that can be accurately measured. The initial 

investigations of the present low-noise spectrometers were carried out by 

Peach (1966) who demonstrated that noise levels of 0.1^ are quite 

feasible, and this corresponds to an error of only 1 % in an equivalent 

width of 1 .5
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The main factor in the improved detection ci.yste.Ti described by 
Blackwell et^ al^ (196?) is the use of a photomultiplier of high quantum 
efficiency; this introduces an insignificant noise in comparison with 
the intense arc radiation. Other sources of noise such as continuun 
fluctuations are eliminated by chopping alternately between the continuun 
and line signals at a frequency greater than that of the fluctuations. 
The difference between the two signals is proportional to the line 
absorption even when the photomultiplier gain is controlled in such a 
way as to keep the noan d.c. output constant.

The photoelectric noise can be further reduced by increasing the 
integration time, though this is eventually limited by the response of 
the electronics to fluctuations in the increased signal.

The discussion of the optics will now be completed. Both spectro­ 
meters are preceded by prism monochromators which isolate the required 
orders. One entrance slit serves both monochromators and is followed by 
the bean splitter. The prisms are rotatable and their positions set 
and calibrated using a digital voltmeter. The monochromator entrance 
slit is normally reduced to 2rui width to limit the effects of scattered 
light. Too narrow a slit results in a curved continuum which would 
lead to difficulties in interpreting and measuring equivalent widths, 
and by setting tha entrance slits of the spectrometers to 15.0 microns or 
so, the transfer function of the monochromators becomes rectangular to 
a good approximation.

The spectrometers are mounted above each other and housed in a closed 
light-tight tunnel to reduce possible air turbulence effects. Both 
gratingn are Bausch and Lomb replica biased echelles recently ruled 
from the same master. They have a focal length of 9.6 metres, are 
ruled at 300 lines mm"* and give a dispersion of 5 ram/A at 5100 A 

in 10th order.
Each spectrometer has three exit slitsj the outer reference slits 

are fixed i|0 mm apart and are normally placed on the continuum, whereas 
the central scanning slit is free to move at various speeds in the 
intermediate region. The chopper allows light from the reference and 
then scanning slits to fail on the photomultiplier cathode. When
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the scanning sj.it is sot on the continual tho reference slit vldths are 

adjusted to produce a net zero difference signal; this is termed 

'balancing '.••j

FTO.U the human point of view the console offers the experimenter 

a dazzling variety of integration intervals (in 2n SGC.-J), scanning speeds 

(2" steps/point), and scan lengths (10n points). Here, 'step' refers to 

a count registered by the electronics , and 'point' refers to a total 

count which is recorded on punched paper tape, typically a step is 

0.5 aA, so with settings of 1 second, 3 stops/point and 30 points, the 

scanning speed would be It mS/sec and the recorded line profile would 

consist of 80 points each k mX apart.

There is a separate electronic counting system for both spectro­ 

meters, thus enabling simultaneous recording of two lines. The recorded 

counts are displayed digitally and monitored with a pen recorder as well 

as being stored on paper tapes for subsequent reduction on a departmental 

Nova computer.

5.3 c) I3? duction pro c edure^

The reductions are performed in two stages with the aid of a 
computer display, thus enabling the user to monitor various effects* 

The first stage fits a continuum and then determines an equivalent width 

frora the Tine profi3,e calibrated by the decided continuum and the signal 

measured for zero intensity.
The socond stage places the observed equivalent widths for each 

scan on a curve of growth calculated for each line. From (5.25a)

wv - \
o

and writing this to allow a variation of !J(x) and T(x)

n r 1 - 
Wv - 1^ I H(x-)£

Z oJ ° (5.37)

where a (V , x) is the atomic absorption coefficient. 'The form of l\ 

is important, although King ignored any such variation. In this method 

it is assumed that N(x) is proportional to the vapour pressure at the 

T(x). This is reasonable if there is sufficient inert gas to prevent
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streaming motions, but there is no guarantee that the vapour temperature 

is identical to tnat measured on the carbon blocks. The assumption is 

necessary, though unfortunate because vapour pressure tables (e.g. 

Nesmayanov 1963) are notoriously unreliable. For this method, however 

variation of pressure with temperature is more important than the absolute 

values, and this variation is now fairly well-established.

The curve of growth effect mentioned earlier arises from the shape 

of a( y) which is calculated for several points along the tube. Calcula­ 

ting a curve of growth removes the restriction that the line must be 

optically thin. Contributions to a(V ) could come from thermal Doppler 

broadening, natural damping, pressure broadening and Stark broadening.

The electron pressure is too low for significant Stark broadening, 

ana natural damping will only be important for lines of high excitation. 

In this case Doppler broadening and damping from pressure broadening 

are the only significant contributors, and

a(v) (5.33) 

where
'VX

and

The Voigt function H has been tabulated by .ll^n (1973) and presented 
as a computer subroutine by Armstrong. For all pressures under 1 00 
torr observations by Dr. G. Smith show that pressure broadening affects 
the curve of growth by less than 2% and (5.38) thus reduces to

Inserting (5.i|1 ) into (5.37) and integrating along the furnace length 1 

for various gf-values gives a curve of growth for the line. Interpolat­ 

ing with the observed equivalent width gives a quantity proportional to 

the absolute gf-value. The ratio for the two spectrometers therefore
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gives gfj/gfp and .a relative scale Is constructed.

An analogue to self -absorption occurs in the absorption method. 

At high temperatures a detectable line emission could be present; this 

would tend to reduce the absorption at the line centre and hence reduce 

the observed equivalent width. This effect can be checked by ob^rv- 

ing the furnace spectrum without the continuum source. Trie effect is 

less than 0.1 % of the arc light though could become important for strong 
lines of high excitation.

As a refinement it is possible to remove the assumption that the 
continuum is independent of wavelength across the line. Observing the 
arc with a cooled furnace gives a correction to the observed equivalent 
width which is normally about 0.5-1 %.

To reduce the effects of scattered light the lines can be reversed 

between the spectrometers. If scattering is independent of wavelength, 

then the true equivalent width is alii ays a constant S for that spectrometer 
times the observed value. It can then be shown the true ratio is

where a, b refer to the two possible arrangements. Dr. P. A. Ibbetson has 

determined S to be less than 1 % in both spectrometers at many wavelengths 
by observing suitable solar lines already measured with a double-pass 

spectrometer (Pierce 1969). Thus any discrepancy in reversing should bo 

less than 1 %. However it has been found (Blackuoil et^ aj^ 1 97ka) that 
significant differences of up to Q.03dex(7#) can result* The effect is 
not systematic and the average discrepancy over many reversals is only 

0.001dex(0.2$). The reason for this effect is not at present understood.
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CHAPTER 6 

OSCILLATOR STRENGTHS FOR MITRAL T1TAMIUH
• II JIIBUBH *vrW»^l»MVM«M I V^WMWWI ILIMir I • •' '• ' » IIMIM H !• IIH • •!' MMW«*« «*t»1^^M*JM«BmaOT«^»^V III III •!••••»••«»•«•••«»

"Some of the people can be part-right all of the tine, and 

all of the people can be all-right part of the time, but 

all the people can't be all-right all of the time."

adapted from an original idea of 

Abraham Lincoln

... or perhaps simpler. * .

"Well Brian, my brain hurts"

aaiuji. is possibly one of the most important elements in the 

iron-group. With en atomic number of 22, and 5 stable isotopes it is the. 

J&tK most abundant element. Together with other iron-group elements 

it is a member of the first transition series. The electron shells up 

to and including the 3p shell are filled, leaving U electrons which 

distribute themselves between the 3d, Us, and Up shells. This shell 

competition gives a fairly complex line spectrum.

Experimentally the spectrum has bsen extensively analysed; 

the detailed work of Russell has formed the groundwork for later 

investigations (e.g. >foore 19U9). Theoretical studies have been per­ 

formed by :feny 09U6), Rohrlich (19U5) and by Siddall (1969).

A simplified term diagram is shown in Rig. 6.1 . As there are 

several low- lying levels, the spectrum is fairly well populated even 

at low temperatures. In the visible region there is however a con­ 

spicuous gap in strength between two sets of transitions. The 

stronger set includes all the ground state a F and y G°; the weaker

set consists of other a^F transitions and all the lines originating

from a1 D, a^P and higher levels.



Figure 6.1 

A simplified term diagram of astrophysical interest for Ti I
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At a given temperature there is a factor of at least 15 in 

equivalent width between the two sets of lines, and this would ssem 

to present a formidable problem in any attempt to measure oscillator 

strengths for lines of the weaker set using the absorption method 

described in section 5.3. Similar intervals are present in the 

spectra of other metallic elements and it will be demonstrated that 

such f jumps ! are within the capability of the Oxford furnace, and can 

be regarded as a useful test of its versatility.

It might be noted here that titanium is not the ideal experi­ 

mental i?i3 tal. Although it is ch^t-.p and easy to handle, it reacts 

at high temperatures with nitrogen, and to a lesser extent with 

carbon; it also oxidises at room temperature.

Astrophysically, titanium is quite important in the understandinj~q

of the origin of the iron-peak, Ti is underproduced by the current 

theories of explosive nucleosynthusiu; (see Chapter 9), &JK! thus 

abundances of this element are most useful. Accurate oscillator 

strengths are of course an essential prerequisite to such investi­ 

gations.

6 • 2
With the sole exception of iron there are more oscillator 

strengths available for neutral titanium than for any other iron 

group element. To review critically the many observations would, take 

far too long and is unnecessary as there are several good summaries 

available (Miles and Wiese 1970, Siddall 1969). In particular, 

Prokof 'ev (1969) has analysed all the data up to 1963 and discussed 

extensively the various merits of individual results.

Since then there have been several new investigations and the 

ain of this section is to consider the relevant conclusions of Prokof 'ev 

in the light of the nevrer results. In particular a set of good 

relative gf -values is required for comparing with the Oxford measure­ 

ments. Discussion of the absolute, scale is postponed until section

6.5.



Table 6.1 lists the sources of EL I gf-values published before 
June 197U- The third column indicates whether the results are rela­ 
tive or absolute. Often relative values are brought onto an absolute 
scale by another method and this is shown appropriately. There is 
clearly a wealth of data to consider, but only three studies are 
really extensive, namely those of King and King (1933), Corliss and 
Bozman (1962), and Prokof'ev (1969), (whose reviev; article encompasses 
the other two). These three studies are briefly described.

The first detailed measurements on H I v;ere carried out by 
King and King using a electrically heated graphite furnace. The 
absorption technique was used. Temperatures betv/een 1 300 -2600 C 
or varjiing amounts of titanium supply were used to bring the absorption 
lines onto the linear part of the curve of growth, and the Boltzmann 
distribution was used to determine the relative level populations. 
The assumptions were tested and found to hold to within the quoted 
error of 10^. The furnace i.as considered capable of negotiating the 
15:1 interval mentioned in the last section, yet in such a comparison 
the weaker line measurements would be greatly spoilt by the micro- 
photometer noise and the stronger lines would have appreciable curve 
of growth corrections. It is also evident that the grating used was 
of poor quality and that instrumental and scattering effects were 
present, yet were ignored. For these reasons the King scale is expected 
to be accurate to 10^ only for the strongest lines.

Despite these criticisms there is good evidence that the Ti. I 
gf-values obtained by King are in better agreement with subsequent 
results than their Fe I gf-values obtained at the same time. This 
could be because the inevitable interval in iron is even larger and 
close to 2£ :1 . At any rate a high opinion seens to have formed in the 
literature concerning the King 11 1" values and Prokof 'ev bases his 
comparisons on their scale. Transfer formulae of the form.

Ai = (log gf )± -(log gf)Kincy = A± + B..X (6.1 )



Table 6.1 

Oscillator strengths for Ti I

Reference Method Abs/Rel Lines AA A

Allen(l934) Solar lines Rel 172 4060-6556 
King2 (1938) Furnace Rel 227 3123-6743
Stekelenbg. AC arc Rel 29 v> 186-5192 

(1948)
Mitrofanova AC arc Hel 169 3717-6098 

(1952)
Ostrovsky Hook Rel 56 3200-5200 

(1956)
Boyarchuk Stellar lines Rel,abs(l) 91 3904-6743 

(1960)
Hefferlin DC arc Hel 46 3925-6575 

(I960)
Goldberg Reviev: Hel,abs(2) 51 4272-6-56 

(1960)
Tatura(l96la) Vortex arc Rel,abs(2) 98 3199-4981 
Tatum(l96lb) Review Rel,abs(l) 98 3199—1-9^1
Corliss & Arc Rel,abs(l) 734 2272-8766 
Bozman(l962)

Horozova Arc Rel 5 abs(l) 10 37?-9~399c- 
(1964)

Eeinke(l968) Arc Abs 3 3635-3654
Boni(l968) Shock tube Abs 3 3635-3958
Siddall(l969) Theory Abs 221 3123-674::'
Prokof'ev Reviev/ Rel,abs(2) 737 2272-8778 

-(1969)
\volnik(l973) Shock tube Abs 97 3858-5703 
Klerat(l973) Arc Rel,abs(l) 139 3598-15113

Notes: Col 1: Abbreviated authors
Col 3: Hel = relative, abs = absolute determined 

by (1) comparisons, (2) the sunrule.
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were constructed, where is the upper excitation potential in eV 
and A. ,B. are constants to be evaluated. For each set of results, 
i, Prokof'ev took all lines for which (A. - A.| 4 0.30 and 
determined a mean value for A', and B[ . These and other transfer 
formulae are given in Table 6.2.

Corliss and Bozman (C & B) measured 25,000 relative gf-values 
for 70 eleraonts and reduced theia to an absolute scale using published 
values. Hie elements were placed in 0.1 % number density between 
copper electrodes. The arc emission spectrup. was photographed, and by 
using the sar.3 200 copper lines all intensities were measured on the 
same relative scale. The effective arc temperature v/as found to be 
5103-110 K by using lines with knovm relative gf-values. A 
table of relative gf-values can thus be deduced from the photographed 
line intensities. The absolute scalft and its notorious errors are 
not of interest here and the reader is referred to Takens (1970) for 
further details. An independent estimate of 50/S (Siddall (1969)) is 
fairly realistic for the error of the relative scale.

These results agree only fairly well with the King values, the 
scatter is sometimes large though Prckof'ev finds no energy (or B) 
tena is needed.

An energy or a' B-terrti could indicate a temperature ierror e.g. in 
an arc or a stellar atmosphere. Prokof'ev found large B-terms for 
several emit-nion results, implying teraperature errors of up to 30/o. 
Alien's astrophysical values for example, are based on a solar tempera­ 
ture of 5600° K which, according to Prokof'ev, is 300 degrees too 
high. Similar large temperature errors are suggested for the water- 
stabilised vortex arc measurements of Tatum, the d.c. arc results of 
Hefferlin and tho astrophysical f-valv.es of Boyarchuk and Boyarchuk.

For some- results, such as for the arc measures of Mitrofr.uova
no B~terra is needed; but the scatter is so large that eqn. (6.1 )
cannot be fitted successfully. Of course the presence of the B-term



Table_ 6.2 

Relative gf values compared

Standard Source Transfer formula Error

King C&B +2.97 -0.11

Ostrovsky -0.8? - 0.28 .06

Alien -0.02+0.14 .17

Horozova +3.70 .04

S t e 1<: e 1 e nb ur g -0.19 o 0 3

Boyarchuk +3*35 .19

Tatuia +2.73 + 0.16 .19

Hefferlin +1.45 - 0.37 .19

Hitrof a,nova +0.07 «21

Volnik C&B +0.36-0,20 ?

Taturn +0.03 ?

Klemt King -2,82 - 0.09 ~0 6 11

Tatum +0.17 - 0.01 .13

Cc;B +0.38 - 0.15 • . .12

V/olnik +0.17 ,06

Kotes :
Col 1 : Standard comparison source 

2: Cc:B = Corlins & BoziTian(lS62) 

3: formulae are of the
A = lef ° fe std srce

- Aj + BJ X ( X
4: Ilean error (logarithmic)
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can also imply that the King results are energy dependant.

Of the higher quality results there are three outstanding. 

Korozova ana Startsev measured relative gf-values by the same method 

as C & B. No attempt was mads to correct for ionisation or self- 

reversal in the arc and consequently the absolute scale is poor, but 

the relative scale agrees with King to a remarkable dispersion of 

less than O.OUdex.

Even better agreement is found for the small set of lines 

measured by v. Stekelenburg using a carbon arc. In this arc self- 

absorption was minimised by introducing limited quantities of titanium. 

The arc temperature was determined by the intensities of the CN 

bands, and an accuracy of 10,o is quoted for these relative values.

Although the anomalous dispersion results of Ostrovsky et al 

contain a large B-t'^'M the values agree well with those of K3.iv;* 

The method involved the use of a cigar-shcpod graphite kiln to ensure 

uniformity in temperature along the furnace tubs. The strong 

dependance indicates a temperature error of 1Q;3 and as Prokof f ev 

favours this method, he recalculated the data of Ostrovsky et al_ 

with the new temperature.

Therefore to sun up: Prokof ! ev found that only Ostrovsky, 

Morozova and v. Stekelenburg have gf-values which agree to within 

0.06 dex with those of King. Instead of basing the final neans on 

these three scales however, all sets v?ere included. Tims the Prokof'ev 

results contain all the errors inherent in the above discussion. 

Also of course, the analysis can be criticised, as it relies on the 

King scale, but such criticisms can always be made when comparing 

relative scales, and Kings' scale is certainly the best extensive list. 

It would have been instructive to repeat Prokof'ev's analysis for juct 

the high quality data, but recent results have rendered such an 

investigation redundant.



Since 1963 there have been further Investigations of the Ti I 

spectrum. Reinke (1963) has studied the three resonance lines 

a- ^o •} ! ~ y G-3 ) £ using an atomic beam, Using the linear part of the
''-J.JjU .J)l4y^>

curve of growth the absolute values are given to a quoted accuracy of 

I5p> Over the 3 lines, the agreement with Prokof r ev's final table is 

excellent, even on an absolute scale.

There have been two shock tube measurements since 1963, Boni
*5 *!) O P'

(1963) has measured 3 resonance lines a F, - y D?, x F?, z^ P°, but 

th?i values are a factor i 0 down on other absolute values, ana even 

relatively the results are very poor. As the Ti II gf-values in the 

SSJ.IG article are between 2 and i| orders of magnitude too low, the 

general opinion is th?>,t Boni's measurements ai*e fundsjiienttJ.ly in 

error (see Klemt 1973, Siddall 1969).

In contrast WoJnik and Berthel (1973) have produced an extensive 

and useful list. Each lino was measured by the shock tube method 

10-15 times arid the scatter is less than 20;?, Their results reveal a 

large TV dependence in the work of C & B (cee Table 6.2). The fact 

that Prokof f cv failed to detect such a trend could mean there are 

serious systematic' errors in the King seals. As other workers have 

found that C & B iron and. chromium scales show strong ^ dependences, 

contrary to Prokof r ev, it is clear that the C & B scale is quite poor 

even on a relative scale.

Finally Klemt (1963) has measured 139 relative values using a 

triple chamber arc burning in argon. TiCl, was introduced into the 

centre and the emission spectrum was observed end-on to miniriise <self~ 

absorption. Hie arc temperature came from absolute AT I line intensities, 

and also by using known.Ti I relative f-values. The final accuracy 

quoted is 20-UO& Agreement with Vfolnik is good, to within 0.1?dex 

absolutely with little dispersion, arid, no energy dependence is detected. 

Klemt also reports strong energy terms when comparing with King and
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C & B (see Table 6.2).

Concluding therefore, one can see here a prime example of the 

confused world of oscillator strengths. Intercomparisons without 

reference to an .absolute scale make it very difficult to know where 

fresh measurements are most needed. In order to assess the Oxford 

results, good extensive relative gf values are needed. For this 

purpose the author chose the lists of King, Prokof'ev, Wolnik and

^•3 The yQxf prd Measurements

Despite the many gf~values available, there are only a few of 

high quality. For Ti I the precision work of Reinke, v.Stekelenburg 

cind others is restricted to strong lines in the ultraviolet, For 

abundance work in cool stars such values are useless as line r;easure- 

nents in these regions are severely hampered by blending and the lack 

of a clear continuum reference. Absolute values can, of course, be at 

any wavelength provided there are relative values common to both 

regions, but at present there is a severe shortage of good relative 

values for weak lines of astrophysics! interest. The results that 

follow are a preliminary attempt to rectify this situation. It must 

be stressed that these results are only trie beginnings of an extensive 

survey of Ti I, and that work at Oxford is continuing with other iron 

group elements. In this chapter the particular aim is to obtain gf- 

values suitable for abundance studies in the sun and Arcturus. 

Precision work is desirable and will eventually be achieved, but these 

preliminary results, although accurate to ^ 0.03 in log gf throughout, 

are currently being improved by various checks and elaborations to 

provide values with accuracy as high as 0.01.

6*3 a

In choosing suitable lines to measure in the furnace a list of 

3' criteria was constructed, and the 15,nes chosen satisfy some or all 

of those conditions.
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1 ) There should be plenty of clear and unblended lines in the 
spectra of both Arcturus and the sun.

2) There should be plenty of weak lines on the linear portion 

of the stellar curves of growth where damping and microturbu- 
lence uncertainties are small,

3) For comparison purposes lines from the h surveys chosen in the 
last section should be included.

k) A few lines for which good absolute gf values are available 
should also be included.

p) The lines should be suitably grouped in strength for accurate 
comparisons in the furnace.

For 1 ) the Utrecht and Griffin atlases were used together with the 
solar wavelength table of Moore ct^ al^ (1966). Curves of growth of 
Griffin and Griffin (196?) and Goldberg ejt al^ (I960) were consulted 

for 2). For £) a strength ordering program was written. This 
calculates an arbitrary parameter FT5 which is related to the equiva­ 
lent width in that it contains the gf-values and a Boltzmann factor 
for a given temperature T.

7128 FT = 10> log gf - (5'0!,0/T)X C ... (6.2)

9C is in eV. The program orders the lines in decreasing F and was 
run for T = 2000° and 2300° K using the gf values of Corliss and 
Bozman. This led to some errors in the fifth criterion where some of 
the |f-values of C & B were clearly incorrect; no great significance 
should thus be placed on such a preliminary order.

It is impossible to satisfy criterion 2) for Arcturus-without 
extending the line list at least 5 orders of magnitude further 
down in F from the strongest resonance lines included in the Ijs t. 
Excellent lines of 5-20 mS. in the sun are often 1 00-203 mA in Arcturus 

and this preliminary list does not include any very weak lines for 

Arcturus. It is perfectly possible to reach such lines with the
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Oxford furnace, but to satisfy criterion 5) this would involve many 

comparisons each having an associated error. The author therefore 

decided it was better from the abundance point of view to have a few 

moderate lines of 50-100 mA with good gf-values than to spend 311 

inordinate length of time reaching weaker lines for which many 

checks would be needed to achieve the same accuracy.

The first list drawn up included r.any lines with wavelengths 

shorter than Ij.300 £, but identification problems and uncertainties 

in the furnace led the author 'to abandon these lines. Generally this 

will not be the case, and it hs.s since become de rigueur at Oxford to 

assign a separate tube for each element, thus minimising the likeli* 

hood of contaminating lines being present.

The final line list is shown in Table 6.3 together with tlio 

strength parameter of eqn 6.2, which was calculated v-sing the gf- 

values of Corliss and Bozman. Also listed are ths solar equivalent 

widths of Moore et_ al^ a rough indication of the line quality in the. 

Griffin Arcturus atlas, and whether or not an absolute gf-value is 

available.

6.3 b goseryational• Procedure

Titanium is available in granules or in a 99;^ pure roll 'form. 

The impure granules were used almost exclusively, arxi although lines 

of other elements were encountered shortward of UOOO A^ these ware 

attributed to the results of using the tubs for more than one element. 

The purer titanium, 20 times as expensive, did not reduce the confusion 

at short wavelengths and these observations are currently being 

repeated with a new tube. Unlike iron, Ti does not impregnate the tube 

and fresh samples were loaded into the furnace on carbon trays for 

each run.

The comparisons fall into 3 hierarchies: 

1 ) lines originating from the same level

e.g. a3P2 _ a3j£ ft3p ^..o
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A

)( eV Transition

0.000 a5P2 « z 3 F *?.

z5 &3

z3F3

0.021 a^F^ - z

z

z

z

z

z

z

z

0.048 a3F4 - z

z

z

z

z

z

z

3

3

3

3

3

3

1

5

3

3

3

1

3

5i

3

0.813 a5^ - y3

0.818 a5F - y5*-

y
X

.5

3

-°2

F3

G4
if 
4

F2

D3

D2

D3

D3

F,4
G5

G0

F5

D4

G4

F2

pG3

G2

iv.

Ti I

M

4

6

4

5

4

6

4

4

5

7

3

5

4

6

9

4

3

6

35

38

38

39

line

A
5173.

4675.

5147.

5039.

5192.

4667.

5152.

5219.

5009.

4562 0

5426.

5064.

5210.

4681.

4112.

5252.

5460.

4715.

5389.

5007.

5024.

4926.

list

75

47

48

95

93

59

20

71

65

63

26

66

39

92

71

11

51

30

18

21

84

16

F

8.

8.

8.

8.

8.

8.

8.

8.

7.

7.

7.

9.

8.

8.

8.

7.

7.

7.

6.

8.

7.

6.

f

94 *

85

29 x

99 *

99 *

88 *

22. *

05

89

67

47

01 *

98 *

89 *

84 *

86

52

28

26

26

47

23

0

55

66

80

38

25

24

8

6

79

80

64

43

9

15

5

96

62

6

•**

-x-x-



Table^6.3(contdo)

o<BooXeY

0.818

0.826

0.848

0.899

1.046

1.053

1.066

1.749

Transition

A2 - y3i 3
a5P3 - y5D4

i-\ A

y5^J 4
1 1a D~ — v i)^p t/ -• p

z D2

a5PQ - z3 Sl

a3P 1 - z'3 Sl

O V *^\

X' D^

z S^,

xJDv
3

a -t^-Z """ W J-J yt

M

35

38

37

38

37

38

69

69

72

77

69

74

145

A
5366.65

4999.51

5238.58

5045.41

4840.87

6743.12

6064.63

6085.23

5866.46

4675,12

6126.22

5295.79

4617.27

iMV***n«-*4M

P f

6.05

8.30

6.67

6.37

7.26 *

6.31

6,20

6.23

6,77

6.21 *

6.20

6,06

6.30 *

O

3

104

15

10

60

19

7

40b

40

30

20

10

49

•x-

•X-

Hotes: Col 3: M = 1-lu.ltiplet number (Mo ore 1949)

Col 5: P = strength parameter at 2000°K(see text)

using Cd-B gf-values. 

Col 6: f indicates v/hether an absolute value is

available for this line.
*

Col 7: Solar equivalent width(mA) frorn Moore et al 

Col 8: Quality in Arcturns atlas 

b = slightly blended
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2) lines originating from different levels in the same term 

e.g. a3F2 - Z3F°, a3F° - Z3D°

3) lines originating from different terms 

e.g. a3F2 - z3!^ , a^ - y3j£

The equivalent width ratios for the first hierarchy are almost entirely 
independent of temperature, a small effect present only in the curve 
of grouth corrections. Similarly, the energy differences in the second 
hierarchy are always less than O.OSeV and so differential excitation 
effects prove to be negligible. A substantial error in temperature of 
2>-;>0 degrees is shown in the next subsection to produce a negligible 
error in the final gf-ratios for comparisons of the first two types. 
These comparisons were done first in order to decide which lines were 
best for linking up the different terns.

Generally each comparison consisted of 30 to i;0 good se£.v?.s at 
a stable temperature. The standard deviation on these scans is a good 
indicator of the furnace stability. Instability arises from cither 
voltage or pressure fluctuations. A servo systen is now under develop­ 
ment which will greatly improve the stability of the instrument. The 
furnace and electronics were always allowed a statutory 2 hour 
warming up period. There was little trouble in maintaining the 
stability in temperature except during a period of national emergency 
when, even on the 3 days a week that work was permitted, the voltage 
fluctuations were sometimes 5>& However all such effects were 
irrcediately apparent by monitoring the scans on the pen recorder; these 
faulty scans could be omitted or accounted for in the subsequent 
reduction. The lines themselves are very sensitive vto small temper­ 
ature changes and are thus the best indicators of the stability of the 

furnace.

The temperature profile was measured every 1 0 or 20 scans for 
the first two hierarchies, and at least every 5 scans for the third 
set of comparisons. Calibrations of the difference signal for 
absorption were taken before and after each series of scans, the
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values never varied by more than 0.8$ over 1|0 scans.

Before recording the scans, long scans at afast scanning rate 
were made to investigate the wavelength region and sort out any 

identification problems. Typically these preliminary scans would cover 

a region of 5>A at f>0 mS/sec. Each recorded scan consisted of 30 
points each integrated for a second; this would cover roughly 300 mX 

at k mVsec thus allowing plenty of continuum reference points 
either side for even the strongest lines.

Generally lines were brought to between 5 and 12 mJ? (though for 
large 'jumps' this was not always possible) and these correspond 
roughly with absorption depths of between 12 and 30^ respectively. 
For a 0.2^ noise level, these lines.will give less than a 1 *%% 
error in the final equivalent width (Collins 1970). The monochromator 
entrance and exit slit widths vrere 2iam and 1 ~'OM respectively in 
accor.J3.nce with the suggestions of Chapter 5>.

Various argon pressure? uere used; generally between 5>0 and 1 00 
torr was found to be high enough to keep the vapour in the hot ̂ region 
of the tube. This high pressure also reduced the likelihood of other 
reactions occuring in the tube. As mentioned earlier, titanium is 
quite reactive and a certain amount of difficulty was encountered at 
temperatures between 1 700 and 21 00 C. A thick mist sometimes formed 
which decreased the light throughput considerably thereby effectively 
masking the lines, This mist 5s still not fully understood, but as 
it appears only with titanium samples it is possibly the oxide burning 
off at various parts of the tube. Pressures of 200-300 torr tend to 

inhibit such outgassing though damping effects would then be signifi­ 
cant) no scans were attempted until the mist had completely resettled.

Background scans with no furnace current were taken for 

several strategically important comparisons .in order to investigate the 

continuum curvature. These background corrections to the equivalent 

widths are discussed later.
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Wherever possible the comparisons were arranged in closed loops 

thus enabling a check on the reproducibility of. the results and on 

the accumulative v error theory. Despite the small differences known to 

exist between the 2 spectrometers the lines were not reversed in this 

study. The reasons for this, and a more detailed error analysis 

follows.

6.3 c Data reductionj errors and results

As uic'iitioned in Chapter 3% scans were recorded on paper tapes, 

one for each spectrometer, for subsequent reduction on a departmental 

computer. The reduction method has been describad Before and the aim 

here is to demonstrate the sensitivity of the results to various 

parameters in order to justify some simplifications made in the observ­ 

ing procedure, as well as to determine the errors present in the final 

results.

For the first part of the reduction, where a continuum is fitted 

and the normalised scan is integrated to give an equivalent width, 

the only uncertain parameter is the calibration level. A variation 

of more than 0.3$ was never seen over a series of UO scans and this 

corresponds to less than 0.6$ in the equivalent width W^ . The 

only other possible source of error in this part is due to the 

fitting of the continuum. Scans which, for some reason or other, have 

poor continua can be identified on the computer display aud dealt 

with accordingly. Thus taking the 1.5$ error in W ̂  introduced by 

the noise levcl^an error of less than 2% in the final VI^ is quite 

realistic. Of course by taking the ratio of the W -^ f s such errors 

are reduced considerably.

In the second part of the reduction the equivalent widths are 

fitted onto curves of growth for each line and the ratio of the gf- 

values found for each scan. This program is sensitive to two para­ 

meters in particular: temperature and continuum background correction.

The temperature effect is much more pronounced for lines from
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different terms because of the differential excitation involved. 

For lines from the same term, an exaggerated error of +f>0 degrees for 

each poin^on the U-point temperature profile produces an error in the 

gf-ratio of less than 0,2^. Thus for these lines temperature accuracy- 

presents no problems.

For the comparisons where the lines originate from different

terms a detailed anlysis of the temperature effects was performed.
3 %For the worst cases of linking a F to a F ( AX - O.oeV), and from

a P to a^P (A% = 0.7eV), the cooler 2 points on the profile do not 

contribute significantly to the total vapour pressure. This is 

verified by considering the vapour pressure curve of Nesmayanov (1963) 

in Fig, 6.2, where four typical temperatures on the profile are marked.

Bat for an accuracy of 1 % in the gf-ratio the central temperatures must
+ 

be known to - 7 degrees.

The accuracy to which the temperature is known depends on the 

accuracy of the pyrometer calibration and also on that of a correc­ 

tion made for absorption by the quartz xriniow at the end of the top. 

The pyrometer has been calibrated by the I-J.P.L. and in the region of 

1 700-2300°C is accurate to between - 7 to - 10 degrees. The window 

absorption was taken as 1^ degrees, this was later confirmed by 

measurements of H.B. Willis. Thus the largest 'jumps' in 'X will 

be correct only to 1 7*. However these are the worst cases, and 

generally the error introduced by temperature uncertainties will be 

less than 0.2,0.

Larger effects are seen with the background corrections, arid 

whenever possible these were included. As the curvature of the arc 

continuu:! can be in either direction, so the residual equivalent 

widths with the furnace off can be positive or negative. Unforturnately

the dispersion around the corrections is often larger than the
+ f-p 

corrections themselves, typically corrections of -O.OU mA v;sre

found; for a wesJc line-strong ."lino comparison this could change t>he
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gf -ratio by up to 3$. To determine the correction accurately however, 

at least UO background scans are needed, thus halving the effective 

work rate. As the corrections produce changes far less than the stand­ 

ard deviations, they were only included ' for strategically important 

comparisons , and then only if they could be accurately determined.

Trie problem of line-emission was discussed in Chapter 5. A 

more serious problem at high temperatures is that of blends, particu­ 

larly those due ; to lines of C? and carbon impurities. The most 

difficult region \ <C 1*030 J was avoided for this reason though it is 

still possible that some of the weaker lines elsewhere are affected. 

ELackwell et al (197l»a) have shown the effect is less than $% even
—— ~f- _1J •tKuO^Ut '

for the weakest lines.

Various investigators at Oxford report the curious differences 

seen when the lines are reversed between the two spectrometers. This 

might arise if the scattered light in the two spectrometers was 

different, though detailed work has shown this is not the case. As 

the effect is smaller than 2$, and not systematic it has been ignored 

in this investigation.

All closed loops check to within 0.03dex and most agree to 

0.015. This justifies the assumptions made above. The standard 

deviation on all comparisons is less than 0.025 dex and generally 

lies between 0.005 and 0.020dex. It is possible to find the cumula­ 

tive: error on a given line by summing the squares of the standard 

deviations, i.e. in comparing lines 1 and 2 if the deviation is

then :
(6.3)

A certain amount of trouble was taken to achieve an accurate
3 5 result for the important link of the terms a F and a F. The

3 - 3 0 21 ~ ^comparison 5lVMi'3(aF2 - z^) / 500?. 21 (A 2 ~ yG ) proved to be 

most satisfactory. Both lines had more or less the sane equivalent 

width of 12 m£ and the background effects cancelled. Furthermore
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there was a standard deviation of only 0.009dex for this comparison.

Coping with the 1f>:1 interval proved to be more difficult. 

Consulting table 6.3 it is seen that the coraparison 5233 (a F^ - 

y Di ) / U3i. 0(aT)2 - y1 D2 ) implies a A Ft of only 0,.6dex, and this 

seemed to be the best way of linking the weak and strong sets of lines. 

However the Corliss and Bozman gf~values are clearly incorrect for 

these line 5^ as a difference of 1.6 dex was found. A better comparison 

proved to be U3lp(a1 D2 - y1 D2 ) / 6?lij(a1 D2 - z1 D2 ) for which C & B 

predict a difference of 0.95dex, and in fact a difference of 1 .3dex 

was observed. Both comparisons give gf -values for A USlj.0 which agree 

to O.OI^dex, which is pleasing agreement for such large jumps.

The isotope effects of titanium are now briefly considered. 

The five stable isotopes and their nucleas parameters are given in 

Table 6.U. It is seen that Ti and H^ exhibit a nuclear spin and

therefore one might e.xpect to see a significant hyperfine splitting of 

lines, both in the laboratory and in stellar spectra. Although no- 

one, to the author r s knowledge has investigated this possibility, it 

is important to justify such neglect. The only hyperfine (hf ) data 

available for Ti is that of Channappa (1 965 ) who has measured the

magnetic and electric-quadrupole hf constants A and B for the levels
2 23 3d Us F (J = 2,3, U)> i.e. the ground state term. As surd ng no

splitting in the other levels, (for lack of any otner inlormation), 

the author calculated the splitting expected in the $173.73' 2 resonance ' 

line (a F? - z Fp) on which the above relative scale is based. This 

line is split into 5 components in both isotopes, all contained within
i> , o O

77i!i and the strongest components are within 2 mA of the single lina. 

In view of such small splitting and because of the small abundances 

of Ti and Ti relative to the main isotope, hf structure was ignored 

in all subsequent work with titanium.

The final oscillator strengths are givon in Table 6.5, ana the 

standard deviation associated with each gf -value as calculated by 

equation 6.3 is given alongside. The scale is normalised for comparison
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Isotopes of Titanium

A % N(A) I |J,

46 7.93 182

47 7.28 168 5/2 -0.79

48 73.94 1700

49 5.51 127 7/2 -1.10

50 5.34 123

total 100oOO 2300

Notes: Col 1: Atomic weight

2: Percentage abundance

3: Actual abundance relative to 3i=10D

from Cai:i8ron( 1968) 

4: Nuclear i/ionent 

5: Ha^ioetic moment in nuclear magnetons
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0
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.85

.90

.05

.06

.07

A
5173
4656
5147
5039
5192
4667
5152
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5460
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5366
4999
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75*
47.
48*

95
98*
59
20*
71*
65
63
26
66
39*
92
71
1 1 *
51
30

18
21
84
16
65
51
58
41
87
12

63
23
46
12
22
79

1

2.
1.
1o

2.
o
*• — <&

1.
1.
0.
0.

-0.
-0.

2.
2.
1.
1.
0.
0.
Oo

0.

3.
2.
0.
0.

3.
1 .
1.
2.
1.

1.
1.
2.
1 e

1 .

1.

oscillator strengths

g*
000
759
112
246
112
863
094
820
8S6
044
347
056
232
872
279
678
256
320

434
222
504
824
368
329
037
030
560
247

150
500
180
678
582
436

0
.000
.016
0 018
.013
.011
.016
.023
.024
.026
.032
.029
.018
.014
.027
.023
.020
.017
o020

.033

.020

.024-

.033

.034

.025

.030

.031

.025

.026

.031

.029

.029

.030

.033

.034

K

2
1
1

2
2
1
1
0
0
0
0

2
2
1
1
0
0
0

0

3
2

0

3
1

2
1

1
1
2
1
1
1

ing

.000

.715

.037

.000

.125
o329
.028
.756
.819
.426
,276
.125
.250
.990
.472
. p^1
.438
.250

.829

.192

.482

.911

.368
,361

c532
.551

.347

.676

.293

.721

.763

.702

P 1

2.
1.
1.
2.
2.
1.
1o

0.
0.
0.
0.
2.
2.
2.
1.
0.
0.
0.

1.
•T;>.
2.
1.
1.

3.
1.
1 0

2.
1.

1 e

1.

2.
1.
1.
1.

ev

00
76
16
03
15
93
13
94
96
56
37
19
23
03
52
78
55
40

08

34
54
22
02

44
55
36
52
60

61
83
41
90
65
71

Wink Kit 

2.000 2.00

1.234

2
1
1
1

.133

.954

.234

.137

1.662

1.84

1.76

1.04

2.109 1.95
2.234
2.133 1.87
1.455

1.01
2.95

0.62
3.01

2.57 2.38

2.26

1.754617.27 3.414 .027 3.401 3.50 3.359 3.21 

* used in determining the absolute scale(section 6 0 4)
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purposes by setting log gf (£173) = 2.00.

As the standard deviations are considerably larger than the errors 

given by the analysis above, they can be regarded as pessimistic 

limits on the accuracy of the scale as a whole. Tmis the entire 

scale is accurate to within - 0.03dex, but the accuracy of a small set 

of comparisons is of course much greater.

^ * ^ The results compared

Table 6.5 lists the log gf values, on a normalised scale, for 

the four chosen surveys. There are too few common lines for at rlotailed 

comparison and therefore it is difficult to measure energy dependances. 

A large range of lower excitation potentials /C have been studied 

however, and Figs 6.3 a~d show the four sets of results compared 

individually with those of the author. The differences are plotted 

against *}(* even for the comparisons with emission methods, this is 

in o?.der to test for systematic errors in the author's work.

Trie scatter on these graphs is quite large, but more encour aging 

is the lack of any systematic trend with Xi on Figs. 6.3 b-d. In 

particular, the following points emerge t

1 ) Apart from the points at 1 ,75>eV, there appears to be a slight 

energy dependance in the work of King. This is also reported 

by Klemt.

2) Trie agreement with Wolnik is generally to within - O.IOdex 

with the exception of a few ground state lines.

3) The agreement with Prokof 'ev is poor, and it is suggested 

that his values are contaminated by the poorer results 

mentioned in section 6.2.

The scatter with KLemt's values is the largest and many of 

his gf values are too low (with respect to all other results ) 

by 0.2 dex.

Thus except for Yolnik, the comparison is disappointing. Nevertheless 

there are only four lines for which the s.ubhor ! s values are consistent] v
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different, and from the abundance point of view only two of these are 

important lines. These lines have been remeasured, and no change in 

the values is found necessary. In justifying the use of the author's 

scale for abundance work, it must be remembered that the scatter 

between the other results is even larger than that in Pigs. 6.3. In 

fact, because of the pleasing agreement in closed loops and remeasure- 

ments, and the low standard deviations on all comparisons, it is 

still maintained that the author's scale is accurate to at least
- 0.03 dex. The internal scatter on Wolnik's results is quoted as
- 0.03 dex, thus if we ignore the odd ground state lines in Fig. 
6.3b, the agreement to - O.IOdex confirms this assertion.

Further evidence is drawn from the absolute values of Siddall 
(1969). These values were calculated theoretically using a central- 
field model. The work was semi-empirical in that the transition 

integrals used assumed an experimental one-electron ionisation energy. 
This so-called 'scaled Thomas-Fermi' method will be incorrect only 

for the highest energies. In Pig. 6.U the difference between the 
absolute and relative scales is plotted against A.* y and it is clear 

that the spread for the 1 eV lines is much larger than for the ground 

spread around the mean difference (indicated by the line on the 

figure) is again only - 0.10 dex.

Trie agreement with Siddall is particularly encouraging because 
it confirms the author's values for the two uncertain lines mentioned 

above. These lines are marked on the figure 6.k*

Plots of log gf- VG. log gfp abound in the literature. Such 
plots should bo regarded with suspicion. In order to accommodate 
all the points, the scale must be small. Therefore agreement looks 
remarkably good. An example of such a plot is given in Pig. 6.5 
where the Siddall-Ellis comparison appears to be excellent.

Tbus good agreement of - 0.1 0 dex between the relatj.ve scale 
of the author and the two absolute scales of Wolnik and Siddall 
enables the determination of the mean transfer coefficient, which
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places the author's gf-values on an absolute scale.

6.5 Absolu to ^ oscillator strengths

The position regarding absolute gf-values is even worse than 

that for relative ones. This is because one caunot arbitrarily shift 

scales to meet and so all errors become embarrassingly obvious. 

There are many so-called 'absolute' values for Ti I in the literature; 

they are not all reviewed here. Most are from emission or absorption 

methods and rely on a knowledge of the absolute numoer density of 

titanium in the apparatus. Sach results do not even agree on a 

relative scale, and on the absolute scales the spread is often 

several orders of magnitude. Provided good relative values are avail­ 

able, the best way of getting absolute values is from the lifetime 

of a level. These methods, if perfosraed carefully, do not need to 

assurae any in.-nbcvr densities, a knowledge of the relative decay rate 

is sufficient.

For a level a the lifetime T" is related to the transition 

probability by (see Chapter

I

A is related to the absorption oscillator strength on an absolute 
ao

scale by

2 2

me ga

2! 2 ^ — , as
thus

me

therefore if vra relate the relative scale to the absolute one by 

a transfer coefficient X than
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T r, T ,,abs , „ / z _ N log gfba = log gfba + X (6.7)

thus in eqn (6.6)

log 1-9.176 - logt- - log

enabling a determination of Z. In (6.3) T" is in the conventional 
units of nanoseconds. To determine X one therefore requires good 
relative gf-values for all allowed transitions fro-o a.

There are two lifetime leasureiaents for Ti I. The first is 
by Andersen et_ al_ (1973), who have measured lifetimes Tor the

O "5 "i O *~*

3d hshp y F , 7 D and 3d Up y^G terns using the beam-foil technique. 
There are. however, many allowed transitions from each one of these 
levels and gf-values are not available for all of them. Thus it is 
unfortunately- not possible to use these lifetimes at the moment, but 
an attempt to measure these branching ratios may be included in the 
future Oxford program.

The second set of lifetimes is for Kese (1 972 ) who has measured 
the 3d Ijslip z~F (J = 2,3,U) term using an optical double resonance 
method (see Chapter 5>). His results, together 'with other comparisons, 
are give:- in table 6,6.' There e-re two sets of transitions allowed, 
a F - z F° (multiplet It in Moore's scheme) and a F - z F° (nult- 
iplet 3U). The second multiplet has never been observed; no intensit­ 
ies or gf-values are available. It was therefore assumed that these 
gf-values are negligible in comparison with those of the resonance 
lines of multiplet i(.

Using the author's gf-values and the lifetimes of Hese in eqn
6.3 gives a coefficient X. for each J level in the term. The results

J 
are shown in Table 6.6. The mean value is

X. T - -2.93 - 0.07 TIese

Although the spread is quite large this agrees closely with the



Table 6.6
p .7 

Lifetimes and transfer coefficients for the 3d 4s4p z P° term

Level C&B Siddall Hese XĤese

252 147 205 -3.011

205 145 140 -2.862

200 143 155 -2.915

(lifetimes are in nanoseconds')

Transfer coefficients for the KLlis scale 

Author Method X

Hese lifetime -2.93 :<: 0.07

Siddall theory -2.92 0.08

V/olnik shock tube -3.16 0.03

Klemt arc emission -2.86 0.14

Prokof'ev sumrule -3.26

Reinke atomic beam -3.21
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mean coefficient determined from Siddall's results on Fig. 6.U.

XG-M -n = -2 -?2 - 0.03 Siddall

The error here is a standard deviation. Various other coefficients 

are given in Table 6.7, as derived from their absolute gf-values for
*\ , +

the normalising line /O173. The total spread is - 0.20 dex.

The work at Oxford could be extended to include the absolute 

values of Reinke, who has measured 3 resonance lines between 

'X\3o35 - 365U 2, Reinke f s scale agrees to within O.OUcbx of 

Prokof'ev's however, and since the X value of Prokof'ev is slightly 

higher than the others in Table 6.7, this places some doubt on these 

two scales.

The chosen X is the mean of the values for Hese and. Siddall, 

viz.

X = -2.925 - 0.03

This error encompasses the results KLemt out not those of Prokof'ev
or Wolnik. It is suggested that Prokof'ev's absolute scale, determined

by the sumrule, is 0.30 dex too high.

The accuracy of the final absolute results depends not only on 

the error in X, but also on the errors in the gf-values used in eqn 

6.3. The lines used in the reduction are marked in Table 6.5j they 

all have standard deviations of less than 0.025 dex. The final 

absolute gf-values are listed in Table 6.3.

It has therefore been shown that gf-values for weak, astrophys- 

ically important lines can be measured by the Oxford furnace to a 

relative accuracy of at least -0.03 dex(7/^). These results have been 

placed on an absolute scale which is accurate to - 0.03 dex
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Table 6 .8

Absolute Ti I gf -values

0̂

4112.71 0.043 ~1o656 .023
4562.63 0.021 -2.881 ,,032
4617.27 1.749 +0.489 .027
4656.47 O.OCO «1 0 166 .016
4667.59 0.021 -1.062 .016
4675*12 1.066 -1.247 .030
4681.92 0.048 -1.053 .027
4715.30 0.04& -2.605 .020
4840.87 0.699 -0.345 0 025
4926.16 0.818 -2.101 .033
4999.51 0.826 +0.404 .025

5007.21 0.818 +0.297 .020
5009.65 0.021 -2.059 .026
5024.84 0.818 -0.421 .024
5039.95 '0.021 ~0 t 67 c-) .013
5045.41 0.848 -1.895 .031
5064c66 0.048 -0.&67 .018
5147.43 0.000 -1.813 .016
5152,20 0.021 -1.831 .023
5173.75 0.000 -0.925
5192o98 G.021 -0.813 .011
5210.39 0.048 -0.93^ .014
5219.71 0.021 -2.108 .024
5238.58 0.348 -1.888 .030
5252.11 0.048 -2.247 .020
5295,79 1.066 -1.489 .034
5366.65 0.818 -2.557 .034
5389.18 0.813 -2.491 .033
5426.26 0.021 -3.272 .029
5460.51 O.Q48 -2.669 .017
5866.46 1.066 -0.745 .029
6064.63 1.046 -1.775 .031
6085.23 1.053 -1.425 .029
6126.22 1.066 -1.347 .033
6743.12 0.899 -1.678 .028
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CHAPTT

THE SOLAR ABUNDANCE OF TITANIUM

A determination of the solar titanium abundance using the 

Oxford f -values is of interest not only for its own sake, but also 

in providing a means of examining the internal consistency of the 

relative f -values. Ity treating the sun as another absorption 

furnace the observed equivalent widths should be consistent with' 

one abundance . Such investigations have already shown for other 

elements (Garz et^ al^ 1 969, Collins 1970) that abundance variations 

of Q.^Odex are sometimes seen despite claimed relative f -value 

errors that are considerably less. It is therefore expedient to 

produce an independent estimate of the error in the relative scale 

by studying the solar abundance from 3-ine to line.

The method however assumes the physical processes of solar 

line formation are perfectly understood; uncertainties in the 

theory for stronger lines severely limits this test, tfith weak 

lines, (W.-^3S>^A) however, uncertainties in micro turbulence and
/\

damping constants will not seriously affect interpretation of the 

results, and thus deficiencies in the line theory can be avoided 

somewhat. Despite the criteria set out in choosing the lines, there 

are few -weak unblended lines in the solar spectrum that have been 

measured in the furnace. Thus a detailed investigation of possible 

abundance variations with wavelength or excitation potential is 

unfortunately not possible.

7 . 2

The determination of a solar model atmosphere is an essential 

prerequisite to all studies of solar line formation, and as this 

is obtained in a slightly different manner to that outlined in 

Chapter k, it merits a brief mention.
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As the solar disk can be resolved it is possible to observe 

the limb- darkening relation at various wavelengths and hence 

establish an empirical temperature distribution. A solution of 

the transfer equation in LTS gives (cf Chapter Ij.)

(7.1)
o

thus the limb-darkening relation becomes

i?* (7.2)

Assuming tk ( /fc^) can be represented in a power ccriec e.g.

(7-3) 
K

then in (7.2) ^^ . ^ ̂  R | ^ (? _ u)
K

By judicious choice of a. relation (7.3) and fitting to the 

observed <p« at various wavelengths it is therefore possible 

to de terrains t>^(^) 0 Jki absolute value for X^Q, 1 ) then gives 

T(t^ ) for various t"^ . Rirtherraore since at a given T

: V (7 .5)

it is then possible to determine the absorption coefficient 

empirically. With a knowledge of 71^ and T( t~ ) the equation of 

hydrostatic equilibrium can be integrated to give the pressure and 

corriDlete the model.
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Such empirical solar models are quite successful, though are 

constantly being revised as new observations are made. The most 

recent model is the Harvard Smithsonian Reference Atmosphere 

(HSRA, Gingerich et^ a^ 1 971 ) which utilises the ultraviolet rocket 

observations of Parkinson and Reeves (1970) and the absolute energy 

distribution of Labs and Neckel (1970). The model replaces the 

earlier Bilderberg Atmosphere (Gingerich and Jager 1963), which 

failed to reproduce the observed limb-darkening in the visible 

region. An, intermediate model after Elste (1963) meets this 

requirement but is based only on observations up to 1963.

The observed limb-brightening at short wavelengths is represented 

in the empirical models by a temperature reversal in the lower 

chromosphere (^ ^ 10 ). In the HSRA non-LTE calculations in
3CQO

this region were made using the departure coefficients of IToyes 

and Kalkofen (1970). A further advantage of using weak lines in 

abundance analyses therefore is that they are formed lower down in 

the atmosphere where uncertainties in non-LTE are smaller.

A preliminary theoretical LTE model has recently been pub­ 

lished by Kurucz (1?7U). Comparison between the KSRA and this model 

can yield useful information regarding energy transport and equil­ 

ibrium in the sun. The temperature distributions of this model and 

the HSRA are shown in I(VLg. 7*1 j the model of Elste (1963) is also 

included. The agreement with the HSRA is encouraging, and Kurucz 

shows that the central intensities in the visible and infra-red are 

consistent with observations. It is therefore likely that future 

solar models will benefit greatly from theoretical comparisons of 

this nature.

7 • 3

The mechanism of line formation in a stellar atmosphere is 
by no means fully understood although many of the rudimentary



Figure 7.1

Comparison of empirical and theoretical(Kurucz) solar models
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investigations of Minnaert are still applicable. A computer program 

has been developed in this department for the calculation of a line 

profile in LTE from a model atmosphere, and this section essentially 

describes the features and facilities of the program. The program, 

conveniently termed STARLINE, was written by Professor ELackwell 

and has been recently overhauled by R.B. Willis.

The model provides T,p ,p , and ?(^ as a function of t^ , 

the optical depth at the standard wavelngth X0 . The continuous 

absorbers are then combined for each level j in the atmosphere:

= E
all

the corresponding optical depth at • \ is then given by

Table 7.1 shoTfs the opacities included in STARLINE. For the solar 

spectrura in the region U5>00 <C A ̂  6000 $., the H~ opacity accounts 

for 93^ of the total. Below U500 £ however there is disagreement 

between the theoretical total and that derived empirically from 

observations. This has led to the suggestion of a missing ultra­ 

violet opacity (Gingerich 196U).

In the absence of scattering the total absorption coefficient 

is analogous to that used in the furnace curve of growth (see eqns 

i.e.

(7.8)

where IT is the number of absorbing atoms (found in LTE by applying 

the Sana ionisation and Boltzmaa excitation formulae), H is the 

Voigt function, ana a , ot 0 , and v are as in equations (5.39).

The treatment of damping in the solar atmosphere is more



Table 7.1

Source

Opacities in STARLIrfS

Remarks

H 
H~

7T **"
r.< 2

V
He, He", He

Fe T-T Si

Gaunt factors of Karsas 8- Latter(1961 ) 

Gingerich(l964)
*

Somerville(l964) 

Carbon et al(1968) 

Travis & Hatsushin>a(l 368)

Scatterin:-

E

ne fetyleigh. 

Electron

Dalgarno(IS62)

Dalgarno & \/illian;s(l962)

Dalgarno(1962)
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detailed than in the case of the furnace. The important mechanisms 
are summarised in Table 7.2. Natural damping is generally included 
at its classical value for lack of sufficient accurate f-va?aies. 
For low lying levels this form of damping is usually negligible. 
Collision damping with hydrogen is usually predominant, and it is 
assumed here that the interacting forces obey van der Waal's 
law (i.e. o< r~ ), Laboratory work has shown that this representa­ 
tion is not physically correct, and Cowley et^ ai^ (1 969) have 
suggested, arbitrary enhancement (i.e fudge-) factors of between 1.8 

and 7.U for levels in Fe I, the exact value depending on excita­ 
tion. Similar corections'will apply for collision damping with 
helium, though the reduced abundance makes this form of damping 

less important. The Stark broadening constant also depends on 
accurate f-values and introduces a further uncertainty. Blackwell 
et_ cl (1 972) have shown that for the sun, uncertainties in abundance 
interpretations of more than 10^> can only be avoided by using lines 
with equivalent widths less than a 'safe' value. For uncertainties 
from damping alone, the 'safe' value is 75nA for groundstate lines 

and only 35 ma for lines of high excitation.

For the case of microturbulence the uncertainties are greater 
arid affect even weaker lines. A discrepancy between observed and 
calculated profiles has unfortunately led to the permanent incorp­ 
oration of this fitting parameter in most abundance analyses. Yet 
Wbrrall and Wilson (1 972) have shown that forcing agreement in this 
way could be necessary because of deficiencies in the line theory 
and that there is no experimental or theoretical justification for 
microturbulence. The velocity field has its effect through the 
Doppler part of the Voigt profile. The parameter v consists of 
components of the thermal velocity and the turbulent velocity. 
Including the velocity therefore broadens the line and changes the 
curve of growth. Velocities of between 0.5 km s~ (Foy 1972) and



Table 7.2

Damping constants (Alien 1973)

Mechanism Constants for transitions 
from level b to level a

Natural >n = ctvc 
\ = 0-2223/X

Cn= 3^<f

cm
Collisions with

a) Hydrogen *V =

b) Helrum

6" "H

1-61E-33CI3-5ZJ 
0-6

2 -2. _5

2 (X-Xbf-(X-X/

Stark effect Y . 38-8C;6V5i N(

Q4-1-21E-15 2

J

notes: V is the relative velocity between atom and 
perturber. (CPTl/S )

l\l . N, are number densities (CfTl )
rr he
Y is the ionisation potential of the-: perturbed atoni 

Z is the effective charge of the perturbed aton 
, are excitation potentials ((2V)
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2,ij. kn s~ (Muller gt.ai.1968) have been suggested for the sun, 

with many different depth dependences. An approximate value can 

be found by trial and error until the derived abundance is inde- 

psndant of equivalent width (Garz

Continuing their analysis ELackwell et al found the 'safe'
wot**! «,^*-«

value of W-^ for uncertainties in micro -turbulence was only 35' m 

for ground state lines.

The deficiency in the line theory that results in the need 

for a micro turbulence parameter may be connected with the assumption 

of LTS. For giant stars where the pressures are much lower and

collisional processes may not be sufficient to maintain equilibrium,
—1

turbulent velocities of as much as 6 or even 8 km s" are required

(Tomley et^ al 19?0). Th.e calculation of line profiles in non LTE 

is a very complex problem requiring accurate atomic data and involv­ 

ing is any iterative solutions. Simple approaches (lialler and 

Mutschlecner 196!;) have pointed to little difference between LTS 

and non LTE in the photospheric abundances, but detailed calcula­ 

tions using non LTE programs such as that of MLhalas and Awer (1 97?- ) 

will not be very instructive until more complete atomic data is avail­ 

able.

To complete the line profile calculation: 

Given 'c^ the line optical depth t ~ is found from

,_ Q .(7 ' 9)

'and the line profile is simply

(7JO)
where superscripts 1 , c refer to line and continuum.

A slight modification arises for the case where the disk cannot be

resolved. Intensities are then replaced by fluxes obtained by
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integratin over the disk.

it (7 . n)

and the integrated profile is thas TrFx (o) / TT p% (<>) .

? . U Observations and Results

In order to obtain realistic abundances, lines with equiva­ 

lent widths of less than 3_c?niX should be used. This is a particu­ 

larly stiff constraint as there are few such lines in the solar 

spectrum for which accurate f- values are available. In the past, 

investigations have of necessity used lines with equivalent widths 

of between 3'0 and 150 mi. With such strong lines uncertainties 

in line theoiy can quite easily lead to changes of 20% in the 

derived abundance. Weaker lines have been avoided because of 

uncertain continuum levels and blending troubles. It is only since 

the introduction of high resolution photoelectric scanning spec­ 

trometers that accurate measurements of weak line profiles have 

become possible.

A spectrometer of the low-noise type described in Chapter 5 

has been used to scan various parts of the solar spectrum. This 

instrument was installed together vrith-a ccelorrbat on the Gornergrat 

(309Cta) in Switzerland. Data collection was performed 'using a 

PDP-8 processing computer. It was shown by ELackwell et_ aJ^ (196?) 

that, using the technique already described in Chapter 5'* noise 

levels of less than 0.31$ can be readily achieved using this 

instrument. In order to investigate the possibility of using weal: 

lines for a solar abundance analysis, scans containing useful Ti 

I lines irere selected f ron a large series obtained in 1 970-72 by 

B.S. Collins at the Gornergrat. As thby are recorded on paper 

taps they are particularly suitable for computer-assisted investi­ 

gations of weak features.
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A typical Goraergrat scan is shown in Pig. 7.2. Each scan 
consists of 750 points covering about 7-10 S. A continuum can be 
inserted either by judgement or by referring to the higher resolu­ 
tion spectra of Delbouille et_ sQ^ (1973). The feature of interest 
can then be isolated on a visual display and magnified as required. 

Using a program kindly supplied by A.D. Petford it is then possible 
to excTiine blending effects quantitatively. Fig. 7.3 shows the 

same Ti I feature with a wing inserted by on-line manipulation of 
the displayed profile. Insofar as it is possible to magnify the 
profile .more readily and examine synthetic profiles quantitatively, 
this method is superior to planiiuotering tracings (even from 
Delbouille 's atlas), which is a slow tedious process and particu­ 
larly susceptible to human error.

In choosing a line list from these measured in the furnace, 
all lines with equivalent widths greater than 50 ml were first 
discarded because of the damping and microturbulence uncertainties 
that would be involved. The remaining 19 lines were examined 
using the above programme and were ruthlessly whittled down to 
12 by stipulating that the measured equivalent width should be 
reproducible to 2% for suitable alternative synthetic profiles. 
This constraint is necessary because the present version of 
STARLIME is not capable of dealing directly with blends although 
it is proposc-d to incorporate this into the program. in the near 
future. It has already been shown (Warren 1970) that useful in­ 
formation can be extracted from blends provided the wavelengths of 
the components are known to an accuracy better than their Doppler 

halfwidths.

For convenience the lines were classified according to

strength:
I Vv^ < 7.5 m£ (2 lines)
II 7.> X̂ O5 ^ (8 lines)
III 3p < WA ̂  £0 mi (2 lines)
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Class III lines represent those for which abundance uncertainties 

of at least *\Q% can be expected. Class I lines have been included 

purely to test the versatility of this method. Normally such weak 

lines would be excluded as uncertainties in ths continuum level 

alone could change their equivalent widths by at least 10$. Class 

II lines form the basic material for this analysis and it is later 

shown that uncertainties in line theory produce a negligible effect 

on abundance interpretations from these liiss.

V&th STARLINE a full curve of growth analysis was performed 

for each line and the abundance found by interpolating with the 

observed equivalent width. For the Class III lines microturbulent 

velocities of 1 .5 and 2.0 km s were used with .collision damping

enhancement factors of 1 .0 and 1.3 in *)/ and AK* • Natural damping 

was Inserted atits classical value and Stark broadening was ignored. 

Deridder and Itensbergen (1 97h ) have shov/n the latter two assumptions

are reasonable for photospheric analyses. For the other lines
-1

nominal values of 1,5 km s for the micro turbulence and 1 .3 for

the enhancement were adopted. The author does not attach any 

physical significance- to these values, which were included purely 

to demonstrate the uncertainties involved.

KLg. 7-U clearly shows that Class II lines are virtually 

independent of damping. The curve of growth for HI 'A 61 26 A 

(1 eV) for enhancements of 1 and 6.3 in ^ and ^he (correspond 

ing to x1 and x1 00 in c,) is. different by only 1 .6% at the observed 

equivalent width. This corresponds to only O.OIOdex(2.3$) in the 

abundance.

A similar investigation for microturbulence is given in 

Pig, 7.5 which shov;D the same curve of growth for v fc =1.5 and 2.0 

km s"^ . This tine the abundance uncertainty is 0.012dex(2 6 f>;;). 

Thus allowing for a 2% error in the observed equivalent width, 

Class II abundances should test the relative oscillator strengths



Figure 7.4 

Effects of damping on the solar curve of growth
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Figure 7.5

Effects of microturbulence on the solar curve of grov;th
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to at least 0.02dex(U.!?^).

The result of the analysis is given in Table 7.3. The 

Utrecht equivalent width (Moore ejk §1^1966) differs significantly 

from that measured here for both strong and weak lines thus possibly 

demonstrating that blending extraction from poor resolution 

spectra is not necessarily easier with strong lines. The Gornergrat 

values have been corrected for scattered light in accordance with 

ex-tensive comparisons made with the results of the Kitt Peak 

double-pass spectrometer (Fierce 1969).

It is of interest to determine whether the resulting abundances 

are sensitive to the solar model. Fig. 7.6 shows the curve of 

growth for HSRA amd the model of KLste (1963). An investigation of 

the contribution functions (essentially the variation of C^ with 

depth) revealed that all lines for-n in the region 0.1 < ^V50 o ^ ' 

where the temperature difference between these models is 110 degrees. 

The difference in the calculated equivalent widths is disturbingly 
large ( ^7/2 at 20 rnX) and would lead to an abundance 0.0^(10 yt) 

less for this particular line.

7.5 Dipcussion

It is gratifying to note that the abundance variations over 

the 12 lines are not very large, indicating that none of the f-values

used are seriously in error. The abundances for the class II lines
4. 

varg by only - 0.03 dex thus justifying the error analysis of the

last chapter. Although only f of the total lines studied in the 

furnace were included in this abundance analysis, they cover a wide 

range of excitation and the author sees no reason why the entire 

relative scale should not be accurate to the same amount.

The results for the weakest lines are 0.07dex higher than 

those of class II suggesting a rough over estimation of 20,^ in 

their equivalent widths. It is nevertheless a compliment to the



Table 7.3

Results of the solar Ti analysis 

Class A. X Utrecht Grat log N(Ti)

II

5366.65
5389.18

4715.30
4926 0 16
5009.65
5045.45
5295.78
5460.51
6064.63
6126.22

5152.20
5866.46

0.818
0.813

0.048
0.818
0.021
0.848
1 .066
0.048
1.046
1.066

0.021
1.066

2.5
5

11
5.5
24
10
10
8.5
7
20

38
40

2.2
4.6

8.8
5.1

26.8
8.0
11.2
8.2
7.8
19.1

40.5
46.5

4o87
4.88

4.83
4.33
4.79
4.85
4 . 80
4.80
4 . 83
4 . 84

4.76
4.80

Mean values:

Class I: 4.88
Class II: 4.82 ~ 0.02 (std.dev)
Class III:- 4.80

Notes: Col 1: Strength classification (see text)
o

2: Wavelength in angstroms
3: Excitation potential of lower level in eV 
4: Equivalent width in mi from Moore <et al(l966) 
5: Gornergrat equivalent v/idth after 3/j

scattered light correction. 
6: Abundance relative to log ii(H") = 12.00



Figure 7.6 

Curves of growth, for 2 solar models
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low-noise spectrometer that a realistic abundance can be obtained 
from a line of only 2inA; Minnaert would indeed be surprised.1 With 
only two results it is hardly possible to comment further on the 
accuracy of working with such weak lines.

The error bar on the class III results, arising principly 
from uncertainties in microturbulence, shows that investigations 

using these lines will be inaccurate. The final abundance has 

therefoi'e been based solely on class II lines.

The error bar in the absolute scale is - O.OSdez, and as this 
is much larger than the variation in the results it is claimed 

that :-

log n(TL) = -U.81 - P. 08

on the log n(H) = 12.00 scale

The previous determinations of the solar titanium abundance 

are summarised in Table 7»U» It is seen that the author's value 
is slight.!;" higher than that obtained by Goldberg erb al. (GMA 1 962) 

and Miller and Mutschlecner (!M, 1 96u) though is in rough agreement 
with the recent work of Wolnik 0973) and Grevesse 0970), Wblnlk's 
value is r.if-rely a slight shift of Grevesse's abundance to an 
absolute scale consistent with his shock tube measurements. As 
this ccale is in itself only accurate to - O.OSdex (sco Table 
6.7) the author disputes his reduced abundance error of - O.O^dex.

Wolnik's absolute scale is 0.23dex lover than the author's 

(cf. table 6,7), implying that a repeat of tne author's abundance 

analysis with his f-values would give an abundance of about U.3>3, 
in rough agreement with the early work of GMA and MM. It must be 

appreciated however, that these early investigations used crude 

semi-empirical models based on incomplete solar observations, and 

an approximate theory of weighting functions valid only for weak 

lines (se? Alter 1963 p. 36J). Trie standard of the photometry v/as



Table 7o4

The Solar Ti abundance

Reference log N(Ti) Remarks

Aller(l953) 4.78

Pecker(1959) 5.68

Goldberg 4.68
et aid960) 

1-iuller co 4.58
Kutschlecner (4.78)

(1964)

Warner(1968) 4.50 

Unsold(1963) 4.68

Compiled from classical 

curves of grov/th by Hinnaert, 

Unsold and Henzel
Non ME, f -, from King, £_-.„ rej_ a us
from, sinnrule.
LTL1 , selected frel , ^abs from 
sumrule.
Non LTE investigation across 

solar disk, f. ,. from C&B, 
from suniriile

from arc measurements 

made absolute from sumrule. 

Average of Goldberg o. Muller 
v/ith f , correction.

c. D S
Ti I us in?: Tatun f ,Grevesse(l970) 4.73

(4.33) 
V/olnik & 4.78 - 0.05 He-analysis of Grevesse using

Bertliel(l973) 

Ellis(l974) 4.81 ~ O.Ob

(Ti II using Warner f'abs )

f , of V/olnik cc Lerthel abs

i^otes: Abundances are on the H=12.00 scale
f , refers to relative oscillator st?;engths

•I* t* JL

f , refers to absolute oscillator strengths 'abs
Cd:B means Ccrliss co Bozman(l962)
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of course also much worse. As it has been demonstrated that the 

Ti abundance is particularly sensitive to temperature variations, 

it is unlikely that these early results are accurate to more than 

a factor 2 (0.30dex).

Grevesse used the f-values of Tatum (196lb) who has himself 

stated that his scale is only 'approximately absolute'. Vfolnik 

finds his absolute scale agrees with Tatum f s. however. On the 

author's scale Grevesse's value would be about U.90 which is rather 
high.

Apart from Pecker's (1959) surprising.result^crude non LTE 
investigations have given values roughly consistent with LT3, This 
was originally confirmed to some extent by Warner's observation 
that n(Ti I) ^ n('Ti II). However Wblnik has shown Warner's Ti II 

f-values are O.£0dex too loir. This has the effect of bringing 

Grevesse Ti II abundance up to U.33 in excellent agreement with the 

author's value for Ti I.

As the axxthor's investigation is the only one restricted to 

weak lines, utilising reliable f-values and the latest solar 

model, he suggests his value is, at present, the most accurate 

available.
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CHAPTER

AB30LUT5 AaaDAg5S FOR ARCTURUS

5.1 T^jbroductioii

These Arcturus abundances have been detennined using the 

same line theory ani methods detailed in the last chapter. The 

theory may be considerably unsound however, for strong lines, 

which are forced in low density regions where LTS may not be 

valid. Another difference here is that the lower temperature 

reduces the thermal broadening, and consequently the effect of 

microturbulence on the curve of growth is increased. Although 

Griffin's Arcturus Atlas is outstanding in comparison to other stellar 

spectra, it cannot match the low-noise solar spectra and consequently 

accurate T^asureirieats of weak lines (which "ould avoid micro- 

turbulence uncertainties) will be difficult. It is therefore 

necessary to us-?, stronger lines whose equivalent widths can be accurate- 

ly measured and to assume, or to determine separately, a value for 

the microturbulence. This velocity can also be used in determining 

the surface gravity (see Chapter k) to produce a refined model for 

Arcturus .

The results presented here use f- values determined with the 

Oxford furnace. The original titanium list was closely tailored to 

the Arcturus analysis and several good quality lines are included. 

The iron list has been constructed for other purposes however, and 

thus only a few lines are presently applicable in this study. There 

latter f- values (Blackwell et_ £l_ 197U&) have been placed on an absolute 

scale by referring to an atomic beam absorption result of Bell and 

Tubbs (1?70). Using a more refined model and a considerably extend­ 

ed line list, a more complete analysis will soon be possible. In 

particular LI'S in Arcturus can be scrutinised by determining Ti II 

and Fe II f~V£ilues from a, solar analysis, where LTE is perhaps a
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more reasonable assumption.

Despite the preliminary nature of this investigation it is 

the first time Arcturus has been studied with absolute f-values 

and without reference to another star, and the accuracy of the abundances 

is shown to at least equal that of other published values. Because 

Ti and Fe are synthesised in the later stages of stellar evolution, 

their abundances are useful indicators of the metallicity of the 

interstellar medium where.the star formed. Arcturus ic thought to 

be representative of a large number of high velocity stars in the 

solar neighbourhood and these results will be of use in theories of 

galactic evolution as well as for those of nucleosynthesis.

8.2 Obs eirvations

Equivalent widths have been measured, with a plaaineter, for all 

reasonably- unblended lines in the Griffin atlas that have Oxford 

f-values. Equivalent widths are particularly amenable for abundance 

interpretations as they are indcpoiidant of 'tirge-scaie rcacroturbulent 

velocity fields. In a spectrum synthesis program such as that developed 

by Boil, and used for an Arcturus analysis by Up son II (1973)> un~ 

certaintd.es in velocity fields will seriously affect profile interpreta­ 

tions. Equivalent widths are often • independent of instrumental 

effects. Griffin (19o9b) however has demonstrated that excessive 

noise in the extended wings of an instrumental profile could alter 

we3k equivalent widths by as much as 10^. Fortunately it has been 

satisfactorily demonstrated (Warren 1 970, arid see ELackwell ejb_ al_ 

1971 ) that such effects are negligible in the Arcturu.3 atlas.

The accuracy of these equivalent widths is determined by the 

noise level and continuum position rather than the accuracy with 

which one. can planirueter. For lines of 50-200 n 2 with an adopts-:! 

noise level of 2% an accuracy of about 3^ is claimed.

8.3 The iiiicrGturjDulcn I velocity

There is no observational evidence for interpreting the micro-
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turbulence parameter as a true velocity field and it was suggested in 
Chapter 7 that the increased value incorporated in line analyses of 
giants could be a non LIE effect. The consequence of the parameter 
is an increased linear portion of the curve of growth which, for cool 
stars, is quite short because of the reduced thermal velocity. At
lUi.00 K the most probable thermal velocity for a titanium atom is only

~1
1.1 km sec and the effect of various microturbulent velocities is shown
in Rig. 8.1. As a rough example, to ascertain the abundance of titanium 
from this line, one would require it to be weaker than 30 mX or

alternatively at 50 ml one needs the microturbulenee, v , to an
+ -1

accuracy of - 0.15 1cm sec . As a weak line analysis of Arcturus is
not yet possible, it is essential that the existence and effects of 
v, be explored. Fortunately the effects of damping are considerably 
reduced at these low densities.

The microturbulenee has previously been estimated from the 
extent of the linear part of the curve of growth, and also from 
the line profiles (where it is likely to be confused with other- 
velocities). Hie former method is cominonly used differentially with
respect to the sun whose microturbulenee is quite uncertain (from

-1 -1 \
Oo km sec to 2.U km sec ) and the spread of values for K giants
obtained in this way is even more. Glebocki (1972) found v =1.1

-1km sec" (less than most solar values) thcrugh his curves of growth are
of poor quality. Heifer and Wallerstein (1963) found a value of 2.5 
km sec" satisfied the curves of growth of 20 K giants and this 
value was selected by Williams (1971ab^ for his narrow-hand survey 

of many K giants

For Arcturus, Griffin and. Griffin (1 96?) determined a value of 
2.1 from the Fe and Ti curves of growth, though they had to use 
gf-values from Corliss and Boziaan. Warren (1970) assumed a value of 
2.0 for a differential analysis with L Peg; Dpson II (1973) and 
Simon (1971 ) use this value for investigating line profiles.

Here v. is determined by a method involving the curve of



Figure 8.1 

Effects of microturbulence on the Arcturus curve of growth
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growth. It is assumed at the outset that there is no dejbth de-

pendance or variation in v, amongst different elements. The resultst
are sensitive to the depth-dependences but it is felt there is precious 

little evidence for one botching parameter without extending the degree 

of freedom still further, v is therefore regarded as a fudge-factor.

Firstly curves of growth for several strong (WjL ->-20Dni5) Fe I 

lines with'Oxford f-values were constructed using STARLIN.3. These 

saturated lines lie on the flat part of the curve of growth where 

abundance effects are minimised. .Assuming a spread of 0.53dex in 

the abundance and a realistic variation in damping constants, a pre- 

lininsry range of 1 .6 ^ v ^ 2«5 ki\/sec was established. With a grid 

of turbulence values froia 1 to 3 km/sec, curves of growth were then 

constructed for all lines in the Arcturus line list, and abundance;-;

were derived for each v, .Garz et cl (1969) determined the solar v,t — — t
by stipulating that the abundance should be independent of equivalent 

width. A simplified version of this is to plot derived abundance

against v and hope that a single abundance and nicroturbulence will u
emerge. Such a N-v. diagram is shown in Fig. 3.2. The gradientt
d;J/dv. d-jponls on the position of the line on its curve of growthj t
for saturated lines the gradient will be largest, whereas the gradient 

will be less for- weal-: lines. The value deduced from this diagram is 

based on 5 intersecting lines out of a possible 9. Ideally the method 

requires the use of stronger lines situated on the ! arch' of the 

curve of growth where d:I/dvx is changing, but in this stud? such linos
o

are either seriously blended or do not have good f-values. Prom this

a value of 1 .9 ^ v ^ 2.3 is deduced. A preliminary abundance
+of log n(Ti) = k-39 - 0.0£ can be deduced from these 5 lines.

+ -1 
The adopted value, taken as v. = 2.1 - 0.2 km sec is consistent

with other values for Arcturus and similar stars. It is quite evident 

that a value below 1 .3 km sec"" , sazch as th^t reported by Glebocki, 

would lead to absurd a.bundc-nce variations from line to line.
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3.U Abundance fesuits and errors

The final abundance results with the adopted v, are given
u

in Table 3.1. There does not seem to be any significant correlation 

between abundance and equivalent width which, within the scatter, 

implies the micro turbulence is about right. It is now possible to 

test the Ti I f-values by comparing solar and Arcturus abundances. 

The scatter in the ratio Arc turns/Sun (see Table 8.1 ) demonstrates 

the variation ox the abundances in both analyses cannot be purely 

due to errors in the relative f-values. The Ti I abundances agree to 

within - 0.06dex (\$%) apart from the line at 'X606U.63 X which 

requires a reduction of about 15 mX in equivalent width. This spread 

is twice that observed in the solar analysis and is attributed to 

poorer data and possible uncertainties in the model. The mean value 

for titanium is 1*.U2 - O.Oli, which (for those who insist on referring 

to the sun), using the author's solar abundance (Chapter 7) implies 

LH/H J =-0.39. The iron analysis has a similar spread and the mean 

value of 7.2? - 0.05 becomes fps/Hj = -0.33 after using the solar 

iron abundance of Garz et_ al. The implication of these values and 

the comparisons with otner published results are postponed until the 

next section.

These results contain errors from nearly every chapter in this 

thesis, and a detailed analysis would require a full, investigation 

for ei.::h line. To arrive at a crude figure, the possible errors are 

considered individually.

i) T : The above analysis was performed with the model at UUOO° K 
e

(Table U.12). Curves of growth constructed with the hotter 

model at ii5QO° K(Table U.3) gave abundances consistently 

higher by about O.OSdex. Since Tg = iii^O - £0° K these 

results are strictly O.OUdex too low,

ii) log g: As there is no indication of the error on the adopted

value of log g = 1.7, it is difficult to estimate the uncertainty 

in these abundances. To demonstrate the effect: changing



Table 8.1

Abundances in Arc

\
4617.27
4675.12
4715.30
5238.58
5295.79
5426.51
5460.51
6064.63
6126.22

4389.24
4427.30
5110.41
5127.78

X
1.749
1.066
0.048
0.848
1.066
0.04-8
0.048
1.046
1 .066

0.052
0.052
0,000
0.052

V7\

130
92
126
104
87
54

1 1 9
128
130

185
218
135
64

log W [if]

Til 4617.27 1.749 130 4.45
4.40
4.51 -0.32 
4.46
4.42 -0.38 
4.38
4.43 -0.37 
4.60" -0.23 
4.41 -0.43

Pel 4389.24 0.052 185 7.30
7.23 
7.32 
7.23

Mean values: n(-I'i) = 4.43 ~ 0.04
n(Pe) = 7.27 - 0.05

relative to H=12.00

ignored
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from log g = 1.7 to 2.0 the electron pressure at ~ = 0,1 

increases by 30% (see Fig. U.13), thus the neutral abundance 

would increase and the derived total abundance would have to 

be lowered by 0.12dex.

iii) v^ : The error here will affect lines on the flat part of the

curve of growth quite seriously. For.weak lines the error
+ ' -1 +

of - 0.2 kin sec" gives about - 0.05 dex in derived
abundance.

iv) Equivalent width : Ch the linear portion this error transfers 

directly i.e. 3>% or about - 0.013dex.

v) f~values : Again it is assumed that for Ti the error in the 

relative scale (0.03dex) is negligible in comparison with 

that of the absolute scale (0.03dex). The Fe f-values are 

knovn on an absolute scale to less than 0.01 however* auu the 

relative error of 0.03 will dominate.

Taking into account all these errors gives a rough uncertainty of 

~ OJ5dex (UOvs), for Ti and - O.IOdex (26%) for Fe, which is possibly 

discouraging considering differential abundance analyses are canon- 

ically quoted to a factor two (e.g. Pagel 1972). Although the author 

does not dispute differential error analyses he would stress, first J.v, 

the relatively large error introduced by the models. Many workers 
do not seem to appreciate that their models may be based on very 

inaccurate estimates of T and log g (see Chapter k). Secondly,
6

although the error in the author's result is dominated by that in the 

absolute f-values needed for this absolute analysis, even larger 

errors could be introduced in analyses between stars of different 

types where residual curve of growth effects would enter.

To summarise therefore, in Arcturus:- 

log n(Ti) = k.h? - 0.15 

IOQ n(Fe) = 7.27 - 0.10
on the H = 12.00 scale,
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Using solar abundances referred to above, these imply

= -0.39 - 0,0?

= -0.33 - 0.10'

^ • ̂  Di_scus_s_ion

These results agree broadly with other metal abundances for 

Arcturus collated in Table 3.2. The older analyses seem closer than 
the more recent investigations, which point to a larger deficiency, 

especially for iron. Griffin and Griffin (1967) determined T -
G

1*163 from Wills trop'.s scans and it has already been noted that this 
value will be too low and uncertain by atloast - 2^0 deg. A re­ 
adjustment of their results gives llV&J- -O.k - 0.2. Holweger's 

(1971 ) results, confirmed by van. Paradijs (1.97U), agree well with the 

author's for titanium though lids irou aburiuf/iuG is rather lower. 

These analyses are based on models constructed for T - Ii2>0°, which
€J

would seem to be a favourite value for Arcturus (see linsky and P^rres 
1973)* yst strong evidence has been presented in favour of a higher 
temperature. Hie increased abundances hsro are mainly attributed to 
this revision in T for Arcturus. The only remaining puzzle is why

G

Williams (1 971 a), whose T is nearly the saiie as that adopted here,
6

obtains the largest iron deficiency of all. Comparing these narrow- 
band results with other detailed analyses, the author notes a consistent 
lowering of between 0 and 0.3dex for his iron abundance. Williams 
claims his result is accurate to 'a factor two' (- 0.15>dex) yet that 
error is nob sufficient to match the author's result.

Simple empirical curves of growth will alvrays lead to poor 

abundance estimates as they require mean values for temperature and 

pressure. Differential curves of growth constructed fron model 

atmosphere 3 avoid these stratification probler-is although the curve 

is not unique for lines of differing excitation, Cayrel and 

Cayrel (1963) demonstrated that the actual T(f) employed in such a 

differential analysis matters little provided it is the same in both



Table 8.2

Metal abundances in Arcturus

Reference [pe / E] [ri / tf]

Griffin LP; -0.48 -0.52

G-rif find 967)

Holweger(l97l) -0.65 -0.40 

Williams (197.1) -0.77 

Ellis(l974) -0.33 -0 0 39

liotes :
Holwe^er's results are confirmed to within» — '

i 0.05 dex by van Paradi js(l974) .

Williams' analysis is with narrow-band photometry.
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stars. This useful fact makes it more reliable to compare K giants 

with Arcturus rather than with the sun, where T( t~) will not be homolog­ 

ous because of convective arid backwarming effects.

Of course, differential analyses avoid f-values, and an 

alternative approach to that used here would be to compare Arc turns 

and the sun separately using relative f-values. In this case the 

abundance uncertainty would not be less however because although 

absolute f-values are avoidedyoncertainties in the solar analysis 

are automatic ally transferred. Tlia few lines in Table 8.1 for which 

this has effectively been done xrdic«te that the error on the final 

[Ti/Hj is rauch less than the quoted - 0.07dex.

The higher T is further justified by Simon's (1971 ) failure s
to fit the H line profiles using various models at U2^0 ; he wanted 

to raise the temperature but felt this would bo unreasonable. Also, 

Upson II (1973) reports that his M abundance, [^/hj=: -O.^O, is too low 

for normal CNO production in, a star of this luminosity and tempera­ 

ture (see Iben 196?). He assumed T = l|1 00 which gives a l-.i:al:-o3ity
w

of 170 Lo , whereas at the new T the luminosity becomes 2!;Q Lo which
11 

may be sufficient to axlow destraction of N ' by the reactions:-

F18 + y

This would result in a high 0 abundance, which is in fact
observed ( [o/K> -0.2>, Upson II, 1973). Related to the CTO bi-

1 ? 1 3cycle is the anomalously low C ~/C ratio of 7 reported for Arcturus

by several observers (Cfeballe et^al 1972, Greece 1970, Upson II 1973) 

which is also inconsistent with normal nuclear processing (Truran 

1972). It is suggested that experimenting with hotter riodwls rdght 

help to resolve some of these uncertainties. T.;I.C new Te and L place 

Arcturus on the Population I giant branch in the Te-L diagram (FaulPai 

and Cannon 1973) corresponding to a nascj of about 1 .£;i inplying g= 

is not far wrong.
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Arcturus is a high velocity star (Roman 1955, VfooEey ejb aL^ 

1970) and the metal deficiency agrees with the theory of Galactic 

evolution proposed by Eggen et^ al^ (1962). More recent observations 

(Heifer 1969, Williams 1971 a) show that high velocity stars sinply 

show a broader iron abundance distribution corre spending to poor 

interstellar mixing and different regions of formation. Eggen (1971 ) 

has suggested that Arcturus is typical of a large number of kin- 

ematically associated stars called the 'Arcturus group*. Several 

other members of this group are K giants, though all are too faint 

for fine analyses* Thus although Arcturus is now essentially to be 

regarded as a standard, source for other K giant analyses, the 

abundances of this remarkable star will always be of interest for 

their own sake.
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CHAPTER 9 

gJ_CLSQ_SYIJTHESIS AM) THE IRON-PEAK

"Metals and alloys Her chore 

raising telescopes.......
towards Her All Encompassed

from "God? She's Black" by 

Gregory Corso (1 962 )

9.1 Intro duo tion

Tills thesis would not be complete without a brief discussion 

of theories accounting for the origin of those elements that have 

been studied here. Observed abundances are an essential test for 

these theories, and future work can only be properly coordinated if 

both results are regularly brought together.

Nucleosynthesis theories have changed remarkably over the last 

ten years and the colourful history has been summarised by Arnett 

0973). Nevertheless there is a need for a less technical review of 

calculations accounting for nuclei in the iron peak, with possibly 

more emphasis placed on the role of stellar abundance investigations,

The theoretical aspects of this chapter are largely in the 

nature of a review; a more complete (though less uptodate) version has 

already been given (Ellis 1972). Broadly speaking, the changes in 

the iron-peak theories are purely in the gradual removal of mathematical 

and physical assumptions introduced nearly 30 years ago. Using the 

high speed computer it is now possible to follow a time-dependent super­ 

nova calculation whereas earlier investigators resorted to various 

forms of statistical equilibrium.

9.2 Tligo_ries_of__nucleosynthG si s

It will always be difficult for the observational astronomer to 

allow the existence of a 'cosmic abundance distribution' against which
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nucleosynthesis theories can be tested. Even the author's results 

reveal abundance variations and uncertainties of a factor two, and the 

literature is full of even larger anomalies. There is therefore 

certainly no reason why the solar system abundances should be re­ 

garded as typically cosmic. It is nevertheless customary to separate 

the larger variations and say that, providing an explanation can be 

found for these, it seems evident that many stars in the galactic 

disk do have solar abundances to within a factor 3 (Pagel 1963, 197U).

A unique form for the abundance curve suggests two possibilities. 

Either SOPIG or all of the elements were created together primordially, 

and were subsequently distributed in space to form galaxies and 

stars, or that the majority of the elements were synthesised in many- 

sites spread over the universe e.g. stars. In the latter case the 

possible existence of a cosmic abundance distribution would suggest 

the processes and physical conditions in the sites have not varied a 

great deal.

The high abundance of hydrogen and its simple nuclear structure 

suggests it is the building block from which heavier elements are 

constructed. The necessary nuclear fusion can only occur at high 

temperatures and densities because of the Coulomb barrier to charged 

particles. Although such conditions may have occurred during the 

initial 'big-bang' it is now believed that only a few of the lightest 

nuclei can have been formed primordially. These theories, of historical 

interest only as far as the iron-peak is concerned, were collected by 

Alpher and Hermann (1 95>3 )> and the problems are summarised by Peebles 

(1963).

In an attempt to overcome the problems associated with the above 

theories, Wagoner et aJL (196?) suggested superrnassive objects (^10 MO )

when exploding in 'little bands ' would reach very high temperatures 

long enough for synthesis of iron group elements. Fowler (1963) 

later showed that the form of the abundance curve so produced is quite 

different from that observed and that most heavy elements are produced 

to only 1/o of their solar abundances. Nevertheless, provided such
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objects can have existed, this is of interest because it corresponds to 

the metal content of the oldest Population II objects in the Galaxy.

The stellar theory of nucleosynthesis was developed by Boyle and 

others (Hoyle 1 9l|6, 1 95U, Burbidge et al 195? hereafter B2 FH). The 

mass of a nucleus is less than that of its constituent nucleons 

and the binding energy per nucleon rises rapidly with increasing 

atomic weight A, peaks at A = £6, and then declines gradually (see 

Tayler 1972 p.63). This partially explains the existence of the iron 

peak as a region of high stability. It also means that all fusion 

reactions up to here will be exoergic.
2
B FH proposed that all elements are synthesised during various

evolutionary stages in stellar interiors, and are ejected by mechanisms 

such as mass loss, supernovas etc. The interstellar medium is then 

enriched with heavy elements which are present In the atmospheres of 

subsequent stellar generations. A total of 8 distinct processes were' 

invoked, forming a chain reaction. Each process ends when its fuel 

supply in the core is depleted. The star collapses Igniting the next fuel 

though previous fuels may continue to burn in shells surrounding the 

core. The iron-peak was attributed to an e (for equilibrium) process 

occurring during a final supernova stage of the star's evolution.

Although it has been necessary to modify several of these processes,

the basic framework is still the same. Of particular importance for
12subsequent discussion was the discovery by Cameron (19^?ab) that C

16 9 and 0 could ignite by fusion reactions at temperatures of 1 0 K.

Under normal hydrostatic conditions, C & 0-burning do not produce 

enough of the elements in the mass range 20 ^ A ^ 32 and the

relevance of Caraeron's discovery was not realised until several years
IP i f.

later. During a supernova explosion C and 0 will be subjected to 

far higher temperatures, either as products of helium burning in a 

degenerate core, or in the envelops of a highly evolved star as a 

shock wave passes. This explosive burning of carbon and oxygen gives 

satisfactory agreement with the observed abundances for most isotopes 

in the mass range 12 ^ A ^ kO but of greater importance for this
o ~*

chapter, it has prompted similar explosive calculations for Si*- 0 .
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9 . 3 The approach to nuclear statistical equilibrium

At sufficiently high temperatures and densities, reactions will 

become as likely as their inverses and if such an equilibrium can be 

attained the resulting abundances can be calculated without using any 

reaction rates. The earliest application of such a statistical equili­ 

brium was in the primordial theories discussed earlier (Klein ejb_ suL^ 

19U7). The first application in a stellar interior, during a high 

temperature phase was made by Hoyle (1 9l|6, 195>U).

In a true equilibrium between all species the final abundances 

are described by the temperature T and the density . By restricting

the equ5 llbrium to the exchange of protons (p ) and neutrons (n ) between
2 heavier elements, B :FH attributed the iron-peak to such an e-process.

In this case the p/n ratio is regarded as a constant parameter, w 

now in the form of a neutron excess

itten

= (n +p) / (n - p) (9.1)

At TQ = 3.73 (the notation X indicates X in units of 1 031 ) and 
y o n

^7 = 0.07^ B FH found the predicted abundances agreed with the prelim­ 

inary solar abundances of Goldberg et^ aJ^ (1960) to within a factor 2 

in the mass range 50 ^ A ^ 62. Outside this range the e-process 

abundances fall short of the observed values and other processes 

were invoked.

In later calculations (Cameron 1963, Clifford and Tayler 196p) 

the nature of the equilibrium was carefully reconsidered. A true 

equilibrium cannot be established because of the significant neutrino 

energy loss at such high temperatures. Nevertheless if the time-scale 

of this phase is long enough for a crude balance between decays and 

inverse decays, a quasi-equilibrium(QE) is possible. Although the 

arithmetic becomes slightly more involved, detailed reaction networks 

can still be avoided and by virtue of its simplicity QE calculations
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are still favoured today by several investigators (Michaud and 

Fowler 1972).

The possible criticism of the QE approximation as used by 

Clifford and Tayler lies with the discovery by Stothers and Chiu (1 962 ) 

that the maximum stellar timescale permitted at these temperatures is 

only 0.3 years. Would this be long enough for establishing QE? 

Calculations by Gilbert et^ al^ (1966, 1968) revealed that a more real­ 

istic approach would be to allow partial processing of seed nuclei. 

This technique of 'incomplete burning ' has been performed by Bodansky
pO

et_ al_ (1963) vrith Si . they refer to their Q3 as 'Si-burning QE' 

though this is perhaps a misnomer as (unlike C & 0) Si cannot burn by 

fusion reactions because of the large Coulomb barrier. At high temper­ 

atures it is photodissociated and rearranged to form heavier nuclei 

in the mass range 23 ^ A

Viz : • r
Si

Bodansky et al found good agreement with observations provided only— ~2~3 
35$ of the Si was processed. This arbitrary freezing of the QE

allows for any timescale problems as the star expands and cools during 

the supernova explosion. It also effectively introduces a fourth 

free parameter. It was realised at the time that a more accurate 

description would be to calculate the reaction network at every instant 

thus accounting for different reactions freezing out at different 

instants.

Such rigorous 'explosive' calculations have only been possible 

with the recent measurements of many heavy nuclei reaction rates 

mainly by Fowler and his crew (Fowler 197U). A fast large-storage 

computer is another essential for these calculations. They will 

eventually provide the most accurate solutions though, unlike the 

equilibrium methods, they rely on models of evolved objects (Arnett 

1 969b) which are presently not very well defined. Thus in some ways QE
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calculations may be more realistic at the moment.

The first explosive calculations were performed by Arnett and 
Truran (1969) and Arnett et_ al (1971 ). It is generally assumed that 
the expansion in the explosion is adiabatic in which case the temper­ 
ature and density at any instant are given by:

T(t)
(9.2)

y ~//z
inhere v^i - A- ^'L is the hydro dynamical, timescale which can be 
ajusted using a scale-factor X . Subscripts i refer to initial 
values.

1 9 ' •
Calculations have been performed with regions of pure C ", 

0 and Si and the results are summarised by Arnett (1973). Explosive 
C-burning produces good agreement for the mass range 12 ^ A ^ 28, 
though in the heavier region 28 ^ A £ 62 it is necessary to combine

1 f-\ 9ft
the results of separate burnings of 0 and Si " . In this case the 
number of free parameters is greatly increased and good agreement 
is encouraging yet not particularly remarkable.

A major difficulty in synthesing the iron-peak is that all 
explosive burnings give a peak at Hi instead of at Fe . The import­ 
ant isotopes Ca i"t , Ti and Fe are also seriously underproduced.
On the other hand the old equilibrium calculatiQns match Fe quite well 
but fail in the region 23 ^ A £ Uu For these reasons it has now 
become fashionable to invoke both processes, attributing the e-process 
(or its equivalent) to a pre-supernova stage, and the explosive 
Si-burning to the actual event. Table $.1 gives the parameters use:! 
in the most recent calculations (Woosley e^,al_197U) which accounts 
for nearly all isotopes in the mass range 28 ^ A ^ 62 to within a 

factor 3.



Table 9.1

Parameters for origin of the nuclei 

28s<A«T62 (V/oosley et al 1974 )

Process T9 ft X

Explosive 0 3.6 2 1.00

Explosive Si28 4.7 200 4.45

e-process(complete) 5.5 200 4.45

Notes:
Col 1: Processes are combined to account for

all nuclei.

Col 3: Densities in cgs 

Col 4: Timescale according to

* sees

All processes have a neutron excess of 0.002 

All values are initial starting values.
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important feature of all the nucleosynthesis calculations is 

the sensitivity of the final results on "*? . Evidence for the consistency 

of the explosive theories is provided by the constant value of *j = 

0.002 required for matching the results of C,0 and Si-burning with the 

solar system abundances. The neutron excess in a typical observed 

composition is determined mainly by the isotopes of C,\', and 0, which 

in a second generation star are produced by K-burning in the 'CNO- 

bi-cycle' (Tayler 1972 p. 3 1*). For a Population I object the result­ 

ing excess is quite clone to 0.002 implying that the 'father stars' 

of the solar-system material were Population I objects. In older stars

^ would be much less and so one would expect the abundance of certain 
I 23 
n-rich nuclei e.g. Na to be reduced,- this is in fact observed

\
(Oke and Greenstein 1966).

The justification of T_. and £. on a stellar model is discussed 

in tha next section. .Apart from this, the most important problem

concerning the origin of the iron peak is the reinstated e-process
" ^>(~\ 

necessary to explain the high abundance of Fe . Arnatt (19o9a)

suggested this might be avoided by a decay of the form

e 4-T^

In the decay a characteristic gamma- ray spectrum would be radiated. 

Its detection both in individual objects (Clay ton £^81^1969) and 

in the universal background (Clayton and Woosley 1969) would place 

explosive nucleosynthesis on a firruir observational basis. Regarding 

possible time-scale difficulties connected with the e-process, 

Michaul and Fowler (1 972 ) showed quasi-equilibriiun night be possible 

if there is a prolonged pre- supernova central temperature in excess 

of k*5 1 0 K. The role of the equilibrium approximations is thus now 

uncertain. let the e-process is employed quite regularly even in 

most recent calculations. Heinebach (1972) has found good agreement 

with observations by combining many e-procesces. Clayton and Wbosley
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0969) obtain satisfactory results using a high yj e-process ( **) "»- 0.0?) 

though there is no observational backing for such a value.

The resulting picture is thus one of slight confusion. Initially 

the e-process was regarded as a 'poor nan's' approach to explosive 

calculations, yet as these i<i turn fail to describe every feature 

observed in the iron-peak, the e-process has been roinvoked. With­ 

out adequate models of highly evolved stars however, it is not certain 

that calculations involving equilibrium or QE are physically realistic, 

As there are so many other experimental uncertainties, both in reac­ 

tion rates and in observed abundances, it is perhaps foolhardy and 

premature to assign every discrepancy to deficiencies in the theory.

9.1|. Supernova models

In this section the evolution of a massive star is described, 

and possible supernova mechanisms are discussed, though the emphasis 

is on heavy element production rather than on detailed stellar -models.

The motivation of the studies of explosive nucleosynthesis was 

the discovery by Schwarzschild and Harm (1 962) that at the end of 

H-burning in a low mass star, the core is a partially degenerate gas. 

Contraction raises the central temperature, and consequently any 

thermonuclear reaction rate increases enormously whereas the gas 

pressure remains more or less the same. This explosive condition is 

referred to as the 'Helium-flash' because the ignition of helium 

triggers off the explosion.

Helium is not a particularly energetic fuel, and the degener­ 

acy nay be removed after the flash, in which case the star returns
12 ^ g 

to hydrostatic equilibrium. Degenerate cores of C and 0 may

however give flashes that are sufficiently violent to disrupt the

star (Arnett 1969b). The nucleosynthesis accompanying the explosion

considerably exceeds that during the hydrostatic burning.

The stage at which a star blows up depends on the onset of
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degeneracy in the core, which in turn, depends on the core mass. 

Heavier stars will generally witness more forms of hydrostatic burn­ 

ing, though at each successive stage the evolution becomes more rapid 

because of increased neutrino losses. If the star is sufficiently 

massive to survive ignition of helium, C and 0-burning, it will be 

able to burn Silicon, though the time scale at such temperatures renders 

hydrostatic calculations unrealistic. There cannot be a Si-flash 

incidentally as Si-burning is a disintegration procedure. A rise in 

temperature at the end of Si-burning is thought to lead to the destruc­ 

tion of iron-peak elements by reactions like :

13 o< + Un

These highly endoergic reactions require further temperature rises. 

The extraordinary luminosity of the supernova is then attributed to 

the neutrinos which, at such high temperatures, transport large amounts 

of energy to the outer layers blowing them off to expose the hot 

interior. The star disrupts, leaving perhaps a collapsing remnant.

This massive-supernova model (proposed by Fowler and Koyle 

19''>l4.) has several restrictions, firstly if the core mass M < 211^ 

the star will not proceed this far along the evolutionary track. 

Arnett (196?ab) also points out that if 1-1 > k l-[Q neutrino deposition
Vx

will be ineffective. The mean free path for electron-neutrino scatter­ 

ing in the high densities of such massive cores is two orders of 

magnitude less than the core radius. Such stars will continue to 

collapse after the endoergic reactions and may become black holes 

(about which one need say no more). Though this model requires

2 <C •'! /M ^ h it hardly restricts the total stellar mass at all. v " c 0

During such explosions^ nucleosynthesis can occur both in the core 

at the tine of explosion, and also in the envelope where shock waves 

impose extremely high temperatures and densities for short periods
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1 /100th sec.) (Colgate and White 1966). Detailed calculations

by Truran (1 969 ) show that the evolution of C, 0 shells is so fast that
2Q all the outer layers can be accurately represented by pure Si . The

resulting abundances may then be almost as described by Woosley et al 

0971;).

Perhaps the greatest uncertainties in understanding Galactic 

element production are the masses of the objects involved, and the

proportion of processed and unprocessed material ejected. If the
9 ~3central density exceeds 10 gm cm Arnett and Iruran (1969) foiur.l

that an 'embarrassing overproduction' of iron-peak elements results y 

and they would restrict explosions to stars irith total masses between 

20 and [j.0 H£, .The fact that a star does not produce the correct mix 

of heavy elements does not however prevent it from doing so.

Another uncertainty in evolutionary calculations is the super­ 

nova frequency. As no-one has suggested a heavy element producer 

that is anywhere near as efficient as a supernova it may be useful 

to equate the solax share of ejected material with the heavy element 

fraction observed in the solar system. Allowing for unprocessed 

material (Arnett and Clay ton 1970) gives:

0.55 {9-3)
-fs~ ^ 3Me//% jrears (9.1;)

i.e. ~'

where f , the supernova frequency is at the moment regarded as time-
S

independent; M . is the total ejected mass per event.
sj

_1
Observationally f <*> 1/350 yr (Zwicky 1969), a figure baseds

on 3 Galactic and 200 extragalactic events observed up to 1967. 

This implies an improbable 120 H0is ejected in each event, whereas a 

more realistic result of 9 - 1 7 M0 corresponds to about one event every 

25 - 50 years (Katgert and Oort 1967). Normally astronomers wouldn't .
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worry about a factor 3 but it is often suggested that the present rate 

of 1 /£o yr~ is sufficient to account for the heavy element production 

(Tayler 1972). Zwicky and other observers feel particularly strongly 

however that the supernova frequency is considerably less, despite 

interstellar obscurration and difficulties detecting extragalactic

events. It is probably that f was considerably higher in the past;s
this would then be consistent with the observations (Heifer 1 969) 

that the oldest disk stars have near solar abundances, indicating that 

a sizeable proportion of the supernova processing occured in a short 

period after the origin of the Galaxy.

9.5 The role of stellar abundances

Predicted iron-peak abundances are conventionally compared with 

the observed abundances of Cameron (1963, 197U). These come from 

studies of meteoritdc and lunar samples however, and therefore re­ 

present a very localised abundance distribution. Stellar and solar 

abundances are usually excluded in these tables for two reasons.

Firstly, uncertainties in f-values and spectral, interpretations 

apparently render stellar abundances inadequate (Arnett 1973). This 

excuse is surely outdated. Figure 9-1 shows the remarkable change in 

the solar abundance of iron-group elements with respect ID Cameron's 

values since 1 960. The remaining differences are not significant as 

far as nucleosynthesis is concerned, and can partly be attributed to 

the inhomogeneity of the non-solar samples. This thesis has already 

shown that the abundance uncertainty in cooler stars in only twice 

that in the sun, and since a lar^e part of this error is due to 

presently inadequate models, the prospect for greater accuracy is 

encouraging. For hotter stars with accurate angular diameters and 

realistic models, the main limitation is the uncertainty in the f- 

values which is rapidly decreasing *
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The second criticism of stellar abundances is that they fail to 

offer direct isotope ratios. Exciting developments are being made in 

millimetre-wave studies (jefferts et^al 1974-) and cosmic ray astronomy 

(Cowsik and Price 1 971 ), and reference has already been made to the use 

of gamma-ray investigations. Despite the alternative methods which 
are capable of producing isotopic abundances, spectroscopy utilises 

many other branches of stellar physics and by studying stellar struc­ 

ture and evolution it is possible to provide a firmer base for the 

nucleosynthesis theories.

Further information is derived from the abundance variations 

from one star to another. Variations of light element abundances are 

thought to be due to mixing of products synthesised locally, for 

example, by the CNO-cycle (Wallerstein 1963). Heavy element varia­ 

tions were originally attributed to poor observational interpreta­ 

tions (Unsold 1969) though this hypothesis is now wearing a bit thin., 

There is little doubt for example, that the Arctorus/solar deficiencies 

are real. The variations can of course be attributed to time and 

spatial variations in the metal content of the inter-stellar medium. 

(Talbot and Arnett 1970, Powell 1972).

Several distinct nuclear processes are needed to explain the 

solar-system abundances, though at present they can all occur in one 
evolved object. It may eventually be necessary to combine products 

from different objects, in which case the concept of a cosraic abundance 
distribution will netd modification, and the spatial abundance varia­ 

tions discussed above will be of great interest. Observationally we 

should attack the abundance problem in as many ways as possible, 
though as stars are the major constituents of this Galaxy, thought to 

be the only significant nuclear processors, we must continue to 

investigate them as much as possible.
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CHAPTER 10 

COtlCLUSIONS

Although narrow and intermediate-band photometry offer exciting 

prospects for rapid abundance investigations of many stars, detailed 

analyses are still important. There is an urgent need for a good cool 

standard star with which other cool sta.rs can be quickly but accurately 
compared using simple differential techniques. Arcturus is a suit­ 

able choice and is of special, interest because deviations from LTE 

might be expected in this giant. As f-values are rapidly becoming 

more reliable, it is perhaps time that abundances were determined, by 

a line-by-line method rather than by assuming a single curve of growth. 

For standard stars it is particularly desirable that analyses be per­ 

formed without recourse to solar measurements.

This absolute analysis of Arcturus, though preliminary in several 

aspects, brings to light many new proWs iis and possibilities. For 

cool stars the greatest uncertainty at present is in the determination 

of parameters necessary for constructing model atmospheres. It is 

generally found that:

1 ) Angular .diameter measurements are unlikely to achieve the 

accuracy necessary for determinations of T from the total
G

flux. The only solution is to compare the relative energy 

distribution with a grid of model atmospheres. Other methods 

usually involve undesirable equilibrium assumptions.

2) Determinations of T from the shape of the flux curve are
G

limited by the unrealistic nature of the available model atmos­ 

pheres. Serious flux discrepancies below 5000A are noted and 

are attributed to inaccurate opacities and possibly to an 

underestimation of line and band effects.

3) A reasonable estimate of T could come from the H~ bump at
O

1. 6ti though earth-based measurements here are unreliable.
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U) A good gravity-indicator for cool stars is badly needed. An 

indicator independent of abundance and equilibrium assumptions 

has been suggested (see U.5c) and it is proposed that gravities 

of many late-type stars could be found this way.

£) Serious errors may result when using scaled models for investiga­ 

ting cool stellar atmospheres.

Oscillator strengths can now be measured accurately by several 

methods though few results are available for weak lines of astrophys- 

ical interest. The absorption method is possibly the best for relative 

measurements of such lines, and with the Oxford furnace a relative 

accuracy of -0.03dex(7p) is easily attained; using refinements it is 

possible to reduce this error to -O.Oldex. Absolute scales are still 

too uncertain however, and more lifetime measurements for iron-group 

species are needed, particularly for the neutral atoms.

The solar 11 analysis has demonstrated the internal consistency 

of the Oxford f-values, and also shows how it is possible to avoid 

uncertainties in damping and microturbulence by restricting abundance 

work to weak lines carefully measured from low noise spectra. For 

cooler stars however, the increased noise level and decreased thermal 

broadening makes it essential to investigate the effects of micro- 

turbulence. This is unfortunate for there is little justification for 

the existence of this parameter, and its determination is not 

straightforward. For the case of Arcturus, in the final abundances, 

the source of the greatest error lies with T and g, thus emphasising
tx

the points made above. With an improved model an increased accuracy 

of -O.Oldex in the absolute abundance will be possible.

The origin of the iron-peak is now fairly well understood in 

terms of explosive theories of nucleosynthesis, though the equilibrium 

processes have been re-introduced to account for otherwise unexplained 

features. The nuclear equilibrium has not been physically justified
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however, and it is suggested that the discrepancies might relate to 

poor experimental data rather than to incomplete theories. Gamma 

ray investigations could be crucial in settling this probDe m.

Stellar analyses are soon likely to be regarded as 'old 

fashioned' because of exciting alternative methods for examining 

products of nucleosynthesis. Stellar abundances are vital however 

for studies of the structure and evolution of stars and galaxies. 

It is hoped that these Arcturns abundances will provide the necessary 

stepping-stone to a wealth of knowledge concerning cool stars.
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