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Shortly after Rowland's fundamental study of the 

wavelengths of Fraunhofer lines, Jewell in 1896 observed 

that the solar wavelengths were shifted to the red side 

of the corresponding wavelengths observed in the labor­ 

atory* This shift became known as the red shift of 

solar lines, and at first led to various erroneous eon* 

eepts of oonditions in the solar atmosphere. Moreover, 

in 1907, Halm die covered that the solar wavelengths were 

not themselves constant, but depended upon the radial 

distance of the point of observation from the centre of 

the solar disk* This variation of wavelength with the 

point of observation has now become known as limb effect* 

It 9 is the angle between the line of sight to the point 

of observation on the solar surface and the true solar 

radius et that point, A. (e) denotes the difference 

between the wavelength at that position and that observed 

at the centre of the disk* In general, A. (e) was found 

to be positive, increasing toward the limb*

Part of the general red shift of the Fraunhofer 

lines was explained when Einstein published his General 

Theory of Relativity, in whloh he predicted the Fraunhofer 

lines to be shifted to the red by an amount given by
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« 2.12 x 1QT6. In fact, this gravity shift is a 

consequence of the underlying Principle of Equivalence 

which ha a been recently demonstrated in the laboratory* 

On the other hand, no explanation of limb effect was 

immediately obvious. The most promising hypothesis 

was that of St. John, in which limb effect was attri­ 

buted to the Doppler shifts arising from radial con- 

veotivo motions in the solar atmosphere* At the centre 

of the disk, these would be predominantly violet shifts 

while at the limb, the streaming would have no effect. 

Although satisfying some of the observational data, 

this interpretation was not wholly satisfactory. In 

particular, «n Interferometric determination of .A (©) 

by If* 0* Adam in 1948 showed that, assuming known photo** 

spheric conditions, unreasonably large conveetive 

velocities were required for such an interpretation*

Recently, Schroter has elaborated this theory of 

solar red shifts in which the gravity shift and Doppler 

shifts arising from unresolved granulation elements com­ 

bine to give a red shift with limb effect. Again certain 

characteristics of the observed red shifts are accounted 

for, but consistent agreement with various observational 

data is lacking. The most serious difficulty in this
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respect was that the observations of M. 0. Adam in 1969 

indicated that at the extreme limb, the observed red 

shift exceeded the gravity shift. No theory based on 

radial convection currents can account for such a siqper- 

gravity shift*

In order to submit the radial current theory to a 

detailed examination and to confirm the existence of a 

super-gravity shift f the wavelengths and profiles of 

three solar lines were studied. this investigation forms 

the subject matter of the thesis. The same three medium 

strength iron lines at 6300 A as used by H* O. Adam in 

her 1959 investigation were chosen, since they are con­ 

veniently situated for comparison with terrestrial lines 

of the x band of atmospheric oxygen* ttsing the latter 

as fixed wavelength references, the variation of the solar 

wavelengths across the disk was determined from micro­ 

meter measurements of grating spectra. After correction 

for the motions of the Earth and Sun and for the effects 

of scattered light, a mean A. (6) was determined for the 

three lines. It was found that A (0) increased rapidly 

for radial distances from the centre of the disk greater 

than 85 per cent of the disk radius. Expressing the 

wavelength shifts as equivalent Doppler velocities, it



iV

was found that the value of A (e) at the extreme Itato 

was ebout 0.7 km/sec, in good agreement with the value 

found by M, 0* Adam*

In order to convert these observations to absolute 

red shifts (referred to terrestrial laboratory measure­ 

ments), the wavelengths of the iron lines at the centre 

of the disk as well as in the laboratory were required* 

The interferometrio method of circular channels was 

adopted for this purpose, and absolute wavelengths 

(referred to the cadmium line at A 6438*4696) of the 

three iron lines and the oxygen reference llnee in the 

spectrum obtained at the centre of the disk were deter** 

mined* In order to confirm that the effects of local 

velocity fields in the photosphere had been eliminated 

from these observations, similar determinations of wave* 

lengths were made using integrated light from the whole 

solar disk* In addition to the solar observations, the 

terrestrial wavelengths of the three Iron lines have been 

found using a vacuum iron arc. Combining these measure­ 

ments with the limb effect observations gave a mean red 

shift et the centre of the disk of 0*39 km/sec increasing 

to about 1 knv/sec at the limb. Since the gravity shift 

Is.0*64 km/sec, the existence of a super-gravity shift



at the limb is confirmed.

Since the interpretation of micrometer measurements
*

of limb effect depends critically on the centre-limb 

variation of the line profile concerned, in particular, 

of any asymmetry in the profile, the profiles of the 

three lines were determined for various disk positions, 

averaging many observations. It was found that at the 

centre of the disk the iron lines were slightly asymmetric 

with stronger violet than red flanks, somewhat as pre­ 

dicted fey Bchroter. At the limb, however, a large 

fluctuating red asymmetry was discovered* This is 

established to be of solar origin and appears to be con­ 

nected in some manner with nearby chromoapheric distur­ 

bances* This red asynmetry, occurring predominantly at 

residual line intensities ~ 0.8, on occasion corresponded 

to a shift of the line centre of 25 mA and was of suf­ 

ficient mean magnitude to account for the super-gravity 

shift (if the micrometer measurements refer to such a 

residual intensity)*

An analysis of these observations of wavelength 

shifts and line asymetry at the centre of the disk 

showed that Doppler shifts due to granulation, such as 

appear in 8chr5ter f s theory, are too small to account for
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the observations and, consequently, that the origin of 

the centre red shifts (actually the deviations from the 

gravity shift) must lie elsewhere. Moreover, the newly 

discovered red asymmetry, or alternatively the super- 

gravity shift, at the limb cannot have its origin in 

streaming motion* Following suggestions by H* H* Plaskett 

the possibility of this asymnetry being due to the super­ 

position of a chromospheric line on the photospherlc line 

was investigated. Such a superposition can arise from 

scattering or by chromospheric contributions to the pro­ 

file in the line of sight. It was found that such a 

hypothesis could account for the observations if it is 

Resumed that the chromospheric lines are shifted slightly 

to the violet.

An additional section of the thesis deals with com­ 

putational problems arising in the reduction of the wave­ 

length and profile observations. Methods were developed 

for the utilization of the Oxford "Mercury1* electronic 

computer for calculations such as the computation of 

corrections to observed wavelengths due to motions of 

the Sun and Earth, the reduction of circular channel 

interferometrie plates, the determination of characteristic
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response curves of photographic plates, and the com­ 

putation of true line profiles* In pertieular, a study 

of numerical methods of solving the integral equation 

arising in the instrumental broadening of spectral lines 

was made, and programmes for the solution of this equation 

were written*

Prom this detailed study of the three medium strength 

iron lines, it is concluded that the origin of the solar 

red shift must be more complex than previously assumed* 

In addition to the gravity shift, small granulation 

effects, and possible chromospheric effects at the linfb, 

some other, unknown, cause of wavelength shifts remains* 

Thus a new theoretical treatment of possible mechanisms 

for the creation of line shifts in the photosphere is 

required before a comprehensive red shift theory can be 

attained*
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A. The Principle of Equivalence and General Relativity*

Since the gravitational shift of spectral lines is 

intimately connected with the subject matter of this thesis* 

the first part of this chapter will be devoted to a discussion 

of this phenomenon, and the related theory of relativity.

In 19111 Einstein (1) advanced the foundations of his 

General Theory of Relativity, based on the principle known 

as the Principle of Equivalence. This latter may be 

expressed as follows. "In any small region, a gravitational 

field of force is exactly equivalent to a field of force 

introduced by a transformation of the coordinates of reference, 

so that by no possible experiment can we distinguish between 

them." The observed proportionality of inertia! and 

gravitational masses of material bodies (i.e. in a pendulum} 

formed the basis of this general hypothesis and it in turn 

formed the basis of the General Theory. The above principle 

states, in effect, that a given small region in a four 

dimensional Euclidean (x»y,z f t) space in which particles 

experience "gravitational" forces may be transformed into a 

non-Euclidean (x 1 ,? 1 ,* 1 ,* 9 ) space in which no forces act on 

the particles. The General Theory is then concerned with 

specifying the required coordinate transformation.



B. Astronomical Tests of Equivalence and General Relativity*

Einstein at once .deduced (1) that, if the above principle 

ia a general one and applies to electromagnetic phenomena, 

light passing through a gravitational field must undergo a 

change 1m frequency. This may easily be illustrated for the 

case of a uniform gravitational field » in which case the 

General Theory is not required to find the coordinate trans­ 

formation, a uniform acceleration clearly being the "equivalent" 

transformation. Following Binstein, consider light passing 

from A to B, in a frame of reference S (Fig, 1.1), in the 

gravitational field g. By the Principle of Equivalence,

the observations made by an observer at B must be the same
» ! 

as those that would be made if the observer were accelerated

with acceleration g In the absence of a gravitational field. 

If 5' is an accelerating frame of reference, so that A* and A 

coincide and A 9 is at rest when the light is emitted at A, 

then the observer at B* will have a velocity of approximately 

mg/e ( h_« |A - B| ) when he observes the light. He will
ii

therefore observe it with a Doppler shift

VQ-V _ hi.

Thus In the frame S t the light must also undergo a frequency
,   JK - t "** 2Ci* ** - \ 

shift, due to the gravitational field. This shift Is what

has become known as the "gravity shift" or "relativistie shift"
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of spectral lines.

In the case of light passing through a non-uniform field, 

such as from the Sun to the Earth, the abore principle applies 

only in eaeh infinitesimal region of space. For such a 

case, ve may, however, consider a very large number of 

"local" frames of referenoe along the light path, for each 

of vhioh the fi&d may be considered uniform. Then in each 

frame, from equation (1.1)

A

since g « (JM0/r . The total shift in passing from R O to R 

is given byj R^

= I
R° (1.3)

assuming P0 (r) to be constant. Thus ve hare the equation

- juYl - £ M < 
" °l cx R0 <^*e ' (1.4) 

Zf v. nogloot tho third »«rm, since KE » Ro , and insert th« 

T»!U.B of Me and R0 , w« arriT. at the ezpr.eeion for th* 

solar r«4 shift du. to gravityi

x IO" 6 (1.5)



It haa been proposed that the observation of euoh a 

ahlft would constitute a teat of the General Theory, al­ 

though aa we hare aeeaf It la actually a teat of the more 

fundamental Principle of Equivalence. At the time when 

observational verification of the theory waa first sought, 

the only bodies having gravitational fields of sufficient 

magnitude to yield observable shifts were stars. It waa 

therefore In astronomical observations that the verifieation 

waa sought. These fell Into two groups, observations of 

the solar spectrum, and observations of the spectra of 

massive stars, in particular white dwarfs and some 0 and B 

stars. For the former, although the ahlft la small, modern 

high diaperaion spectra would allow its measurement. The 

latter objects, because of the large value of M/R, would 

yield larger shifts, but the obaerration of theae la compen­ 

sated by the limitations plaoed upon the diaperaion that may 

be used,-owing to the faintneas of theae stars. It haa 

been found, however, that neither of theae are satisfactory 

methods of testing equation (1.4) f principally due to a lack 

of knowledge of the exact physical conditions accompanying
a

the emission of the light in the stellar atmospheres. In
, f, •:•

addition, the masses of individual 0 and B stare are not 

known with any accuracy. The great difficulties in the 

interpretation of solar spectral observations will be discussed



in the next part of this chapter and in fact in the main theme 

of this thesis. A recent discussion of theae astronomical 

testa of the gravity shift is given by M. G. Adam (2), in 

which these problems are illustrated.

In addition to the gravity shift of spectral lines, two 

other tests of the General Theory were originally proposed (5)* 

These are the deflection of light rays passing near a massive 

body, e.g. the Sun, and the advance of the perihelion of 

minor planets, e.g. Mercury. These are both deduced from 

the geometrical structure of General Relativity, and 

observations of such effects are genuine tests of this theory 

(although, as Vhittaker (4) points out, such effects may be 

predicted by other gravitational field theories). The 

astronomical observations of the first of these effects are 

quite inconclusive, and it seems, therefore, that the only 

astronomical verification of General Relativity to date is 

the advance of the perihelion of Mercury.

C,

It has recently become possible to test the validity of 

equation (1.1), and hence the Principle of Equivalence as 

applied to photons, in a terrestrial laboratory. This was 

made possible by the discovery, by Mttssbauer (5)» that
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emission of certain K-rays from the Pe' nucleus occurs in such 

v. manner that the emitted photons have a very precisely 

Refined frequency. There are ^-rays emitted in the de- 

excitation of the 14.4 kev state of this /.ucleus. Tor a 

larre fraction of emissions in this transition, the photon 

rconentum is absorbed by the crystal structure, ar-d this has 

the effect that r ost of the Doppler and recoil broadening 

of the lint1 is removed. From very elementary considerations, 

it can be shown that in such an emission, the emitted photon 

has a frequency #iven by:

,'X

> (1.6)
• O ~ ' '{j •"•

where -H is the natural frequency of the transition, ? is 

the momentum of the emitting nucleus, mo is its rest n;ase, and 

M is the "effective" mass of the crystal. These two terms 

are small, and hence the line width is very small, Pound and 

<ebka (6) finding a width given by —^ = 1.13 x 10~12 . Aside 

from contributing to the line width, the above terms five rise 

to a shift in the emitted frequency, which in temperature 

dependent and also depends on the crystal structure.

Pound and Rebka have used this very narrow line to 

measure the frequency shift of a photon falling in the 

Barth'a gravitational field. The shift expected from 

 quatlon (1.1), for h « 22.5 metres, is ^^el r, A .c-2 T 1CT1 -5 ,



so that it was required to measure a shift of 1/200 of the 

line width. By using long counting times and by carefully 

eliminating any residual shifts due to the two terms In 

equation (1.6), they obtained a final value of the observed 

shift, Avbbg; given by Avj^ /A^ - 1-05 ± 0,10.

A similar experiment had been carried out by Cranshatr 

et al. (7) at A.E.R.E. Harwell, using a fall of 12.5 metres. 

No corrections were made for possible residual shifts, and 

consequently their results have a much greater uncertainty. 

Their final value, however, agreed veil with that above, 

being Avobs/Avre| =0.^+0^5

It thus appears that the general Principle of Equivalence 

is valid, and vith Improved techniques expected to reduce 

the uncertainty in the above determinations, It seems that 

astronomical observations can no longer be expected to give 

the best verification. In fact It would seem that the 

emphasis must now change from an investigation of the 

validity of equivalence to an investigation of the observed 

deviations from its predictions.

As yet, no terrestrial test of Gemeral Relativity has 

been carried out, although such a test has recently been 

suggested. Schlff (8) has proposed that it may soon be 

possible to measure the precession of a spinning body in 

a terrestrial laboratory, that is predicted by the theory.
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This precession is due to the distortion in the metric 

predueed by the Earth's rotation and depends upon its off- 

diagonal elements. It is therefore a genuine test of the 

complete struoture of General RelatiTity. Although the 

predicted precession is rery small, about 6 z 10~9 radians/ 

day, it may be measurable using a super-conducting gyroscope.



ft r t II

OBSERVATIONS OF SOME
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A. Definitions,

The many investigations of solar wavelengths in the past 

fifty years have given rise te different terminologies for 

the description of the observations. For thqrest ef this 

chapterf in which these observations will be discussed, and 

for the new observations to be presented, the following 

terminology will be adopted* A point of observation on 

the solar disk will be specified by two coordinates, 

and /#£ . The former is a position angle measured 

from a specified direction, and />//>„ is the distance from 

the centre, expressed as a fraction of the radius of the 

disk. It is customary to also express distance from the 

centre by the angle 0 , where this is the angle between 

the line of sight and a true solar radius at the point of 

observation on the Sun. These two distance coordinates 

are related (to a high degree of approximation) by sin 9 -

Any variation of the wavelengths of spectral lines 

across the disk (cose » 1*00 to 0.00) will be designated 

as "limb effect". Its value, denoted by A(6) , will give 

the wavelength difference l&weea the observed point and the 

centre of the disk. The term "red shift* will denote the 

difference between the wavelength of a line at a given point
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on the Sun and the corresponding wavelength obtained in 

a terrestrial laboratory for similar physical conditions. 

It should be noted that the Principle of Equivalence 

requires that all lines hare a red shift of -^- « - 2,12 x 

10~* at all disk positions and thus predicts no limb effect. 

Since the predicted gravity shift can be expressed as an 

equivalent D&ppler velocity of 0*656 km/sec, red shifts

and limb-effect values are sometimes expressed in terms of
f 

their equivalent floppier velocities for comparison.

B. Early Wavelength Observations and Interpretations.

In order to vlev recent observations of solar nave- 

lengths in proper perspective, the trend of thought concerning 

the physical conditions in the solar atmosphere, over the 

last sixty years 9 must be considered* This is clearly 

reflected in the changing interpretations of the observations 

of wavelengths in the solar spectrum*

The study of solar wavelengths began with the observations 

of Fraunhofer in 1823. but it was not until 1896 that any 

differences between the solar wavelengths and corresponding 

terrestrial wavelengths were noticed* In that year, Jewell 

(9) concluded that the wavelengths of lines in the solar 

spectrum were generally longer than those in an ordinary arc 

spectrum* Although observations of granulation had indicated
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that motions existed in the solar atmosphere, Jewell dis­ 

counted the possibility that the observed difference in 

wavelength could be due to a Doppler effect and suggested 

that it was a pressure shift* From this assumption, the 

existence of large pressures in the solar atmosphere vas 

deduced. Unfortunately, the physical conditions in the 

solar atmosphere were largely unknown at this time, and 

this concept of a pressure shift dominated the interpretation 

of solar spectra for nearly twenty years. One must remember 

that the gravity shift had not yet been predicted.

The existence of a limb effect was discovered in 190? 

by Halm (10), when he found that the wavelengths of two 

iron lines (6300 A) were 12 mA longer at the limb than at 

the centre of the disk. He attributed this effect also 

to a pressure shift, dependent upon the geometric path of 

the light through the solar atmosphere. According to 

thie interpretation, the lower, higher pressure, layers of 

the atmosphere contributed more to the absorption of the 

line at the limb than at the centre of the disk, Buisson 

and Fabry, from an interferometric investigation of solar 

wavelengths (11,12), confirmed this discovery and supported 

Hala*s interpretation* They found the lines at the limb 

to be shifted 5mA to the red and interpreted this to be due 

to a red asymmetry in the lines, produced by the greater 

effective pressure*
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In 1910, Adams (13) undertook an extenaive surrey of 

limb offoet for linoa ranging in wavelength from 3800 A 

to 6400 A. Ho found that tho limb offoet varied from lino 

to lino and in some cages was even negative, obtaining 

values ranging from -4mA to 14 mA. An analysis of those 

reunite indicated that tho lines originating at tho lowest 

levele in tho atmosphere had the largest limb effects and 

therefore ho too supported the pressure shift interpretation.

After an analysis of new determinations of red shifts 

and limb effect, Brershed and co-workers (14,15,16,17) dis­ 

carded tho pressure interpretation. Instead they ascribed 

the observations to a general motion of the solar gases away 

from the Earth, the magnitude of tho motion decreasing vith 

depth in the atmosphere, fhe component in tho line of sight 

of this motion was assumed to increase toward the limb, thus 

accounting for limb offeet. This hypothesis became known 

as the "objectionable Earth hypothesis" and was seriously 

investigated, Bvershed seemingly convinced of its validity. 

On the other hand, it was in one of this series of investi­ 

gations (15), that the gravity shift proposed by Einstein 

was first eonaidered aa an explanation of the red shifts at 

the centre of the disk. These wore of the right magnitude, 

tat the gravity ahift was discarded because of its inability 

to explain limb of foot.
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Another interpretation of solar wavelengths was advanced 

by Julius (18) who proposed that the shifts were due to 

anomalous dispersion in the solar atmosphere. A long and 

lengthy debate arose over this question (19), leading 

finally to the abandonment of the theory*

Ever shed'B concept of a motion of the atmospheric 

matter away from the observer was soon replaced by the 

concept of radial convection currents in the atmosphere* 

In order to explain the observations, however, St. John 

and Baboock (20) had to assume that in general the motion 

was downward, except for the very faint lines for which the 

motion was upward, i.e. the connective motions were depth 

dependent. The red shifts at the centre were successfully
r-'1

explained in this manner, but the problem of limb effect 

was left unsolved. Their observations indicated that the 

oonvective motions were quite steady* the centre wavelengths 

showing no time variation. At the limb, however, they found 

considerable fluctuations in the wavelengths.

It was in 1928 that the first physically reasonable 

theory of limb effect and centre red shifts appeared. 

According to the theory proposed by St. John (21), the 

observed effects were due to the superposition of the gravity 

shift and the Boppler effects of radial convection currents* 

From observations of 1537 lines at the centre of the disk,
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he found a mean red shift of 8.5 mA with red shifts of 

individual lines varying from 6 mA to 12 mA, The deviations 

of these red shifts from the gravity shift of 9 mA were 

attributed to radial currents, inward at high atmospheric 

levels 9 and outward at lower levels* At the limb, 

observations of 133 li» s gave a mean red shift exceeding 

the gravity shift by only 1.5 mA p whereas his theory would 

predict a red shift equal to the gravity shift. The 

occurrence of this slight "super-gravity" shift at the limb 

was only one of the two difficulties presented by the radial 

eurrent theory. The other difficulty, more fundamental y 

was that it required a change in the direction of the 

convection currents with depth, which gives rise to an 

accumulation of matter at a certain level. The funda­ 

mental concept that photospheric convection currents play 

a role in the interpretation of solar wavelengths has, 

however, formed the basis of most subsequent theories of 

red shift and limb effect.

In the period from 1930 to 1940, several new deter­ 

minations of limb effect and red shifts were made in order 

to verify or disprove the radial eurrent- gravity shift 

hypothesis. In 1930, Preundlich, Brunn and Brttck (22) 

published the results of a limb effeet determination for 

nine lines of Fe at 4420 A. From observations along four
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radii of the 150 mm image (including polar and equatorial 
radii), they found similar limb effect curves. The mean 
A(6) so obtained increased rapidly near the limb (sin Q> 
0.8) and they concluded that the variation with cos 6 did 
not fit St. John's predictions (requiring A(©) to be linear 
In cos $ ). They also discounted the possibility that 
Compton scattering at the limb could have any effect*

On the other hand, Ever shed (23) found that an analysis 
of his earlier (1916) limb effect results indicated that 
A (0) was linear in cos 9. His observations of several 
lines (including H and K) at the extreme limb, however, 
indicated shifts exceeding the gravity shift by as much as 
7 mA. In a later paper (24), he finds even greater excesses 
at the limb, in some cases amounting to 12 mA* This latter 
figure corresponds to twice the gravity shift at the limb, 
and Evershed concluded that some modifloation of St. John's 
theory was required. Observations of similar super-gravity 
shifts in the wavelengths of lines originating in prominences 
convinced him that such a modification cannot be dependent 
on the path length of the light through the photosphere.

A survey of these early wavelength studies has been 
presented by Hunter (25), who concluded that no theoretical 
explanation of the various observations had yet been entirely 
satisfactory. In particular, no explanation had been found
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for shifts at the limb exoeeding the gravity shift, although 

the radial current theory of limb effeot was generally 

favoured. Even in this respect, contradictions were to 

be found in the observations of vmrious researchers. Al­ 

though Bvershed supported the oos 0 variation, Freundlieh 

et al. did not and in 1939 * Baboeek (26) reported that he 

found a limb effeot that was linear in sin 6 . For sin @ > 

0.58,A(6) inoreased from sero to 6 mA at sin 9 « 0*99*

It is difficult to see why these observations obtained 

from an image 179 mm in diameter disagreed so much with 

those of ?reundlieh et al. On the other hand, the similarity 

of the limb effeet for polar and equatorial radii found by 

the latter observers wae confirmed by Babeoek. It was in 

this unsatisfactory» contradictory position that the study 

and interpretation of solar wavelengths remained until 1948.

In that year, the first of a long series of investi­ 

gations of solar wavelengths at Oxford was published. 

M. d. Adam (27) presented the results of absolute wavelength 

^terminations for several points along a polar radius of 

a 180 mm image. These indicated that the limb effeet 

was only appreciable for f/f0 > 0.9§ after which it inoreased 

very rapidly, giving a shift near the limb (COB 9 « 0.18) 

approximately equal to the gravity shift. The form of the 

limb effeot curve agreed well with the determination of
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Freundlich et al. f being non-linear in cos 0, as ia shown in 
Fig. 1.2. Nevertheless, it was shown that if radial con­ 

vection currents do exist, the sight line velocity should 

vary, not linearly, but as a polynomial in 0009, thus these 
observations did not exclude a radial current interpretation. 

In this discussion, allowance was made for slight red shifts 

due to colllsional damping as predicted by Lindholm (28).
>

Because of its fundamental impossibility* she discarded the 

ooneept of predominantly upward currents in the lower photo­ 
sphere and downward currents at upper levels, replacing 

these with a micro-circulation. In this interpretation, 

the derived sight line velocity is a mean of the upward and
%

downward circulation velocities. Unfortunately, such an 
interpretation led to circulation velocities that were

 

impossibly large (assuming a granular contrast of 10#). 

It was therefore concluded that even a modified radial 

current theory was physically incompatible with the obser­ 

vations and that a new theoretic!, treatment of the problem 

was required  In addition, better observations were 

needed near the limb where the limb effect varied rapidly* 

These were the conclusions that prompted the intense 

investigations into limb effeot and red shifts at the centre 
of the disk, of which the work presented in this thesis 

forms a part* In the next two sections, several interfere-
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metrie investigations of red shifts at the centre of the 

disk, and reeent limb effect determinations will be briefly 

dismissed.

°* Interferometrie Determinations of Centre Red Shifts.

Early interferometrio determinations of wavelengths, 

both in the solar spectrum and in the vacuum arc, were 

carried out by the Allegheny Observatory in conjunction 

vith the Bureau of Standards (29,30,31) for many lines in 

the wavelength range of 3600-7000 A. Integrated solar 

light was used for these observations, but it is now known 

that such a procedure yields wavelengths differing little 

from centre wavelengths. These indicated, as had other 

investigations, that the centre red shifts were dependent 

upon the intensity and wavelength of the lines, at this 

period, a theoretically inexplicable phenomenon. It later 

became, however, a fundamental basis of St. John*u radial 

current hypothesis.

As mentioned above, it was suggested in 1948 that 

collieional shifts might occur in the photosphere* In 

fact, Spitser (32) proposed that all the observed centre 

shifts were due to the combination of collisional shifts 

and the gravity shift. In order to investigate the above



23

intensity effect and the possibility of collisional shifts, 

a series of interferonetrie observations were conducted at 

Oxford. Utilising the new intcrferometric method of 

"circular^channels", H. 0. Adam (33) showed that Spitscr's 

theory was not compatible with her observations, even if 

small eonvective motions were allowed. Moreover, it was 

found (34) that the red iihift observed for the weak calcium 

resonance4 line at 6572.8 A was very small, not exceeding the 

gravity shift as predicted by Spitser. Later solar and lab­ 

oratory observations (35.36) with reference to the 4227 A 

resonance line of calcium indicated that collisional shifts 

in the solar atmosphere eould not account for the observed 

red shifts.

From her observations, H. &  Adam concluded that there 

was a strong correlation between red shifts and the logarithms 

of equivalent widths of the lines, expressed as "absolute" 

widths' (log V/A ) t confirming the earlier observed dependence 

on line intensity. A theoretical explanation of this 

relation was proposed by Schrdter (37), arising from a new 

theory of line'formation in an inhomogeneous photosphere 

(see Part III). A detailed theory based on the assumption 

of a granular circulation in the photosphere, SehrSter's 

two-stream hypothesis predicted a red shift at the centre, 

dependent on the line strength, and a limb effect agreeing
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fairly veil with the early Oxford (27) and Potsdam (22) 

determinations. In a detailed comparison of this theory 

with her red shift and limb effeot observations, M* G. Adam 

(35) concluded that the predicted and observed limb effects 

were not in agreement if one adopted centre red shifts 

consistent with both the theory and observations. In a 

statistical analysis of the red shift observations, she 

also found that a predicted correlation with excitation 

potential was in fact negligible. Moreover, an analysis 

of any correlation between the red shifts and wavelength 

proved to be inconclusive* Unless one chooses lines 

originating at exactly the same level for such an analysis » 

however* a linear relation is not a necessary consequence 

of a radial current theory* Other observations by Niohols 

and Clubs (38) brought the number of red shifts determined 

at Oxford to 51, and extended the red shift - line strength 

relation. From these investigations, it appeared that 

the only observational evidence in support of the two stream 

theory was this correlation* and that in almost all other 

respects* theory and observation were in disagreement.

D» Recent I* jpub £f f ect

In the last five years, three new investigations of 

limb effect have been carried out with particular emphasis
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on the testing of the two stream theory. Since most ware- 

length shifts due to physical oauses increase with wavelength, 

L. Hersberg (39§40) has studied the limb effeet of several 

infrared solar lines. In general, limb effects (in km/sec) 

similar to those found by M. 0. Adam (27) at 6100 A were 

obtained t although the ionized calcium lines at 8500 A 

shoved a strong negative limb effeot. It was suggested 

that this was due to the high level of formation of these 

lines.

In 1959, M. <J. Adam (41) published the results of 

detailed measurements of limb effeet, using three iron lines 

at 6300 A and with a solar image 330 mm in diameter. This 

investigation was the most exact in existence when the 

research discussed in this thesis was begun, and supported 

her earlier 1948 observations. Moreover, it indicated a 

red shift at the extreme limb exceeding the gravity shift 

by 50£. Thus the question of the interpretation of a 

super-gravity shift again arose* Certainly no radial 

current theory can account for such shifts.

More recently, Schrtfter himself has obtained data for 

the determination of the limb effect of a large number of 

lines, using a new photographic technique to determine the 

"centre" of a spectral line* Preliminary results of this 

survey (42) indicate a-limb effect for medium strength
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lines as given in Fig* 1.3* Also in this figure are the 

results of the 1959 determination at Oxford, The most 

notable features of these tvo curves are the approximate 

linearity of the curves in cos 6 , (for cos 6 < 0.5) and 

the negative limb effect found by Schrtfter at COB 9 » 0.8. 

In addition, he obtained interferoaetric solar wavelengths 

at the centre of the disk which confirmed the relation 

between line strength and red shift* If S represents 

the difference between the observed wavelength shift and 

the gravity shift, then the correlation he found was

--*/0 - -z-v6 + /32 oq-x/o This may
A *• ^ A J

be compared with the similar correlation found for the 

Oxford data (33) (over a greater range of equivalent widths) 

Of JL* |o6 =   |-;t8 -f- 0-60 lo<j (-^x I04)

This concludes the survey of observational data to date 

and «ome of the various interpretations proposed. Although 

much of the early observations were contradictory, suffering 

from large errors owing to equipment and technique, the 

recent data should be reliable, As a consequence, we 

muat conclude that no theory at present is consistent 

with the data as a whole. The most acceptable theory at 

present is, however, that based on a oonveotive photospheric 

circulation and this topic will be discussed in the next part 

of this chapter f along with two other recent theories of limb 

effect.



Part III

RECKJfT IHJ3QKBTIGAI, IHTKuPaBTATIONS OP SOLAli WAVSLSHGTHS
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A. Radial Current theories.

We hare Been in the preceding part of this chapter 

that the early theories of pressure shifts, anomalous dis­ 

persion effoots, the "objectionable 19 Barth, and finally 

the reeent theory of eollisioaal shifts have all been dis­ 

carded in the light of more detailed observations and 

increased knowledge of the physics of the photosphere*

On the other hand, observations of granulatlonjhave 

indicated that turbulent motions exist owing to some con- 

veotive instability in the photopphere. In fact, recent 

observations (43,44) indicate that there exists a semi- 

stationary convective circulation in the photosphere rather 

than a purely turbulent motion. It is therefore plausible 

that these convective motions will influence the profiles 

of spectral lines. This effect, and the gravity shift, 

which we have seen is now an effect demonstrable in the 

laboratory, must enter into any theoretical discussion of 

the problem. This does not, however, exclude other effects 

of unknown origin.

Aside from the early theory of St. John, detailed 

consideration of the effects of a photoepheric circulation 

on wavelength observations began with recognition of the 

fact that such a circulation does not lead to a limb effect 

that is linear In cos 9. MoCrea and Mitra (45) pointed out
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that the equation of continuity,

requires the circulation velocity to be depth dependent. 

In such a case, Hitra (46) then showed that the mean

observed velocity at an angle 9 is given by:
r -fsecO 
J v(r) e cose

* (6) = ° y -r sece .
j e dt
o

The weighting factors in this equation result in a poly- 

nominal dependence of v on cos 9 *

As mentioned in the previous discussion of observations, 

these results were combined into an elementary theory of a 

photospherlo micro-circulation suggested by H«H. Plaskett 

and applied by M. G* Adam (2?)* She assumed that the ob­ 

served velocities (assuming the centre red shifts to be due 

to a combination of Doppler shifts and the gravity shift) 

were means of the upward and downward velocities of the 

circulating elements* These means were weighted by the 

intensities of the two "streams" so that

V = ''- ** (1.9)

where the upward moving elements have a continuum intensity 

J^ and a velocity v, , eimllarly for the downward moving 

elements. Using then available granulation theory, it
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was found that the streaming velocities required by the 

observations were impossibly high. On the other hand, 

Thieseen (47) showed that this simplified approach to the 

problem was not inconsistent with the physics of the photo­ 

sphere If a higher figure is used for the granulation contrast.

More recently, SchrBter (37) has pursued this line of 

thought in detail, using a model photosphere eonsistiag of 

granules streaming upwards through a downward sinking medium. 

A consequence of this model is that the Fraunhofer lines 

should be slightly asymmetrical. Sohrttter then uses this 

asymmetry and its variation across the disk to explain the 

red shifts at the centre and the limb effect. Since some 

of his results will be required for the discussion of the 

new observational material to be presented In following 

chapters, his "two stream*1 theory will be described in some 

detail. It should here be noted that a similar nthree stream** 

theory has been developed by Voigt (48), which leads to 

similar asymmetry effects. Ho application* however, was 

made toward the interpretation of red shifts and limb effect.

Since no detailed criticism of SehrSter's theory will 

be made in this chapter (see Chapter 5)» the three basic 

assumptions underlying the theory should be pointed outs 

1) the mean siae of the granules (equal in area to the 

sinking elements) is taken to be 0.4*1 2) the granular -



contrast is taken to be 1.45 at the centre of the disk, 

increasing to a maximum at cos 9 «= 0.3, and thereafter 

decreasing rapidly to unity; and 3) the Fraunhofer lines 

are formed by true absorption*

The tenperatures and velocities of the two streams in 

Schrgter'e theory are adjusted so that the "integrated" 

photosphere is identical with an adopted homogeneous model. 

This is accomplished by satisfying the two relations s

P3 = Pfc = Ph

In these, the subscripts g, b, and h refer respectively to 

the granules 9 the intergranular background , and the homo­ 

geneous model. In addition , the equation of continuity 

requires that
/O Va = A V. t'33 n b (1.12) 

The combination of this equation and equation (1.10) results 

in

where the ^T*s represent the temperature deviations from 

the homogeneous model* The inequality of the two A T's 

follows froa elementary convection theory. Adopting
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Prandl'e concept of "sizing length" it can be shown that 

the mean velocity at a given level ie related to the temper­ 

ature deviation (from a atatie background) at that level by

' (1.14) 

where d is the nixing length and g ie the acceleration due 

to gravity. If /^g is U8ed *° «3tprees AT /T^, etc. then 

equations (1.13) and (1.14) may be combined into

1+ Xfa+fij _ (1.15)

where oc le a function depending on the level in the photo* 

sphere. To this point, the derivation of the model ie 

standard, and only requires the adoption of some numerical 

values. SehrSter does this by assuming a dependence of 

on depth sueh that the predicted centre-limb variation of 

the granular contrast agrees with observations* The 

emergent continuum intensities for the two streams are 

readily found fromi

.

Ji(o>0) = j B t CT)Je- T (l.lTb)
o

when the depth dependence of the Planck function B (which
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depends upon ct) is known. The trial sad error fitting of 

ot resulted in the theoretical granulation contrast given 

in Fig. 1,40 which agrees with the observational data 

adopted by Schrttter.

SchrOter assumed that the granules were small (0.4") 

and generally unresolved, so that the continuum intensity

actually observed was J(0, 6 ) - |(J (0,0 ) + J^(0, 0 )).s>
In order to determine the effeets of this unresolved structure 

on line profiles, Schr&ter first determined the line profiles 

that would be observed if the lines were formed in the sinking 

background only, and in the rising granules only* Such 

profiles were derived for both a fictitious medium-strength 

iron line and the strong iron line at 4045*8 A. The com­ 

putation of these was as follows. For a given stream, the

profile is given by:
__ J(o,e)-X,Co,e) 

T(o,e)

-A-I
k(r)

where r is the optical depth in the continuum, Tx is the 

selective optical depth in the line, k y and k are the 

selective and continuous absorption coefficients, and the 

g(r) is the weighting coefficient for true absorption. 

The values of T , k and k as functions of r were found
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from the two stream model, assuming a Voigt prof 11* for the 

absorption coefficient. At the centre of the line, where 

weighting functions cannot be used, the value of J^ (0, 9 ) 

was chosen equal to B(r ) where r*+ Tv « 1.

In order to obtain the mean profile resulting from a 

superposition of the profiles from the two streams 9 the 

Doppler shifts due to the stream velocities had to be

allowed for. For a given stream profile, the Doppler
  .f,t

effects vary with the frequency since different parts of 

the profile refer to different depths in the photosphere. 

Therefore at each frequency, a mean velocity was computed 

from •:• ~
J .h» cTe e

6

where the stream velocity V(X) waa found from the two stream» 
model* The profiles found for each stream were then 

modified at each wavelength by a Doppler shift A given by 

A » v~v A /o. Naturally the effect of this was to give 

most parts of the "rising" profile a violet shift, and most 

parts of the "sinking" profile a red shift. The addition 

of the two profiles then gave the resulting observed profile, 

ths asymmetry of which depends upon the magnitude of the 

Doppler effects for the two streams, and the strength of
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the line In the tvo streams. The asymmetry determined 

for the tvo Iron lines (vlth equivalent widths of 150 

and 1500 mA) 10 0hovn In Fig. 1.5, the curves denoting 

the centre lines of the corresponding profiles. It can 

be seen from this that the profile of the stronger line 

le affected most by the einking elements. SchrCter 

points out that this 10 due to the smaller temperature 

gradient and consequently greater effective absorption 

in the oooler elements* The results presentedin the 

figure are the basis of the dependence of the centre red 

shifts on line strength, according to this theory, since 

the stronger the line is, the greater red asymmetry it has, 

In a wavelength determination, this 10 then interpreted 

as a wavelength shift. In addition, this theory predicts 

a dependence of the asymmetry on the excitation potential 

of the lover state, because lines of higher excitation 

are formed predominantly in the hotter elements.

If one designates to which level in a line profile a 

wavelength measurement refers (say r^ =» 0.2 to 0,8) then 

an effective shift, A e^ , for the centre can be deduced 

from Fig, 1.5* The obeorved wavelength 10 then given bys

"X = X + A\ 3rav , t<i + A e4j (1.20)

This expresses the red ehift-line strength relation since
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is negative for weak lines and positive for strong 

lines.

Since A ejfis a function of 6 , equation (1.20) also 

expresses the limb effect. Zn order to find the dependence
^^^^^ V

of A ̂ on 0 » Sehrttter repeated the above computations of
s 

profiles for various disk positions. He found that its

variation was determined mainly by the granulation 

contrast, and it is given in Fig* 1.6, where

Since it is known from the observations that granular
V

contrast varies little with wavelength, this may be con-
X 

sldered to be fairly independent of wavelength. The ob­

served red siiift r . Sue to the variation of ejj. is then 
given bys

cose (1.21)

As discussed in the preceding section, Sohrdter's 

theory is satisfactory in that it predicts the line strength 

dependence of red shifts at the centre, but does not give 

a limb effect consistent with recent observations. Further 

discussion of this point will be given in Chapter 5, in 

the light of the new data. Clearly this theory is in need 

of modification before it can be considered a satisfactory 

explanation of the observations,
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B. Other Interpretations  

Before eonoluding this survey of theoretioal consider­ 

ations, two other proposals oust be briefly mentioned* 

It has been suggested by Finlay-Freundlich and Forbes (49t50) 

that the observed limb effeet is due to a path length inter­ 

action between the emitted photons and the solar radiation 

field. This was proposed as an alternative to the gravity 

shift-Doppler effeet combination favoured by most researchers 

It results in a red shift equation of the form

SX =X + Y- J(©, R ) (1.22)
where f ( 6 §RAO ) is a function approaching seo 9 for R ->  °° , 

and X and T are unknown coefficients. Such an approach, 

although lacking in physical basis, can give a super-gravity 

shift at the limb. Also, according to its supporters, it 

fitted the early Potsdam (22) and Oxford (27) observations 

very well* On the other hand, it offers no explanation 

of the residual shifts represented by the I*s 9 or of a 

negative limb effeet as observed by Hertaberg (40). It 

cannot be claimed, therefore, to fit the observations any 

better than Sehrdter's theory and is eertainly far less 

plausible*

Another effeot has recently been proposed by Rudkj0*bing 

which depends upon a genral form of perturbation of the
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atoms In the photosphere* If the atoms are perturbed 

so that the energy of the state emitting light with its 

B Teeter in a radial direction is not the same as that of 

the state emitting light with its B vector perpendicular 

to the radial direction, then the wavelengths observed at 

the centre and the limb will be different. This arises 

from the fact that at the centre, only light from the 

second state would be observed while at the limb, a mixture 

of light from both states would be observed* If the 

perturbation introduces a wavelength shift AX between the 

two emitting states, then at any disk position two lines 

trill be observed, with wavelengths X and A+AA , and 

intensities K(l + cos29) and K sim26 * If the centre of 

gravity of the two lines is taken as the centre of the 

"composite11 line, then a limb effect given by A = A**in*e 

results. v In addition, at the limb these two lines 

will be linearly polarised in perpendicular directions, the 

one with the longer wavelength being polarised with the B 

vector radial. It can easily be seen that such a limb 

effect curve does not fit the Oxford data (27,41) at all, 

nevertheless polarisation measurements at the limb could 

distinguish an effect such as this*

C. Observations of Asymmetry.

We have seen that a fundamental result of the two stream
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theory of Schreter le that lines at the centre of the dlak 

are, In general, asymmetric. From hie similar theory, 

Yoigt (48) had suspected such an effect, and expected a 

line of high excitation potential to exhibit a measurable 

asymmetry. From obserrations using a dispersion of 5.5 mm/A, 

he found such an asymmetry for the fairly veak lines of the 

oxygen triplet at 7770A. He denoted asymmetry by (Jy>

where h^ and h^ are the widths at half Intensity from 

the line centre to the violet and red flanks. At the 

centre, the observed asymmetry amounted to 9$, decreasing 

to zero at cos 0 » 0.1. Further observations were made of 

the potassium resonance line at 7699 A, This line arises 

at high levels In the photosphere and consequently little 

asymmetry could be expected. As predicted v none was 

observed. Another high excitation line, the carbon line 

at 5380 A, was observed In the hope of finding a large 

asymmetry as for the oxygen lines* None was found, however, 

Indicating that perhaps the line was shifted as a whole 

to the violet. Indeed, Tolgt's theory predicted eueh a 

shift, maintaining the line symmetry, for such a weak line. 

Other observations (52), of the nickel lines at 7790 A, 

also failed to reveal any line asymmetry, but the amount 

predicted for these lines was very small In any case. 

Recently, Volgt's observations of the oxygen lines
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hare been questioned by Delbouille, de Jager and Neven (53) 

who find asymmetries of lean than yf» for these lines using 

photoelectric observations. No explanation has yet been 

given for the discrepancy between the two.

Aside from these measurements, no reliable asymmetry 

determinations hare been made, primarily due to the 

difficulties involved in removing instrumental effects 

from the observed profiles* In any case, there is in­ 

sufficient data available on line asymmetries for any 

conclusion to be drawn concerning the validity of one 

theory or another*

This concludes the introductory chapter on the history 

of the study of the solar red shift. The next chapter 

ia concerned solely vith computational methods required 

in the observational programme to be discussed in the 

following chapters* It can therefore be omitted without 

breaking the continuity of the development of the work on 

red shifts.
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general Introduction.

In the next two chapters, new determinations of limb 

effect 9 red shifts, and solar line profiles will be discussed. 

These new obsenrations depend upon the derivation of wave­ 

lengths and line profiles from solar spectra* Much of the 

time used in the analysis of solar spectra is spent on 

certain simple yet laborious calculations, the tedious 

reduction of irib erferometrio plates for absolute wavelength 

determinations being such a case. Since a modem electronic 

computer was available at Oxford, an attempt was made to 

do these computations on such a machine. Calculations of 

the type just mentioned are characterised by the fact that 

the numerical procedure is the same whether done by electronic 

machine or by desk calculator. On the other hand, several 

other*problems, of a different type, arose for which machine 

methods were also developed. * These are problems that are 

usually solved graphically or perhaps only solved approx­ 

imately, if at all. r'" These require special"numerical 

methods for machine computation, and present diffieulties 

peculiar to this type of problem* This arises from the 

fact that ordinarily in the solution of such problems, 

the astronomer applies considerable intuition and experience, 

both of which are qualities difficult to obtain from an 

electronic computer. An example of such a problem is the



50

determination of the characteristic response curve of a 

photographic plate.

In this chapter, several problems for which programmes 

have been developed will be discussed. All the programmes 

have been written in the simplified coding system of 

"Autocode" (1), and the computations were made on the 

Ferranti "Mercury" computer of the Oxford University 

Computing Laboratory. Five main problems were investigated 

and about ten programmes were written for their solution.

The first two problems, namely the determination of 

wavelength shifts in solar spectra due to the observer's 

motion and solar rotation, and the reduction of interfere- 

metric plates, are of the simple straight-forward type, 

and presented few difficulties* The remaining three 

problems were of the second type mentioned above, however, 

and the machine methods adopted are not entirely satis- 

faetoty* These three problems were the determination of 

characteristic curves, the solution of certain integral 

equations, and the general reduction of solar lineprofiles. 

In the following, the methods adopted for their solution 

will be discussed*



Part I

CKS1PUTATIOW OP S0MB QOGBMHAMS AftD HADIAl* VBLOCITt

OOHRBCTIOIfS



A. Introduction and Notation .

The observed wavelength of a solar spectral line 

requires two corrections before a true wavelength nay be 

obtained. The first is due to the motion of the observer 

(sometimes designated Earth's motion correction) which 

includes the effect of the Earth's rotation and the Earth's 

orbital motion. Secondly a correction must be applied to 

allow for solar rotation. These corrections depend upon 

the point of observation on the solar disk and the date and 

time of observation. Several programmes were written for 

the computation of both of these corrections as well as 

for the computation of the coordinates of the solar disk 

at the time of observation* For the interpretation of 

solar wavelengths, it is also useful to know the direction 

cosines of the line of sight in a photoepheric frame of 

reference f so that these too are given by the computations*

In the following description of the computational procedure v
1 

the notation will be as follows!

the angle (£ ) between the line 
G of sight and a true solar radius at 

the point of observation

The angle ( < % ) between the true 
solar radius to the sub-terrestrial 
point and the true solar radius to 
the point of observation.
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The apparent angular radiua of the 
solar diak (semi-diameter).

The linear radiua of the solar image.

- The linear radius to the point of 
/ observation on the eolar image.

The position angle of the solar north 
r pole measured eastward froa the north 

point of the disk.

The position angle of the point of 
0 observation measured eastward from 

the north point of the disk.

The position angle of the point of 
observation measured westward from 
the solar north pole.

p. The heliographic latitude of the 
u° sub-terrestrial point.

i The heliographio longitude of the 
0 sub-terrestrial point.

c The apparent declination of the sub- 
o terrestrial point*

rt The apparent right ascension of the 
0 sub-terrestrial point.

H The hour angle of the sub-terrestrial 
o point*

(These last fire symbols without subscripts refer to the 

point of observation.)

The geeasAtrie equatorial reotangular 
X Y Z coordinates of the Sun (arbitrary

' equinox). 
     
X Y, Z The time derivatives of the rect- 

1 ' angular coordinates of the Sun (equinox 
same as X, T» Z).



54

The direction cdnes of the line of
sight, directed away from the observer, 

cos , la a right-handed system of reot- 
c os * angular axes at the point of observation*

J~ The x axis is in the direction of solar 
Cos "3 rotation, the y axis is along the local

meridian, and the z axis is radially
outward.

The solar equatorial velocity of 
rotation (km/eec).

B. General Method,

In order to compute the wavelength corrections for 

various points of observation, the coordinates of the sub- 

terrestrial point» the equatorial rectangular coordinates 

of the Sun and their derivatives, and the parameters P, 8, 

B0 , and L0 must all be known for the time of observation. 

In the machine computations, these are interpolated from 

short tables, taken directly from the Astronomical Ephemeris, 

which are entered as data along with the U.T.'s of the 

observations.

The right ascension and declination of the sub-terrestrial 

point, and the equatorial rectangular coordinates, X,Y,Z, of 

the Sun are interpolated using the Stirling interpolation 

formulat
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The values of the equation of time, P, 3, B0 and L0 are 

interpolated using the above equation to second differences* 

The hour angle , E 0 (hours ) f of the eub- terrestrial point is 

then found from:

H0 » U.T. - Longitude of Oxford + Equation of Time + 12
/

where the longitude of Oxford is taken to be 5 min. (Vest). 

The derivatives of X, T, and Z at 0 hrs. U.T. are then found 

using the Stirling formula i

From these values 9 the derivatives at the time of obser­ 

vation are interpolated using the interpolation formula 

given above.

For some observations t the angle 0 may be determined 

from Hof in which case j# « K0 + constant. In such a 

ease, the machine also computes <f) for the time of obser»
 

vat ion.

Bach observed point on the solar disk is specified by 

the two coordinates, f/p^ and <j> (the latter may be a 

computed quantity) and these are entered as data for the 

second part of the computations. Following the procedure 

given by Plaskett (t), from these data and the above computed 

coordinates, the wavelength correct lone (more exactly, the 

equivalent Doppler velocity corrections ), the solar latitude ,
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and the three direction cosines of the line of sight are 

computed for each observed point.

The corrections to the equivalent floppier velocities 

for the Barth's rotation, orbital motion, and the Sun 1 a 

rotation have been called 0^, Qg, and C- respectively, 

and are given (in las/see) by the expressions s

O m . Q.2885 cos S sm H (2.5)

- f .R0 (2.5)

where § = S0 -f />0 S cos 0 (2.6)

H= H0 -/ 0̂ Ssec$0 sm <jt (2.7)

oc' = arctan Y/X4-/ 0̂ S sec S0 sm ̂  (2.8)

5 Cos (^ (2.9)

f = (I - 0-229 51^ B) />//><> cos B0 5,
'. jt ;

and X9 ft and 2 are in A. U. /solar day 

The expression obtained for C« depends upon the adoption 

ef the law of solar rotation used by M. 0. Adam (3):

1B   R0(l-0,229 sin2B) cos B (2.11) 

The signs of these three corrections have been chosen so 

that true equivalent Doppler velocity is equal to the 

observed velocity plus the corrections. In the machine 

computations, the sun of C^ and C2 is given as the Earth's 

notion correction, and the factor f is given for the solar 

rotation correction.
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The solar coordinates of the point of observation 

are given by the two equations!

sin B m eos 9* sin B 0 + sin 6* cos B0 cos If* (2.12)

sin(L-L0 ) m sin0 sin ̂  /COB B (2.13) 

where 0^6->%S, e^arcsm^b and 

Of these, the solar latitude only was explieitlyeomputed 

for each point of observation.

The direction cosines at the point of observation, in 

the frame of reference given in the previous section, are 

given bys

cos H, = Sin (L-L 0) cos B0 sio & cosec 0* (2.14) 

cos ^ = [smBcos50 cos(L-L0)-cosB3mB0]x

Sin 0 eosec 9* (2.15) 

cos ^ — — cos 6 (2.16)

Several programmes were written for these computations, 

many of them dealing with specific aspects of the calcu­ 

lations, but including one general programme for the complete 

set of calculations as outlined above. This is discussed 

in detail ia Appendix D, where short descriptions of the 

other programmes are also given.



Part II

REDUCTION 0? "CIRCULAR CHANNEL" PLATES
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A* Qanaral Theory.

The method of circular channels (4,5,6,7), which has 

been darelopad at Oxford for tha intarferomatrio determination 

of wavelengths haa tha disadvantage that tha computation* 

involved are lengthy and tadiooa. In order to randar tha 

measurement of many intarfarometrie plates possible in a 

reasonable period of time, a programme was written for tha 

computations involved in tha reduction*

The fundamental ralation involved in the reduction of 

tha circular channel plates is tha interferometric ralation 

giving tha angular semi-diameter, 9 , of an observed inter­ 

ference ringt

nvX = It cos 6 (2.17)

where m ia tha integral order of interference, A is tha 

wavelength of tha light, and t ia tha optical thickness of 

tha e talon. At tha centre of tha interference pattern, 

we define tha fractional order of interference, £ , byt

(p4£)X=2t (2.18) 

Since for the n* ring, counting outwards from the centra,
CO80

we hava (p~ n + 1) A - 2t we obtain tha relations

(2.19)
A
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From equation (2.19)t we hare that the increment in the 

eoaine of the angle subtended by successive ring* iai

A cos e = - ^- (2.20)
Aa was shown by M. 0. Adam (5), we also hare the approximate

 5

relations

A cos

where T>**= D» (I - -£- ^£1 (2.22)

In theae equations, Dn is the diameter of the n ringt D*
=*.

ia the "effective" diameter of the ring, AD is the increment 

in the square of the effective diameters of two successive 

rings, and f ia the focal length of the camera Imaging the 

interference ringa* For the 18 inch Cooke lens used in the 

investigation to be discussed, D* = 3)* (I-8-^8 68* IO~7 Jn) 

From equations (2.20) and (2.21), we havet

(2.23) 

Since -^TTT   I   coS 6 from equation (2,19) we haves
2.

(2.24)

ana £ = (2.25 )

Thus from the observed effective ring diameters of the
**  

interference pattern of a given wavelength, AD may be found
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from a linear least square fit to equation (2.24). In 

addition, the fractional order of interference may then 

be found using (2.25)*

In the method of circular channels, the interference 

patterns of the unknown wavelengths are directly compared 

with that of the standard cadmium red line ( X 6438. 4696). 

If the fractional orders of interference at the centre of 

the pattern are known for the unknown and standard ware- 

lengths , the unknown wavelength may be calculated fromt

A, = <* * *i (2.26)
p,+ £,- K,

where the subscript 1 refers to the unknown wavelength. 

The factor fc^ is a slight correction due to the different 

effective thickness of the etalon for the two wavelengths 

(phase change correction)* In addition, the values of 

pca and p, must he known, but these are readily found by 

a trial and error process, using the approximate wave­ 

lengths of the lines..

It is found that the ring diameters for the unknown

wavelengths cannot be measured sufficiently accurately to
a?" 

determine £ from equation (2.25), so the factor AD for

the unknown wavelength must be determined from the relation 

(2.25); that 1st

*A"D= Atf, -- (2.27)
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where F^ la an empirical factor ralatad to tha chromatic 

variation af tha camera focal length, and ia found, for 

tha unknown wavelength* from a previoua inveetigation (8). 

Uaing thia value of AD* , a fractional ordar of inter- 

faranoa (at tha oantra of tha pat tarn) ia found for aaeh 

meaaured diaaatar front

=e+n - I (2.28)n

Tha Taluaa for all tha meaeured diameter a are than averaged 

to give a mean £ for tha line of unknown wavelength.

Another alight correction mat ba applied to tha value 

of £Cj found from the cadmium interference pattern for 

accurate wavelength determination. Since different 

parts af the etalon plates may be used by tha cadmium 

light and tha light of unknown wavelength, each nay use 

different effaotiva etalon thicknesses. In practice, 

thia la allowed for by uaing two paeude-linee of cadmium 

X 6438.4696 at either aida of tha plate to determine 

correction* to tha £<^ for each line of unknown wavelength (7)

B* HeygflTament of Ring Diamatara*

Tha intarferanoa pattern of any absorption (or emission) 

line in the method of circular channels consists of a 

aeries of ring aagmanta (or area) formed by taking a ohordal



eeotion of the concentric interference ringa at the poaition 

of the line in the grating spectrum of the region. By a 

syetem of diaphragms, two perpendicular diametral aeetiona 

of the cadmium interference pattern are photographed pitta 

the tvo pseudo-lines, bracketing the lines of unknown wave­ 

length. This cadmium "cross" ia positioned so that the 

spectral lines are perpendicular to one of ita arms, which 

will be designated the *a~e* arm. Vith this arm horiz­ 

ontal » the four aides of the photographic plate are now 

labelled "a", "b«, »e« and »d", clockwise from the left. 

We may also specify an x,y coordinate system centred on 

the cadmium interference pattern, vith the x-axis in the 

*e* direction and the y-axia in the *b* direction* In, 

conformity vith the above scheme, the tvo pseudo-lines of 

cadmium are designated Cadmium "a" and Cadmium "o". The 

arcs of a typical line are indicated in Fig. 2.1 (the arcs 

of the cadmium pattern having been omitted for clarity).

Since only segments of the interference rings of eaoh 

line are available, a scheme of measurement was devised 

from vhieh aoourate values of the ring diameters oould be 

determined (4), using a measuring micronster vith a 

rotating plate stage* Instead of measuring the true 

diameter, D, one obtains the tvo distances 8^ and 3g (see 

Fig. 2.1). These are determined by setting the micro­ 

meter on the are in question, obtaining a reading R, and
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a —( .

\

,y Arc 1

Arc 2

FIGURE 2.1 MEASUREMENT OF 'CIRCULAR 

CHANNEL RING DIAMETERS
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then rotating the plate through 180° and resetting on 

the same arc to obtain a Steading R*. Then 2S « |R - R'l .

If the centre of rotation of the plate is specified 

by coordinates (x^, y^) in the above system, the ring 

diameter is given by i

where D=+(J?- . If the quantity y> is very small, 

equation (2*29) reduces toi

+y7c • £*, (2.30)

The value of x for the ring in question may be found from 

S cos 6   x, S. cos 9 being an average value from the two 

arcs, 1 and 2. The value of 2x* may be obtained to a high 

degree of accuracy from the readings obtained for the arcs 

of the "a-c" cadmium arm. In this case, sa - sc ̂  2*i» 

so that a mean value of S - 3Q for all the rings gives a 

good approximation to 2x^.

In order for the programme to be used most effectively, 

the arc measurements should be recorded in the same order 

that they must enter the computer as data. This is speci­ 

fied in Appendix B where the programme is discussed in 

detail. The general outline of the ealoulations will, 

however, be briefly discussed in the next section.
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C. Outline of Computations.

s; , Aside from the actual are measurements, certain general 

input data are required by the computer, These are numbers 

specifying the number and positioning on the plate of the 

unknown lines, and approximate wavelength*, phase change 

and camera focal length correction factors for these lines* 

Pollening these are two numbers specifying the procedure 

for determining Integral orders of interference.

From the are measurements for the *a-c" arm ef the 

cadmium cross v the quantity 2z* Is found, and using all 

the ares of the cross, quantities specifying the maximum 

value of p are computed and given in the output   The ring 

diameters are then found, and, from a least square fit of 

equation (2.24), AD* Is ecapmtedJtor the cadmium pattern. 

Using this value, fractional orders of interference are 

found for each ring in the three pseudo~lines, Cadmium "a", 

Cadmium "0", and the "b-d" arm of the cress, using equation 

(2.28). For each line, the £n's are averaged to yield a 

mean e * la such a determination ef a mean fractional 

part from individual fractional parts, one must be careful 

tc average values such as 0.99 and 0*03 to obtain 0,01, 

not 0*51* This is one of the cases la which one must 

programme "Intuition1' late the machine. In this case,
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the following criterion has been adopted. If the mean 

computed £ differs from any of the individual £ n * s 

by sore than 0.3. the £ n ' s laaa than 0.5 are increased 

by one and a new mean is computed. Using the £'* obtained 

from each of the paeudo-linea, an £ cj is interpolated for 

eaoh of the lines whose wavelength ia to be determined, 

assuming a linear dependence of £cd on x.

For each of the lines of undetermined wavelength, the

true ring diameters are found from ̂ equation (2*50). Uaing
£*.

the AD determined from equation (2.27), these then give 

£ nV° . Following the above criterion for averaging, a 

mean & ia then found for eaoh line and this ia corrected 

for the chromatic ehanga of phase. The procedure uaad to 

find the integral ordara of interference for the cadmium 

light ia a trial and error method, and as such requiree 

almost aa much computing time as the rest of the calcu­ 

lations (about 15 aao). Two methods are included in the 

programme, one of which ia selected by the apaoifiaation 

in the input data*

In the first method, starting at a cadmium integral 

order of interference given in the data, the expected £ 

for aaeh of the lima of undetermined wavelength is found 

from aquation (2.26) uaing ita approximate wavelength, 

the difference between thia and the observed value ia
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determined, and a mean value of the square of this difference 

is found using all the lines. Again 9 care must be taken 

to give values such as 0.99 and 0*01 a difference of 0.02. 

If this mean square difference is less than a number speci­ 

fied in the data, the integral order used for the cadmium 

line is adopted. If not, it is Increased by one and the 

process repeated. This is continued, if necessary for 

100 trial integral orders of interference, after which, 

if no satisfactory value has been found, the computations 

are stopped and data for another plate is read.

In the second method, specified by setting the desired 

mean square difference to zero, the above is carried out 

for 100 values of pcd starting with the one entered in 

the data. The one that yields the minimum mean square 

difference between the trial and observed £*s is then 

adopted. Using the value of p c<j obtained by either method, 

p^ is then found for each line using equation (2.26). 

Again the ambiguity in £ must be allowed for. (If a 

trial order of interference of 10521.998 was compared with 

an observed £ of 0,001, the adopted P1 must be 10322.) 

The accurate wavelength of eaoh line is then found from 

the observed £.'s and computed p's. The mean error in 

this value is also estimated, using the computed standard 

deviations in £cd and £, .

In addition to the aocurate wavelengths and their errors,
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several other quantities are given in the output, including 

the fractional orders of interference for each line. 

These are given in the hope that any errors that might 

possibly arise due to ambiguity in the interpretation of 

£*s may he detected. In the many computations involved 

in the investigation given in the next chapter, however, 

no such errors occurred. The use of this programme for 

the plate reduction has reduced the computation time for a 

single plate from over an hour to twenty minutes (the 

time required to transfer data to tape form) and has 

practically eliminated personal errors in the reduction. 

A detailed description of the programme and its use is 

given in Appendix D.



Part III

BOTBHHIHAT10N OF PLATS CHAKACTJfiliSTIC 00HYKS
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A. Introduction and Method.

The reduction of photometric observations obtained 

from photographic plates, i.e. the determination of line 

profiles, requires a knowledge of the characteristic 

response curve of the plate used* This is normally 

determined by measuring the plate densities corresponding 

to a number of known exposures. For the investigation 

of line profiles to be presented in Chapter 4, this was 

done using a step wedge, allowing seven exposures of equal 

duration but different intensities to be taken simultaneouely. 

From the measurement of the plate density* obtained using a 

miorophotometer, and the pro-calibrated intensities trans­ 

mitted by the wedge, a smooth characteristic curve can be 

estimated* Although curve fitting by hand for so few 

points (seven) is not a diffleult process, a machine method 

was developed for the determination of an analytical form 

of the characteristic curve (over the region of the 

observations), as part of a general programme for the 

reduction of spectral observations.

In order to present the method adopted for the derivation 

of the analytical form of the characteristic curve, a brief 

summary must be given of the standard process used for its 

determination* The wedge used consists of seven 0trlp0
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of rhodium eoating betveen two glass platee, the trans-
» •

mission coefficient for each atrip having been accurately 

determined (9). On eaoh plate for which the response 

curve le required, two exposures of the spectrum, of 

equal duration , are taken, one through the wedge » and ons 

through only ths glass plates of the vedge. For the 

latter, a filter Is used to obtain a medium density on 

the plate. Micro photometer tracings through each spectrum, 

perpendicular to the dispersion* then give a record of the
*

oorreeponding plate densities* In addition, measures of 

the denelty of the unexposed plate and of a completely 

"black" plate are included on the microphotometer records. 

A diagram of such a micro photometer record 10 shown in 

Fig. 2.2. Usually several such recordings are made for 

eaoh plate.

If ve now adopt a seals for determining the micro- 

photometer deflection, x, so that the unexposed plate
•T

reading is x and the "black" reading is XQ , we may

specify any other degree of defleetion by a y/yQ where y » 

x - XA and yA * x_* - XA » The characteristic curve may9 * O C* O

then be defined as the relation between the plate density* 

y/yot and the intensity* X* incident on the plate. Since

Intensity incident on the plate 10 given by tlp where 

~t is the tran0mi00ion ooeffioient of the wedge etep and X



14

Th
re

e 
re

fe
re

nc
e 

w
ire

s 
ac

ro
ss

 
w

ed
ge

10 8

Ed
ge

 o
f 

w
ed

ge
V*

**

o o
Ex

po
su

re
 

th
ro

ug
h 

gl
as

s 
pl

at
es

 
of

 
w

ed
qe

 
Ex

po
su

re
 

th
ro

ug
h 

w
ed

ge
 

st
ep

s

I-
O 0.
5

FI
G

U
R

E 
2

.2
 

PL
AT

E 
C

A
LI

B
R

A
TI

O
N

 
AS

 
R

E
C

O
R

D
E

D
 

BY
 

M
IC

R
O

PH
O

TO
M

ET
ER

x
l

U
>



74

ia the intensity incident on the wedge, the characteristic 

curve ia usually expressed as the relation between y/y 

and log t. This allows the eoapariaon of different 

determinations (made with different I's) by a change of 

the origin of the log t axis.

In the determination of the relation between y/y_ and«v ,,, ,. o
log t, the intensitlea, I , incident on each wedge step 

must be the same. Unfortunately this ia not usually the 

case, and corrections muat be determined from the denaity 

recording of the spectrum taken through the glass platea 

of the wedge. A first approximation to the characteristic 

curve is found using the measured y/y 's for eaoh wedge step
*»% 9

and their known transmission coefficients. The measured 

y/y'a fo? the glass plates, using this approximate curve,

then give the variation in I. across the wedge steps. A9
reference IA is chosen aad the transmission coefficients of o
the wedge steps are corrected to (t') f 8 to correspond to 

an incident intensity equal to the reference intensity,,I0 ' . 

This is given by

t'/t » I0/I0 f (2.31)

Using these new transmission coefficients and the measured 

y/yQ 's for eaoh step, a second approximation to the curve 

is obtained. If the y/jro 's obtained for the glass readings 

fall on the linear portion of the characteristic curve.
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this eocond approximation 10 a good one. If not, it may 

bo considerably ia error; however, such cases are assumed 

to bo eliminated by the ohoioo of exposures, and tho 

sooond approximation Is always adopted.

In tho machine computations, tho same procedure Is 

followed, but at oach stage at which a curve is drawn by 

hand, an analytical expression is flttod to tho points 

by a least-square solution. Since tho characteristic 

curve rosomblos tho curve:

where y « y/yQ and x « I/*0» this was* adopted as a first 

approximation, A better approximation is given by tho 

polynomial expressions

TO =
which reduces to (2.32) for n » 1. Curves of tho font 

given by (2.33) vore fittod to the observed points for 

values of n from one to four, and it was found that tho 

oxtrm terms (for which a,« a^) allowed a very good fit 

It was therefore dooldod to use equation (2,33) as tho 

analytical form of tho characteristic curve, choosing 

tho value of n that gave tho boot fit.
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Equation (2.33) has the fault , however, that for certain 

values of a and n, it does not have the proper physical

convergence properties as y/yp -^ 1 and 0. This occurs 

when n is odd and a^ is negative , and when n is even. 

It was found that for most plate emulsions , «_ was positive , 

so this difficulty usually arises only when n is even. 

In this case, equation (2.33) does not behave properly 

for y/yo— *• 1» These deviations from the correct asymptotic 

forms of the characteristic curve do not occur within the 

range of y/y's observed for the wedge steps and so do not 

present any problems in the application of the analytical 

form of the curve (since any extrapolation beyond this 

range is not Justified by the observations)* Since, 

however, the case when a_ is positive and n is even arises 

frequently , provision has been made in the programme to 

preserve the asymptotic form of the curve, in a somewhat 

arbitrary manner, for y/yo — >!• For y/yo f s less than 

the greatest observed y/yo » equation (2.53) id used, while 

for y/y0 's greater than this value, the analytical form 

is taken to bet

In I/I0 » A *• B ln(l - y/y0 ) (2.34)

The constants A and B are chosen so that the curves (2.35) 

and (2.34) match (up to the second derivatives) at the 

maximum observed y/yo «
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In fitting equation (2.33) to the data, the coefficients 

a^ are computed uaing a leaat-aquere solution for poly­ 

nomials. This ia provided by the Ferranti library pro­ 

gramme No. $23* In this Bub-programme, the variance

( Z v^/fm-nV where v4 is the difference between the oomputed/—. | i *

In I/I and the observed value, and m ia the number of 

observed pointa) ia alao computed. From this, the per­ 

centage uncertainty in a single determination of I may be 

found.

B. Outline of Computations.

The input data for tha machine computations consist 

af numbers apaaifying tha number of characteristic curve 

determination to be averaged together, certain oontrol 

inatruationa, and tha observed densities for the vedge 

atepa, the oorreaponding vedge positions exposed through 

the glaaa only, and for the "black" and clear plate, far 

each determination.

Far each determination, from the densities observed 

for the wedge steps, y/y'a are found and the polynomial 

(2,33) ia fitted to the data. Using the y/y0 '« found for 

the glaaa exposure, the variation af Io across the vedge ia 

found and a aaoond approximation to tha oharaoteriatio
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curve ia found as outlined above. Again , curves for each 

value of n are found and the beat one chosen. Using this

curve, the values of In I/r are found for six values ofo
y/y0 between 0,25 and 0.75.

The analytical curves obtained for each determination 

are then "averaged" together. In order to do this, the 

y/yo and In I/IQ values used to determine each of the

individual curves must be adjusted to a common In 

axis. The additive adjustment for each curve is given 

by the mean difference between the six computed In I/I 's 

for tho central part of the curve and those found from the 

curve obtained in the first determination. Now using all 

the adjusted y/yQ and In I/I0 values, for all the deter­ 

minations, a new polynomial (2.33) is fitted to the data, 

using the optimum n. This is adopted as the final analy­ 

tical form of the characteristic curve in the region of 

the observations, and the coefficients a^ are given in 

the output. In addition, the variance of the final fit 

and the percentage uncertainty in a determination of I are 

given, along with the maximum and minimum observed y/y0« 

If the final curve is one where n is oven and a^ is 

positive, a curve (2*34) is also calculated for a rough 

extrapolation for 7/J^—^ !• $h« constants A and B are 

found from the relational
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A = O X- 61" (I -1-0 (2.36)
*

vhere yft ia the maximum observed value of y/yo » The
derivative ia approximated by i 1* where A y/yo - 0.01.

Using equations (2.33) and (2.34), if applicable, a
table of In I/Ifi for thirteen vmluea of y/y0 i* given in 
the output, and the coefficients in the expansions are 
stored for future use.

It was found that the accuracy of the determination 
depended critically upon the measured points with y/yo 'a 
nearly 1 or 0. Since theae are transformed to points far 
from the origin by the transformation which gives the 
polynomial expansion (2.33), they are liable to contribute 
greatly to the calculated variance. Thus the computed 
percentage uncertainty in a determination of I refers 
primarily to the two extremes of the response curve, not 
to ita linear portion, where the uncertainty is much leas* 
In practice, it was found that moat determinations gave 

computed uncertainties of the order of 4#. Care must be 

taken to include readings for at leaat five wedge atepa
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la the data* and preferably six, sinoe for fire or leas 
observed points, the programme will yield an exact fit to 
all points. One thus Io0ea all statistical degrees of 
freedom in the fitting. Eren in this case, ho* ever, the 
polynomial chosen will be the one where n «* m-1, m being 
the number of observed wedge steps, so that it will still 
yield a smooth interpolation.



Par* IT

SOLUTION OF CERTAIN INTEGRAL EQUATIONS



82

A, Introduction.

For a detailed interpretation of spectral line profiles, 

it is advantageous to correct the profile* for the apparatus 

function of the spectrograph. This function, S(x), is 

defined by the integral equations
90

= I T(x> S(x-Xo)dx (2.37)
0

where T(x) is the true line profile that would be obtained 

by an "ideal" spectrograph, 0(z) is the line profile 

actually observed , and x is a coordinate related to

Sines 3(x~x )->0 for |X-Xol->°° § we may replace the**
lover limit of integration by-^> j although in practice, 

the limits of integration Bay be considered to be finite, 

T(x) being zero outside the region of integration. Equation
«1V

(2.37) is a Fredholm equation of the first kind, for which

numerical solutions are difficult. In the following,
-t*.

several numerical methods tried for an approximate solution 

of T(x), knowing 0(x) and S(x), will be discussed. A 

suitable machine method for the routine reduction of lias 

profiles was sought and the one that was chosen for the 

investigation presented in Chapter 4 is described In some 

detail. Other methods, not discussed here, may be found 

In a survey by Tan de Hulst (10,11).

The solution of the problem Is formally the same whether



T(x) is the profile of an emission or absorption line* 

since the apparatus function is normalised so that 

= 1 . In the following, ve will therefore treat the 

problem for the case when f(x) ->0 as |x| ->

B. Solution of a System of

If ve approximate the integral in (2.57) by a finite 

summation , as we must in any numerical treatment » ve have

(assuming a very simple quadrature formula)!"i
O(x^) « T(xJ BUj-Sj^) Ax J « 0, ..,n (2.38)

vhere the summation is over n+1 values of xf at equal 

intervals, A x. The n + 1 equations given by (2.38) 

for i • Of . ..,n constitute a set of linear equations in 

the unknowns T(x,). (For simplicity we may set Ax = 1). 

Thus one might hope to find the values of T(x) at the n 4- 1 

pivotal points from a direct solution of these equations. 

If ve write (2.38) in matrix form,

0 m S T (2.39) 

vhere Q and T are column vectors and S is the apparatus 

function matrix, the solution is given bys

T « S""1 0 (2.40) 

Sueh a solution depends upon the existence of an inverse 

of S, i.e. a non-Bingular S. It has been shown by Fox 

and Ooodvin (14), that if the kernel, 3(x), can be expressed
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ae a polynomial of order p, dotS«j| » 0 for n > p. Thus 

the direct solution of the equations to yield a unique sol­ 

ution is impossible. For an arbitrary S(x), one would there­ 

fore expect that dot |S|J ~^ 0 as n increases. The errors 

introduced into the solution by replacing the integral by 

a finite summation, although decreased by increasing n, 

are magnified by the large elements in S"1 and a largo 

error is introduced into the determination of T(x). For 

a small number of pivotal points these errors are usually 

mot too critical, if the functions 0(x) and 3(x) are exactly 

known, however this is not the case for observed line 

profiles* It was found that application of this method 

to observed data yielded an error in T(x) that was an 

oscillatory fuaotion of x, of short period and large 

amplitude* -•, ;

This problem of large amplitude. oscillatory errors 

in T(x) is fundamental in all exact solutions where 0(x) 

and S(x) are subject to experimental errors. Suppose 

that the true observed function should be 0*(x), whereas 

that actually observed is 0(x). Then

•***» OM =" Oc*) +£(*) (2.41)
where Sen) is the observational error function. The true 

integral equation to be solved should then bos

0*(X 0) = \ T(x) Scx-X 0 > <^X (2.42)
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whereas the equation actually used for the determination 

of the true profile is (2.37). Taking the difference 

between these, we have

• «ao

-r- T
If we denote I (x)-u*) ^ A(x) , the error in the deter­ 

mination of T(x), we see that a large amplitude, oscillatory 

function, A (x), will give only a small S (x) provided that 

S(x-x ) is fairly constant over one oscillation of A(z). 

From this, one might expect small observational errors in 

0(z) to yield large amplitude errors in T(x). this is 

discussed in slightly more detail by Kreisel. (15)

One must therefore find an approximate solution of the 

problem that preserves "smoothness" in the derived function 

T(x). Two iterative procedures of obtaining approximate 

solutions of the equations (2.38) vere therefore investi­ 

gated. Naturally, these procedures still suffer from 

the difficulty that successive approximations must converge 

to a solution with large amplitude errors in it* One may 

hope, however, that a reasonable solution can be obtained 

after fsv iterations before the large errors appear. 

The problem then becomes one of determining the optimum 

number of iterations to be made.
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0, Iterative Methods.

The first method investigated was that of Gauss and 

Soidel, as described in (16). An initial trial rector,
-;. v/

is chosen and the components of this are successively 

modified by solving the 1th equation of (2.38) for the 

value of T(XI). This is repeated until all the n + 1 

equations have been used, to give a second approximation 

to the vector f (xj) * This cycle is repeated until a trial t 

vector is found that gives an "observed" function fitting 
the actual observed function within a certain limit. This 

method is known to converge if the matrix 8 is symmetric 
and positive definite with dominating diagonal elements* 
Since in most oases v the apparatus function is very nearly 

symmetric, rapid convergence might be expected! and

smoothness could be introduced by using the observed function• .<? •
for the initial trial solution. Xt was found, however, 

that the convergence was alow, requiring about 15*20 cycles 

for a satisfactory solution to be obtained (in a typical 

case arising from the investigation in Chapter 4). This 

resulted in the complete obliteration of the smoothness 

introduced by the choice ef initial solution, and the 

method was discarded.

The second method investigated was that due to Burger 

and van Cittert (12,13), which has been adopted in the past (17)
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for the derivation of true line profiles. Again the 

observed function ia adopted aa a first approximation to 

the true function, and correctlone to this approximation 

are successively derived* The process is best described 

using a slightly different notation* We write equation 

(2.37) in operator form*

s 0 - S* (of. equation (2.39) (2.44)
••- . <«o

where 3T denotes j Sc*~x0 ) T(*)c^ . The observed function,
-<x>

0. is then adopted as a first approximation to T f i.e. 

TO » 0. Further approxiaationa to T are given by*

T - T + (0 - ST) m T + (l-S)f (2.45)

etc. where 1 represents the unity operator, 
giving for the n approximations

•

\ = {£ 0- S ) }T0 (2.4«) 

Sine. 1 - (L-x)& - x Z 0-*) c w. h»v.i

Tn = f ' " ^J f T0 <2-*T)

usually 
It may easily be shown that thi& Aeofirergea to the solution

of (2.37) by taking Fourier transforms of equation (2.37). 

We then have

0(t) m S(t) T(t) (2.48)
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where the symbols now refer to the Fourier transforms 
of 0(x) f S(x) and T(x). The Fourier transform of the

,( ;• , <& fc.

solution is then given bys
*(t) - 0(t)/S(t) (2.49) 

From the formal similarity of equations (2*48) and (2.44)»
'khve see that the Fourier transform of the n approximation 

to T(x) is given by equation (2.47) when ^(x) is replaced 
by Tn(t), eto. ThiB converges to (2*49) if |l - S(f)|< I 
which is easily shown Ato be true from the normalisation of
•(«>•* ^

It was found that^this method converged rapidly to an 
acceptable solution; a solution, Tn# being judged accept­ 
able when it yielded an "observed" function fitting 0(x) 
within a preset degree of accuracy. For typical profiles 
obtained in the investigation to be discussed in Chapter 4, 
it was found that only 2*7 iterations were required to 
obtain a solution fitting the data to within a maximum 
error of 1% of the continuum intensity for iron lines 9 and 
4% for the sharper oxygen lines* These figures do not, 
however, refer to the accuracies of the solutions them­ 
selves* Experiment has shown that the accuracies of 
solutions so adopted are about twice these values (for 2-7 
iterations). In this small number of iterations, the large
amplitude errors inherent in the solution had not reached an
* FOP very asymmetric apparatus functions, |l-S(t)l may 
exceed unity although |S(t)|<l "because of normalization. 
In such a case there is no convergence.
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appreciable magnitude, thus the approximate solution 

obtained was usually smooth (see Section D). Any 

irregularities, however, that do happen to be present in 

0(x) are enhanced in ^(x), and troublesome irregularities 

ean arise. (In particular, see Section D, Fart II, Chapter
•a'

4). The question of the optimum number of iterations , l.e* 

ohoiee of the error limit, depends upon the value of Ax 

in equation (2.38), the functions 0(x) and S(x), and the 

observational errors in these*

The convergence rate ean be slightly Inereased if 0(x)
j> 

is really a smooth function by a better choice of initial

approximation. The method follows that given by Eddington 

(18). If S(x) Is GsusBian and is given by*

_ .£ '
^ <2 ' 50)

then equation (2.37) nay be written ast
x> L4

= -4= I T(*t«i) e~ ^^ x d^ (2.51)
— 00

If w. than .zpaad I(x * y) Vjr a symbolic Tajrlor
d

(2.5Z)

thm equation (2.51) beoowisi

, -^^ 
= (e *, dn'-J T(x)
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treating the differential operator as a constant. Thus 

we have

( __ <x _d_ \ 
e * dx-J

' + . . . (2*54)

,
If S(x) is not quitattaussian, one would still expeet

(2 - 55)
to be a good starting approximation for the Burger Tan 

Oittert nethod* This requires, however, that the second 

derivative of 0(x) also be fairly smooth , or else 

irregularities will be introduced in the first approxi­ 

mation. Experiment showed that this initial approximation, 

(2*55) decreased the number of iterations required by one 

or two*

Owing to its rapid convergence, the Burger van Cittert 

method was therefore adopted and a programme was written 

for its rapid execution. The function 0(x), tabulated 

at up to 160 pivotal points, is taken as a first approxi­ 

mation to f(x) and successive approximations are com|»ted. 

The required integrations are replaced by finite summations , 

0(x) being taken as sero outside the region of tabulation* 

If 0(x) is sufficiently smooth, equation (2*55) may be used 

for the first approximation , the second derivatives at eaoh
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point being approximated by the corresponding second 

differences. The actual value of the second differencev
adopted at eaeh point is determined from a quadratic least- 

square fit to the second differences in the neighbourhood 

of the point t and the value of ^ is estimated from the 

half -width of the apparatus function. For each trial 

function, $a(x)» obtained, the quantity

E; = cxj-x^Cxp-OCx^ (2.56)

is found for eaeh point. If the mean value of E is less 

than a preset value £ , or if %UBXt ia less than 5 £ , the 

approximation is accepted t if not, a new approximation 

is found using the B^'s. The solution finally obtained 

is given in the output at as many points as 0(x) was given. 

If the mean values of £ found for successive n'e begin to 

increase , the computations stop and the best solution is 

given. Such a precaution would not really be necessary 

for the Burger van Cittert method if rounding errors could 

not arise t since it must converge to a solution. The 

computations for each trial solution require 30 seconds, 

so that most profiles require 2-3 minutes for their reduction.

D. Fourier Transform Solutions.

Although the above metfcod yields fairly smooth solutions,
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for certain cases the convergence is too rapid. For 

profiles that are very broad compared with the apparatus 

function, it was found that *n(x) might under-fit the 

data, having E considerably greater than £ , while tL^C 

might over-fit the data, with B considerably lese than £ • 

Thus neither of these vould be satisfactory solutions, 

the first being inaccurate and the second containing enhanced 

observational errors. From the Fourier transform equation 

(2.49), we see that large amplitude, short period, 

oscillatory errors in T(x) can arise from observational 

errors that make 0(t) too large or S(t) too small* For 

a veil-behaved solution, ve require that 0(t)-^0 faster 
than S(t), as t-*>«-»•

In the Burger van Cittert method, ve see from (2*47) 

that as 3(t)-> 0, Tm(t) ̂  (n+1) { l-S(t)} n 0(t). Thus, 

if 0(t) has a finite value due to observational erros) vhile 

S(t) is very small, *n(t) vill grov nearly in proportion 

to the number of iterations, and a eorresponding error of 

frequency t vill be introduced* This is a slow growth, 

however, and accounts for the relative stability of the 

Burger van Cittert method*

It has been suggested by J. S. Hollett (19) that the 

Fourier transform solution given in equation (2*49) vould 

be a faster machine method than that of Burger and van Cittert, 

if some means could be found to eliminate the high frequency



errors in T(x) arising from observational errors in 0(x) 

and 3(x). He has written a programme in vhieh the 

estimated standard deviations of the tabulated values of 

0(x) and 8(x) are considered. Using these, the complex 

Fourier transforms (computed numerically) of these tiro 

functions are modified, by adjusting their amplitudes» 

so that there is a 1000tl probability against any T(t) 

being too large because of experimental errors making S(t) 

too small f and 20tl against it being too large because of 

errors making 0(t) too large. This programme was found 

to give results in good agreement with those obtained by 

the Burger-van Cittert method but much smoother, in times 

equivalent to 3 iterations in the latter method* The 

method of modifying 0(t) and S(t) is not entirely satis­ 

factory, however, and further investigation into this 

promising method is required*



Part Y

GENERAL REDUCTION OF LIKE PROFILES
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A* Introduction.

In the preceding two parts of this chapter* machine 

programmes have been diacuaaed vhlch allow the correction 

of line profilea, aa observed on a miorophotometer tracing, 
for the response curve of the photographic plate and the 

spectrograpih apparatus function. These were derived aa 

part of a general programme for the reduction of line pro­ 

files. For the purposes of the Investigation given in 
Chapter 4, a programme was desired that would use profile 

data taken directly from microphotometer tracings to compute 
1) an observed, true intensity profile allowing for the

j..

characteristic curve of the photographic plate, 2) the.-••» '• .-* -
correaponding true line profile allowing for the apparatus 
function, and 3) a function giving the asymmetry of the 

resulting profile* Such a programme was developed and the 

methods uaed will be outlined in the next section.

B* Qutllne of Computations.

The data required for the execution of the reduetiona 

consist of two sections. The first are data that are the 

same for several profile determinations, consisting of a 

tabulation of the ajparatua function, at equal intervale 

Ax t and the data required for the determination of the
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characteristic curve. Secondly, the data for the line 

profile to be reduced moat be given. This la la the fora 

of up to $4 (xty) poiata taken from the microphotometer 

tracing, where x la a coordinate parallel to the dlaperaloa 

aad j la a coordinate denoting the mlorophotometer deflection, 

la addltioa, y raadlnga for the continuum, the "olear* plate 

and the "black11 plate moat be entered. The relation between 

the ualt of the x coordinates aad Ax 9 along with several 

control parameters complete the input data. 

: Using the characteristic curve data (see Part III), the 

observed (x,y) poiata are converted to (*-,*> ) points, 

where ^ la the reaidual intensity la the profile. (If 

any observed poiata hare reaidual intensities > 1, the 

continuum level la adjusted to make them equal to 1.) 

Values of the observed profile are then interpolated at 

intervals of Ax treating the line profile as that of aa 

emission line. For thla purpose, a quadratic interpolation 

procedure waa adopted. If the value of 0(x), the observed 

profile f la required at X0f the two observed poiata oa 

either aide of xo> four la all, are used to obtain a least* 

square quadratic fit to 0(x) In that region (the two 

central poiata being given twice the wftght of the outer two), 

la this manner, up to 180 values of 0(x) are interpolated. 

At thla atage la tha computations, tha equivalent width
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of the observed profile is estimated (by a summation 

over the interpolated values)*

The function 0(x) is then corrected for the apparatus 

function using the Burger-van Cittert method dlseussed in 

Part IT. Since the interpolation of 0(x) tends to intro­ 

duce a discontinuous second derivative, the method of 

subtracting second differences to speed up convergenee 

could not be used. A trial solution, Tn(x), was accepted 

when it fitted the observed 0(x) vithin a preset limit, 

as discussed in Part IT V or when it fitted 0(x) vithin 

the mean error arising from the quadratic interpolation 

if this exceeded the preset limit. In most reductions, 

it was the practice to let the second limit (a mean error 

of 0.4 - 0,8# of the continuum intensity) determine the 

number of iterations. From the maximum value of the adopted 

T(x), the true central intensity of the profile is then

found. "> 
It was decided to denote asymmetry by the curve giving

the midpoint of the profile as a function of residual 

intensity. This curve is computed from f(x) by an Inverse 

quadratic interpolation procedure as follows. At a given 

intensity I 9 (I « 1-r^,) the function T(x) is analysed to 

find the values of x at which T(x)-I changes sign. The 

exact value of x at which this occurs is determined by 

finding a least-square quadratic fit to T(x) in this region
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(aa in tho interpolation of 0(x)). The solution of the 
resulting quadratic aquation for T(x)-I then give* the 
desired value of x. Great oare oust be taken in this 
solution sines two values of x are usually found 9 one of 
which must be selected, or both roots may be complex.

i

Certain "intuitive" criteria are Included in tho progra
to allow for such cases. Zf there exist n separate peaks 
in the profile at the intensity level in question, then 
there must be 2n points at vhich T(x)«I. If XQ and 
denote the two such points for each peaky the midpoint 
of the profile is assumed to be given by:

(2.57) ,
l~ L

This is Illustrated In Fig* 2.3. It was found that only 
at large values of r^ did more than one peak occur. 
This is closely related to the question of error "ripples" 
in the solution of the integral equation. The midpoint 
is found for up to 90 values of r^ at intervals of 0,02, 
and the resulting curve of x as a function of 1-r^ Is given 
in the output* The origin of the coordinate x is directly 
related to a reference line on the original tracing, so 
that the x curve may bo given an absolute interpretation. 

The whole programme is very flexible, and by various
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choices of the control parameters one can omit various 

sections of the computations, e.g. the solution of the 

integral equation or the determination of asymmetry. In 

addition, most of the computed functions may be printed 

out or suppressed at request* e.g. the observed 0(x) points* 

the interpolated 0(x) curve, the adopted T(x) curve and 

the asymmetry curve. In order to conserve output time* 

the curve T(x) may be printed out at intervals that are 

any integral multiple of Ax The complete reduction of 

a typical profile requires about 3-4 minutes* much of 

which is required for the punching onto tape of the various 

curves* and as many profiles as desired can be reduced 

one after the other. About 10 hours of machine time were 

used in the reduction of the data for Chapter 4 (some 140 

profiles), which is considerably faster than the corres­ 

ponding reduction by hand (considering even the 30 hours 

required for the preparation of data tapes). Moreover* 

it is an objective method of determination of very small 

asymmetries. A detailed discussion of the programme and 

operating instructions is given in Appendix B.
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Part I
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Introduction HIM! Method*

Because of the great theoretical importance of the 
exact form of the limb-effect curve and also the magnitude 

of the wavelength shift at the limb, a new determination 

of limb effect and red shifts was undertaken. The method 
adopted by M. G. Adam (1) was used, and the same three iron 
linea were investigated. The new determination, however, 
was made at intermediate solar latitudes (~ ± 55°) with 
a view to the detection of a latitude effect if such exists,

The method la a differential one in which the positions 
of the solar lizss on a spectral plate are compared with 
those of a aet of referenoe lines t in this oaae terrestrial 
oxygen lines, whose wavelengths are assumed constant* 

Since observations were confined to the part of the disk 
near the limb and the centre of the disk, such a method 

requires two essentially different sets of measurements. 
First, a aet of standard positions of the solar lines at 
the centre of the disk with respect to the reference lines 
is required, and secondly, a set of measurements of the 

positions of the solar lines at various disk positions 

with respeet to those of the reference lines is needed. 
Then the differenoe between the two gives the limb effect 

at various disk positions, whan corrections have been made
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for the effects of the rotation of the Sun and motion of 

the observer. These shifts can then be converted to a 

limb effect expressed either In wavelength units or, aa 

is customary t in equivalent Doppler velocities. For suoh 

a procedure to be valid, the dispersion used in the two 

sets of measurements must be identical, otherwise corrections 

must be applied, all measurements being reduced to one 

standard dispersion*

B. Solar Spectra.

The spectral plates used in the determination were some 

of a series obtained in 1957 (1), others of which were used 

in the 1959 limb-effect study. They were taken using the 

55m solar telescope with its associated spectrograph, the 

Bausch and Loab grating giving a dispersion of 1.4 ran/A 

in the first order. The plates used were all Ilford 

panchromatic type R50 and were developed in Parkhursttwo- 

solution developer*

Ten plates taken at the centre of the disk were meed 

for the determination of standard positions and six plates 

of the region near the limb were used. For the limb plates, 

the solar image was guided so that the Bpectrograph slit 

was radial, the limb falling upon the slit. These plates 

were divided equally between the east and west limbs. The
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sixteen plates used are listed in fable 1.

Table 1. Details of Measured Plates.

Centre Plates 
Date U.T.

Hay 21.3812 
22.6342 
27.4411 
28.4674 
31.4592

June 12.4850 
13.5754 
13.6131 
14.4505 
14.6085

Liab Plates

Bate 0.T. 1957

Hay 24.3929

24.3979

27.3944

June 16.4084

16.4141

16.4233

Limb

Vest

West

East

Vest

East

Bast

Solar 
Latitude

-50°. 0 to -59°. 0

-48.7 to -57.8

48.1 to 60.0

-50.6 to -63.7

51.0 to 61.8

48.9 to 58.5

The spectral lines are the same as those used by M. 0. 

Adam and are listed in fable 2, with their I.A.U. wavelengths. 

There is no I.A.U. wavelength for the third oxygen line and 

the value given is an estimated one (1). Table 2 also 

gives their Rowland intensities, and for the solar lines, 

the excitation potentials of the lower levels and the 

transitions involved. The oxygen lines are associated 

with the 4. band of atmospheric oxygen.
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Table 2.

I.A.U.

Measured Lines

Rowland Excitation
Wavelength

6295.960 A
6297.799
6299.228
6301 . 508
(6302.000)
6302 . 499
6302.764

Element Intensity Potential Transition

Atm.
Fe

Atm.
Fe

Atm.
Fe

Atm.

0*2

2
°2

fit

°2

3
5
3
7
2
5
2

2.21 volts o*P- u*tf

3.64 2L r P°-e5'I>

3.67 **P- e*D

C. Centre Measurementg.

The spectra were measured on a Hilger photomeasuring 

micrometer fitted with a transverse micrometer motion. 

A diaphragm in the focal plane of the eyepiece limited 

the field of view to a strip of spectrum 0.145 mm wide. 

This was positioned parallel to the plate dispersion so 

that only a small section of each line was visible. The 

plates were measured in the forward and reverse directions 

at the slit height corresponding to the centre of the 

disk and average line positions were found. These were 

referred to the first oxygen line after corrections for 

the observer's motion had been applied to the solar lines, 

the dispersions for the three lines being 33.9% 33.96, 

and 33*95 km/sec/mm. The average positions of the seven 

lines were then found from the ten plates. These were
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adopted as the standard centre positions and the oxygen 

positions were used to indicate the standard dispersion. 

These standard centre positions are listed in Table 1, 

Chapter 4, where they are compared with the standard 

positions used by M. $• Adam (1).

I). Limb Measurements.

Each limb plate was measured at about forty slit 

heights, each corresponding to a different radial position 

(different /fy?). The positions of measurement were so 

chosen that they fell at approximately equal intervals 

in cos 9 . In order to compute the value of /°//>G for 

each "spectrum" measured, the limb plates were marked ,- 

perpendicular to the dispersion at one millimeter intervals 

from the inner edge of the spectrum* The positions of 

each of the measured "spectra" were referred to these 

marks, and the position of the limb vas determined visually 

with respect to them at both ends of the plate. The 

image radius having been determined for the times of 

observation, * f//oo was calculated for each set of measure­ 

ments.

The measurements were made in the same manner as for 

the centre plates and mean positions of the seven lines
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were determined at each value of/Mo, . Using the observed 

oxygen positions, the mean positions were corrected to the 

standard dispersion, assuming a linear correction factor. 

The difference between the corrected iron line positions 

and the standard iron positions then gave the wavelength 

shift» unconnected for the observer's motion and solar 

rotation, for the corresponding value of /^ . The shifts 

so found for the three lines were then converted to equi­ 

valent Boppler velocities and averaged to give a mean 

shift for that value ef /°//>0 .

B« Accuracy of Measurement.

It was found that the mean velocity shifts determined 

as a function of f//>c from a single plate exhibited large 

fluctuations about a systematic trend, with amplitudes up 

to 0.2 km/see. From an analysis of the micrometer settings 

in the spectra, it was concluded that the uncertainty in 

an individual reading of the position of an oxygen line 

was ±0*05 km/see, and for an iron line, ±0.07 km/sec, at 

the centre» and±0.06 km/sec, at the limb. From these 

figures, it is found that the uncertainty in the mean shift 

of all three solar lines at a given disk position due to 

measurement alone is ± 0.05 km/sec. Since this uncertainty 

is much smaller than the observed fluctuations, the latter
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are attributed to the effects of looal velocity fields 
on the Sun (2).

From an analysis of micrometer measurements of the limb 

position with, respect to the millimetre marks, it was 

ooneluded that the values of />//>, are uncertain by about 

± 0.0003. At the linb, this corresponds to * 0.02 in 
cos 6 .

F. Relative Velocity Corrections*

The corrections to be applied to the mean shifts 
obtained for each value of />//°0 due to the motion of the 
observer and solar rotation were computed using the pro­ 
grammes discussed in Chapter 2. The solar equatorial 

velocity , R » which is needed in these corrections was 
regarded as an undetermined parameter, to be supplied from 
the observations themselves,

The mean shifts at each disk position were then corrected 

for the observer's motion, giving at each point a residual 

shift

A(9) = R

where R0 J-(e) is the correction for solar rotation,
being the computed correction, and *A.(3) i8 the limb effect.
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this gives essentially 249 equations in R 0 and the 

A (6) . The 1948 limb effect curve obtained by M. 0. 

Adam (3) shoved, however , that A (6) varies only slowly 

with 0 except very near the limb. Thus the observations 

were split into thirteen groups* each covering a small 

range in cos B over which A(e) could be considered 

approximately constant. For each group of observations » 

R0 and A (0) were then determined by a least squares 

solution. As in the 1959 determination, the values ef

were fairly constant for the inner groups but decreased
was 

rapidly as the limb/approached. This was attributed to

the effect of scattered light (1). From the four inner 

groups of observations , little affected by scattering, a 

mean value of 1*992 ka/»ec. was determined for f^ . Using 

this, the residual shifts were corrected for solar rotation, 

leaving values of A fe) •

G. Scattering Corrections.

Since the positions of the observed points near the 

limb were uncertain by ±0.02 in cos 0 , and scattering 

effects depend primarily on the limb being observed (east 

or west), the shifts obtained from the three eaet limb 

plates were averaged together in intervals of 0.02 in 

cos 9 t and similarly for the west limb. These results
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are shown in the top half of Figure 5*1* The large 
scatter in the observed mean shifts is attributed to 
local velocity-field effects (2), and it is seen that the

3'

vest limb values are lover near the limb than those for 
the east limb. This is as would be expected, since 
scattering effects are far greater for the vest limb 
where solar rotation and true limb effect combine to give 
a rapid variation of wavelength near the limb.

The scattering effect was assumed to be represented
mathematically by the simplied expressioni

) I(x) ucx)

j TOO S(7(-*o>cU -y
where 4 (x) is the true velocity shift (in the line of 
eight) at/^riTci , I(x) is the intensity at x, S(*-x 
is the scattering function and a(x) is the observed 
velocity shift. The limb darkening curve ̂ I(x), used 
by M. 0. Adam was chosen, and, in the absence of any 
other "scattered light1* exposures of the sky spectrum, 
the scattering function used by her was adopted (1).

To calculate corrections for scattering, mean observed 
velocity-shift curves were obtained for the two limbs* 
Each was then smoothed and a true velocity shift curve
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vaa approximated by iteration using the above expression 

for the scattering. From this, a scattering oorreetion 

factor as a function of cos8 vas determined for each limb.

0 Using thl8 f the observed limb-effect plots were then

corrected, and the final values for the two limbs are given 

in the lover half of Fig. 3.1* Oving to limitations in

..-> the iteration process, reliable seattering oorreotions 

could not be found for points nearer the limb than cos B — 

0.05, and hence the limb-effect results terminate at this 

point.

1. Final Limb Effect.

The east and vest limb results vere then averaged 

together to give a final limb-effect curve. This is 

given in Fig. 3*2. It is evident that local velocity- 

field effects still persist in the final curve despite the 

averaging of-six plates. A smooth curve (a parabolic 

formula in cos 6 fitted by least squares) through the 

observed points gives the values tabulated in Table 3 

as a function of /°//>0 .
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Table 3. Final Limb Effect

/>//>o A (U/sec)

L. A. Higgs M. G. Adam

0.998 0.584 0.474
0.995 0.524 0.442
0.990 0.461 0.407
0.985 0.417 0.381
0.980 0.383 0.358
0.975 0.355 0.339
0.970 0.331 0.321
0.950 0.264 0.263
0.925 0.214 0.206
0.900 0.185 0.159
0.875 0.168 0.118

0.000 0.000 0.000

Included in this table are the corresponding values obtained 
by M. (K Adam for the solar equatorial region (1). The 
new determination appears to give larger shifts than those 
observed by her, but the difference between the two is 
entirely accounted for by differences in the standard solar 
positions used in the tiro determinations (see Table 1, 
Chapter 4). The uncertainty in these standard positions 
precludes the measurement of any general difference ^i 0.07 
km/see. Thus a latitude effect, if such exists, must be 
smaller than this figure. An analysis of the velocity 
shifts obtained from individual lines indicated small 
systematic differences between the shifts of the three
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lines, but these could also be accounted for by slight 

errors in the standard positions of the three lines. The 

question of the total red shift at the limb, especially 

the possibility of a super-gravity shift, cannot be 

answered until the red shifts of these lines at the centre 

of the disk are known (Part II).



Part XI
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A. Method.

The determination of red shifts requires the absolute 

wavelengths of both the solar lines and the corresponding 

terrestrial lines, formed in physical conditions as near 

those existing in the solar photosphere as possible, e.g. 

vaeuum arc. At Oxford, the method of "circular channels" 

has been developed as a powerful interferometrie technique 

for wavelength determinations, the theory and applications 

of which have been presented in the literature (4,5,6,7) 

and briefly discussed in Chapter 2.

Essentially the method-consists of using a speetrograph 

in coajunction with a Pabry-Perot interferometer, the 

Bpectrograph serving only as a monochromator for the inter­ 

ferometer. If the ligfit being analysed has a continuous 

spectrum with absorption lines, the observed interferometrie

pattern consists of a set of circular "heterochromatlc"
*

fringes, due to the continuous spectrum, which are crossed

by absorption arcs forming part of another set of concentric?.
circles intersecting the first. In addition, the inter­ 

ference pattern of the cadmium red line (A6438.4696) is 

superimposed on this pattern using a beam splitting cube. 

Overlapping is prevented by a system of diaphragms. For 

the measurement of arc wavelengths, in which one is concerned
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only with a diaorete line spectrum, the "heterochromatio" 
fringes do not exist and emission arcs now replace the 
absorption arcs.

The interference patterns are measured on a specially 
adapted Hilger photo-measuring micrometer with a rotating 
plate stage. From detailed computations, described in 
Chapter 2, using the measured arc positions, the wavelengths 
of the absorption or emission lines are compared with the 
wavelength of the cadmium line. Although complicated in 
its early stages, the method of circular channels has now 
become a standard procedure, and with the development of 
computer reduction of plate measurements, is now a fairly 
rapid method of wavelength determination.

B. Procedure •

The smaller Oxford telescope, giving an 18 cm solar 
image, was used for the determination of absolute wave­ 
length* at the centre of the disk. The sun was imaged on 
the speotrograph slit, the slit height being 1.8 cm, and 
filters were used to equate the intensities of the solar 
and cadmium light beams passing through the interferometer. 

Two different spacers were used in the interferometer giving 
plate separations of 2.5 and 5 mm. Fused silica plates were
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uaed which had been reooated at the beginning of the wave­ 

length programme to give 1% transmiaaion and 90£ refleotion 

in the red region. Seventy-four solar plates were taken, 

using Ilford panchromatic R40 plates, at exposures varying 

from one to three minutes, depending on the spacer used. 

Of these, twenty-one plates taken on four different days 

were measured and reduced, using the computer programme 

discussed in Chapter 2, Phase-change corrections and 

camera focal length corrections were adopted from earlier 

measurements (8). Both af these were small owing to the 

small difference between tha wavelengths of the lines in 

question and the standard cadmium wavelength. For this 

reason, corrections for the dispersion of air in the 

interferometer were not necessary.

For the arc wavelengths, a vacuum are run at about 

9 cm Hg pressure replaced the Coude* beam from the telescope.
»

Mild steel pole-pieces ware used and a 10 mm arc was main­ 

tained at a current averaging 8 amperes. The usual method 

of guiding the arc and focusing it on the slit was employed 

(5), only the central portion of the arc actually being 

used in order to eliminate any pole effects. Owing to 

the law intensity of the are lines, exposures of up to two 

hours were required and the cadmium intensity was corres­ 

pondingly reduced using filters. Fifteen plates were taken,
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using Zlford HF3 plates 9 and twelve of these were measured 

and reduced. The corrections for phase change, etc. were 

the same as for the solar plates. The calculated absolute
»

wavelengths were reduced to absolute vacuum wavelengths 

using the empirical pressure depression of spectral terms 

given by Baboook (9). The largest pressure correction for 

the three iron lines amounted to only 0.9 mA.

lengths •

The calculated solar wavelengths obtained from the centre 

plates were corrected for the Doppler shifts due to the 

motion of the observer using the computer programme for 

radial velocity corrections. Since some plates were of 

better quality than others t it was decided to weight each 

of the calculated wavelengths on each plate according to 

the inverse square of its calculated mean error for that 

plate. A similar method was used to determine the average 

are wavelengths. There were no serious differences in the

wavelengths determined considering the two spacers separately.-,'" . ij
For the solar wavelengths, the 5 mm spacer gave wavelengths 

0.6 mA longer than the 2,5 mm spacer, while for the arc 

wavelengths, the 2.5 mm spacer values were 1.0 mA longer. 

The final absolute wavelengths are given in Table 4, along 

with their standard deviations and the number of plates used
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in each determination. For comparison purposes, the 

I.AZJ. wavelengths are given for the solar lines and the 
Allegheny Observatory vavelengths (10) of the arc lines 
are given.

Table 4.

El.

Pe
°2
Pe

Pe 
0A

Absolute Vavelengths

Solar Spectrum Wavelengths
I.A.g.

6295.960 A
6297.799
6299.228
6301.508
(6302.000)
6302.499
6302.764

Observed No. Plates
5.9603=*
7.7989
9.2283
1.5080
1.9998
2.5000
2.7640

- 0.0002
0.0004
0.0002
0 . 0003
0.0001
0.0003
0.0001

10
21
21
21
21
21
10

Alleg. Obs.

6297.790 A
6301.501
6302.493

Iron Arc Vavelengths 

Observed

7.7906*0.0006 
1.4990 0.0005 
2.4920 0.0004

So. Plates

10
12
12

D. Integrated-Disft Wavelengths.

Since it is known that loeal velocity fields may greatly 

affeot wavelength determinations on the Sun, the question 

arises whether the twenty-one solar plates were enough to
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eliminate these effects* As a check, it was decided to 

take some wavelength plates using integrated sunlight from 

all parts of the disk. An approximate calcuition shoved 

that 9 for the lines in question, the increase in line vidth 
expected from solar rotation is small, approximately an 

increase of W» thus the accuracy of circular channel 
measurements would not be affected. Ideal conditions 
for integrated~light ware length measurements would be

w

attained if every part of the slit and every part of the 
speotrograph collimator received truly integrated light. 
In practice it was found impossible to fulfil both require­ 
ments. Two optical arrangements were used, both of which

f.

required a parallel beam of solar light in the vicinity 
of the spectrograph slit. For this purpose, the Casse- 
grain mirror of the telescope was removed, and light passed
down to the spectrograph using plane mirrors only.

i 
In the first arrangement, the parallel beam was allowed

to fall directly on the slit, thus satisfying the first 
condition above. To fulfil the second requirement, however, 
a very long slit is required. The slit height actually 

used, however, introduced vignetting at the collimator in 

such a manner that the upper and lower regions of the 

collimator received primarily light from the west and east 

limbs of the Sun respectively. To counteract this, an
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image rotator was placed before the slit and the circular 

channel plates were taken in •mirror pairs". For the 

second plate of each pair, the image used for the first 

was inverted about the optical axis. In this way, wave­ 

length shifts due to variations in the transmission pro­ 

perties of the grating aoross its surface were expected 

to be averaged out. The plates taken with this arrangement 

required exposure times of about 5 minutes.

A second arrangement using a lens train was also used. 

The optical arrangement is shown in Fig, 5.3. The parallel 

beam from the Coude mirror fell on a doublet lens, A, of 

9.5 cm focal length, which produced an image of the Sun 

at B. A field lens, C, of 52.6 cm focal length, imaged

the lens, A, on the speetrograph collimator, D. With this,'•
arrangement, the slit received integrated light, but the 

slit height again introduced vignetting at the collimator.
"•*tv*

The exposure times with this arrangement tended to be very 

long (about 15 minutes), and hence only a few plates were 

taken.

It was decided that the first arrangement was more

reliable, owing to the presence of the image rotator, and• >f
two pairs of plates so obtained were measured. The 

average wavelength values determined for each of these 

minror pairs agreed well with each other, although there
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were differences (~ 4 mA) between the wavelengths determined 

from the four plates individually.

Since wavelengths observed at the outer edge of the Sun 

are usually slightly redder than those at the centre, one 

might expect integrated light wavelengths to be slightly 

longer than those determined at the centre of the disk. 

A calculation of this difference was made using the limb 

effect curve and limb darkening from Part I. It was found 

that the wavelength difference was very critically dependent 

on the limb effect at f/^0 = 0.85, which lies outside the 

range of the present observations. Using the 1948 curve (2), 

it was estimated to be in the range of 0.9 to 1.2 mA. In 

fact, the agreement between the mean wavelengths from the 

four integrated~disk plates (corrected for the observer*s 

motion) and the absolute wavelengths determined at the 

centre of the disk is remarkable. Table 5 gives this 

comparison. This close agreement would seem to indicate 

that the absolute solar wavelengths found at the centre of 

the disk are free from effects due to local velocity 

fields.
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Table 5.

Element

°2
Fe
°2
Fe
°2
Fe

Comparison of Solar Wavelengths.

Centre

6295.9603± 0.0002 A
6297.7989 0.0004
6299-2283 0.0002
6301.5080 0.0003
6301.9998 0.0001
6302.5000 0.0003
6302.7640 0.0001

Integrated Disk

5.9605*0.0002 A 
7.7980 0.0011 

0.0004 
0.0010
0.0003

7.2288
1.5086
2.0002
2.4999 0.0007
2.7636 0.0003

B. Red Shifts.

From the above absolute solar and arc wavelengths, the 

red shifts of the three lines may be determined. Since 

there is an appreciable gas pressure in the photosphere, 

the absolute vacuum wavelengths have been slightly corrected 

for the determination of red shifts. The photospheric 

pressure was estimated to be 0.05 atm. from the mean depth 

of formation of the lines derived by Minnaert (11), and the 

photospheric model given by H. H. Plaskett (12).

These are presented in Table 6. The observed shifts 

are slightly less than those expected according to the 

empirical shift vs. line strength relation given by Nichols 

and Clube (13).
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Table 6. Centre Red Shifts.

Line Red Shift

6297.8 A 8.1± 0.7 mA
6301.5 8.6 0.4
6302.5 7.6 0,5

The results of Part I may now be extended to give the 

red shifts of the three lines across the disk (with the 

reservations to be indicated in the next chapter). A 

final limb-effect curve on an absolute scale is given in 

Fig. 3.4 9 in which the 1959 curve and the new determination 

are presented with their regions of experimental error. 

The scale on the left of the figure gives the limb effect 

in km/sec, while that on the right gives the absolute red 

shift in km/sec. Also shown is the red shift required by 

the Principle of Equivalence. From this diagram, it is 

evident that, allowing for experimental error, the shift

observed at the extreme limb exceeds the gravity shift,\
thus apparently ruling out the radial current interpretation 

of limfr effect.
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In Part I of Chapter 3, it was stated that standard 

micrometer poaitiona for a centre spectrum were adopted 

for the seven lines used, and in Part II, the determination 

of the abaolute wavelengths of these linea was presented. 

Uaing the abaolute oxygen wavelengths and micrometer 

positions, it was possible to calculate the micrometer 

positions we should expect from the measured absolute wave­ 

lengths of the iron linea. It waa found that the cal­ 

culated micrometer poaitiona of the three solar linea were, 

on the average, 0.005 mm to the red aide of the adopted 

atandard poaitiona. This corresponds to a wavelength 

difference of 4 mA. The calculated and atandard micro* 

meter poaitiona are compared in Table 1, in which the 

standard poaitiona used by M. G. Adam (1) are also included.

Table 1. 

A

6296.0 A
6297.8
6299.2
6301.5
6302.0
6302.5
6302.8

Element

W2
Fe
°2 
Fe

Fe 
0*

Micrometer Poaitiona.

Standard Positions 
M. G. Adam L. A. Higga

0.000 mm
2.571
4.576
7.764
8.456
9.154
9.527

0.000 mm
2.570
4.576
7.761
8.457
9.153
9.527

Calculated 
Poaitiona

0.0000 mm
2.5748
4.5764
7.7683
8.4569
9.1572
9.5268
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On account of the small portion of the spectrograph 

slit (corresponding to 600 km on the surface of the Sun) 

used in the determination of the ̂ standard micrometer 

positions! one would expeet some random fluctuations due 

to local velocity fields. Results obtained by A. B. Hart 

(2) indicate that r.m.s. velocity fluctuations of about 

0*15 km/see can be expected at a given point on the solar 

disc. Since ten plates vere used in the determination 

of the standard positions 9 one might expect fluctuations 

in the mean positions of about ± 0.001 mm. Since the 

discrepancy in question vas five times this value, it 

seemed unlikely that it vas due to unusually strong velocity 

fields atfthe centre of the disk vhen the ten spectra vere 

taken.

Pr On the other hand, since the slit height used in the 

absolute wavelength measurements corresponded to 140,000 km 

on the surface of the Sun, one would expect all local 

velocity fluctuations to have been eliminated. The close 

agreement between the wavelengths determined at the centre 

of the disk and those obtained using integrated light 

tended to confirm this. It thus seemed difficult to accept 

the possibility that the absolute wavelengths vere in error.

Since an asymmetric apparatus function of a apectro- 

graph can produce appreciable vavelength shifts of spectral
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lines (3)» the possibility of such an effect in the grating 

spectra was considered. Using the Oxford Moll-type 

microphotometer, sixteen tracings of typical spectra 

were taken, in the forward and reverse directions, both 

at the centre of the disk and at several points near the 

limb. The dimensions of the microphotometer slit were 

chosen so as to correspond to the dimensions of the eye­ 

piece diaphragm used in the micrometer measures. The 

tracings of a typical centre spectrum showed that the 

oxygen lines were approximately symmetric while the solar 

lines were definitely a symmetric, having pronounced violet 

flanks. Since this asymmetry is of such a magnitude as 

to be scarcely detectable in a diagram of the actual line 

profile, the following method of presentation will be used. 

The profile of a line is represented by a curve giving 

the mid-point of the profile at each value of the incident 

intensity, I. This is illustrated by the curve AB in 

Fig. 4.1* (a). In this manner, the observed profile of 

the strongest iron line (A 6301.5) at the centre is 

presented in Fig. 4*1 (b).

To determine an approximate apparatus function for 

the 30,000 line/inch Bausoh agd Lomb grating, it was decided 

to use the terrestrial oxygen lines as essentially mono*
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chromatic absorptions. The apparatus function is then 

given by the observed oxygen profiles. Alien ( 4), 

who has used atmospheric oxygen lines for similar pur­ 

poses, gives theoretical values for the absorption co­ 

efficient in the line which leads to a line width of about 

25 mA.. This indicates the degree of approximation involved. 

Only the limb spectra were used for this purpose because 

the centre spectra were too over-exposed to show any 

possible asymmetry in the oxygen lines. All profiles 

were reduced to true intensity profiles using a character­ 

istic curve for R50 plates, obtained in another investi­ 

gation. From the profiles of the oxygen lines A 6296.0 

and A 6299*2 an approximate apparatus function was 

obtained. It is shown in Fig. 4.2. Having a half-width 

of 69 mA, it is symmetric to a width of about 100 mA, 

after which it develops a violet wing. The uncertainty 

in the determination of the wings is about 1 per cent of 

the central intensity, whereas the asymmetry in the wings 

is three times this figure. Thus a true asymmetry is 

indicated.

Using this apparatus function, the observed centre 

profile was reduced to a true profile using the Burger-van 

Cittert iteration procedure given in Chapter 2. The
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asymmetry of the true profile thus obtained ia shown in 

Fig, 4*1 (c). From this it ia aeen that a large part 

of the observed asymmetry arises in the apparatua function 

and it was shown that, within the experimental error of the 

apparatua function determination, one could assume the 

true profile to be very nearly symmetric. In addition, 

it was estimated that the above apparatua function would 

shift the part of the solar profilea used in micrometer 

settings 3-4 mA to the violet from their true wavelengths. 

This explains the apparent discrepancy between the grating 

and interferometrio wavelengths, and indicates the pre­ 

cautions that must be taken in inferring wavelengths from 

grating spectra. Since this instrumental shift of grating 

wavelengths ia independent of the point of observation on 

the solar disk, it has no effect on micrometer limb-effect 

determinations.



Part II

LIKE PROFILE AMD
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A. Introduction and Procedure.

A» indicated in Part I, the great difficulty in 

interpreting micrometer measurement* of wavelengths lies 

in the undetermined relation between the position one 

aeoepts as the micrometer "centre" of the line and the 

true line profile. If one makes the simple assumption 
that all solar line profiles are of similar form, independent 

of the point of observation on the solar disk, such diffi­ 
culties cannot affeet any limb-effect determinations such 
as that discussed in Part I, Chapter 3. This is, however, 
a questionable assumption when one considers the complicated 
structure of the photosphere (see Part III, Chapter 1) and 
with the high dispersions now available, one should con­ 
sider the possible variations of line profile as a function 
of disk position. A preliminary study had indicated that 
a detailed investigation of line profiles was worthwhile 

(see Part III, Appendix C), and therefore a detailed 
investigation of the true profiles, at the centre and near 

the limb, of the two iron lines, A 6297.8 and A 6301.5, 

was undertaken.

Using the 18 cm. image of the smaller Oxford telescope 

and its associated spectrograph, the Babcock grating 

giving a dispersion of 3*2 mm/A in the fourth order, 

spectra of the 6300 A region, at both the limb and centre,
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were obtained in June and July, I960. Ilford HP3 and 

panchromatic R40 plates were used, the former being devel­ 

oped in Kodak Press Contrast developer and the latter in 

Parkhurst two solution developer. These plates vere used 

in preference to the slower, finer grain plates more suit­ 

able for profile determinations because very poor observing 

weather limited the exposure times. Vith a slit width of 

0.047 mm, exposure times of 5 to 15 sec were required. 

On each plate, calibration exposures of the centre 

spectrum were taken, with and without a pre-oalibrated 

seven step wedge, along with a limb spectrum, all with 

identical exposure times. For the centre spectrum without 

the wedge, a filter was used to reduce the density to that 

of the limb spectrum. For the latter, the solar image
•

was guided so that the speotrograph slit was radial* 

crossing the limb approximately on the solar equator. 

Eleven plates were taken and of these, six were chosen 

for line profile determinations* three from each limb. 

These are listed in Table 2.
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Table 2. High Dispersion Plates.

Plate Ho. Date U.T. 1960 Limb
Limb Bxp. Centre Bxp.

H4 (HP3) June 28.6332 June 28.6273 West 
H7 (HP3) 30.3620 30.3551
KL2 
EL4 
KL6 
H18

R40
R40 
R40 
R40

July 6.3872 July 6.3907 West
7.3477 7.4450 Bast
7.4574 12.3530 East

12.5579 14.5416 West

For each limb spectrum, the limb was estimated visually 
and marked, along with points approximately at /% » 0.998, 
0.994, 0.989, and 0.983. Mierophotometer tracings perpen­ 
dicular to the dispersion then allowed the true limb to be 
determined, using the point of inflection in the limb 
darkening curve to indicate the position of the limb. 
From this, the true / 0̂ )s of the marked positions on 
each plate were determined with an estimated uncertainty 
of ± 0.0008. In order to obtain the calibration for 
each plate, three or four mierophotometer tracings were 
made across the calibration spectra, also perpendicular

to the dispersion.
At each marked /V/0, , mierophotometer tracings of the 

limb Bpeetrum were made using a mierophotometer slit height 
corresponding to A/° 0̂ « 0.002. Tracing* were made of 
the two oxygen lines, } 6296.0 and A 6302.0, in addition 
to the two iron lines, A 6297.8 and A 6301.5 in such a
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nann«r that profiles of one iron line and one oxygen line 

were present on each tracing. For most values of 

the tracings were taken in both the forward and reverse 
directions•

Tracings of the same lines at the centre were taken 
from the wedge-calibration spectrum on each plate, the wedge 
step being chosen to match the limb spectrum in photographic 
density* In all, tracings of 125 line profiles were 
obtained, the majority of these being of the two lines, 
7e > 6297.8 and Og X 6296.0. Owing to the considerable 
grain of the plates, each profile was smoothed by drawing 
a smooth curve through the micro photometer profile* Fig. 
4*10 (a) shows such a profile for the iron line, A 6297.8, 
although not a typical one as far as asymmetry is concerned.
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B. Apparatus Function.

In order to obtain true profiles of the spectral lines, 

the apparatus function of the 9 meter speotrograph and the 

associated 15,000 line/inch Babcock grating was required. 

As in Part I, it was decided to use the atmospheric oxygen 

lines to determine the apparatus function, but in a more 

exact manner than was done for the Bauson and Lomb grating. 

Two of the best spectral plates were chosen, one of the 

east limb (HI4) and one of the west limb (H12), and all 

available tracing profiles of the oxygen line A 6296.0 

were measured. This gave 9 profiles from plate H12 and 

8 from plate H14, at various values of /°//°0 from centre 

to extreme limb. Using the calibration tracings for these 

two plates and the computer programme for line profile 

reduction, true intensity profiles, unconnected for the 

apparatus function, were determined for this line. From 

the calculated equivalent widths for each profile, a mean 

equivalent width was found for each plate. Knowing the 

equivalent width* the true line profile may be determined 

from an appropriate theory of line formation.

The theory of line formation given by Alien (4) and 

Van de Hulst (5) was adapted for this purpose. For an 

isothermal atmosphere. Alien has shown that the absorption
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coefficient, integrated with respect to path length , 

assuming no Doppler broadening, is given by:

(4.1)

where x = *>-H, ?- zenith distance, h, is the atmospheric 

scale height 9 \^ o—-^- where /0 is the local (at telescope 

level) damping constant, and S0 is related to the product of 

the local air density and the transition probability for 

absorption. The effect of Doppler broadening can be 

included analytically , as shown by Van de Hulst, by 

calculating the Fourier transform of ck c*) and adding a term 

due to thermal broadening. Thus the Fourier transform of 

the final integrated absorption coefficient is given byt

(4.2)

S = *l •% ' is the Doppler term. 

If ve now approximate <*(*> by a Voigt function, V(x) the 

Fourier transform of V(x) is given by 8

(4.5)

Thus we must have
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/i"*-
— In j S0 k ( See?. 1—£— e V ((4.4) 

*• Pfttr x

Expanding the logarithm by

i - I - e w.
I ^« ^** ^BHB "»

we find that

(4.6)

(4.7)

Thus we see that for an isothermal atmosphere, the 

effective damping constant, ^/,, is 1 the local damping 

constant, 4irb0 .

From considerations based upon the asymptotic form of 

the curve of growth for the atmospheric oxygen lines, 

Van de Hulst concluded that, in a non-homogeneous atmos­ 

phere, relation (4.6) is only applicable for lines arising 

from states with excitation potentials of about 100 car*. 

Since the "X 6296.0 line, (F2 (6) of the * hand) has an 

excitation potential of 81 cm" , this approximation was 

considered valid.

In order to calculate a value of /e$$- » the observational 

data given by Van de Hulst (6) was used. An effective
0 •»!damping constant of 7.89 x Kr sec was adopted for lines 

observed at sea level at normal temperature and pressure,
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as suggested by Van de Hoist. This value was corrected 

for a ground temperature of 291°K and an altitude of 64 

meters, giving a final value of 8.09 x 109 sec"1 . The 

"effective" temperature of the atmosphere was taken to be

~r-^jo _o
I ^a i. A. ^T —*———— __ ^r i^. ^ |V i •* A £5 J 

*»i>^ |O/»v ^ • * ^ 9

as given by Van de Hulst. If we now adopt the integrated 

absorption coefficient for an "equivalent" isothermal atmos­ 

phere, with the above effective damping constant and 

effective temperature, we find the Voigt parameters to 

be i
- 0-OZI5 cm' 1

= 0 003<*<? cm" 1

A/fi*. m 5-39. fhus it seemed Justified to consider the 

absorption coefficient to have a pure damping form given by*

tr -[(^-^o) + 0-0215 j 
or

\ + 00

Since the absorption in the oxygen lines is pure 

absorption, the true line profile is given by

°

(4.9b)
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Using this, equivalent widths were calculated for various 

values of K, giving a curve of growth for the line. This 

is shown in Fig. 4.3, along with later observational 

results. The true central intensities of the oxygen 

lines on the two plates were then found from the observed 

equivalent widths. As a test of the accuracy of the 

determinations, the ratio of the logarithms of the derived 

central intensities was compared with the ratio of the 

sec z*s calculated from the observational data. The 

former was found to be 0.89 ± 0.06, whereas the theory 

requires a value of 0.85*

The observed equivalent widths then enabled true 

profiles of the >i 6296.0 line to be calculated for each 

plate. Using these theoretical oxygen profiles as 

"apparatus functions", all the observed profiles were 

then reduced to "true" profiles using the computer pro­ 

gramme for profile reduction (Chapter 2). The "true" 

profiles thus obtained are just the instrumental slit 

profiles. These were averaged together to give a mean 

apparatus function.

An independent determination of the apparatus function 

of the Babcock grating was carried out by a, Qompertz (7). 

Using a cadmium emission source ( X 6438.4696), the
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apparatus function was derived from the observed emission 

line profile* To simplify comparison between the two 

determinations* the same speotrograph slit width was 

used in both* In Fig. 4*4 the apparatus function derived 

from the oxygen absorption lines is compared with that 

found by G. Ooaperta from the cadmium emission line. 

Her determination has been corrected approximately for 

the line width of the cadmium line, assuming it has a 

Oaussian profile with a half width of 10 mA. It is seen 

from the figure that the two determinations agree well 

to a width of 100 mA, but thereafter disagree, especially 

in the red wing. This has been attributed to a blend

in the oxygen linejarofile with the wing of a solar.'
vanadium line situated 600 mA to the red.

Since there existed such a discrepancy between the 

two determinations in the wings , it was decided to use 

a composite apparatus function for the reduction of the 

solar line profiles. That is, for the wings, G. 

Qomperts's values were used and for the core, the values 

obtained from the oxygen profiles were adopted. The 

final apparatus function has a half width of 31.5 mA, 

and is aligfctfr asymmetric, having a stronger violet flank 

than red flank*
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The consistency of this choice of apparatus function 

with the observed profiles of the oxygen lines not used 

in the determination of the apparatus function was tested 

by computing the true profiles for all thqobserved oxygen 

lines. There were found to be no systematic changes of 

line profile with f//o0 for either of the two oxygen 

lines, and the mean computed asymmetries of these two 

lines, averaged for all the east-limb plates and for 

all the west-limb plates* are shown in Fig. 4.5. The 

red wing of the \ 6296.0 line is again obvious, as is 

a violet wing in the X 6302.0 line. The latter was 

ascribed to a blend with the iron line at 6501.5 A. 

Aside from these alight blends, the profiles are very 

nearly symmetric. Table 3 gives the mean equivalent 

widths, half widths and central intensities obtained 

for these lines from each plate. The errors given are 

standard deviations of the means. These central inten­ 

sities and equivalent widths were then compared with the 

theoretical curve of growth and are indicated in Fig* 4.3. 

Since the accuracy of the determination of central 

intensities was so low, the agreement was considered 

satisfactory. It thus appeared that the adopted 

apparatus function and observed profiles were entirely 

consistent with the theoretical line profiles and the



assumption that the oxygen lines are symmetric.
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Table 3. Oxygen Line Profiles*

Equivalent Half

6296.0 A

6502.0 A

late

H4
H7
H12
H14
H16
H18

H4
H7
H12
H14
H16
HIS

Widt

45. 5±
43.8
38.5
42.3
32.8
34.6

29.6
28.5
29.2
35.8
27.2
27.8

Eh

1.4 mA
2.3
0.9
1.2
1.7
2.0

0.3
1.5
2.5
1.8
2.0
2.5

Width

36. 2±
32.4
31.6
36.3
29.0
27.2

33.7
26.5
29.1
33.1
27.0
27.4

1.7 mA
2.6
1.2
2.3
1.6
1.7

1.2
1.4
5.8
6.2
1.6
2.0

Central 
Intensity

0.117±
0.051
0.153
0.127
0.156
0.083
0.222
0.118
0.232
0.217
0.216
0.248

0.021
0.049
0.027
0.053
0.078
0.086

0.008
0.041
0.081
0.122
0.067
0.107



i-o

O.4

O.2

ao

o c 
o\ *

O.8
™ \ w \xo \o 

>\ •»
9 r!o

06

155

I I I I
-w" ------- Continuum — —'— •

O

6

Oxyqen lines \ 63O2-O X 6296-O 

I I I I_________I
O 5 IO 15 2O

Violet AX in mA • Red

FIGURE 4.5 ASYMMETRY OF OXYGEN LINE PROFILES

O West-limb plates 
• East-limb plates 

Mean asymmetry



156

C. Observed Asymmetries•

Using the apparatus function given above, all the 

observed profiles of the two iron lines were reduced to 

true profiles* For each limb, a mean asymmetry as a 

function of />//o0 was then determined, from which it was 

found that there existed considerable centre-limb variation 

in asymmetry for both lines (see Appendix B for the centre- 

limb variation of other features of the line profiles). 

Owing to the large scatter in the observed points (which 

will be discussed in the next section) smooth curves were
* i

drawn through the observed asymmetry results at each value 

of fj/)0 • Since the accuracy of any asymmetry determination 

for residual intensities > 0.95 ie very low, the results 

have been terminated at this point*

a) Centre Asymmetry*

It was found that the mean asymmetry observed at the 

centre for the tvo iron lines was the same for both east 

and west-limb plates, within the accuracy of the deter­ 

minations. This is shown in Fig* 4*6 (a) where the 

average asymmetry of the line X 6297*6 is given as deter­ 

mined for each group of plates. The results for all the 

plates were therefore averaged together and the mean observed
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asymmetries for both lines are given in Fig* 4.7. For 

comparison purposes, the results obtained for the same 

tiro lines in the preliminary low-dispersion surrey are 

also given. The latter were obtained from the observed 

profiles (discussed in Appendix 0) by computer reduction, 

using the apparatus function for the Bauson and Lomb 

grating found in Part I of this chapter. These results 

must be given much lover weight than those obtained vith 

the Babcoek grating since they apply to single deter­ 

minations only. It is seen that both investigations 

yield alight violet flanks at the centre, the stronger 

iron line having the stronger asymmetry. In addition, 

all determinations indicate a deviation towards a red 

asymmetry for r» > 0.9. At a residual intensity of
,»'

0.9, the weaker line has a violet asymmetry (vith respect 

to the peak of the line) of about 1.5 mA. For the 

stronger line, this has a magnitude of about 3.5 mA,

b) Limb Asymmetry.
Ho marked difference was observed between the mean 

asymmetries at the two limbs, as is shown for the 

asymmetries observed at the extreme limbs in Fig. 4.6 (b). 

This indicated that scattering effects were negligible,
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as was, verified by a detailed investigation (see Appendix 

A). The asymmetry values obtained from the east and vest 

limbs were then averaged together and mean results were 

obtained. These are given for the line A 6297.8 in the 

top half of Fig. 4.8, in the lover half of which are 

given the corresponding results obtained from the pre­ 

liminary survey. In both cases, the occurrence of a 

red flank at the limb is conspicuous. The line appears 

to be fairly symmetric until very near the limb (^//o^ 

0.998) after which it develops the red asymmetry. This

asymmetry at the limb does not appear to be constant,i.-
but varies greatly from plate to plate. Of the six 

extreme-limb profiles measured for this line, five shoved 

this asymmetry to some extent* and tvo to an extreme 

degree. These tvo extreme oases will be discussed in 

more detail in a later section. It may thus be mis­ 

leading to assume that the asymmetries given in Fig. 4*8 

are i constant i they may only represent some approximate 

time average.

The results obtained for the stronger iron line are 

given in the top half of Fig. 4.9. Again the preliminary
>

• *-••**?:- "SfcJ.

results are given in comparison. The character of the
c,

asymmetry at the limb is slightly different from that
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observed for the weaker iron line, but there is still a
i

strong red flank. There is, however, a alight violet 

wing for larger residual intensities which was not present 

in the weaker line. Also, the red asymmetry appears 

to set in at a lower value of f/po (about />//>0 « 0.98) 

than for the weaker line* Prom Fig. 4.9, we may con­ 

clude that* at a residual intensity of 0*8$, the weaker 

line has a red asymmetry (with respect to the peak) of 

7.5 mA, while for the stronger line this is slightly 

less, about 6.5

D. Accuracy of Asymmetry Curvea.

A pronounced feature of the individual asymmetry 

determinations is the occurrence of large amplitude 

"ripples" in the derived asymmetry curves. These did 

not appear to arise wholly from the numerical reduction 

sinoe asymmetry curves obtained from direot and reverse 

tracings of the same profile showed similar "ripples'1 . 

On the other hand, one would not expect such a feature 

to be characteristic of the true solar line profiles* 

Further investigations indicated that this effect was 

due to the grain of the photographic plates. Although 

smooth curves were drawn through the microphotometer



I.O O
.6

0.
2

I.O

=
 

O
.9

94
O

-9
98

0.
6

O
-2

1

=
 

O
-9

8
8

, 
o
/

o/ fo
 

O
o
/ o / o O
.9

99

1

I.O
O

O
 

I
1

O 
V

io
le

t

FI
G

U
R

E
 

4
.9

IO
2O

3O
AX

 
in 

mA
4

0

AS
YM

M
ET

R
Y 

O
F 

IR
O

N 
LI

N
E 

X
63

O
I-

5
TH

E 
LI

M
B

To
p:

 
hi

qh
 

di
sp

er
si

on
 

Bo
tto

m
: 

lo
w

 
di

sp
er

si
on

S
O

O
BS

ER
VE

D

6O
Re

d 

NE
AR



164

profiles, alight irregularities in the hand-drawn curves 

remained, correlated with the original grain "noise" 

pattern. In the iteration process, these irregularities 

were magnified, giving true profiles that were quite 

irregular in form. Thus the computed asymmetry curves 

were distorted accordingly. Since only two or three 

iterations were required in the profile reduction, in­ 

creasing the preset iteration error limit would not 

improve matters*

After the original computations had been made, however, 

a new numerical method for the solution of the integral 

equation became available* This was the Fourier trans­ 

form method discussed in Chapter 2, which is a non-iterative 

process and has the advantage that some degree of smooth­ 

ness is forced upon the derived true profile* All the 

extreme limb profiles of the line X 6297.8 were re- 

reduced using this method, along with some representative? 

profiles at other values of /°//>0 . This indicated that 

the distortions in the asymmetry curves, especially at 

the centre and at intermediate values of />//>0 , were spurious. 

For an individual asymmetry determination, it was concluded 

that the Burger-van Clttert method of iteration can give 

rise to "ripples" of amplitude 5-4 mA in the asymmetry 

curves* These new calculations shoved, however, that



165

the red asymmetry discovered at the limb waa much greater 

than any distortions due to grain, einoe the new mean 

asymmetry curves for the east and west extreme limb pro­ 

files agreed almost exactly with the previous deter­ 

minations*

The smooth curves in Figs. 4.7, 4*8 and 4.9 have been 

adopted following these considerations. The uncertainty 

in the smooth curves in the Baboock determination is 

estimated to be ± 1 mA for residual intensities ^0.8 and 

increasingly larger for residual intensities > 0.8, owing 

to the larger uncertainties in the determination of the 

wings of the profile. i«* 3fca uncertainty in the smooth

curves for the preliminary observations is ± 2 mA. Thus
j.'^ 

we see that the violet asymmetry indicated at the centre

is only slightly significant, while the red asymmetry at 

the limb is considerably larger than the uncertainty intro­ 

duced by the numerical reduction.

At the extreme limb, other causes of error can enter 

into the asymmetry determinations. The spectral plates 

are here underexposed and grain fluctuations give a 

signal-to-noise ratio as small as 7:1, as compared with 

40si for the centre exposures. It is therefore possible 

to introduce a completely fictitious asymmetry in the 

process of drawing a smooth profile by hand. The fact
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that one limb profile out of the aix measured for > 6297.8,

and one out of the six measured for A 6301 . 5 displayed
j

asymmetry in the opposite sense to the mean, and that

theae tvo "anomalous" profiles were taken from the two
v

tracings with the lowest signal-to-noise ratio, tended 

to indicate that errors of thia sort existed. It ia 

hoped that thia inaccuracy has been reduced by averaging 

together as many prof ilea as possible at eaoh /*//o0 . It 

is, however, impossible to give any accurate estimate of
•**f i

the uncertainty in the limb profiles due to thia cause.

B. Examples of Extreme Asymmetry.
\ *.
i

Although most plates indicated some red asymmetry of 

the line > 6297.8 at the limb, two plates, E7 and His, 

gave asymmetries of exceptionally large magnitude* The 

first of these was taken on June 50, and referred to a point 

at the east limb with solar coordinates, B « -2^89, 

L * 28CK5, The microphotometer profile of the line 

A 6297.8 at thia position ia shown in Fig. 4.10 (a). 

The red asymmetry can clearly be aeen. This waa the 

moat asymmetric profile observed 9 and Fig. 4.10 (b) 

gives a true intenaity profile for the line, after 

correction for the apparatus function. The stronger 

iron line i A 6301.5, was alao found to be highly asymmetric
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at this point as is ehown in Fig. 4.11, where the asym­ 
metries of both lines are given.

The second strongest asymmetry was observed at the vest1
limb on a plate taken on July 12, referring to the point B » 
-2?38 and L • 295^1. The asymmetry found for the weaker 
iron line is shown in Fig. 4.11 (o). In this case, the 

stronger (A 6?01.5) line showed not a red asymmetry but a 
violet asymmetry, yet the line at 6302.5 A showed a strong 
red asymmetry. This was one of the oases of a poor signal- 
to-noise ratio mentioned above, and smaller weight should be 
attached to these determinations than to that of the A 6297.8 
iron line. It is quite possible that the asymmetry observed 
for the A 6301*5 line is unreal.

The close agreement between the solar coordinates of 
the points of observation for these two plates indicated 
the possibility of a localised disturbance on the Sun. 
Examination of solar activity maps showed no special 
activity at these points of observation, but did show 

the presence of a large filamentary prominence roughly 

on the same meridian. It extended from B « 8° to 40°
t

and its existence eould be traced back to June 9 and ahead 

to August 10. It thus appeared to be one of the dominant 

features during the period of observation, and it may be 

that the associated ehromoepheric disturbance extended
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southward to the point of observation. On the other hand, 

a centre spectrum of the same solar region showed no 

unusual asymmetry in the iron lines. None of the other 

limb spectra were found to correspond to points on the
r

Sun in the near vicinity of any large prominence or area 

of plage activity.
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A. Key Observations ef Red Shifts.

In order to discuss the red shift observations presented 

in the last two chapters, especially to compare them with 

theoretical predictions, the fundamental results must be 

noted. These may be summarized as follows. For the 

three medium-strength iron lines (6300 A) investigated, 

it was found that!

1) At the centre of the disk, the mean red shift was 

0.39 km/sec (0.25 km/sec less than the gravitational red 

shift$.

2) The red shift increased toward the limb (limb effect), 

exceeding the gravity shift for points nearer the limb than 

cos 8 • 0.30. At the limb, the mean red shift was approx­ 

imately 1 km/sec.

B. ITew Observations of Asymmetry.

In addition to the wavelength data, the observed 

asymmetry of the line profiles is of great importance in 

any interpretation of the observations. The fundamental 

asymmetry observations for the two iron lines at 6297.8 A 

and 6301.5 A may be summarized as followsi

1) At the centre, both lines displayed slight violet 

asymmetries, amounting to 2-3*5 mA at a residual intensity
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of ~" 0.8. There were some indications that this persisted 

up to cos 0 « 0.17.

2) Beyond cos 0 » 0.15, both lines developed strong red 

asymmetries. The magnitude of the red asymmetry fluctuated, 

at times being as large as 25 mA at a residual intensity of 

~ 0.8, and there was some evidence that the occurrence of 

a large asymmetry was associated with the presence nearby 

of a large prominence.

C. Existing Granulation Data.

Owing to the importance of granulation in any discussion 

of photospheric phenomena, a brief summary of present 

observational data concerning granulation will be given. 

The beat photographs of granulation obtained to date have 

been taken using balloon-borne telescopes (1,2) and many 

of the values quoted below refer to such observations.

1) Granular 8ices Mean value of 1" or 700 km (2)

2) Granular Areas Schwarssehild (2) finds that the 

total granular area exceeds that of the background, and 

states that the latter appears to consist of dark "lines" 

separating the granules*

3) Granular Contrast (J<-/Jb *» tne notation of Chapter l)s 

Three recent values are 1.046 (2), 1.066 (3) and 1.073 (4).

4) Contrast Hear the Limbs An analysis of the
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Schwaraschild granulation photographs (5) shows that the 1" 

granules are visible to cos 6 • 0.2, after which they are 

replaced by a pattern of 5M granules visible to cos 0 « 0.05 

( < 2" from the limb).

5) Macroturbulent Velocities! These are derived from 

Doppler shifts of line profiles and refer to elements 

considerably larger than the 1" granules* Detailed 

investigations using the MeMath-Bulbert vacuum speetro- 

graph (6,7) yield a mean macroturbulent velocity of— 0.3 

km/sec (for 5.5" elements) which varies little from the 

centre to cos 6 « 0.35* This confirmed an earlier value 

of ̂  0.35 km/sec (8,9)* Be Jager (10) concludes that 

these values are consistent with mass-motion velocities 

of ̂ 1.4 km/sec for the 1" granules (assuming the Doppler 

shifts in line profiles to be due to the statistical con- 

tribution of unresolved elements).

6) Correlation Between Intensity and Velocity: All 

observations yield a small* negative correlation (9,11,3). 

indicating that, in general, the hotter elements are rising.



Part II

COMPARISOH WITH BUSTING THEORIES
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A, pis Path-Length Interpretation.

Finlay-Freundlich and Forbee (12) have suggested that 
the red shift is due to a path-length interaction (photon 
photon) between the observed photons and the photospherio 

radiation field. They predict that the red shift, 

is siren bys

£} = X + Y He,*/O

where X is a residual line-shift term and T is an inter­ 
action term. The function f ( 0, R/10 ) is the path length 
of the photon in a layer of thickness ^ 0 (in units of ̂  ), 

and is given bys

0.

' *

This then gives a limb effect, A(0) » oft

A(6) = Y He.R)-l (5-3)

Prom an analysis of earlier limb-effect determinations, 

they found that the best fit was given by T « 2.04 mA 
(corresponding to 0.097 km/sec at 6300 A) and Kfatt 100. 
In order to see whether such an empirical relationship was 

displayed by the new limb-effect data, the new values were
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plotted against f'(9, 100) - 1. This is shorn in Pig. 5.1, 

the uncertainty in the observations near the limb being 

indicated (the limb is at an abscissa of 13.2). The 

predicted linear, relation is also shown and it is obvious 

that the observed curve does not follow the predicted law 

near the limb. These predictions were, however, based 

on the 1948 Oxford limb effect which has been shown to 

give values of A slightly lower than more recent obser­ 

vations (13)* An analysis of the new data was therefore 

made to see if it satisfied a relation such as (5*3), and

it was found that the observations were given almost exactly» •* .
by relation (5.3) with T - 0.184 Ma/see and R/^ « 11

( H0 m 63,000 km). It mast be stressed, however, that such
•

an agreement gives no support to a path-length theory in 

preference to other theories, since almost any form of 

limb-effect curve can be fitted by a proper choice of 

parameters. Moreover, physical explanation of the inter­ 

action is lacking (photon-photon interaction cross-sections 

are many orders of magnitude too small), and no explanation 

is given for the residual shifts (X term in equation (5*1))
t

of 4 mA at the centre. Such a theory, based essentially 

on the fitting of an observed curve to an equation with two 

adjustable parameters and lacking in any physical foundation, 

cannot be seriously considered unless new substantiation



O
.7

O
.6

A
ce

) O
.4

km
 

se
c"

1 0.
2

O
.O

4 
f f (

e,
8

10

FI
G

U
R

E 
5.

1 
TH

E 
PA

TH
-L

EN
G

TH
 

IN
TE

R
P

R
E

TA
TI

O
N

A 
Li

ne
ar

 
re

la
tio

n 
pr

ed
ic

te
d 

B 
O

bs
er

ve
d 

lim
b 

ef
fe

ct
 

fro
m

C
O

M
PA

R
ED

 
W

IT
H

 
O

BS
ER

VA
TI

O
N

by
 

Fi
nl

ay
-F

re
un

dl
ic

h 
an

d 
Fo

rb
es

 
Fi

gu
re

 
3.

2



180

were to be found.

B. SchrBter's Two Stream Theory.

It can easily be shown that the red-shift theory arising 

from the two-stream photospherio model proposed by SchrBter 

(14) is not supported by the new observations. According 

to Schrtiter's interpretation, the speotral lines are 

asymmetric at the centre of the disk, and this asymmetry 

decreases toward the limb. Wavelength shifts then arise 

corresponding to the asymmetry at the intensity level in 

the line profile that is used for micrometer settings. 

This will be referred to as the "mean" asymmetry of the 

profile.

From detailed computations, Sohrttter found that an 

iron line of 150 mA equivalent width should have, at the 

centre, a "mean" violet asymmetry of 0.42 km/sec (expressing 

the asymmetry as an equivalent Doppler velocity). More- 

overt this asymmetry should be even larger for weaker lines. 

On the other hand, the interferometric determination of 

centre wavelengths gives a mean red shift that is only 

0.25 km/see less than the gravity shift, about half the 

difference predicted by Schrttter. The discrepancy of 

5 mA between the observed red shift and the predicted red 

shift cannot be due to any error in the wavelength deter-
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minations.

Even if it is assumed that the asymmetries at the centre 

that were computed by Sehrtfter are in error, the new limb-
X,' *

effect curve is not of the form predicted from the two 

stream theory. The predicted relation between red shift 

and cos 9 is;

(5.4) 

where ^ is related to the granular contrast (Fig. 1.6)
*

and v refers to the "mean" asymmetry at the centre of the 

disk. If we take the observed value of 0*25 km/sec for v, 

equation (5*4) gives the red-shift curve in Pig. 5.2. This 

is compared with the observed red shift curve and it can 

be seen that the two curves differ greatly, especially 

near the limb. Also shown are the 1959 observations of 

M. G, Adam (15). Obviously, no theory based on the radial 

current hypothesis can predict a super-gravity shift at 

the limb such as has been observed.

It might again be noted that, as in the case of the 

path-length theory, it is possible to find parameters such 

that equation (5*4} gives a limb effect of the proper form 

(a v of 0.57 km/sec fits the observed limb-effect values 

very well). This would again, however, mean that the 

centre red shifts were in error by 7 mA and would require
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asymmetries at the centre about three times larger than 

those observed.

In summary 9 unless some large source of error exists 

in the interferometrie determination of centre wavelengths, 

Sohrgter's theory oannot possibly account for the observed 

red shift. On the other hand, the fundamental physical 

data that entered into this theory requires revision and 

it is possible that radial convection currents contribute 

to the deviations from the gravity shift in the central 

portion of the disk. This will be discussed in more detail
V

in the next part of this chapter* As stated above, hov- 

ever, for regions near the limb some new agenoy is required 

for the explanation of the red shifts and especially the 

nevly discovered red asymmetry. The latter feature will 

also be discussed in the next section.



Part III

POSSIBLE RED SHIFT MSCHANISJ©
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A. Effects of Granulation on Centre Line Profiles.

Since granulation appears to be associated with con- 

veotivo motions in the photosphere, these motions may be 

expected to influence line profiles. Although the tvo 

stream theory derelcped by SchrOter has been shown to be 

in conflict with the recent observations, it is still 

possible that part of the red ahifts at the centre are 

due to connective motions. Certainly Sohrdter's model 

was based on granulation data that has since been revised 

(see Chapter 1 and Part I, Chapter 5). In order to 

estimate the effects of such revisions on the predictions 

of the tvo stream model, an approach similar to that of 

M. a* Adam (15) was used. It vas assumed that Schrtfter's 

model photosphere could be replaced by rising elements of 

temperature 2^, velocity v^f and surface area a^ along vith 

sinking elements of temperature fg, etc. From equation 

(1*9), the observed velocity is them

_ = q.J.v. - «.J«* (5 . 4)

The ratio of the tvo velocities is obtained from (of. 

equation (1.13) )i

(5.5)
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If Sohrtfter's model is assumed to be characterised by

VJ2 * It45 » fl - T2 " 620°' V*2 " 1 -10 ' *1 * V 

and v m 0.42 km/sec (for a line vith an equivalent width

of 150 HA), then the equivalent velocities are YI » 1.90 

km/sec and vg • 1.73 km/sec. Using this result, the 

effeot of varying any of the parameters was estimated by 
assuming (from equation (1.14)) that the resulting v,* is 
given byt

(5.6)yj CV TO
and the corresponding TJ *>• giT.n byi

(5.7)

It was found that if the contrast were changed to 1.10, 

then the resulting v vould be 0*06 km/sec. If, in addition, 

the sise of the granules were increased from 2SO km to 

TOO km and the granular area were double that of the back­ 
ground, the v vould be 0*11 km/sec* Moreover, the equi­ 

valent velocities, v1 and vg , vould be ^1.5 km/sec, not 

inconsistent vith granulation observations. It is evident 

from these approximate calculations that the observed 

velocity is primarily dependent upon the adopted contrast 

value. Since the observed contrast seems to be even less
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than the value of 1.10 used here, it is very unlikely that 

a medium strength line could appear to be shifted any more 

than 0.20.km/sec by corrective motions, compared with the 

observed value of 0.25 km/sec. On the other hand, the 

observed centre asymmetries of 0,09 - 0*14 km/sec are of 

the same order of magnitude as the v's computed above, so 

that it seems that they may be due to Doppler effects as 

assumed by SchrOter,

It thus appears that about half of the deviation from 

the gravity shift for the present observations, may be 

due to granulation effects. The lev granulation contrast 

now in favour, and the small micro turbulent and macro turbulent 

velocities ( ^ 2 km/sec) that have been observed do not 

allow more than this to be attributed to convective motions. 

The problem of the centre red shifts, therefore, is no 

nearer solution and some new effect vill be required in 

order to explain the observations. Moreover, if con­ 

vective motions are unable to account completely for the 

centre red shifts, they are even less able to account for 

limb effect. Obviously a new theoretical treatment of 

the problem is required, but, unfortunately, at the moment 

no mechanism is known that can account for the observed 

deviations from the gravity shift and their variation 

across the disk.
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The observations presented in Chapter 4 definitely 

indicate that, at the extreme limb, the iron lines at 

6500 A have, on the average, a large red asymmetry. 

Since it has been observed, on different occasions, in 

spectra obtained with two completely different optical 

systems, it must be considered a true solar effect. Such 

an asymmetry must affect a micrometer determination of limb 

effect and it is therefore probable that the super-gravity
* 'V " *"..* Y *

shift observed at the limb is just a manifestation of this 

asymmetry* Confirmation of this would require a deter­ 

mination at the limb of the absolute wavelength shifts at 

various levels in the line profiles, but at present such 

an analysis has not been completed (preliminary results 

indicate that the cores of the lines are shifted by approx­ 

imately the gravity shift, the super-gravity shift arising 

in the wings). Such a relation between asymmetry and 

wavelength shifts is supported by the fact that the 

observed asymmetry of about 8 mA is comparable with the 

observed super-gravity shift of 6-10 mA. On the other 

hand, the red asymmetry appears to set in at oos 0 & 0.15, 

whereas a super-gravity shift certainly exists at cos 6 =0.25. 

In any case* a physical process was sought that could give 

rise to a red asymmetry in the lines at the extreme limb.
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Brief consideration shows that none of the more common 

mechanisms that bring about shifts of the atomic energy 

levels, e.g. Zeeman effect, Stark effect, isotope shifts, 

etc. can produce asymmetries of up to 25 mA (assuming known 

physical conditions in the photosphere). Even less 

plausible is the interpretation that the asymmetry is due 

to Doppler shifts. Only two possible causes of the
:»'•'•.' i

asymmetry could consequently be found. The first is that
....»,- i 1 -• :1 * ' i '.

a fraction of the photons emitted by the photosphere may
* •

lose energy by Ccmpton scattering, thus introducing some
Q,

red asymmetry. Secondly, the red asymmetry may be a
*-•• -t- 

ohromcspherio effect! the observed line profile may be

affected by chromospheric emission, absorption or scattered 

light.

ffcmpton Scattering.

In order to estimate the effects of Comptoa scattering 

on lines observed at the extreme Umb, the probability that 

a photon would be scattered while passing tangentially 

through the solar atmosphere was computed. At 6500 A, 

the Compton scattering cross-section is very nearly the 

classical Thomson cross-sectioni

5 = &T JSL . 6.65 x 1(T25 cm2 (5.8)
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and the probability that a photon will be scattered in 

passing through the atmosphere is given by P « ^N^J* f 

where the integral is along the line of sigfct. In order 

to find values of P for various paths through the photo­ 

sphere, a model photosphere similar to that of E. H. Plaskett 

(18) (log K% varying from 15.48 to 10.00) was adopted, 

and as an extreme case, it was assumaMhat all the photons 

originated at an optical depth of t * 3* It was thus 

found that at the extreme limb (cos B = 0.000), P « 0.02, 

and at the centre of the disk, P « 0.0002*

From the Compton scattering equation for a stationary 

electron:

/A VJ / f A » M *^ t « —- *.
=-=- r= — (I — COSO ) ——-~ (5.9)
v v ' 7 rvi c^ w« */

the expected wavelength shift at the limb is 24*3 mA. 

Allowance for the distribution of electron velocities, 

however, introduces a violet shift of the order of

— cos©)-^-4 as well as a thermal broadening of the line • -% *»
formed by the scattering* Detailed computations by Dirao 

(17) indicate that at 6300 A, the "thermal" line shift and 

the Compton line shift are almost equal and hence no 

asymmetry could be produced by the scattering. Prom 

these considerations, three conclusions concerning the 

effects of Compton scattering on line profiles may be drawn:
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1) Even at the extreme limb, only about one photon in 

fifty observed photon will have undergone any scattering.

2) The energy lost by the photon in such a scattering will 

on the average be nearly zero. 3) Even if a wavelength 

shift were introduced, the thermal velocities of the 

photospherie electrons spread the scattered photons into 

a broad line 20 A wide, so that no observable asymmetry 

could be introduced.

Chromospheric Effects.

The effects of ohromospheric superposition (a ohromo- 

spheric emission or absorption line superimposed on a 

photospherio line either due to formation in the line of 

sight or by scattering) is very important in the region 

near the limb. If the chromospherie line differs in wave­ 

length from the photospherie line, then an asymmetry could 

appear in the observed profile. Such a difference in wave­ 

length has been indicated (19,20), the chromospherio lines 

being shifted slightly to the violet. Moreover, a chromo­ 

spherie origin of the red asymmetry is supported by its 

apparent connection with chromospherie activity that was 

discussed in Chapter 4.

On this interpretation, it was found/that the two observed



192

line profiles with the largest asymmetry (see Fig. 4.10) 

could be represented as the sum of a symmetric absorption 

line plus a weak symmetric emission (or absorption) line, 

displaced 70 mA to the violet (or red) side of the main 

line. The observed equivalent width of the 6297.8 A line 

on plate H7, being smaller than average, indicated that 

the weak line was an emission line. It is interesting 

to note that doldberg et al. (18) found that the profile

of Hoc ih a flare-associated prominence could be accounted.<
for by a weak ohromospherio emission line displaced 1.5 A 

to the violet (which they attributed to deuterium oC ). 

Using the observed fact that the asymmetry of the H7 pro­ 

file could be represented as a difference of residual 

intensity of 0.18 between the two flanks, at a residual 

intensity of 0.93 in the violet flank, the variation of 

the asymmetry with cos 6 was investigated assuming it 

due to superposition.

H. H. Plaskett (16) has shown that an observed line 

profile (neglecting scattering) is given bys

to)
-770) f ~t(0)

+ \ By e Jt(8) (5.10)
J
0

where I* is the true photospheric line profile, r is 

the optioal depth of the chromosphere in the line of sight,
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and p is the ehronospheric source function in the speotral 

line. In order to estimate the magnitude and cos B 

dependence of this form of superposition, a very simplified 

model of the lover chromosphere was adopted, an isothermal 

layer of 1000 km depth. The optical depth, t , in the 

line of sight was assumed to giye by k f(6jR/£v ), k being 

a constant and f (6 , R/^ ) being given by equation (5.2) 

with R/4o » 696* Since the layer is isothermal, BP is 

independent of T and equation (5*10) may be written as 2

It can be seen that if ^ > ^ there is effectively an 

emission effect, while if (^ < 1^ » the chromosphere
v*.

contributes to the line absorption. By dividing through 

by the intensity in the continuum, Tc (e) t this may be 

written in terms of residual intensities!

Taking the value of Ic(0) to be 4.08 x 10~5 erg.cm""2 and

Bo ass
-~

(5.13)
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it was found that T0 must be less than 4620° for the 

observed profile to be an absorption effect. Conse­ 

quently, the superposition effect (fitting the observed 

data at cos 6 » 0.024) was computed for two models f one 

with T0 » 4500° (absorption) and one with Te * 5500° 

(emission). The absorption model so found was not very 

satisfactory as it led to a rather large chromospherio 

optical depth at the limb. In Fig. 5.3, the results of 

these computations are shown, A^ being plotted against

cos 6 for each model (curves A and B). From this it cant
be seen that chromospherie emission becomes important at 

cos 0 & 0.15 (for the case considered), which is in the 

same region that the red asymmetry appeared.

In order to estimate the cos 6 variation of any super­ 

position effect due to scattering of ohromospherio light 

inside the Iimb 9 the scattering function derived in 

Appendix A was used. Assuming that the chromospherie 

emission line hada uniform intensity over a region extending 

outward from the limb for a distance of — 1000 km, the 

scattered intensity was found for various values of cos 0 

(choosing the intensity of the line in the chromosphere to 

fit the above observations). This scattering superposition 

effect is indicated by curve C in Fig. 5.3. ClearJy this 

effect is also important for cos 9 < 0.15*
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If one therefore assumes that the ehromospherie lines 

are shifted to the violet side of the corresponding photo- 

spheric lines, it seems that the red asymmetry at the limb 

(and possibly the. super-gravity shift) is due to chromo- 

spherio superposition. This, however, only transfers 

the problem to that of why ehromospherie wavelengths are 

shifted to the violet*



Part IT

CONCLUSIONS.
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From the foregoing discussion of the lii&b-effeot and 

red-ehift measurements, emejfaot mergess there is no 

theory at present that satisfactorily accounts for the 

red shifts at the sentre and limb effect* It now appears 

that the temperature inhomogenoities in the photosphere 

are insufficient to attribute the centre red shifts to 

Doppler effects. Moreover, a shift at the limb exceeding 

the gravity shift has been confirmed. Although this has 

been tentatively attributed to chromospherlc effects, such 

an explanation is very lacking in any physical foundation 

as yet* Clearly a new theoretical investigation of 

mechanisms that could create deviations from the gravity 

shift, both at the centre and the limb, is required. Many 

observations have been made to date of accurate wavelengths 

at the centre of the disk, but very few accurate limb 

effect curves have been provided. The latter are, however, 

of utmost importance for a new theoretical treatment; 

especially valuable would be a limb-effect curve for a 

line having a centre red-shift exceeding the gravity shift. 

Finally, no longer will wavelength determinations alone be 

sufficient for a detailed investigation of solar wavelength 

shifts, but profiles are also needed (especially near the 

limb). The great complexity of the problem of line
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formation in the photosphere would indicate that it will 

be some time before a satisfactory explanation of wavelength 

observations will be found, and until then, the investi­ 

gation of deviations from the gravity shift will remain 

one of the most intriguing, although exacting, lines of 

solar research.
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A. Method.

In order to determine the effect of scattering on line 

profiles observed near the limb, the scattering function
••Su*

of the atmosphere plus optical system must be known for the 

time of observation. In order to determine this, several 

plates were taken on July 14, I960, of light scattered 

beyond the Sun's limb. Ilford HP3 plates were used and 

were developed in Parkhurst tiro solution developer. Owing 

to the low intensities involved, exposures of 1 - 2 minutes 

were required. On each plate, two calibration exposures 

of the centre spectrum were taken, one with and ene without 

the pre~calibrated wedge. For these, the light intensity 

was reduced by a factor of twenty using a combination of 

filters. For the scattered light spectrum, a rotating 

sector covered one half of the spectrograph slit. When 

in rotation, this reduced the exposure in the lower half 

to yf<> of that in the upper half. The solar image was 

guided so that the limb fell on the lower half of the 

slit, allowing full exposure to the light beyond the limb, 

yet giving a limb spectrum of comparable density. The 

fourth exposure on each plate was another of the limb 

spectrum, but with the intensity reduced by an aoourately 

calibrated filter. This removed the necessity of an accurate 

calibration of the rotating sector.
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Three of these plates were chosen for photometric 

measurement. For each plate, two miorophotometer tracings 

were made across the four exposures, perpendicular to the 

dispersion, at wavelengths near those of the spectral lines 

being studied.

B. Scattering Function.

The scattering function was determined following closely 

the method of M. 0. Adam (1), differing only in that intensity 

measurements were to be used in place of wavelength measure­ 

ments* Characteristic curves were computed from the 

calibration spectra for the three scattered-light plates, 

and observed intensity curves for the region 0.94 < /^0 < 

1.13, were obtained for each plate. The true position of 

the limb was estimated from the point of inflection in the 

intensity curve. All three curves agreed with one another, 

thus indicating that the scattering function was fairly 

constant throughout the period of observation. A mean
«* *v

curve was taken, and was fitted to the true limb darkening 

curve, used in Part I, Chapter 3, by assuming that the 

scattering decreased the continuum intensity at / 0̂ * 

0.94 by 3.6#. It was assumed that the scattering process 

.could be satisfactorily represented by the one dimensional
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integral equation:

j S(x~x0 )
-l

where /%= |x1 f Icx> is the true intensity in the 

continuum (6300A), IC*0 ) is the observed Intensity at * 0 

and S(x-Xo) is the scattering function. Using the above 

limb darkening curve, the scattering function was derived 

from the observed intensity at points beyond the limb. 

For this determination, it was assumed that there was 

negligible scattering by $C*-xc) beyond I *-*«!=! . The 

light scattered at great distances allowed a very good 

determination of the wings of S(x~7r0) but the core was much 

less precisely defined. It was found to be (Jaussian in 

form to a width of 0.008, having a half-width of 0.0046 

(4.4"). Thereafter, it has appreciable flanks and very 

extended low-intensity wings. Long range scattering is 

consequently large, 5.2# of the light being scattered into 

the far wings ( |x-x0 | > 0.122). As a check on the 

consistency of this determination, the derived function 

was used to determine an "observed 1* intensity distribution 

inside the limb. This was compared with the observed 

distribution obtained from the limb spectrum taken with 

the calibrated filter. The observed and calcu3ated curves
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agreed in form, but there appeared to be a displacement 

of 0.002 in />^>0 between them. This ma attributed to 

errors in the determination of the position of the true 

limb, and not to any great inaccuracies in the determination 
of the scattering function.

C* Application to Line Profiles.

At the extreme limb, where both intensity and ware- 

lengths are rapidly varying, scattering can be expected 

to introduce asymmetry into the observed line profiles. 

The asymmetry so introduced should be different for the
. •*•

east and vest limbs. In order to Determine the magnitude 

of any such asymmetry, an "observed" A 6297.8 profile 

(corrected for the apparatus function) was calculated 

for /% * 0.999 at both the east and vest limbs, using 

the scattering function derived above. It was assumed 

that the true line profile was symmetric for all values 

of />/s>0 , and the general form of the profiles was taken 

from Table 1, Appendix B. The limb darkening used in Fart 

I, Chapter 3 was adopted, and the wavelength variation 

across the disk was found from a computed mean Earth's 

motion and solar rotation correction, plus a limb effect. 

For the west limb* an extreme limb effect (that obtained
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in Part I, Chapter 3) was used, while for the east limb, 

a limb effect giving the gravity shift at the limb was 

used. These were adopted since they give, for each limb, 

the extreme value of any asymmetry introduced by scattering. 

The resulting asymmetries are shown in Fig. 1. The

central line gives the centre of the profile assuming
« 

no scattering, and the two neighbouring curves give the

profile, as a result of scattering, at the two limbs* 

It can be seen that a slight asymmetry is introduced but 

that it should have no resultant effect when the profiles 

from both limbs are averaged together (excluding the 

slight violet wing which is common to both limbs). It 

was therefore decided that no corrections, due to 

scattering, were necessary for the observed asymmetry curves
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In addition to the asymmetry of the observed line 

profiles, the reduction procedure yielded a large amount 

of information on the general properties of the profiles 

of the two iron lines, X 6297.8 and 6301.5. In Table 1, 

the mean observed equivalent widths, half-widths and central 

intensities of these two lines are given as a function of

' , after correction for the apparatus function. These 

were -obtained by averaging together the results obtained at 

the two limbs. The errors that are quoted are the standard 

deviations of the means.

Table 1. Centre-Limb Variation of Iron Line Profiles.

6297.8 A

6301.5 A

Position
Equivalent
Width Half-Width

Central 
Intensity

1.000 65.2*2.4 mA 120.6± 4.0 mA 0.493± 0.017 
0.997 65.6 1,9 134.1 2.0 0.541 0,008

135.6 2.1 0.516 0.008
127.2 2.5
131.5 3.9

Limb 0.994 67.9 1.6
0.989 66.3 0.9
0.983 70.5 2.6

Centre 0.000 68.5 1.6

1.000 95.3 3.4
Idmb 0.997 88.4 1.3

0.994 97.3 2.0

Centre 0.000 122.1 4.4

96.4 2,4
141.8 7.7
138.0 5.8
144.2 8.6

133.7 5.4

0.515 0.011
0.490 0.006

0.348 0.011

0.412 0.045
0.424 0.005
0.404 0.012

0.269 0.013

From these values, it is seen that the two lines have 

quite different centre-limb variations. TheJreaker line
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6297.8, has a fairly constant equivalent width but is 

much broader at the limb than at the centre, while the 

stronger line, although having a constant half-width, 

decreases in equivalent width towards the limb. It is 

interesting to note that the observed (at cos 0 * 1.00 

and 0*15) centre-limb variation of equivalent widths given 

by the table is quite different from that predicted by 

Schrtiter (1) from his two stream model (for cos 6 • 0,3). 

This may indicate that after an increase in equivalent 

width towards the limb, the lines weaken for very small 

values of cos 0 . No other observations so near the limb 

have been made, so that no conclusions on this point may 

be drawn.

The equivalent widths found for the two lines at the 

centre agree well with the values of 69.3 mA and 122.2 mA 

given by Minnaert et al. (2). The corresponding central 

intensities are, however, somewhat smaller than the values 

of 0.50 ± 0,02 and 0,30 ± 0,02 given by Alien (3) for the 

two lines. (Ho correction to the central intensities has 

been made for the effects of scattered light, but a brief 

investigation showed that suoh corrections amount to less than 

of the continuum intensity for />//>0 » 0,999).
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Summary
The centre-to-limb increase in wave-length of three medium strength 

iron lines in the solar spectrum has been determined, using micrometer 
measurements of grating spectra. The observations were made at solar 
latitudes of approximately ±55°, and at radial distances from the centre 
between 85 and 100 per cent of the radius of the disk. The limb-effect 
curve obtained, after corrections for scattering of light, is in good agreement 
with the curve obtained recently at Oxford (5) for solar equatorial regions.

The absolute wave-lengths in the solar spectrum of the lines used in this 
investigation .and the vacuum arc wave-lengths of the three iron lines were 
determined using the method of circular channels. The centre red-shifts 
of the three lines, together with the limb-effect curve, give a red-shift at 
the extreme limb substantially exceeding the shift required by the principle 
of equivalence.

It is shown that the line profiles of the solar lines in the grating spectra 
are affected by the apparatus function of the spectrograph. Allowing for 
this, the solar lines at the centre appeared to be symmetric but an 
unexplained asymmetry at the extreme limb was discovered. This indicates 
that wave-length measurements alone are insufficient for a determination of 
the nature of limb effect.

Introduction
It is an established fact that the wave-lengths of the Fraunhofer lines in the 

solar spectrum are dependent upon the point of observation on the solar disk. 
In general, the wave-length of a line increases as the point of observation moves 
toward the limb. This difference of wave-length between the limb and the centre 
of the disk has received the general name "limb effect". In addition to this 
effect, most Fraunhofer lines have longer wave-lengths than do the corresponding 
transitions observed in a terrestrial laboratory. This effect will be referred to as 
the '' red-shift'' of the spectral lines. Thus the red-shift of a line at a given disk 
position is given by the red-shift of the line at the centre plus the limb effect.

The principle of equivalence predicts a wave-length shift of all solar lines 
with respect to corresponding terrestrial lines observed under similar physical 
conditions by an amount given by

—— = 2-I2X IO~6. 
A

This shift, referred to as the "gravity shift", is, however, independent of the 
point of observation on the Sun. Thus other physical processes must be invoked 
to describe the observed variations in the red-shifts at the centre of the disk and 
for the very existence of limb effect.

3 1
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The early history of red-shift and limb-effect determinations may be found 

in the literature (14, 12, 7, 20, 13, n). In 1948, M. G. Adam (i) published 
the results of an investigation of the wave-lengths of several solar lines at various 
positions along a polar disk radius. It was found that the limb effect reached 
an appreciable magnitude only along the last 10 per cent of a solar radius, and 
indicated the necessity of more detailed observations near the limb. Recently, 
in 1959, such a redetermination of solar limb effect was published by M. G. Adam 
(5). This gave the results of a study of the centre-limb variation of the 
wave-lengths of three medium strength iron lines in solar equatorial regions. 
The wave-length shifts were determined from micrometer measurements of 
spectra obtained using the 32 cm image of the larger Oxford telescope and its 
associated grating spectrograph. These indicated that the red-shift observed at 
the limb for these lines much exceeded the gravity-shift. Recent observations by 
Schroter (19) of limb effect agree well with the Oxford measurements in the 
common range of observation.

Because of the great theoretical importance of the shift at the limb, a further 
determination of the limb-effect curve for the same three solar lines as used 
in (5) has been carried out, and forms the subject of this paper. Although no 
great differences exist between the 1948 and 1959 limb-effect curves, referring 
respectively to polar and equatorial regions, the present determination was 
made at intermediate solar latitudes (~ ±55°) with a view to the detection of 
a latitude effect if such exists.

Part I presents the micrometer determination of the centre-limb variation 
of the wave-lengths of the three solar lines following the procedure adopted by 
M.G. Adam for the 1959 determination. In Part II, the determination of the 
absolute wave-lengths at the centre of the disk of the lines used in the investigation 
is given. Part III deals with an apparent discrepancy arising from the measure­ 
ments in Parts I and II and presents some preliminary measurements of the 
profiles of the three solar lines at the centre and limb.

PART I 
Limb effect from micrometer measurement

I.i. Method.—The same method of determining the centre-limb change in 
wave-length was adopted as was used in (5). The method is a differential one 
in which the positions of the solar lines on a spectral plate are compared with 
those of a set of standard lines, in this case terrestrial oxygen lines, whose 
wave-lengths are assumed constant. Since observations were confined to the 
part of the disk near the limb and the centre of the disk, such a method requires 
two essentially different sets of measurements. First, a set of standard positions 
of the solar lines at the centre of the disk with respect to the reference lines is 
required, and secondly, a set of measurements of the positions of the solar lines 
at various disk positions with respect to those of the standard lines is needed. 
Then the difference between the two gives the limb effect at various disk positions* 
when corrections have been made for the effects of the rotation of the Sun and 
motion of the observer. These shifts can then be converted to a limb effect 
expressed either in wave-length units or, as is customary, in equivalent Doppler 
velocities. For such a procedure to be valid, the dispersion used in the two sets 
of measurements must be identical, otherwise corrections must be applied, all 
measurements being reduced to one standard dispersion.
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We shall use the following terminology for disk positions. A given radial 

position will be specified by 0, where 0 is the angle between the line of sight 
and a true solar radius at the point of observation. Alternatively, a position is 
specified by p/Po where p0 is the radius of the solar disk, and /> is the radius to the 
point of observation. To a high degree of approximation, these are related by

sin 0 = P/PQ.
1.2. Solar spectra.—The spectral plates used in the determination were some 

of a series obtained in 1957 (5), others of which were used in the 1959 limb-effect 
study. They were taken using the 35 m solar telescope with its associated 
spectrograph, the Bausch and Lomb grating giving a dispersion of 1-4 mm/A 
in the first order. The plates used were all Ilford panchromatic type R$o and 
were developed in Parkhurst two-solution developer.

Ten plates taken at the centre of the disk were used for the determination of 
standard positions and six plates of the region near the limb were used. For 
the limb plates, the solar image was guided so that the spectrograph slit was 
radial, the limb falling upon the slit. These plates were divided equally between 
the east and west limbs. The sixteen plates used are listed in Table I.

TABLE I
Details of measured plates

Centre plates Limb plates 
Date U.T. 1957 Date U.T. 1957 Limb Solar latitude

o o

May 21-3812 May 24-3929 West —50-010 —59-0 
22-6342
27-4411 24'3979 West -48-710-57-8
28-4674
31-4592 27-3944 East 48-1 to 60-0

June 12-4850
'3*5754 June 16-4084 West —50-610—63-7
13-6131
14-4505 16-4141 East 51-0 to 61-8 
14-6085

16-4233 East 48-9 to 58-5
The spectral lines are the same as those used by M. G. Adam and are listed 

in Table II, with their I.A.U. wave-lengths. There is no I.A.U. wave-length 
for the third oxygen line and the value given is an estimated one (5). Table II 
also gives their Rowland intensities, and for the solar lines, the excitation potentials 
of the lower levels and the transitions involved. The oxygen lines are associated 
with the a band of atmospheric oxygen.

TABLE II 
Measured lines

I A U Rowland Excitation 
wave-length Element intensity potential Transition
6295 -960 A Atm. O2 3
6297-799 FC 5 2 '31
6299-228 Atm. O2 3
6301-508 Fe 7 3-64 *5P°-e5D

(6302-000) Atm. O2 2
6302-499 Fe 5 3*67 2r6P°-e6D
6302-764 Atm. O8 2

31*
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1.3. Centre measurements.—The spectra were measured on a Hilger photo- 

measuring micrometer fitted with a transverse micrometer motion. A diaphragm 
in the focal plane of the eyepiece limited the field of view to a strip of spectrum 
0-145 mm wide. This was positioned parallel to the plate dispersion so that 
only a small section of each spectral line was visible. The plates were measured 
in the forward and reverse directions at the slit height corresponding to the centre 
of the disk and average line positions were found. These were referred to the first 
oxygen line after corrections for the observer's motion had been applied to the solar 
lines, the dispersions for the three lines being 33-99, 33-96 and 33-95 km/sec/mm. 
The average positions of the seven lines were then found from the ten plates. 
These were adopted as the standard centre positions and the oxygen positions 
were used to indicate the standard dispersion. These standard centre positions 
are listed in Table VI, Part III, where they are compared with the standard 
positions used by M. G. Adam (5).

1.4. Limb measurements.—Each limb plate was measured at about forty slit 
heights, each corresponding to a different radial position (different p/p0 ). The 
positions of measurement were so chosen that they fell at approximately equal 
intervals in cos0. In order to compute the value of p/p0 for each "spectrum " 
measured, the limb plates were marked perpendicular to the dispersion at 
one millimetre intervals from the inner edge of the spectrum. The positions 
of each of the measured "spectra" were referred to these marks, and the 
position of the limb was determined visually with respect to them at both ends 
of the plate. The image radius having been determined for the times of 
observation, a p/p0 was calculated for each set of measurements.

The measurements were made in the same manner as for the centre plates 
and mean positions of the seven lines were determined at each value of p/p0. 
Using the observed oxygen positions, these were corrected to the standard 
dispersion, assuming a linear correction factor. The difference between the 
corrected iron line positions and the standard iron line positions then gave the 
limb effect plus relative velocity corrections for the corresponding value of p/pQ . 
The shifts so found for the three lines were then converted to equivalent Doppler 
velocities and averaged to give a mean shift for that value of pjp0 .

1.5. Accuracy of measurement. —It was found that the velocity shifts determined 
as a function of pjp0 from a single plate exhibited large fluctuations with amplitudes 
up to 0-2 km/sec. From an analysis of the micrometer settings in the centre 
spectra, it was concluded that the uncertainty in an individual reading of the 
position of an oxygen line was ± 0-05 km/sec, and for an iron line ± 0-07 km/sec. 
Similarly, an analysis of the limb measurements yielded an uncertainty in an 
iron line setting of ±0-06 km/sec. From these figures, it is found that the 
uncertainty in the mean shift of all three solar lines at a given disk position due 
to measurement alone is ± 0-05 km/sec. Since this uncertainty is much smaller 
than the observed fluctuations, the latter are attributed to the effects of local 
velocity fields on the Sun (15).

From an analysis of micrometer measurements of the limb position with 
respect to the millimetre marks, it was concluded that the value of p/p0 are 
uncertain by about ±0-0003. At the limb, this corresponds to ±0-02 in cos0.

1.6. Relative velocity corrections.—The corrections to be applied to the mean 
shifts obtained for each value of p/p0 due to the motion of the observer and solar 
rotation were calculated using the Oxford Computing Laboratory "Mercury"



No. 5, 1960 The solar red-shift 425
computer. Two programmes were written for this purpose. The first provides 
the coordinates of the centre of the disk and various other solar parameters at 
the time of exposure. The input for this consists of the times of exposure and 
certain data directly as tabulated in the Nautical Almanac. The second 
programme uses the output of the first plus the observational p/pQ values as input 
data and calculates for each observed position : cos 6, solar latitude, correction 
for observer's motion, correction factor for solar rotation. The calculations of the 
corrections follow the procedure given by H. H. Plaskett (18) and, following 
M. G. Adam (5), the law of solar rotation is taken to be

RB = R0 cos B(i — 0-229 s*n2

where R0 is the solar equatorial velocity. In the calculation of the solar 
rotation corrections, R0 was regarded as an undetermined parameter, to be 
supplied from the observations themselves.

The mean shifts at each disk position were then corrected for the observer's 
motion, giving at each point a residual shift

where R0 .f(6) is the correction for solar rotation, /(0) being the calculated 
factor, and A(0) is the limb effect. This gives essentially 249 equations in 
R0 and the A(0). The 1948 limb-effect curve showed, however, that A(0) 
varies only slowly with 6 except very near the limb. Thus the observations were 
split into thirteen groups, each covering a small range in cos 6 over which A(0) 
could be considered approximately constant. For each group of observations,
R0 and A(0) were then determined by a least squares solution. As in the 1959 
determination, the values of R0 were fairly constant for the inner groups but 
decreased rapidly as the limb was approached. This was attributed to the 
effect of scattered light (5). From the four inner groups of observations, little 
affected by scattering, a mean value of 1-922 km/sec was determined for R0. 
Using this, the residual shifts were corrected for solar rotation, leaving values. 
ofA(0).

1.7. Scattering corrections. — Since the positions of the observed points near 
the limb were uncertain by ±0-02 in cos0, and scattering effects depend 
primarily on the limb being observed (east or west), the shifts obtained from the 
three east limb plates were averaged together in intervals of 0-02 in cos 0, and 
similarly for the west limb. These results are shown in the top half of Fig. i. 
The large scatter in the observed mean shifts is attributed to local velocity-field 
effects (15), and it is seen that the west limb values are lower near the limb than 
those for the east limb. This is as would be expected, since scattering effects 
are far greater for the west limb where solar rotation and true limb effect 
combine to give a rapid variation of wave-length near the limb.

The scattering effect was assumed to be represented mathematically by the 
simplified expression

/* + !
I I(x)u(x)S(x - x0) dx 

—t — \ J -i ___________ «(*o) = —7+1 —————————— 
I(x)S(x-x9)dx

J -i
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where u(x) is the true velocity shift (in the line of sight) at p/p0 = \x\, I(x) is the 
intensity at x, S(x — xQ ) is the scattering function and u(x) is the observed 
velocity shift. The limb darkening curve, I(x), used by M. G. Adam was chosen, 
and, in the absence of any other '' scattered light'' exposures of the sky spectrum, 
the scattering function used by her was adopted (5).

To compute corrections for scattering, mean observed velocity-shift curves 
were obtained for the two limbs. Each was then smoothed and a true velocity 
shift curve was approximated by iteration, using the above expression for the 
scattering. From this, a scattering correction factor as a function of cos 6 was 
determined for each limb. Using this, the two observed limb-effect plots were 
then corrected, and the final values for the two limbs are given in the lower 
half of Fig. i. Due to limitations in the iteration process, reliable scattering 
corrections could not be found for points nearer the limb than cos 6 = 0-05, 
and hence the limb-effect results terminate at this point.

1.8. Final limb effect.—The east and west limb results were then averaged 
together to give a final limb-effect curve. This is given in Fig. 2. It is evident 
that local velocity-field effects still persist in the final curve despite the averaging 
of six plates. A smooth curve (a parabolic formula in cos 0 fitted by least squares) 
through the observed points gives the values tabulated in Table III as a function 
of p/p0. Included in this table are the corresponding values obtained by 
M. G. Adam for the solar equatorial region (5). The new determination appears

TABLE III 

Final limb effect

p/po A (km/sec)
L. A. Higgs M. G. Adam

0-998 0-584 0-474
o-995 °'524 0-442
0-990 0-461 0-407
0-985 0-417 0-381
0-980 0-383 0-358
o-975 0-355 0-339
0-970 0-331 0-321
0-950 0-264 0-263
0-925 0-214 0-206
0-900 0-185 0-159
0-875 0-168 0-118

O'OOO O'OOO O'OOO

to give larger shifts than those observed by her, but the difference between the 
two is entirely accounted for by differences in the standard solar positions used 
in the two determinations (see Table VI, Part III). The uncertainty in these 
standard positions precludes the measurement of any general difference 
< 0-07 km/sec. Thus the latitude effect, if such exists, is of too small a 
magnitude to be detectable by these measurements. An analysis of the velocity 
shifts obtained from individual lines indicated small systematic differences 
between the shifts of the three lines, but these could also be accounted for by 
slight errors in the standard positions of the three lines. The question of the 
total red-shift at the limb, especially the possibility of a super-gravity shift,
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FIG. i.—Mean observed limb effect before and after corrections for scattering. 
Open circles: west limb. 
Filled circles: east limb. 
Continuous curve: final limb effect.

PART II
Determination of absolute wave-lengths and red-shifts

II.i. Method.—The determination of red-shifts requires the absolute wave­ 
lengths of both the solar lines and the corresponding terrestrial lines, formed in 
physical conditions as near as those existing in the solar photosphere as possible, 
e.g. vacuum arc. At Oxford, the method of "circular channels" has been 
developed as a powerful interferometric technique for wave-length determinations, 
the theory and applications of which have been presented in the literature 
(21, 2, 3, 4).
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Essentially the method consists of using a spectrograph in conjunction with 
a Fabry-Perot interferometer, the spectrograph serving only as a monochromator 
for the interferometer. If the light being analysed has a continuous spectrum 
with absorption lines, the observed interferometric pattern consists of a set 
of circular '' heterochromatic'' fringes, due to the continuous spectrum, which 
are crossed by absorption arcs forming part of another set of concentric circles.

km sec

0-6

0-5

04

A(e)

0-2

o-t

0-0 
Limb

0-1 02 0-3 
Cosine 8

0-4

FIG. a.—Final limb effect. 
Open circles: mean of east and west limbs. 
Continuous curve: smooth limb effect.

intersecting the first. In addition, the interference pattern of the cadmium 
red line (A 6438-4696) is superimposed on this pattern using a beam splitting 
cube. Overlapping is prevented by a system of diaphragms. For the measure­ 
ment of arc wave-lengths, in which one is concerned only with a discrete line 
spectrum, the "heterochromatic" fringes do not exist and emission arcs now 
replace the absorption arcs.

The interference patterns are measured on a specially adapted Hilger photo- 
measuring micrometer with a rotating plate stage. From detailed calculations, 
described in earlier papers, using the measured arc positions, the wave-lengths 
of the absorption or emission lines are compared with the wave-length of the 
cadmium line. Although complicated in its early stages, the method of circular 
channels has now become a standard procedure, and with the development of 
computer reduction of plate measurements is now a fairly rapid method of 
wave-length determination.



No. 5, 1960 The solar red-shift 429
11.2. Reduction of measurements.—The formerly tedious reduction procedure 

has been superseded by automatic reduction using the "Mercury" electronic 
computer of the Oxford Computing Laboratory. A programme for this purpose 
has been written and is suitable for most conceivable wave-length determinations.

The input data consist of general plate information and the plate measurements. 
The former include: the number of lines that have been measured; chromatic 
phase changes, camera focal length corrections and approximate wave-lengths 
for each line; and special instruction parameters to indicate the specific 
reduction procedure to be followed. The output consists among other things 
of a tabulation of the fractional orders of interference of all the absorption or 
emission lines and the absolute wave-lengths of all the lines. In addition, the 
mean error due to the scatter of the measurements is tabulated for each value. 
The total reduction time for a typical plate is reduced by this procedure to 
approximately twenty minutes, almost all of which is taken in preparing the 
input data on punched tape.

11.3. Procedure.—The smaller Oxford telescope, giving an 18 cm solar 
image, was used for the determination of absolute wave-lengths at the centre 
of the disk. The Sun was imaged on the spectrograph slit, the slit height being 
1-8 cm, and filters were used to equate the intensities of the solar and cadmium 
light beams passing through the interferometer. Two different spacers were 
used in the interferometer giving plate separations of 2-5 and 5 mm. Fused 
silica plates were used and had been recoated at the beginning of the wave-length 
programme to give 7 per cent transmission and 90 per cent reflection in the red 
region. Seventy-four solar plates were taken, using Ilford panchromatic R4O 
plates, at exposures varying from one to three minutes, depending on the spacer 
used. Of these, twenty-one plates taken on four different days were measured 
and reduced. Phase-change corrections and camera focal length corrections 
were adopted from earlier measurements (6). Both of these were small due to 
the small differences between the wave-lengths of the lines in question and the 
standard cadmium wave-length. For this reason, corrections for the dispersion 
of air in the interferometer were not necessary.

For the arc wave-lengths, a vacuum arc run at about 9 cm Hg pressure replaced 
the coude beam from the telescope. Mild steel pole-pieces were used and a 10 mm 
arc was maintained at a current averaging 8 amperes. The usual method of 
guiding the arc and focusing it on the slit was employed (2), only the central 
portion of the arc actually being used in order to eliminate any pole effects. Due 
to the low intensity of the arc lines, exposures of up to two hours were required 
and the cadmium intensity was correspondingly reduced using filters. Fifteen 
plates were taken, using Ilford HP3 plates, and twelve of these were measured 
and reduced. The corrections for phase change, etc., were the same as for the 
solar plates. The calculated absolute wave-lengths were reduced to absolute 
vacuum wave-lengths using the empirical pressure depression of spectral terms 
given by Babcock (9). The largest pressure correction for the three iron lines 
amounted to only 0-9 mA.

11.4. Solar and arc wave-lengths.—The calculated solar wave-lengths 
obtained from the centre plates were corrected for the Doppler shifts due to the 
motion of the observer using the computer programme developed for Part I. 
Since some plates were of better quality than others, it was decided to weight 
each of the calculated wave-lengths on each plate according to the inverse square
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of its calculated mean error for that plate. A similar method was used to determine 
the average arc-wave-lengths. There were no serious differences in the wave­ 
lengths determined considering the two spacers separately. For the solar 
wave-lengths, the 5 mm spacer gave wave-lengths 0-6 mA longer than the 2-5 mm 
spacer, while for the arc wave-lengths, the 2-5 mm spacer values were i-omA 
longer. The final absolute wave-lengths are given in Table IV, along with their 
standard deviations and the number of plates used in each determination. For 
comparison purposes, the I.A.U. wave-lengths are given for the solar lines and 
the Allegheny Observatory wave-lengths (10) of the arc lines are given.

II.5. Integrated disk wave-lengths.— Since it is known that local velocity fields 
may greatly affect wave-length determination on the Sun, the question arises 
whether the twenty-one solar plates were enough to eliminate these effects. 
As a check, wave-length plates were taken using integrated sunlight from all 
parts of the disk. Ideal conditions for integrated-light wave-length measurements 
would be attained if every part of the slit received truly integrated light and if 
every part of the spectrograph collimator received integrated light. The first 
condition was satisfied by removing the Cassegrain mirror of the telescope and 
allowing a parallel beam of light to fall directly on the spectrograph slit. The 
second condition, on the other hand, could not be satisfied. To counteract this, 
an image rotator was placed before the slit and the circular channel plates were 
taken in "mirror pairs ". For the second plate of each pair, the image used for 
the first was inverted about the optical axis. In this way, wave-length shifts 
due to variations in the transmission properties of the grating across its surface 
were expected to be averaged out. Two pairs of plates were measured.

TABLE IV

Absolute wave-lengths and red-shifts 

Solar spectrum wave-lengths

El. I.A.U. Observed No. Plates
O 2 6295-960 A 5-9603 ±0-0002 10
Fe 6297-799 7-7989 ±0-0004 21
O2 6299-228 9-2283 ±0-0002 21
Fe 6301-508 i-5080 ±0-0003 21
O2 (6302-000) i-9998 ±0-0001 21
Fe 6302-499 2-5000 ±0-0003 21
O 2 6302-764 2-7640 ±0-0001 10

Iron arc wave-lengths

Alleg. Obs. Observed No. Plates Red-shift
6297'79oA 779i8±o-ooo6 10 7-1 ±0-7 mA
6301-501 i'5oo8±o-ooo3 12 7-2±o-4
6302-493 2-4938 ±0-0004 12 6-2 ±0'5

The average wave-length values determined for each of these mirror pairs 
agreed well with each other, although there were differences (~ 4 mA) between 
the wave-lengths determined from the four plates individually. Since limb effect 
is known to concern only light coming from the extreme outer portion of the 
solar disk, one would expect the integrated disk wave-lengths to agree substantially 
with those determined for the centre of the disk. In fact, the agreement between
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the mean wave-lengths from the four integrated disk plates (corrected for the 
observer's motion) and the absolute wave-lengths determined at the centre of 
the disk is remarkable. Table V gives this comparison. This close agreement 
would seem to indicate that the absolute solar wave-lengths found at the centre 
of the disk are free from effects due to local velocity fields.

II.6. Red-shifts.—From the above absolute solar and arc wave-lengths, the 
red-shifts of the three lines may be determined. These are presented in the last 
column of Table IV. These observed shifts are found to be slightly greater 
than those expected according to the empirical shift vs. line strength relation 
given by Nichols and Clube (16).

TABLE V 
Comparison of solar wave-

Element Centre
O 2 6295 '9603 ± 0-0002 A
Fe 6397-7989 ±0-0004
O 2 6299-2283 ± 0-0002
Fe 6301-5080 ±0-0003
O2 6301-9998 + 0-0001
Fe 6302-5000 ± 0-0003
O 2 6302-7640 ±0-0001

lengths
Integrated disk 
5-9605 ±0-0002 
7-7980 ±0-0011 
7-2288 ±0-0004
1-5086 + 0-0010
2-ooo2± 0-0003 
2-4999 ±0-0007 
2-763 6 ±0-0003

The results of Part I may now be extended to give the red-shift of the three 
lines across the disk (within the reservations to be indicated in Part III). 
A final limb-effect curve on an absolute scale is given in Fig. 3, in which the
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p-IG 2.—Limb effect and the gravity shift. The uncertainty in the limb-effect determinations
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Dashed curve: 1959 limb effect. 
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1959 curve and the new determination are presented with their regions of 
experimental error. Also shown is the red-shift required by the principle of 
equivalence. From this diagram, it is evident that, allowing for experimental 
error, the shift observed at the extreme limb exceeds the gravity-shift, thus 
apparently ruling out the radial current interpretation of limb effect.

PART III 
Line profiles

III. i. Centre wave-lengths.—In Part I of this investigation, standard micro­ 
meter positions for a centre spectrum were adopted for the seven lines used, and 
in Part II, the determination of the absolute wave-lengths of these lines was 
presented. Using the absolute oxygen wave-lengths and micrometer positions, 
it was possible to calculate the micrometer positions corresponding to the absolute 
wave-lengths of the iron lines. It was found that the calculated micrometer 
positions of the three solar lines were, on the average, 0-005 mm to the red side 
of the adopted standard positions. This corresponds to a wave-length difference 
of 4mA. The calculated and standard micrometer positions are compared in 
Table VI, in which the standard positions used by M. G. Adam (5) are also 
included.

TABLE VI 

Micrometer positions 
El. Standard positions Calculated positions

M. G. Adam L. A. Higgs
6296-0 A O 2 o-ooo mm o-ooo mm o-oooo mm
6297-8 Fe 2-571 2-570 2-5748
6299-2 o2 4-576 4-576 4-5764
6301-5 Fe 7-764 7-761 7-7683
6302-2 O2 8-456 8-457 8-4569
6302-5 Fe 9-154 9-Z53 9'i572
6302-8 o2 9-527 9-527 9-5268
On account of the small portion of the spectrograph slit (corresponding to 

600 km on the surface of the Sun) used in the determination of the standard 
micrometer positions, one would expect some random fluctuations due to local 
velocity fields. Results obtained by A. B. Hart (15) indicate that r.m.s. velocity 
fluctuations of about 0-15 km/sec can be expected at a given point on the solar 
disk. Since ten plates were used in the determination of the standard positions, 
one might expect fluctuations in the mean positions of about ± o-ooi mm. 
Since the discrepancy in question was five times this value, it seemed unlikely 
that it was due to unusually strong velocity fields at the centre of the disk when 
the ten spectra were taken.

On the other hand, since the slit height used in the absolute wave-length 
measurements corresponded to 140000 km on the surface of the Sun, one 
would expect all local velocity fluctuations to have been eliminated. The close 
agreement between the wave-lengths determined at the centre of the disk and 
those obtained using integrated light from the whole disk tended to confirm this. 
It thus seemed difficult to accept the possibility that the absolute wave-lengths 
were in error.
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Since an asymmetric apparatus function of a spectograph can produce 

wave-length shifts of spectral lines (17), the possibility of such an effect in the 
grating spectra was considered. Using the Oxford Moll-type microphotometer, 
sixteen tracings of typical spectra were taken, in the forward and reverse directions, 
both at the centre of the disk and at several points near the limb. The dimensions 
of the microphotometer slit were chosen so as to correspond to the dimensions 
of the eyepiece diaphragm used in the micrometer measures. The tracings of 
a typical centre spectrum showed that the oxygen lines were approximately 
symmetric while the solar lines were definitely asymmetric, having pronounced 
violet flanks. Since this asymmetry is of such a magnitude as to be scarcely 
detectable in a diagram of the actual line profile, the following method of 
presentation will be used. The profile of a line is represented by a curve giving 
the mid-point of the profile at each value of the incident intensity, I. This is 
illustrated by the curve AB in Fig. 4 (a). In this manner, the profile at the 
centre of the strongest iron line is presented in Fig. 4 (£).

To determine an approximate apparatus function for the 30 ooo line/inch 
Bausch and Lomb grating, it was decided to use the terrestrial oxygen lines as 
essentially monochromatic absorptions. The apparatus function is then given 
by the observed oxygen profiles. Alien (8), who has used atmospheric oxygen 
lines for similar purposes, gives theoretical widths for these lines of about 18 mA, 
which indicates the degree of approximation involved. Only the limb tracings 
were used for this purpose because the centre spectra were too over-exposed 
to show any possible asymmetry in the oxygen lines. All profiles were reduced to 
true intensity profiles using a characteristic curve for R5O plates, obtained in 
another investigation. From profiles of the oxygen lines A 6296-0 and A 6299-2 an 
approximate apparatus function was obtained. Having a half-width of 69 mA, 
it is symmetric to a width of about 150 mA, after which it develops a violet wing. 
The uncertainty in the determination of the wings is about i per cent of the 
central intensity, whereas the asymmetry in the wings is three times this figure. 
Thus a true asymmetry is indicated.

Using this apparatus function, it was shown that the observed asymmetry 
of the solar lines at the centre could be accounted for by purely instrumental 
effects, the true solar profiles being symmetric. In addition, it was estimated that 
the above apparatus function would shift the part of the solar lines used in 
micrometer settings 3-4 mA to the violet from their true wave-lengths. This 
explains the apparent discrepancy between the grating and interferometric 
wave-lengths. Since this instrumental shift of grating wave-lengths is 
independent of the point of observation on the solar disk, it has no effect on 
micrometer limb-effect determinations.

III.2. Limb profiles.—To investigate the profiles of the solar lines near the 
limb, tracings of six limb spectra were measured, each at different values of 
P/PQ. The east-limb plates were used for these in order to reduce the effects of 
scattered light. Fig. 4(c) to (/) shows the observed "profile " of the strongest 
iron line (A 6301-5) as a function of p/p0. There seems to be a systematic change 
in profile as one approaches the limb, with the asymmetry reversing in the core 
of the line, indicating effects other than instrumental slit pattern. Although 
these curves all refer to the strongest iron line, the other two iron lines show 
similar behaviour.
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Several causes of the difference between centre and limb profiles were 

considered. The most plausible of these was that the scattering of light might 
create very asymmetric line profiles at the limb where both the intensities and 
wave-lengths of the lines are varying rapidly. To test this, an "observed" 
profile was computed for /o//>0 = 0-997, assuming the true line profile to be 
symmetric. In this calculation, the same scattering function was used as in 
Part I, the apparatus function was taken to be that above, and the wave-lengths 
were calculated using the limb-effect curve in Part I. It was found that scattering 
could not account for the observed asymmetry of the lines at the limb, its only 
effect being a slight shift of the whole line to the violet. In a similar manner, it 
was shown that the finite height of the microphotometer slit could not account 
for the observed profiles.

0.0

01

0-2 

log/

0-0 

0-1 

0-2

-I——I——I——1——T

-\——I

0 » 10 mA 
Scale

FIG. 4.—Measured asymmetry of the 6301 -5 A iron line.
(a) Explanatory profile.
(b) Centre.
(c) p/p0 =o-988.
(d) =0-994.
(e) =0-999.
(/) = i -ooo.

it thus appeared possible that the solar lines at the extreme limb are formed 
with asymmetric profiles. The unexplained asymmetry is seen to set in at a 
value of p/p0 of about 0-98 (about 20" from the limb). Such an asymmetry has 
never been previously observed* ; on the other hand, observations so near the 
limb are few. Assuming that such true asymmetry existed, an attempt was made 
to correct the observed profiles for the apparatus function and thus determine 
the amount of the true asymmetry. Unfortunately, the asymmetries concerned 
were too small and the apparatus function insufficiently well determined for any

* Although asymmetry of infra-red oxygen lines has been detected at the centre by H. H. Voigt, 
Zs.f.Ap., 40,365, 1956.
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iteration procedure to yield reliable results. It did appear, however, as if the 
solar lines at the limb have very pronounced red flanks.

The asymmetry observed in limb lines, if real, completely changes our views 
as to the nature of limb effect. A wave-length shift to the red will in all probability 
be produced by the strong red flanks which are indicated for the limb lines, but 
the interest is now changed from wave-length measurement, an unsuitable 
means of measuring line asymmetry, to a photometric survey of the nature and 
origin of the asymmetry observed. To this end, observations are at present in 
progress with a Babcock grating, the apparatus function of which is being 
accurately determined, giving greater dispersion and resolving power than the 
Bausch and Lomb grating so far employed.
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Errata (Appendix O*

Page 430 t Table IT: The observed arc wavelengths 
and red shift values should be as in Tables 4 and 6 
of Chapter 3 (thesis).

Page 431 f line 8: "greater" should be "less".

Page 431, Fig. 3t vThe horiaontal line should be 
at an ordinate of 0.25 km/sec.

Page 435, References: Reference (9) should be 
H.D. Babcook f Ap. J., 6.J, 240, 1928.
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PART I. SOLAR COORDINATES AND RADIAL VELOCITY CORRECTIONS

A* Introduction.

Several programmes were written for the derivation 

of various solar coordinates and radial velocity correc­ 

tions to solar wavelengths for given points and times 

of observation. These consist of programmes QBS lf lAf 

IB, 3, 30-1 and 3C-S* Of these, the most general one, 

OBS 3C-1, will be given in detail, followed by short 

descriptions of the other five.

B. Programme OBS 30-1. 

B. 1, Description.

This programme is used to compute, from the 0 and 

/%, of the observed point on the disk at a known U. T., 

the values of cos H, , cos Yx , cos J3 , sin B and the 

radial velocity corrections C^+Gg and f (see Chapter 2 

for explanations of the symbols). In addition, the 

following solar coordinates and parameters are computed 

for the time of observation: rt0 , S0 , Ho , X, Y f Z, X, 

Y, Z, BQf Lo> P and 8. (If ft depends only on HQt it



OBS 3O1

Is also computed). 

B.2. Input Data.

The input data, aside from the 0*T., 0 , and 
values, consist of short tables copied from the 
Astronomical Epheraeria. A separate data tape is 
required for each date of observation, and this is com­ 
piled as follows: an integer, n-1, where n is the 
number of observations on the given day (n ^ 30), 
followed by the U.T. *s corresponding to the n obser­ 
vations; a constant, A, which is defined by 
fl » H0+A (degrees) if fi depends on HO, otherwise 
A « 99; the equation of time, BO, P, 8, and LQ for the 
three consecutive days (0 hrs U.T.) centred on the date 
of observation; the apparent right ascension and dec­ 
lination for the five consecutive days centred on the 
date of observation; the values of X, Y, and Z (arbi­ 
trary equinox) for the nine days centred on the date of 
observation; an integer, m, where m-12 is the number 
of disk positions for which radial velocity corrections 
are required at the first time of observation, followed 
by the (»-12) values of /% and fi (if 0 is derivable
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from HO§ I.e., A ?£ 99, then the ^ f s are not given 

here), with (6 in degrees; the m for the second time 

of observation followed by the (ra~lS) pairs of coordinates 

/j^> and <f> ; the m for the third time of observation, etc. 

As many data tapes (different dates of observation) may 

be entered, one after the other, as desired.

Quantities that enter as three columns (U.T., E. of T., 

8, R.A., and Bee.) must have two "SPACE" instructions 

between the columns, and a number must be given for each 

column, if only a zero. All numbers are given exactly 

as in the Astronomical Ephemerls except that an hour column 

must be added to the E. of T. values and a degree column 

to the 8 values. * Any /°^b > 1 is treated ss y% = 1 in the 

computation of radial velocity corrections*

The required layout of the data is illustrated by a 

sample data tape given on the next two pages. It is for 

,two spectral plates taken at 9 hrs 22 min 39 sec U.T. and 

9 hrs 17 min 33 sec U.T. on July 6, 1960. The first 

plate was of the centre of the disk, and the second was 

of the west limb.

The three L values and five K.A. values entered from o
the Astronomical Spheraerie must not contain a diacon- 
continuity of Zir r«Kjiftfi®. That la t 10°, 350^ 330° must 
be entered as 37(ft 350°, 330°,
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9 32 39
9 *7 •

99

oo -04 
oo -04 
oo -04

-23.66
-33*90
-4 3* 7 T

of observations less one 
U.T. f 0 for observations

Constant related to f t indicates individually specified
of tiise

are to

-0.87 ,
-0.41 :
or 04

oo 15
oo 15
oo 15

45*36
45*37
45*39

307*43
$80.96

6 52 x 3* 94
6 56 21.09
7 * oo 27*89
7 , 04 34*3?
7 > 08 4-0* 38

22
22
22
22
22

53
48
4^

30

56.0
35*8
5X*7 v

.* o
g —

-o» 17 84 06 3

-o» 2281x4
-o* 24456 14

386
•^•2934622
•o* 3096040

0.9x83297 
0.9x54810 
0*9123753 
o* 9090x360*9053974
0.901527? 
0.8974062
o* 893^337 
o* 88 84 x i 3

o* 39 824 33 
0*3970*85 
0*3956622 
0*3942048 
o* 3926 36 8
o*39 095 37 
0.389x7x2
o* 3872748 
0.3852698

t aceensioa on 
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X, Y, snd 3 (e<iaiiu>x 19^0*0)
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B*3. Output.

The output for a given date of observation consists 

of two sections* In the first* general solar coordin­ 

ates and parameters are given for the various times of 

observation, and in the second, certain parameters 

referring to the points of observation are given. The 

first section consists of two columns, broken into twelve 

sections. These give, In order, the fraction of day,

H0» B0» p > s » Lo> 0' • ** > *<> t X, Y, and 2. (If 0 is 

not derivable from HO, the $ values are meaningless). 

For angular quantities, the first column gives the value
')

-». Vt

in degrees and the second gives the value in radians* 

For X, Y, and Z, the second column gives the derivatives 

(A.U./solar day) of these quantities at the times of
•%?

observation. The values of each of these quantities 

for the different times of observation appear one below 

the other, in the order in which the 0.T.*s of the obser­ 

vations were given on the data tape.

The second part of the output consists of seven 

columns, giving/^, cos B or -cos^ , the correction to 

radial velocities for the Earth*s motion (rotation and
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orbital motion) in knv'see, sin B at the point of obser­ 
vation* the correction factor, f, for solar rotation 
( -f*R0 is the true correction in tar/eec), and the other
two direction cosines at the point of observation,. <>•••.
cos If, and cos ?z . For each time of observation, the 
/^>0:t « appear below one another in the order in which 
they were entered in the data.

As an exan^le, the output for the data given for6 
<Tuly 6, 1960 is presented on the next two pages.
046 -
B«4. Programme and Operating Instructions.

the programme is given after section C along with 
explanatory notes. The operating instructions are as 
follows:

%1. Enter programme tape in reader.
2. Set hand-switch 4, others clear (unless 

? iff required).
3

3. ITB

4. On reading -?> , remove programme tape.
5. Enter data tape in reader. 

6* Tap hand-switch 9.

7. For extra data tapes, same as instructions 
5 and 6*
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0*390799x7 . 
0*387^8750

H
3x8*25333x18

B
3,530*6 321 
3.5X9905XX

Fraction of day corresponding to the two tlaos of cfeoofftttloa

5.55456845 
5*53*3x804

0*06x44 oz8 
0*06143393

la
z-adisaw

la

degrooa 
(righ

left) and

-0*232981 57 4
-0*23457926

0*00406630 
•o* 004094x8 la degreos and

O* 26 26 046 2 
0460

o. 0045 83 32
0*0045 833X

S la degrees and *adian*

289*02 946x63 289*06632328
mi
417*^5 33 3XX 8 
4X5. 97 847 $5 »

5.04434x19 
5*045x5908

7*28244440 
7*260*^398

la dogvooa and x*ctdlan9

ia «nd;la tills oaao these figuras are ~ wwi

105*5X395535
1*84x6 2 939 
1.84x56593 Right aaoetnei<m In dog**** and

1C
22*67522972 22*67558902

o*3957S74 a 0*3957436^
Beolination ia dogvoo* and wtdlami

c ^0*25096828 -0*2509x026
0*0x638343 0*0x638368 X end X

0*9039x556 
0*903929x6

•0*00384X93
•o. 003841 04 Y and T

o. 391994X9 
o* 39200009

*o* 00x666 xx 
>o* 00x66572 I and S
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R/Ro

o. ooooo

0.99948
0.99660
0.99390
o. 9 885 o 
o. 98260

COS 3

X • OOOO

0.0323 
0.0824 
0.1103 
0.15 r a 
0.1857 t

E.M.

0.20x39

0.33821
0.33783 
o» 33747 * 
o. 33&7$ 
ot 33S??<

SIN B

0.46x4

0.0063 
0.0094 
o. or* x 
o. ox 36 
0.0x57 '

F

— o. ooooo

0.99753 
0.99469
0.99*99 
0.98659
o. 9 8 «6 8

COSx

o. oooo

0.9976 
0.9948 
0.9921 ' 
0*9867 , 
0.9809

CO S3

o. oooo

-o. 06x2 
-0.0606
- O. 06 O2
-0.0593 
-0.0585

Direction oosine« mA wtdial 
(the quantity mtoet* f tm not strldtly a wrrecticsn). 
the Taltbes fo* the two times of observation are 
«eparat«d T>y the apace.
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Q» Other Similar Programmes. 

C«l. Programme QB8 1^.

This Is essentially Chapter 2 of OBS 30-1. For 

fifty pre-determlned values of /fyo , It confutes cos 0 , 

®1+C2* Bin B» and f» assuming that all the/^i 9 s refer 

to the same ^ • The /% f s are: 1,000 to 0.980 In 

steps of O*002f and 0.940 to 0.840 In steps of 0.005* 

The Input data consist of the following numbers, referr­ 

ing to the time of observations HQ, S0 , X, Y, Z, X, Y,
«
2> B , P, ̂  , and 3 t entered one after the other. All 

angles must be In radians, X, Y, and Z in A.U. and their 

derivatives In A.U. /solar day. A 999 on the data tape 

will stop the computation on an "ERD" Instruction, but 

Is usually unnecessary, and as many data .tapes may be 

entered as required. The operating Instructions are as 

for OBS 3O1. The output consists of the first five 

columns of the OBS 30*1 output.

0*2, programme OBS 1A*

This is the same as OBS 1 except that the />//>0 'a are 

entered as data. The data tape then consists of the 12 

numbers as for OBS 1 plus the following: an integer n,
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(n £ 60) where »»12 is the number of / Ô f s to be speci 

fied, followed by the (n-12)/^b f s. The output is the

same as for OBS 1.

OBS IB.

This programme gives a mean total rat ial-velocity 

correction, along a solar radius, over a number of times 

of observation. The data consist of the twelve numbers 

required for OBS 1, for a given time of observation, 

repeated for each time of observation. As many sets of 

twelve numbers (times of observation) may be entered as 

desired (<: 512)* These are followed by the number 999 

and the value to be adopted for Ro in km/sec.

For each set of twelve numbers (time of observation), 

the computations of QB8 1 are carried out for fifty values 

of/% , going from 1,OO to 0.00 in steps of 0.02. The 

first part of the output then consists of the OBS 1 out­ 

put for each time of observation. From the computed 

Cn+Cg and f values for each time of observation, a mean 

velocity shift curve is then computed for all the times of 

observation and this curve ( f.Ro - G^ - Cg) is tabulated 

for the fifty values of /% . Only one data tape can be 

used without re-entering the programme tape.
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0.4. ftropframme OBS 3,

This is essentially Chapters 1 and 0 of OBS 30-1. 

For given times of observation, it computes various 

general solar coordinates and parameters for physical 

observations. The input is the same as the first part 

of that for OBS 30-1, i.e., everything up to the first m 

value, and the output is correspondingly the same as 

the first part of the OBS 30-1 output. Up to 73 times 

of Observation may be entered and as many data tapes as 

required may follow one another*

C* 5. Programme OBS 30-8.

This ±L exactly the same as OBS 30-1 except that the 

values of cos l!, and cos \ are not included in the out­ 

put.
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TITLE
RADIAL VELOCITY CORRECTIONS FOR SOLAR SPECTRA - HIQQS
JCHAPTERi

Y-7S

1)1-0(1)4

3)READ(£o)
EEAD(Ci)
FEAD(Ci)

JUMP3 
4)BI=Co 
IE PEAT 
l=o(i) 4

FEPEAT 
ICWLINE 
NEWL INE 
620*27 , 
6201 iS 
620,1 
620^0 
NEWL INEiO-o
K=o(i)T 
JJMPio
5)PRIHT(C8) 3,8 
SPACE
PRlNT(££8/i8o) 3,8
^EWL INE 
REPEAT 
^EWL INE

REPEAT

Repeat for eaoh of five dsys t centred on 
the day of observation

Head right Bsceneion («0 )

Convert to hours 
Convert to degrees

Head declination (tfc ) end convert to degrees

Copy right ascensions

Print BA

Repeat for each time of 
Interpolate ri|$it ascension 
Print ri£ht aeceneion (degrees)
Print ri$it sesoencion (radians)

Copy declinations
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620,37 ,
630,4
620,5
630,3
630,0
NEWL -WE 
H)=6)
K=O(I)T
6) PRINT (es) 3, 8 
SPACE 
pRlNT(C£8/i8o) 3.8
UK=££8/i8o -
NEWLiNE
IE PEAT
X7(22o)u 0 ,o
NEWLWE
1=0(1)26 
FEAD(XI) 
IEPEAT 
3=0(1)2

NEWL IN E
JUMP20,S>o
620,27;
620,24
620,0
B«=28o 
NEWL INE
JUMP22

, S>x
620*27
^o>*
620, o

NEWL -WE
JUMP22
23)620,27, 
620,26
620,0

S oo

w \ T2a)K=o(i/T

Print

Repeat for each time of observation
Interpolate declination
Print declination (tf0 ) in degrees
Print <f In radians

Store t0 for each tine of observation
Head the 9x3 matrix of X* T, end Z, row t>y 
roi? ( How gives the day, the three columns 
ai»e X? Iff and f)
Repeat the following for Xf Yf and Z (l«e« for each column of matrix)

Print

Print

Print 2

B»p«at for each time of observationw
Select a coltann from five central ro?7S (coltam 
depends upon t^e value of
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EEPEAT

JUMPio
9)PRINT(£8) 3,8
UK=£8
SPACE
1=0(1)4

Q=S+ 3!+ 3J
DJ=XQ
FEFEAT

JUMPn
?)£ I=D 
FEFEAT

JUMPio
8) PRINT (£8) 3,8
YK=£8
NEWL INE 
IE PEAT

FEFEAT' — 
NEWL INE 
NEWL INE 
NEWL INE 
ACROSSi/2

£7 =7^4 -2 £ 3+ a£ i -Co

JUMP(M) 
11)05=03-01

/5/H-D6/H 
/ 

JUMP(N

Select valuos of X» Yf 01* 2 (depending on s)
on the five days centred on the day of
obcerration
IrterpolFito x t Yt oi» 2 fdr the time of efoaerr.
Print X, Y» or 2

Repeat for fire days centred on day of obeerv.

Select values of Xf Y» or 1 (depending on 8) 
on the five days centred on the day in question

Compute derivative of X* Y» or 2 for the day 
in question (0 hra 0»T»J

Interpolate if ft or * at time °^ observation 
Print Xf Yf or i

Store Xt Yf and 2, Xf Y* and 2 for each time 
of observation

Interpolate to third differences

0«wrert honrs f minutes end seconds to 
hours f or degr®ee f ndniites and seconds to
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CHAPTE R2

0*25 
D»6o

l>»20 
Y->20 
W*20

x}x6(xo)Eo,0
)6(22o}FOiO
5«5(25o)Qo,0

4 o>Yo,0

for each tine of observation 
(fraoi stdve)

ioo)£o,0 
i6o)C6,0

Head B 
Read P 
Head 8
Read

SPACE
FEFEAT
620927 ,
6ao,i8
620^ o
630,23
620*27 ,
620118
62010
620*16

SPACE 
REPEAT 
620,27 , 
6 ao, 3- 
620,15
^20, 19
620,0 
^620, 19

Print 0083



SPACE 
FEPEAT 
620,27 
6ao, 3-

620,0
630*1^0(1)4
SPACE - 
RESFEAT 
620,27 <

620! i35 
620*19 
630*0 
620,2

OBS 30
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SPACE 
EEREAT 
620927 . 
620*5-
6ao»° Print 
620,28
620*37 * 
620,13 
620,0 
620,28

SPACE 
IE FEAT 
620,27 , 
620,19
?*°'9 t*tnt nm B620,14620,0
SPACE 
620,27 , 
620*2- 
620^0 
^0(1)5 
SPACE 
REPEAT 
620,27 ,



NEWLINE
I= 0 (i)T
Ax*F I

A8=Y

AI -tx*c i
FEAD(Axa)

a)K=i 3(1) J
PEAD(AK)

OJMPn
10) RE AD (DK) 
DK=CDK/x8o
li;)3:Bo=XSIN(DK)
?Bi=xSINfA8)
?Ba=xCOS(A9-DK)

B4=xCOS(Ax
Bs=XCOS(A8)
?B6=x/B4

?B8=XARCTAN(B7,A4
?B9=xARCTAN(Aa*A3 
Bi8=XSIN(A 9-DK)
Co-AK
PRINT(Co)2,s
Ci-x-CoSo

7XCx-XSQRT(Ci)

C2«xARCTAN(Ci,Co)

OB8 3C
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Repeat for each tine of observation

of />//>O 'B * IS 
Repeat for each vsltie of

Read ^ 4f
rt to rations

Bin Bo 
COS t

COS
COS 1. 
800 f0

APOtffltt
Aro
Sin

Jf" 4-

COS 8

?Bxo=XSIN

IN

Ao*-AiiBoCoB6)

cos e 
sin H

-ooe

BS+AixBjCo) 
C2-AxxCo)

Bi5«xOOS(B9+AixBoB6Co) 
Bx6axCOS(B8+AnB3Co)

Sto f f 
Sin 0* 
COS 
008 
COS
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Bi7 s5XCOS(C2-AitCo) C08 0*
-o« 288581481 0-17 33. 34A5Bi5Bi6-i7 32. 34A6Bi 6811-17 32.

JB,
pRlNT(c4 )i,4 Print sin B
C5=Bi8B5Co-o« 22961 885000404
PRWTt(Cs)x f-s yjtot ^3-^ rotation

820=0

823=0
3x)B23=XSQRT(B23)
824=0^8582 3Po/Bi3-B2iB^iCo/Bi 3
PR^NT (824 X) i *4
NEWLINE -
FEPEAT
NEWL 1NE
NEWL INE
REPEAT
ACROSSi/o Retnwi to beglrmlng fto new dataPSA
XARCTAN
XSIN.
CLOSE

CH APTE Ro
YARIAELESi ^ ^I)READ(T) Itoafl juaatoar of tlmeo of observation, on 
OT+I giTcm day» less one
NEWL INE 
NEWL INE

620,6 
620,0 
NEViL B4E
K=O(I)T Repeat for oaoh time of 
1

(I)T 
(1)2 
D(£

REPEAT



JuMPx2 
2)YK=Co/24
RRWT(YK)*3,8
NEWL INE
FK=e o-o. 08 34444 44
REPEAT

JUMP2I
20)C»=1

1=0(1)2

FEAD(C2)

JUMPi2
j)EI=Co 
IE PEAT 
I=o(i>2 
£I»EI
EEFEAT 
QK
Q=A)
=O(I)T

NEWL INE 
620,27 ,

OB8 30
233

Convert to hours 
Fraction of day

fraction Of

,0
NEWLINE
KS O(I)T 
pRWT(c(K+ 5 )) 3*8
SPACE
PRlNT(cc(K-»-5)/i8o)3f
UK=CC(K+5)/r8o
NEWL INE 
FEFEAT
X7(io)Uo t o
NEUL INE- 
620,27 ,6£ 2Q >*~ 
020,0

toeal mean time

Head uwafcer related to
set C* - 0 if $*« a*e derivable from

Read egoatim of tiro

Convert to hours

Repeat for each time of dheervnticm 
interpolate agoation of time

»int H

Repeat foi* eaeh time of observation 
tow eaagle in
hour angle in radians

Store BO £#** each time of observation

Frint B
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fCWLINE 
READ(£o) 
FEAD(£i) 
READ(£2)
tf-6)
K=O(I)T Repeat for each time of observationJUMPi3 Interpolate BO at time of observation6) PRINT(£ 5 ) 3,8 Print BO (degrees)SPACE ^pRlNT(££s/i8o)3,8 Print Bu (radians)UK=££5/i8o ^NEWL INE
REPEAT
*X7C4°) U °»° Store BQ for eaefc time of observationNEWL-INE - v 620,27 ,
6*o,i6 Print P 620,0
NEWL INE
READ(£o)
&&(£*) ?><*** 9*READ(£2) aeadP
KS O(I)T Hepeat for each ti®e of^Mpi 3 % interpolate P at tiae of observation25) PRINT(£S b, 8 Print P (degrees)SPACE
PRlNT(££5/i8o)3»3 print P (radians)UK=££5/i8o
NEWL INE 
FEf'EAT
x?(7o)Uo,o Store P for e©oh time of observationNEWL WE — 
620,27 ,
620*19 Print 8
6 2O,O
NEWL INE

READ(£o)
KAD(£x) o^afl oFEAD(£2) Heaa 8

SM^ convert to degrees
S)F I=£o
REPEATf 
1=0(1)2 
CI-FI 
IEPEAT
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JUHPiS
7 ),PRINT(£ S) 3,8
SPACE
PRINT(££s/i8o) 3 ,8
UK*££ 5/180
NEWL INE
FERE AT

NEWL INE
620,27 ,

620,0

NEWL INE 
FEAD(£o) 
F£AD(£i) 
EEAD(£a)
0-9) 
K=o(i)T
JUMPi3
9)PR*INT(£s)3,8
SPACE
PRINT(C£ 5/180) 3,8
UK=££s/i8o -
NEbL INE
REPEAT

INE 
620,27 ,

620,8 
620, 9 
630,0 
NEWL -INE 
K«o(i)T

Repeat for eaoh time of observation 
Interpolate s at each time of 
l»x*int © (degrees)

Print S (radians)

Storo S fox* oaoh time of observation

Print

Head Lo

Repeat for eoch time of
interpolate l^ at the time of observation
Print £9 (degrees)
Print 3^

Store

Print

for tirae of observation

Repeat for eooli time of Observation 
Print $t aseiHiing It ie derivable from

SPACE
PRINT(C(K+5)£/i8o+£A/i8o)3»8 
UK=C(K+5) £/i 8 o+£ A/I 80
NEWL INE 
FEFEAT
X7(i6 0)Uo,o
ASROSSi/i

Stop© # *&& tiro of dbsewatiim

JUMP(P) hours, or 
degrees

, to
t mteute« sand ©eccaidB to
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S/3 ̂  WK£4/a ******* to second
P5A 
(LOSE
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PART II. REDUCTION OP IflTERFEKOMETRIC (CIRCULAR CHANHEL) 

PLATES

A. Introduction.,

In order to facilitate the reduction of large numbers 

of interferometrie plates, programme OBS 4 was written* 

This computes accurate wavelengths, along with their 

standard deviations, of all the spectral lines on the 

circular channel plates from data obtained using a special 

measuring machine (see Chapter S for details).

B* Programme QBS 4. 

B.I. Input Data.

The input data consist mainly of the measuring 

machine readings, and in designating these, the termin­ 

ology set out in Chapter 2 will "be followed. In addition, 

individual readings of arc positions will be specified 

as follows. The arcs (or interference rings) will be

numbered outward from the centre of the plate, from 1 to
A,*. 

N, starting from the first measured arc and where the N "

arc is the measured arc farthest from the centre. Thus

a» refers to the reading for the third arc to the "a*1 3
side of the centre in the wa-cH arm of the cadmium cross.
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An asterisk will denote the reading for the corresponding 

arc after the plate has "been rotated 180°. Thus a$ 

refere to the reading of the above arc after the plate has 

"been rotated (it matters not which of the two readings 

of each arc is referred to as the "rotated*1 reading). 

The arcs of lines perpendicular to the wa-cw arm will he 

designated "by b^ and d^ (including the two pseudo-lines 

of cadmium). Finally (b^) will refer to the angular 

reading obtained when setting on the bjj arc of a given 

line.

The input data consist of two parts, the first "being 

"basic data on the spectral lines whose wavelengths are 

required, and the second being the observed plate read­ 

ings. The first part of the input is as follows: an 

integer s, where s is the number of lines of unknown 

A on the "a* side of the *b-dH arm of the cadmium 

cross; an integer t, where t is the number of lines on 

the H c tt side of the ttb-d** arm; approximate wavelengths 

(in A units) for the (s+t) lines, from the Matt side of 

the plate to the Hcw side; phase change factors, k, for

the (s+t) lines in the above order; camera focal length
^. 

factors, P » (^/JXj ̂  *or *he ( B+*) lines in the above

order; an integer n, which is the first trial integral 

order of interference for the cadmium line; and finally
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a control number, The latter is zero if the "best of 

1OO trial integral orders of interference for the 

cadmium line (starting at n) is required, otherwise the 

trial integral order of interference is chosen for which 

the mean square of the difference "between the trial 

orders of interference and the observed orders of inter­ 

ference (for the unknown lines) Is less than the control 

number. Values must be given for both s and t t even if 

ssero. The phase change factors are chosen so that the 

true etalon optical thickness for the unknown wavelength, 

X » is 2t+kAt where 2t is the optical thickness for 

the cadmium wavelength*

The second part of the input data consists of the 

plate readings, which are given in two columns separated 

by two w8PACIttf B. The data start with the readings for 

the "a-e" arm of the cadmium cross, the first column 

giving the readings a^ ...... »,!<*, ••••• c * The

second column gives the corresponding "rotated11 readings, 

* etc. The number 999 terminates the "a-c11 data,

This is followed by the data for the "b-d* arm, the first 

column giving bj», • • • • * &R* and the second b*» etc* 

Again 999 terminates the data* Following this data for 

the cadmium cross, the readings for each line of unknown 

X and the cadmium pseudo-lines are given. These are
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given in the following orders Cadmium *aw pseudo line, 

the unknown lines from the *a" side to the "e* side, and 

the Cadmium "c" pseudo-line. If all the unknown lines 

are confined to the **I M (or "e") side of the plate, only 

the Cadmium ''a 1* (or *c") pseudo-line data are given. 

For each of these lines, the first column gives the

readings b^ f d* , bgf dg, * . * . bjj, djj, and the second

column gives the readings b^ , d^ etc. in the same order. 

These are followed by 999 and four numbers in two columns 

of two. The first column gives 0 (b||) and 9 (&$) , and 
the second gives 9 * (bj|) aa& 0 * (<%) *

It must be noted that readings must be given for all 

the arcs from 1 to N (K may vary from line to line, but 
must be the same for the Ma-c rt and ttb-drt arras of the 

cadmium cross). If certain arcs are not measurable, 

therefore, all the readings for those arcs must be entered

as zeros.

Data for other plates may follow on the same data 

tape. If the first part of the input data is the same 

as for the preceding plate, the data for the next plate 

commence with the wa-cw readings. If, on the other hand, 

the first part of the input data is different from that 

for the preceding plate, the number 777 must be given
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followed "by the input data commencing with the integer a.

A aaraple input data tape ia given on the next five 

pages, referring to the determination of the wavelengtha 

of the aeven spectral linea need in Chapter 3, ueing a 

2*5 nm etalon spacer.
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50.463 79*66 o
o

48.768

45*8X5

89.892 
82.885 
84. 31 x

45*823 84.305

327*8 147*8 
214* o 34* o

55*865 74**74 
55*878 74.26/8 
5>370

0*5X8

-7 8.823 
80.633

47.920999 •--
82*238 
82.2x8

339*4 159* 
202.4 22*5

55*65* 
55*643

51*150
5X.X5T/ 
49* 38» 
49 • 390
4N7*4

74.480 
74*47X 
76*943 
76^ 934 
78.977
78.97« 
80*750
8o.739 
82.^52
82. 340

999-

088 k

Data for first tmtaiowa line (terz»eatrial 
line in this oaee)

Data for soond xmknovm line (solar 
ir*on line

fso 
)

for tJiird tmknown line (terrestrial 
line)

35I.X • 171.0 
190.7 , 10.8
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B»2. Oonsniter Output.

Certain precautions hare been written Into the 

programme and It Is possible that the computations will 

halt on an "END* instruction before all the output has 

been given. In such a case, a characteristic number 

terminates the output* These characteristic numbers 

and their Interpretations are as follows. A 999 sig­ 

nifies that the number of arc readings given for the 

rta-c* and "b-d* arms were not equal. A 998 signifies 

either a machine fault in the computation of the frac­ 

tional order of Interference for the cadmium cross or 

extremely bad data (this should never occur)* A 997 

can only arise when the control number in the first part 

of the input is not zero, and it signifies that none of 

the 100 trial integral orders of interference gave a 

mean square difference between the computed and observed 

orders that was less than the control number. In such 

a case* the machine does not stop but reads data for the

next plate.
Aside from these rpocial cases, the output consists 

of the following numbers. After ^DIFF** the value 

adopted for 4x. is given, followed by the maximum absolute
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values of 28a~88e and 28b-»28d. These are given In the 

same units as the arc readings in the input. The 

number after "ED" is the vnlue of A B* for the cadmium 

cross (in the above units squared). The next group of 

quantities designated *by MPO* are fractional orders of 

interference along with their standard deviations. 

The first of these, specified "by WCW refers to the 

cadmium cross; the next, "OB11 refers to only the fl"b~dtt 

arm of the cross; "CA0 refers to the Cadmium waw 

pseudo-line; the next group of fractional orders, which 

are undesignated, refer to the unknown lines, from "a" 

to *CH ; and finally "CO* refers to the Cadmium "c* 

pseudo-line. The number following ^lO* gives the mean 

square difference between the computed (approximate) 

orders of interference and bhe observed orders of inter­ 

ference f and it is followed by the adopted integral 

order of interference for the cadmium line. (If the 

fractional orders of interference observed for the 

cadmium pattern are ^ 0.9999 or 0.0001, this may be 

one less than the true value used in the computations.) 

Finally the accurate wavelengths of the unknown lines 

are given, from *aH to rtcw (in A units) along with their 

standard deviations. Although given to five decimal 

places, the computed wavelengths are only accurate to
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four places* On the next page, the output corresponding 

to the sample input is given as an example.
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CIRCULAR CHANNEL REDUCTION - HIQQS - X2APRIL6 i

OK
02
03
00

271
037
035 
o6x

DIFF -o* 0085 oo o* 031 o 0*02x0

CD 2x4*20554

FO C 0*5x657, 0*000x8

FO CB 0*5x563 0*00023

FOCA 0*51877, 0*00093 

FO 0*06533 0*00083 

FO 0.61407, 0.00068 

FO 0*69x53 0*00076 

FO 0*65446 0*00x08 

FO 0*98775 0*00x^3 

Ft) 0*32884 0.00157, 

FO 0*96702 0*00083 

FO CC 0*5x709 0*00x43

10 0*0000058 

6295*96064

6 2 99* 22 85 o
6 3 ox* 5 00x6 
6301*99925 
6302*49250 
6302.75344

8341.o

0*00082 
o* 00062 
o* 0006 x 
o* 00084 
o* 00090 
o* 00124 
o* 00076

os&wro of
for the seven tmtoewm iin0«, followed 

thalr ctaaftdard deriations

f oi» th©
followed toy thel? standard 

devlationo
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*• 3* Programme and Operating Instructions,

The programme, along with explanatory notes is 
given on the next fourteen pages. The operating 
instructions are as follows:

1. Enter programme tape in reader.
2. Set hand-switch 4, others clear (unless ? 

is required).
3. ITS

4. On reading r> » remove programme tape.
5. Enter data tape in reader.
6. Tap hand-switch 9*
7. For extra data tapes, same as instructions 

5 and 6*
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TITLE
CIRCULAR CHANNEL FEDUCTION - HIQQS - iaAPRIL6i

CHAPTE Ri

B»20
Oao 
0*40

Gf+20

Y-*I6 
W-»20 
X*20 
Y-*20 
£-•20

J=o(i)l Repeat fw each ring &t Q&timtwR pettawi

JUMP20, o. 01 >ZP omit i»lng8 «tii<^i w©£© not
FF^FP-o* 0000008486 8FPF

QP=XFRPT(FP)

20) RE PEAT _ 
£5=C5/E £*=£
DDWN7/3 Check that no special values of £ n
F=£ 5' entered into the derivation of £ » i»e.
6*0,27 > values sneh as 0*9999 and 0*0001020*6-
620,15
eo0*? Fyintl tO OS SPACE
6ao,27 . 
620, 3 
620,2
620, o



OB3
253

PRlNT(F)i,5

jUMPix,o.oi>ZJ 
FJ=XMOD(Qd-F) 
Q*Q+FJFJ 
it) RE PEAT

D-E-i

HHNT(Q-)x,S 

i >F
F=F-i
ax )NEWL INE
1CWL

3)READ(Co)
JUMP4,£
IEAD{£i)

JUMP3
4)^=0(1)3
fEAD^VJ)
FEPEAT
5)eo=XMOD(Yo-Y2)

JUMPS, Cx»i 80 
JUMP7 ,

OJMP9

£o=XCOS(£o)

I*XlNTPT(Qo)

Print e
Repeat for eeoh 
Ooit rings notie n -ei

Conjmte etondard deflation of

standard deviation of e
Retain the fractional part of £ may t>e a number suoh ac 1.0001)

CADMItJK A
lead R» starting at the b arc fcrthoat fromthe pattern oentre
lead Hf for the BQIBC are after 180° rotation2S, or 28 t depending on whether a t> areor d are is measured

Read the four angles 
fe and d ares

given for the extreme

Bean angle 0 in degrees 0 in radians
S 2_ for the largest neasttred

of seasttred rings less one 
Hapeat for each ring

ZJ*UK
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jUMPxa,o*ox>UK Omit rin^e not wsaenred
QJaUKU(K+x)-C3D £8,028* * 
QJ«G|J-o» 00000084 86 8QJQJ Eft* 
JUMPI3
ia)QJt;o

£5=0

JUMP22, O.OI>ZJ
QJ=XFRPT(QJ/H)

22)REFEAT

DOWN 7/3 
NEWLiNE 
6*0,27 , 
630,6- 
620*15 
620, o 
SPACE 
620,27 . 
620, 3 
620,1 
620, o

Qpo

, o»oi>ZJQJ=XMGD(CS-QJ)
14) RE PEAT

Q«XSQRT(Q) 
PR1NT(Q)i,5

INE 
NEWLINE 
ACROSSx/2 
PSA 
XSQRT 
XCOS 
CLOSE

Set % «0 for rings not measured

Repeat for each ring 
Omit rings not measured

Check that no special values of £ n 
entered into the calculations

FHnt to CA

Print e
Repeat for each ring 
OEdt rings not

Compute standard deviation of 
print standard deviation of e

Retain fractional part of £



CHAFTE Ra 
VARlABLESi

j>Rfx°.

3>JUMPxa.N>L 
f€AD(£o)
jUMP4 ,£o=999

JUMP3
4)'>! 0(1)3
IEAD(YJ)
EREAT
5)£o=XMOD(Vo-Va)

JUMPS t 
JUMP;,

80

7),JUMP8 f£x>x8o 
JUMP9 -
8)

Co=eCo/i8o 
£®«XCOS(£o)

JUMPio,N>K

4i)I=XlNTPT(Qo) 
D«=I
J=o(i)lK-aJ
ZJ=UK

0» oi >U K

CM k
255

fotal of wsrelengttis to
Of 

Rea<3 R » Rf 9^ Compute 25,
at)ovo for the cadmium A

GS

Change the sim of 2x If the line concerned 
has an x > 0 (i.o. it is on the 0 side of

Compat© Uu 
USe

as abovo fox* the eadmitaa A

Q J=Q J- o« o o ot>o 084 8 6 8Q J3 J

REPEAT 
JUMP(O) Control to allow some of n^ore Instructions 

to 1>o n0od for the oodnltan C peeuAo-line



£5*0

OJMP50, o« oi>ZJ 
7QJ=XFRPT(QJ/C 4 )

0) RE PEAT

£5=85 /E 
DDWN7/3
620*37 . 
6ao,6
620,15 
620, o

Y=o

JUMP37 , o. 01 >ZJ

Y=Y/E 
Y=Y/D« 
V^XSQRT(Y) 
PRINT(V>i;5

AWXINTPT(XN)

3o)NEWLINE 
NEWLINE N=N4i - 
JJMPa

JUMPao,T=o 
i3)READ(Co)

IEAD(£i)

14)^0(1)3 
FEAD(VJ) 
IE FEAT

OBS
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fooal length f aeto*

£„ for each ring

TO

Compute deviation of

Mint standard deviation of £

Store fractional part of £

Repeat for next &easui*ed spectral line

Omit the following if there are no lines 
on the o half of the plate

0

Coapwtation as tibtm for line® of tmfenotm 
wovelengths
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OJMPx6,£o>x8o 
JUMPX7 -;

JJMPX9

£o=XCOS(£o)

3 
/ a-x

JLJMP4i 
39)5=0
JUMP53, o«oi>ZJ

52) RE PEAT

DOWN 7/3

620*6 -
6*0*15
620, o 
SPACE 
620,27 , 
6 2 Of 3 
6ao^ 3
62O| O
PRfNT(C5)x,5

JUMP4 o, o. 01 >Z J

V»V+QJ;J
40) RE PEAT

PRlNT(v)x f 5

to pi*errl<ras routine to oalcmlato %

Print fO OC

Print

compute otsndard deviation of

Print standard deviation of £



3, x >Y

S3)NEWL1NE 
NEVILINE 

0/3

fEFEAT
OJMPax,T= 0
J=S(i)R
?CJ=F+YYJ/Z-FYJ/Z
21 )NEWL 1NE

PSA 
XSQRT 
XCOS 
(LOSE

088 k
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Retain fractional part of £

Check that all cadmitm & f s are oooparafele* 
e*g« no 0«9999 f s and 0,0001*0 
Repeat for each line with x < 0 
Estimated eCci at the position of the line

Repeat for each line with at > 0 
Estimated £cj at the position of the line

CHAPTER3 
VARIABLES i 
i)JUMPi7,B=o 
^=0(1) zoo

?EJ«CDo/AJ 
FJ=XFRPT(EJ) 
F=XMOD(FJ-XJ+BJ) 
?FJ=F

JUMPi5,F>FJ 
EJ=»EJ+x

I5)E»E-I-FJFJ
FEFEAT
7E>E/L
JUMPa,B>E
FEFEAT

, xoo>Q

JUMP6

Gait the following if the error limit « 0 
Repeat for 100 trial integral orders
Trial order of_interference for eadnium Repeat for each line
Order of interference for wavelength of line 
Trial £ for line
Difference between (observed & - phase change 
correction) and trial £
Seleet beet fit of £ and 1+L

Mean sojuare of the difference
Stop whan nean somre Is less than the
preset error limit
If no integral order for cadmium is found 
that satisfies this rogtdrcttent, print 997 
and read new data
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3)J=o(i)R

IE FEAT 
620,27 , 
62019- 
620,15 
620* o
PRlNT(E)i, 7 , 
RUNT(Do-W)6,i 
NEWL WE

IE FE AT

J*S(x)R
SQRT( Y4V4+V6Y6

FEFEAT 
5)NEWL1NE

TEvDoC+CJC-WC 
FvEJ+XJ-BJ

PRINT(QJ) 4 ,

Repeat for each lino
Adopted integral order at warelength of
line

mat 10
Print seen square of
Prtnt eatoitai Integral order
one less than the tme

e
this »ay

Repeat for lines with x< 0

Kean error (ststnaerd derlation) in oaAmltas 
fractional order at line position

Repeat for lines witfc x>0

Bean error of cadmltua fractional order of 
interference mt line position
Repeat for each lino
Cadaltro order of interference multiplied by 
OMw of interfex*ance at line wavelength 
Wavelength of lino

line

of
?V8=XDIVIDE{HJ,EJ+XJ-BJ)
7V 9=xSQRT(V7Y7tV8Y8) Compute seim error (standard
1Y9 =QJY9 - - 6801l WfiTfeleti^tll
ffilNT(V9)i,5 Wint siesn error of wavelength
^EWL IKE
EPEAT
^EWL1NE
hEWLINE
JUMP6

Repeat for each ring of interference pattern 
01 >z J Colt ring® not teeasured

Chadc ^iat e h and e agree within
7)<J-o(x)I

JUMP9
io)REREAT 
UP

If not, Increase the low £ 
coispute a new d
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8) RE FEAT 
£5=0
J*o( n ) I 
£5 =£5 4QJ 
FEPEAT

UP

QJ=XlNTPT(HJf 0.s) 
OJMPl3,QJ>o. 9 
HJ=HJ+i 
I3)REFEAT

35)FEFEAT

Q«=XFRPT(Q
UP
17)0=0(1)100

EJ=GDo/AJ
FJ=XFRPT(EJ)
F=xMOD(Fd-XJ+BJ)

JUMPi8,F>FJ
«^J=F
x8)ZQ=ZQ+FJFJ

REPEAT
K= XM IN (Z 0,0,100)
620,27 ; ~ ~

620115 
620, o

PRINT(A+K)6,i-:

Repeat for each ring
As in routine 7), If some £ n f e have special 
valties, moaify low vslties 
nasr t

fot> 100 total integi'al 
for

Trial oadsdim order of interference 
Repeat for each line
As la routine l) f 
difference between
observed 
lines

B,

coropwte mean square 
tlie tfdal £ *® smd 

over aH the

Choose the integral order giving the smallest 
mean ©qunre diff er<mce

IWnt 10

Print th© miniimna 
Print oadmitan 
(This value my be 
value used in the

difference
order of Interference 

one leas than actual
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v>=o(i )R Repeat for eaeh line
EJ-CA/AJ+WC/AJ+KC/AJ ATOtTOdaate order of interference at line
P=XFRPT(EJ) Approximate e for line
Brt«F 
P»XMOD(F-XJ+BJ)

EJflEJ-i 
JJMPi 9

?x$)Ej=xlNTPT(*Ej)

6)ACROSSa/o
o. 2,54)

S4)Cf£CK(F,Y, 0.2,56)
¥=Y+i
S6)CICCK(W,F,o.2,57)

P5A
XSQRT
CLOSE

integral order of interferewse adopted for
0aeh linil
Adopted order of interference for

that all cadmlxan C f s are ccanparcible
of cross §

line at and paeudo~line e)

CHAPTERo
A*20

0*20

lead moflier of line® with x^O (on side a) 
Head ira&er of lines irith x >0 (on aide e)
Standard cadmitm
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I=o(i)R 
FEAB(AI) 
IE FEAT
I*o(x)R 
iCAD(Bl)
IE FEAT

lEAD(tCi) 
IE FEAT 
EAD(A) 
FEAD(B) 
1CWLINE

ICWLINE 
3)READ(£o)

JUM Pi ,£ 0^=777 • . 
!EAD(£i) —— 
D$=xMOD(£o-£i)

JUMP3

5)FEAD(£a) 
JUM 1=6, £ os=9 99 
fEAD(£i) 
EP=XMOD(£o-£i

I=XlNTPT(-Ux 
E-l+x

JUMPi6
I5)£J=DJ-DK
i6:)REFEAT

D=D+£J 
EFEAT 
I>D/E

Read approsiaate trarelengtha for each line

Head phase ehndoge corrections for each line

Read caoara fooal length factors for each
line
Head approximate Integral order of interference
for oa&nium, and the preset error limit
cu&nztm CBOSB
Read If etirrting with the are of the a-c 
ana having the coat negative x
lead 8f , for the same arc after 180 rotation 
28. or 28ft dep«Dding on are 
Ooflnt the total nuafcer of are®

A8 a'bore, 'Nit for tti® ares of the T>»d arm 
of the cadniimj ores®
2% or 2S^ depending on are 
Count total nuEfoer of aros
Total ntanbor of aros in the a~c arm lese one 
Correspooding moslber of ringe lees erne
Ute'ber of rinOT 
Repeat for each ring
Omit rings whioh i?ere not sacaetxred
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6201 27 ,
620,4
620*9
620,6
620, o 
SPACE 
SPACE 
PRWT(D)i,6
3s o\ i ) I

FEFEAT 
SPACE
K=XMAX*(£O, o, I)
PRlNT(CK)ii 4

OECK(U2,Uof 0.01,7)
Uo=999
PRINT(UO) s» i
END

)I

FEFEAT 
J=o(i)I

fEPEAT
fc=xMAX*(£o, o, I) 
FRINT(£K)i f4
^EWLINE 
NEWLINE

Print

ppint

Select largest differtsnce
thio

Ofcaok that the Q&m inimber of ei«os 
moasured in each zrm of the OPOSB. If not» p^nt 999 and atop
Repeat for each ring

ference (28v-% °e

mtniber of rings in ca^mitua pattern

L=o

9) JUM Px o, o. oi >DJ
JUMPxi 
xo)E-E-i :

Repeat for eaoh ring

Omit rings not measured

JUM PI a 
xi)QP=DJDK/2+EcEK/2

o» 0000008 4 86 8Q R
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L+ PP &et*st square solxitlcm
X i) RE FEAT
&=XDIV1DE(EQ-MF,LE-MM) 
£i«XDlY IDE(LF-MQ,LE-MM) 1 
F-XFRPTCd/H) 
620,27 >
620,4^ Ih^int 
620*4
620, o
PRINT(H)4 ,5 FPtnt
fcWLINE -
ICWLINE
620,27 ,
62016
620,15
620, o ShPilit H*0 0
SPACE

6201 3- 
620* o 
SPACE
PRINT(F)i,s
W=F -
QFO

HJ=QJ/H 
HJ=XFRPT(HJ)

Repeat for each ring

•**Tra ffaKf

JUMPi 9 
I8)HJ=666

CHECK(Q,F, 0.0001,8) 
DOWN i a/3 -
CHECK(Q n,F , o. oooi , 8) 
110=996 - - -- — •
PRINT(Uo) 3,1
END
8)U=o

that £h * & . If Mitf »dlfr 
aemaBlng that nome are ©li^tly > 
othoro slightly < 1. If tcot fails t 
it can only do in the case of m#y 
data OF a machine fault* print 993 and stop

OJMP2o,HJ=666 
HJ=xMOD(HJ-Q)

fox* each ring

ao)f€FEAT
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PART III. SOLUTION OP THE FREDHOLH INTEGRAL EQUATION

A. Introduction.

In order to solve numerically the Fredholm integral 

equation arising in line profile studies due to the 

apparatus function (see Chapter 2), several programmes 

were written* Aside from the Fourier transform pro­ 

gramme mentioned in Chapter 2, the most successful was 

the iteration programme, OBS 11-E, based on the method 

of Burger and van Cittert* Two other programmes were 

also developed in this connection, however, one of which, 

OBS 11 - C, utilizes the Cteuss-Seidel iterative method 

for the solution of the integral equation. Finally, 

a programme, OBS 11 - D, was written for the inverse 

operation* That is, Icnowing the true line profile and 

apparatus function, an "observed1* profile is computed. 

In the following, the Burger-van Cittert iteration pro­ 

gramme will be given in detail, and short instructions 

for the use of OBS 11 - C, and 11-0 will also be 

presented*
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OBS

B.I. topulf Data.

Since this programme is intended to "be applied to 

line profile studies (although it is not restricted to 

such use), corresponding terminology will be adopted. 

The observed profile will he assumed to be tabulated 

from "violet" to "red1*, i.e. , in the direction of 

increasing wavelength. If this is the case, the appar­ 

atus function must be tabulated from red to violet, 

opposite to the observed profile. Both of these func­ 

tions must be tabulated at equal intervals, A x, and the 

apparatus function need not be normalized. The observed 
profile should be of emission type, i.e., the tabulated 

values should approach zero in the wings (it is per­ 

missible for the wings to approach a non-zero value, A, 

if a large number of A's are tabulated at either end of 

the observed curve. The number of points so added 

should be comparable to the number of points in the 

apparatus function). The zero reference of the apparatus 

function is assumed to correspond to its maximum value.

The input commences with an integer specifying the
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number of points at which the apparatus function is 

tabulated ( ^ 180), followed "by the values of the appar­ 

atus function at these pointy tabulated from red to 

violet. Ifext is an integer giving the number of points 

at which the observed curve is tabulated ( ^ 140). 

Following this is a number specifying the accuracy 

desired in the iteration, and should "be comparable to 

the standard deviation of a single point of the observed 

curve. This controls the termination of the iteration 

as follows: If the n^*1 approximation to the true profile, 

when folded (broadened) by the apparatus function, 

differs from the observed profile by a mean difference 

E, and a maximum difference 15 _» the iteration ceases 

when either E is less then the above number or S^^ is 

less than five times the above number. Finally, the 

observed profile is given, tabulated from violet to red, 

and is followed by another control number. The value 

of this latter number depends on what is to be taken as 

the first approximation to the true profile. If it is 

to be the observed profile, this number is zero; if it 

is to be the observed profile less a function of its 

second derivative (see Chapter 2 for details), this 

number must be the half width of the apparatus function



CBS 11-E 
269

in units of Ax „ Several data tapes may he entered, 

one after the other.

A san^le data tape is given on the next six pages. 

The apparatus function is that derived in Chapter 4 for 

the Bab cock grating (A* m 5 raA), and the observed pro- 

file is that of a typical iron line at 6300 A.



10^0*0

9020*0 
6 t io*o

£ ̂ 10 *o 
I i^o »o

9010*0
OOIO *0

o -^600 *o 
o ^900 *o 
oo 900 *o 
o^ 4oo*o 
oo£oo*o 
t L 900 »o 
69^00*0 

*o

pas
u|

pea aoaj

jojo

1^00*0 
£00*0 

96^00*0 
p 1^00*0 
96^00 *o

9 i£oo*o

eoo*o 
I Z,zoo *o 
o 9^00*0 
6 £ 200*0 
•^9200 *o 
£ 9^00 *o 
ooeoo«o 
oS 100 »o 
00100*0 
o£ooo*o 
00000*0

OZ.S 
g ~ II 880ViVa



£otoo«o 
9? to 0*0

oo£oo*o

£ t£oo»o 
0 1 900 »o 

' I if 900*0 
01,900 *o 
01 too «o 
06 too »o 
06900*0

S 9600*0 
o 110*0

0910*0

£6. £0*0 
£

6 tx *o

99-0

£ S Jo «o

IZ.S 
g - II 8*0



sj ^| pro® V 
u@ jo stijoadpea

S Loo ^> 
/i 900 «o 
1900 «o 
??oo «o 
o

ofroo «o 

«o

9^00 »o 
tsoo «o 
ozoo «o 
Z,ioo «o 
i^ioo «o 
1 100 «o 
6000 «o 
Z,ooo «o

jo
**PHJT aoaae

jo
z 900 «o

- n 880

ooooo «o

JO O 100 «0
o S ioo «o 
£6100 «o 
oieoo «o

«o 
Lzoo »o

iKoo«o
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o*>oo7 5 
0*0082 
o. 008 9

0*0098
0.0x07 ,
0*01x6
0*0x40
0*0150
0*0x58
0*0x66
0*0x7 3
0.0173
0.0x79

o, ox 8 5 
o, 01 90 
0*0x96
0. O2O2
0.0x88 
0.0x99 
0.0214 
0.0232 
0.0250 
0,0276,

0.0307 
0.0349 
o* o 386 
o* 04 24 
o* 04 92
0.0533
0.06 xi 
0*0748 
0*0904
Or! 67"9 
0*1269

0*1488

0*1996 
0.225I 
0*2484
o* 27 03
0*29x4
o, 3122
0*33X7
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0*0400 
0*0404 
0*0406
0*0407 
0*0408 
o. 04 09 
0*0409 
0*0403 
0.0402

o* 04 oa 
0*0401 
0*0400 
0.0399 
o*-o4 23 
0*0418 
0.0411 
o* 04 oo

0.0387 
0.0299 
0.0271 
0*0244 
0*0218 
0.01 93 
0.0170 
0.0x48 
0.0127 
o. ox 07 
0*0089 
0.0072

6.32 Half^intansity width *f the apparatusfraction in tmlta of 5
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B.2. Computer Output.

The output can take two forms, depending upon the 

way that the iteration terminates. If the iteration 

terminates due to an approximate solution fitting the 

observed profile, when folded, within the preset accur­ 

acy, the output is as follows. After W ITER.W is given the 

number of the iteration at which a satisfactory solution 

was obtained* The number after "ERR.* gives the E for 

this iteration, and the number after "M* gives the

corresponding I^.,,. The true profile thus obtained is•^ max
then tabulated below "FINAL CURVE11 . The first column 

gives the abscissa (in units of A* ) corresponding to 

the points at which the observed curve was given (0 

refers to the first point of the observed curve). The 

second column gives the corresponding values of the true 

profile (tabulated from violet to red).

If the iteration is stopped manually (see B.3) or 

stops because ̂ n> E^i (which can only arise through 

rounding errors), then the output takes another form* 

After "BEST11 is given 1 and ¥ , where n is the number 

of the last iteration completed* Then n is given in 

parentheses, followed by ^M" and E for the last iter-
•UcAiA.

ation. The approximate solution obtained from the last 

iteration is then tabulated as above.
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The output resulting from the sample data tape 

given above is presented on the next three pages. The

iteration in this case has halted since i: _ is lessmax
than five times the preset accuracy. (The true pro­ 

file derived here is rough because the second derivative 

of the observed curve was not at all smooth. It would 

thus have been better to set the last control number in 

the input equal to zero).
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at :
oo 6 31

ITE R. 1 i E RR* 1 o* 0091

FINAL CURVE

M o. 0291

dcvlatloaia
«f ooapletewl

§ BMEUP- tiBB& SB8X3jSQ&

o
*
a
3
4
5
6
7-
8
9

10
it
ia
X*
X4
x$
16
X7<
16
x$
30
a*
aa
a 3
*4
«S
a6
a? .
a8
»9
30
3t
3*
33
34

O* 6OQ7 y
o»oor6
0*0008
0.0013
0*0016
o* 00x8
o* ooa 3
o. ooa8
0*0032
0*0035
0*0038
o* 0044
0*0049
o* 0053
o* 005 9
o* 0074
0*0074
o* 0079
o* 0079
o* 0087 .
o*orot>
o* 0085
o* or 06
0*0x48
0*0x75
o* 0x55
o* ox f 8
o* ox ? 9
0*0x71 ;
o* 0x7% :
o* ox 87 /
o* 01 83
o* 0227 ,
o* 0*06
o. 0x65

Yiolet to at 5 u Inteirrala
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35
36
37 *
38
39
40
41
4*
43
44
4246
47^
48
49
So
5r
5*
53
54
55
5*
57.
5«
59
60
6x
62
63
64
65
66
67,
68
69
70
71
72
72
74
73
74
7?/
7$
79
80
8x
82

0*0151
0*02x4
O* O2 22
0*0234
o* 0249
O* O3 91
0*0354
0*0348
0*0414
0*0475
o* 04 44
0.0436
0*0635
0*0856
0.1015
o* x x 33
0.1413
0*1732
0*2044
0.337 3
0*2550
0*2?2T<
o. 29 37 ,
0.3x59
0*3364
o. 35 51
0*3688
o* 3882
0*4082
0*4233
0*4259
0.4311 :
0*4356
o*4395
0.4 37$
o*4355
0*4280
0*4x82
0*4094
0.40X4
0.3921 :
o* 38x7 y
0*3699
0*3513
o*335i
o* 31 05
0*2902
o* 2599
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®* ̂ * Programme and Qpera ting Instructione»

The programme, along with explanatory notes, is 

given after section C. The operating instructions 

are as follows:

1. Enter programme tape in reader.

2. Hand-switches clear*

3. ITB

4* On reading —> , remove programme tape*

5* Enter data tape in reader.

6. Tap hand-switch 9*

7. The number of the iteration in progress

is displayed (in "binary) in register BS. 

After each iteration ( ~ 30 sec) there is 

a hoot.

8. To stop the iteration manually, after the 

hoot, set hand-switch 9. The computa­ 

tions will then stop on the completion 

of the next iteration, and the approxi­ 

mate solution will "be printed out.

9. For extra data tapes, same as instructions 

5 and 6.



OBS 11-E 
282

®* Other Similar Programmes* 

C* 1* Programme OBS 11 - q«
Jr

This programme Is also an Iterative method 

(0auB8~8eidel) for the solution of the Fredholm equation. 

The latter i Is expressed as a set of linear equations 

which are solved "by successive approximations. The 

Input data is the same as for OBS 11 - E except that the 

last control number mast "be omitted, and the number of 

points In the observed curve may be ^ 160*

The output is identical with that of OBS 11 * E. 

In this case, the mean difference, E, refers to the 

difference between successive approximations to the true 

profile* The iteration ceases when this is less than 

the preset error limit*

The operating Instructions are the same as those
(seconds) 

for OBS 11 - B* The timeA required for each iteration

is approximately £- where N is the number of points in 

the observed curve*

0*2. Programme OBS 11 - D*

This is a programme for computing the integral 

arising in the broadening problem, fcnowlng the true
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profile and apparatus function* That Is, It computes 

the fold of the true curve with the apparatus function. 

The Input data consist of three parts. The first 

Is an Integer specifying the number of true profiles to 

"be folded with the apparatus function concerned. This 

is then followed by the number of apparatus function 

points and the apparatus function, tabulated as in 

OBS 11 - 1. Finally the number of points for the first 

true profile is given followed by the true profile, 

tabulated from violet to red at intervals, A?c . If 

more than one profile is to be folded with the given 

apparatus function, they are then tabulated, each pre­ 

ceded by an Integer giving the number of its points, 

one after the other* Several such data tapes may be 

entered one after the other*
T

The output consists of the observed profile, tab­ 

ulated under "FOLDED CURVE", along with the correspond­ 

ing integral x values (similar to the OBS 11 - £ output). 

The 'operating instructions are the same as 1 - 6 and 9 

for OBS 11 - E.
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TITLE
VAN CITT, ITERATION - HIQQS - OBS/x*E

CHAPTER!

0X39

i)FEAD(P)

I=0(x)P 
EAD(AI)
fEFEAT

FEFEAT

I!so(x)x79

1-0(1)179 
AI«A I/V­ 
IE fEAT

UP

^(400) Ad, 1 80
Ms^.rT _ .,
OJMP4o, o>M

Bead of points In apparatxiB function

Read tto apparatxis ftmotlon,

at aero

Hdi?«all2e the appafattifl

Stove the appa*atttfl function

oT>eerr»d ftmction from Btor« and
oentpe it in the 160



IE FEAT 
7 
i

aS)READ(Z) 
JUMP37.Z=o 
38)Z=o*o90i6ZZ 
AC RO 5848/0

OBS 11 - a
285

the observed function

Find the peak of the apparatus function
Read half-width of apparatus function* if 
aero, omit seoond dlffertsnec pmilnai if 
aon-«ero t Jin^p to edccmd dlffex»«ruie routine

Xxiltlal paraoetara for iteratlmu V^ f« 
preaat error Iladt ( A la aqpei*flu0iui
thla programme )

5)W=o
U»=o
P«P+i
003 ( P)
^=0 
X=o

39

X=X+B!AT 
3) RE PEAT

Ztereaae Iteration imfe**
Dlaplay preecnt Iteration matoer la reglaterRepeat for each plTo tal point

OenttvHmtiona »eatt«*ed fro« points to the right of the point in queatlon

T=K-J+I 
JUMP4 , 0>T 
Y=Y+B I AT 
4) RE FEAT

X4)CJ»X+Y 
fEFEAT 
x6(0)Ao,i4o 
^0(1)139 - 
U=XMOD(AJ-CJ)

Centrl^tlona aoattered fro« the polnta
^^oiF ^MHHHF 4v^w"4w ap ^rflp ^RP^W^F jap^r ̂ flpffnv ^F MMPV ^•^HMMV^V w4ip^RVMa

obtalnnd r;hcn trial solution la 
••atteMd by apparatus funotlon 
Head the ohoerred function from the atore
Oeapare the eoatterod and ohserred functlcma
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w=w+u
jUHPi7,U«>UUn=u - - -
I7 ),REPEAT

61 0[ i ) 
jUMP8,o>i
HOOT - —
JUMPS, w>z

jUMPi8,u«>z« 
JUMP?

3o)JUMP6,W>Hw 
JUMP? ,
6)JUMPi$,W>A
7)NEWL INE 
fEWLINE
620,37 •

620^20
630*5
620,18
620,28
620,0
FRlNT(P)2,o 
SPACE
S'ACE 
620,27 . 
620, 5-
620,18
620118
620,28
PR!NT(w)2,4 
SPACE 
620,27 ,
620* I ~^L
PRINT (u«) 2, 4
NEWLINE --
^EWLINE
JUMPX 6
$i5)j=o(x)i39 BJ=BJ+AJ-CJ

Mi deYiatiena between tke two funeticna
the meatisam

lean deviation, 1
lead hand-owl tafeee; if hand-imltoh 9 is 0«t* JIMP to Sji if not, hoot'
If > liaa not decresaed alnae last itewiti«i»
juarp to 8) . — XTBRATJW AKAJ.YBI0* ^- greater tfcaa 5»i stop iteratloa if ¥ is ^^ less tfe«a the 
preeet er^or e t if not, oontlm». 

than 9»t stop Iteration if 
f ifless than not, oontlirae.

yrlnt index nua&er of iteration Juat

Mat IRE*

frtat aesn derlatlon, l

f*tot in

*f iteration la to oontlnttef form a new 
trial aoltition,
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PRINT(BI)4 ,4 
I2)NEWL INE
FERE AT 
NEWLINE

to) ACROSS2/0

PSA 
CLOSE

fviat f(*)

OBS 11 -
288

CHAPTERo

0*139

)DOWNi/i

0-5
READ(Q)
FEAD(Hfl)

Head the apparattw ftmetion, normalise it^^^^. JB ^^Jk.^^^^u^UL jA <••>QEKl 8«ClJP9 *»

Read ntatfber of piTotal points for oT>«erred cturre***<>» Jl MklWMk^B^h A ^fc^H^k^kMk 4| Jft^MM AKSnci pvsso » SFIW JUURX«>I»

EEAD(AI) 
REPEAT

X7(0)Ao, Q 
ACROSSa/i

2)JUMPi

Read the ofesosteft f«»otl«af

Store

48)^=3(1)1 
Fo*ZB(J-3)-2ZB(J-2)
Fi*ZB{J-2)-2ZB(J-i)+ZBJ 
F2=ZB(J-i)-2ZBJ+ZBCJ+i>

-i

F4=ZB(J+i)-2ZB(J+2)+ZB(J+3)

iF8-o» J4 285F 10

observed funeticm

Repeat for 13^ obacrved points
sooeod dlff ereaoe f »otoy for fire points centred OB point in question

Least^sguare (juadratio soltttion seoond difference factor at point in qtiecticm ( Vaotor * A * Bx 4
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5o)cj=Bj-Fx 4 Modify obsarved function to give fl*«t 
REPEAT - approximation

BJ=CJ Replace observed ftmotlon with first
FE FE AT

51) ACROSS27/I Hetum to aaln pai»t of

P5A 
CLOSE



OBS 11* 
290

PART IV. DETERHTIHATION OP CHARACTERISTIC CURVES

A* Ifrtroductioiy

Programme OBS 11 - 111 was written as a sub-
Oil-
programme of the general reduction programme, OBS 11. 

It may, however, be used as a complete programme in 

itself for the derivation of photographic plate char­ 

acteristic curves* Using least-sguare methods, an 

analytic form of the curve is derived from data obtained
• tfi

using a seven-step transmission wedge. 

B. Prograjtee OBS 11 -

es 
B.I. Inpu Data.

The input data consist of sets of numbers giving 

microphotoneter readings for the seven wedge steps, 

corresponding readings for the glass plates of the wedge, 

and clear and black plate readings* ftp to ten sets of 

readings (individual determinations) may be combined 

together for the determination of a characteristic curve. 

It will be assumed that the microphotometer deflection 

la given by a coordinate x . The input data then con­ 

sist of the following: an integer giving the number of
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sets of data (individual determinations) to be entered 

( ^ 10); an integer which is 1 if the character!atic 

curve is to be printed out in the form of a table, and 

is 0 if this print out is not required; an Integer 

which gives the first register in the auxiliary store 

to be used for storage purposes (the programme requires 

30n + 95 auxiliary variables if n is the number of sets 

of input data) which is usually 0; seven pairs of 

numbers corresponding to the wedge steps, which will be 

described below, for the first determination, followed 

"by similar sets of fourteen numbers for each of the other 

determinations; and finally, for each determination, 

pairs of numbers, the first of which gives the x reading 

for the clear plate, and the second of which gives the 

black plate or "zero*1 reading* These pairs are entered 

one after the other in the order that the sets of wedge 

readings were entered. The fourteen numbers in each
«•

set of wedge readings are entered in two columns. The 

first column gives the x readings for the seven wedge 

steps starting at the reading nearest the clear plate 

reading. The second column gives the corresponding 

readings for the glass plates alone, at the positions of 

the wedge steps* If a wedge reading is not considered
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usable. It must be set equal to zero along with the 
corresponding glass plate reading. (In no other case 
should a wedge reading be exactly 0). As many data 

tapes may be entered, one after the other, as desired.
Since the clear plate reading my vary considerably 

across the adcrophotometer tracing and only one x f 
value may be entered for each set of data, the following 
procedure has been adopted. The xcf entered In the data

_-*-

i$ chosen to refer to the wedge readings. The glass
s 

plate readings are then adjusted to correspond to this
clear reading. If Xof Is the actual clear reading for 
the glass plate readings, the correction, £ , to be 
added to a glass plate reading, x, Is given by:

- *o>

A typloal data tape is given on the next page. 
This is for an Ilford HP3 plate, the data referring to 
two wedge calibrations near 6300 A.
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B.S. gomputer Output*

The first part of the output consists of three 

columns. The first one f designated »<%$>.«, gives the 

order of the polynomial characteristic curve found for 

each set of data, and lastly, the order of the final 

adopted characteristic curve. The second column, 

"VAR. 1*, gives the variance (see Chapter 2 for definition) 

of each of these determinations. The third column gives 

the percentage uncertainty in any intensity value deter­ 

mined from these polynomial fits. In all of these, 

the last row of numbers is the significant one, referr­ 

ing to the final curve.

If a print out of the characteristic curve was 

specified in the input, the above is followed by a set 

of numbers headed "COBFP. 1* These are the coefficients 

in the polynomial finally adopted starting with ao. 

Finally, the adopted curve is given in tabular form with 

the natural logarithm of I/IQ being given for values of 

y/F0. A y/y0 « 1 refers to the f*clear w plate. At the 

bottom of the teble, two more numbers are given. The 

first gives the minimum y/yo in the Input data, and the 

second the maximum y/yQ* thus Indicating the region for 

which the determination applies. The output corres­ 

ponding to the sample data tape given above is shown on
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the next page*



296

ox 051 
01 to»
03 033 
oo

ORD,

a 
x

4

YAR*

0*00057 , 
0*00234

0*00x47 /

2*4 
5**

to* first set of data 
for eecond

Final adopted curve

COEFF;
'1.34278
0,46349
•0.00^4 3 
o» oox 3 a

Coefficients of polynonlal

Y/Yo LN(I/Io)

o*oa 
o*ro 
0*18 
0*26

0*42 
0.30 
0*58 
0*66 
0*74 
0.82 
0*90 
0*98

0-44573
o.347$7 
0.64394
0.85336 
1*02843

1*34278 
x .5^003

1.85694 
2*08631 
2*39959 
2*99609

Talnilated oharacterlstlo

0*0450 o* 951 3
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and Operating Instructions*

The programme, along with explanatory notes, is given 
on the next thirteen pages. The operating instructions 
are as follows:

1. Enter progranmie tape in reader.

2. Hand-switches clear.

3* ITS

4* On reading -*• , remove programme tape.
5* De-isolate Column 2, Drum 0*

6. Enter data tape in reader*

7. Tap hand-»8witch 9.

8* For extra data tapes, same as 6 and 7* 

9. If programme stops shortly after "beginning 

of computations, and hoots at a rapid 

rate, instruction 6 has "been neglected. 

The computations will continue as soon 

as it is carried out.



OBS n - m
298

TITLE

PROGRAMME-u i

CHAPTERx

0*9

x):NEWL INE
tCULINE
SPACE
SPACE
SPACE
620,27 ,

620^x8 
620*4 
62010 
620,18

SPADE 
EEFEAT

620*22

620* x 8
620*0
620*28

Print lift*

§0ttti«»l 
** tota

Indleatea which set
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32)00= 0*07 35 
Dt -0.104

03=0. 26 3 
04=0.430

ooo

I=o(i)6 
DI»XLOQ(DI)
JJMPa, AI>o. 9999 
JUMP2,o.oooi>AI

JUMP3 
a)N=N 
Dl=o

IE FEAT

JUMPi4

14) I = o(i )6

JUMP8,AJ=o
JUMP9
8)AJ«A(J+i)

, DJ=o 
JUMPii 
io)DJ=D(J+i)

11) RE FEAT 
IE PEAT 
JUMP(Q)

i5)K=i(i)4

Transmission factors for the seven 
wedge steps

Read y/yo*B for wedge steps from store

Ln (transaission factor)
Cteit wedge 3T/y0f e outside 0,0001 < y/ye< 0.9999

- 1)

If s<»ie y/yof s are omitted, decrease number of wedge steps accordingly and set the corresponding ln(t) f s equal to zero

Ordering routine. This mores all non-aero 
la (70/7 - !) f s aad ln(t) f s to the lower* 
index registers * leering all zeros in the 
higher-index registers

Repeat for 
Store the In 
Store the In

orders of polynomial - l) f s

M=N
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DOWN i/ a-i 1 1

*6 K-5
x6(BH+6o)£R,o
FEFEAT

•p=xMlN(Wo,x,4) 3=6 7-5 -

3o)NEWLINE 
JUMPiQ

A; 3

7)J=o(l)6

XI=XLOG(I/XI-I) JJMP- o
13 ) Dl=f0

= 0
N=N-I

vi=£j+vixi4 f^\^ * • 4

fE RE AT
fEFEAT

Ai»ui 
JUMPi6,xi=o

"best polynomial (order K) fitting the 
observed data* using programme 523

Read polynomial coefficients and f*om store (HU Is the variance)

Choose the order of polynomial with minimum variance

Control

Head the y/y0 f s for the
store

glass plates from

Control parameters
Restore orlginnl transmission factors

(3r</3r~ 3L) ^or glass |4©te0 p omitting those which were either not measured or which correspond to wedge steps that were omitted in the a"bovo computation of the first approximation to the characteristic curve

Coiaptite In (?A0) for glass plate readings using the approsdmate characteristic ctirv©^M "^ rf% ^_ _ ^ |^ ^f otxno. rrom weoge readings

Correct the original In (t) f s for intensity variations across the wedge steps, tising tlie
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DI=XLOQ(DI) 
DI=DI+VI-V 4 
16) REPEAT

0=1 8) 
JUMPi 4 
1 8) AVi
JUMPis

I9 )PRIMT(T) 4 ,o
PR!MT(£( Sfi)) 8,5
JUM P4 o, oSSSrr.r'Ofc ( S+ 1

Intensity incident on tfe0 fota»th step as 
a reference

0*de* the nw In (t) f s and In

control parameter imd find new least* 
square polynomirJL

PRINT(iooC(S+i))4,x
4o)NEWLl:!E

JJMP 34
31) ACROSS:i/3-ni

1=2(1)7 .
YI = o
Bo=o» 05+ o» ^i I
Bo=XLOQ(i/Bo-i)
J=S(-i) R

FEFEAT 
JUMP20, P=i 
JUMPai

Y=V+Vl/6
FEFEAT

the order of the fceet polynomial 
Print corresponding *ariance

Compute corresponding percentage 
taaoertainty in a determination of I

tKe percentage tmcertainty
Control

(VtJ for six values of y/ using tlie adoptSd polyma^al 
ctirve

Find mean shift along In (t) asdls between the 
characteristic ciirve Just determined and that 
found from the first set of data

Xa 5)1=0(1)6
JUMP6,AI=oDI=DI-Y
6) REPEAT

, Ao,7

§=XlNTPT(B+o. 5)
T=Q+i
JJMP4 ,T>P

MJtist the In (t) f s twiag the mean shift derived 
a»ot»t placing all sots df observations on 
a common basis

Store the final In (t)'s and In (y-/y - DIS 
Increase P by one, indicating next 
set of data

Return to k) if all sets of data have been 
considered
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/CROSS33/3-UJ

P5A 
XLOQ 
XXEXP 
CLOSE

CHAPTERa

&»9 The first part of this chapter is essentially
B+9 the Ferranti library progra»e Ho. 523,
C-*9 which determines the least-sgttare polynomial
[>9 (y » 2 a- ar) of order K best fitting
E-»9 K pairs of K and y values* Theee are stored
w-*ioo in the auxiliary store, starting respectively

	at A and A 4- If
Z-*ioo

x6(A«)Xi,M

IE PEAT

ZI= 0
FEFEAT
Ao=o

Co=o

Yx-o



JLV3J3

1V3J3J

XA/«A

TIT - It QgO



Va=C( J+i)ZT
ZI=Z!+V2
IE RE AT
IEREAT
5) JUMP6,Q>R

l=o(i)J 
L=S+I

T=T+i 
FEFEAT 
FEPEAT 
3=K+i

FEFEAT

6)S=K+i
,60

io)=CI

fEFEAT

Z(K+22)=Vl

B71+ 3 o

Aft-K!
12) 
UP

30

DBS U - Ul
30U

19 ) x6 ( DH) v o, o

A2=XEXP(V5)

A 3= A2-o» 01 
A3=xLOQ(i/A 3 -i)

polynomial coefficients tvem store 
minimal value of In (yVy - l)

value of



or a - ***

- It

3SOT 
dX3X
boic

JLH&SX
vsa

3NI

JO
180

I ( i )o

1 000

IV!0+PA=IO
^uTpuodaooaoo (I/I) uf e^adteoo 0=10
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CHAPTERS

VARIABLES i 
O6

I)Q=XlNTPT(B+o. 5)

48+90

H2=Hi-Ho 
I=o(i)6 
JUMP4 o,CI=o 
CI=Hi/H2-C I/H2
40) JUMP4i,Fl=o 
FI=Hi/H2-FI/H 3
JUMP42

0,7
42) RE PEAT 
X7

306+90 

50)1 = 1(1)2

X7 (-2ooo)Co, I 
X6(-2ooo)Ci , i 
CHECK(£o, £1,0 
HOOT

Reset parameters as in chapter 0

01 ,51)

51) RE PEAT 

ACROSSi/i-in

Head wedge readings from store
lead glass plate readings from store
Read clear plate afid fcise^jftfrte Uti»o) readings

Oo^pute y/yd for wedge (Cj) and glass (FT) 
readings, omitting those not measured* the 
latter being set equal to either aero (wedge) 
or nine (glass)*

Store the 3r/3ro 's for the wedge and glass 
readings

As above

Checking routine to determine whether column 
2, drum 0 is de-isolated, if not, numbers 
read from drum are not the same as numbers 
transferred to drum f and the machine hoots 
until the store is dc-isolated
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ft* 5-1
x6(CH)Ao,N 
X&(CW+N}DO,N

35) AI = 10
36) REPEAT
K=XM IN ( Ao, o, R) 
I=o( I ) R

38) RE PEAT 
L=xMAX(Ao, o, R)

)AK,i

Read the final In (t) f s and to 
from store

- l)*e

Choose the minimum and maximum values of 
In (yft/y » i

Stoe the sand ralties of

I=o(i)R 
JUMPa4,Al
JUMP35 
24)N=N— i

=-io
Omit readings uMch have "been osdtted in 
piravious

25) RE PEAT

Is o(i)S
D(s+x)=o 
A(s*x)=o

OJMP37 .
a6) JUMP45,DJ=AJ
JUMP37 .

»7 ) JUM P3 8, A J= o 
OJMP39

A('J+i)=o 
29) REPEAT 
IE FEAT*

Oi'dex1 all the values of In (t) and 
In (y^/jr - 1} so that all the seros 
the hlgfe-indea; registers

in

Reset oontrol parameter



OBS n - ill308ACROSSx 5/1 -i xj Ooorpute feest polynomial fitting all the
, v _ observed data 3x)I»o(i)T

21 "£^ Copy the coefficients of the adopted polynoffilal
Order of the adopted polynomial plus one OJMP32,c=o Control Jump ooneemlng print out

NEWL INE
NEWL INE
SPACE
SPACE
SPACE
630,27 ,
620*3 __
620,15 Print COEFF*620*5
620,6
630,6
630, o 
620,28 
NEWL INE 
NEWL INE

I=o(i)T
FRINT(ZI)3, 5 Print the eoefflcifTnts of the adopted NEWL INE polynomial
IE FEAT

NEWL INE 
NEWL INE 
SPACE

620,27 .620,25 print
620* o
620,23 
620, 27 , 
620*25
620, o 
620* 16
1=0(1)4
SPACE -
IE RE AT
^<>' 37 Print nr 620*12
620,14
620, o"
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620,5 
620* 27 .
6201 9 
620, o 
62 o* 2 3 
620,27 , 
620*9 
620, o 
620, 16 
620*6 
NEWL INE 
NEWL INE

o o Sto*t the coefficients of the polynomial F=xPARITY(T) Cheok jyhothep the adopted polynomial is oddF>o **^ «V6Ba« If erottf Jusjp to chaptar 2JUMP53*
52)ACROSSi9/2-iii - A , ^ __ M + ^53)jUMP54,c= 0 Control 3m& oonoerning pi»int out
I= 0( i ) i £ Tabvaar preaentatiott of ohai»actei»istic curveYI=o
Z5 = o» 02+0* 08!

la lI fw« polynwnlal

ICWLJNE 
FEFEAT

54 )UP

CLOSE

CHAPTERo



OBS n - in
310

j)READ(B) 
FEAD(C)

Cm; Arc* 1 4 8+ 90
DrtV

FEAD(XI) 
FEAD(CI)

Read truaibQr of setn of data 
Read print-out control Integer 
Read starting point In ancillary store 
Storage positions in auxiliary 8toi»e

of sets of data ( Individual determine 
atlons). T Is ntariber of wed^e readings

Read wedge reading
Read corresponding glasr. plate reading

EAD(AI)
REPEAT

Read clear film and zero (black) readings

X7(CH+T)Ci,T

ODVJNi/ 3-1 ix

NEWL INE 
X6(C;?+Si AB) Asa,
A22=XEXP( A22)
A22=I+A22
A22=I/A32
A23=XEXP(A23) 
A2 3=i+A23 
A2 3=i/A33 
PRlMT(A33)i,4 
PRINT(A22)i,4

JUMPi

XEXP 
CLOSE

Store ?;eclg9
Store glass plate readings
Store clear film and scro readings

Read maximum and minimum dbeerved
©tore

Compute maxlErom and mlnlisom observed 3T/yo f s

Print minimum observed y/yo 
Print maximum observed y/yo

Return to beginning for next data tape
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PART t. REDUCTION OF LIKE PROFILES

f 
A* l&troduotlon.

Programnes OBS 11-1 and OBS 11 - 111 were 
combined Into a general programme, OBS 11, for the 
complete reduction of true line profiles and their 
aeynmetry from microphotometer tracings, allowing for 
apparatus function effects and the photographic plate 
response* Although severely limited In the amount of 
data that can "be considered for each profile, it Is

»

adaptable to a large number of reduction procedures* 
Because of its flexibility and speed It Is rery useful 
when large amounts of data must be analysed (although 
It is not as useful for single profile determinations 
owing to the length of the programme tape that must be 
entered) *
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B« Propramme OBJ 11* 

B.I. Input Data*

The "basic data for this programme consist of 
measurements of a line profile on a microphotometer 
tracing, using X,Y coordinates superimposed on the 
tracing in a grid form* the X coordinate is in the 
direction of increasing wavelength and the Y coordinate 
measures the microphotometer deflection* In addition, 
data related to the apparatus function and character­ 
istic curve mast toe given*

The data begins with the apparatus function. As 
for OBS 11 - E, if it consists of ft tabulated values, 
ST( ^ ISO) is given first, followed by the N values 
tabulated from red to violet at equal intervals, A x. 
This tabulation interval, A x, sets the interval to be 
used in all subsequent calculations* Only one appar­ 
atus function may be used (for many different profiles) 
without re-entering the programme tape (or a manual 
restart at first instruction of chapter 0).

The characteristic curve data is then given. This 
is exactly the same as the input data for OBS 11 ~ 111, 
exeept that the integer specifying the first auxiliary
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variable to Toe used is omitted. (Note that the 

coordinate now called Y was called x in the speci­ 

fications for OBS 11 - ill).

the next part of the data consists of the five 

control parameters A, Bf 0, D, and E. The computa­ 

tions carried out in this programme make available 

four main sets of results (details may be found in 

Fart V, Chapter 2)* These ares the residual inter*- 

sities at the measured points on the microphotometer 

tracing profile, the smooth profile through these 

values found by interpolation, the true profile derived 

by solving the integral equation, and finally the 

asymmetry of the true profile* The five control para­ 

meters then have the following effect, depending on 

their values.

A « the number of line profiles to be reduced 
using the characteristic curve data last 
entered ( <£ 512)

If B m 2t the residual intensities of the 
observed points and the smooth 
interpolated profile are printed out

* 1, only the smooth interpolated profile 
is printed out

* Of neither of these two sets of results 
are printed out
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If 0 » 2, both the true line profile and 
Its asymmetry are printed out

* 1, only the true line profile Is 
printed oat

« 0, only the asymmetry of the true 
profile Is printed out

If D m non-zero Integer 9 the true profile, 
If being printed out, Is printed out 
at Intervals of J)Ax

m 0, the true profile Is not printed out, 
regardless of the value of 0

E «= the preset Iteration error limit (see 
OBS 11 - E). The Iteration termination 
is controlled by the larger of E and the 
fitting error arising In the Interpolation 
of the smooth observed line profile

The rest of the data refers to the line profile on 

the mlcrophotometer tracing* It "begins with a nuiriber, 

M (^ 54), which is the number of observed points on 

this profile. Following this are three nunibers giving 

the black plate, continuum, and clear plate Y readings 

for the tracing at the position of the profile. Next 

Is a nunft>er f Pf giving the relation between A x and the 

unit of the X coordinate on the tracing. If the latter 

corresponds to 50 mA, and A x ** 5 raA, then F = 10. 

Finally the Y and X values of the M observed points are 

given In two columns, the Y's on the left with the
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corresponding X'e on the right. These tabulated 

values must satisfy three restrictions: 1) the X f s 

must "be entered, Increasing In value, from violet to 

red (opposite to the apparatus function), 2) the first 

X value entered mast "be 1 (thus corresponding to a 

grid line on the tracing), and 3) the largest X value 

given roust be such that the Integral part of

If more than one profile is to be reduced using the 

same characteristic curve data (A>1), then the 6>.ta for 

the next and successive profiles follows, commencing 

with the integer B. After the A sets of profile data 

have been entered, new characteristic curve data may be 

entered followed by more profile data.

The flexibility of the programme may be illustrated 

by a few example 8. It should be noted that the true 

profile may be made equal to the observed profile by 

entering the apparatus function as 1.0, 1,0. 

Apparatus function normal

A,B,C » 0,0,0 Gives asymmetry of true profile

e Of 1,0 Gives equivalent width of profile 

Apparatus function ae 1,1

ApBf C » 0,0,0 Gives asymmetry of observed profile

m 0,1,10 Prints observed profile at
Intervals of 10 A x
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On the next five pages, a sample data tape Is given* 

this Is for the determination of the true profile of an 

Iron line at 6500 A using the Babcock grating.
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fluaiber of points in apparattis function
0* OOOOO
o» 0005 o 
o» ooi oo 
o. 00150
0, OO3OO
o 0026 3 
o. 00264 
o* 00259 
o* 00260 
o 00271 
o* 00292

o. oo 31 8 
o. 003 38 
o» 00354 
o* 0037 3 
o» oo 396 
o, 0041 o 
o. oo 396 
o* 00392 
o. 00415 
o 00451

o» 00507 
o. 00589 
o. 0067 3 
o 007 oo 
a. 007 5 o 
o, 00800 
o. 0087 o 
o. 00940 
o. ox oo 
o» 01 06

o. o-ti t 3 
o* or 2 3 
o» 01 41 
o. 01 5 5 
o. 017 2 
o, 0206 
o» 0229 
o» 027 4 
0,0333 
o. 0401

Apparatus ftmotion (as used in Chapter 
for the Babcock grating) tabtdated from 

to violet at 5 mA intervals
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0.00357 ,
o. 00341 
o. 00325 
o. oo 301 
0*0027 3 
o» 0024 8

o. 00229
0. OO2I 6
o« ooi 95 
o. ooi 50
0. OOI OO&
o. 000^5° 
o. ooooo

OBS II
319

0 O
0.275
0.77 . 
3.18
io« i 5 
I2«6 3 
13*005

i.*8o 
I. 91
2. 005
2. IO 
2« O2
1.875

Numbers specifying that there are three sets of data for the characterises curve determination, and that a print out of the characteristic curve lo not wanted

First set of data

0 O
o. 5 8 
i« 06

2 27
39

Second set of data
12.67 , 2.42 
o o
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0 O
o o
0.59 I»82
> 19 i. 87 - Third set of data
IO» 22 I. 98
I 2. 70 1.90
13. 005 1.7 2

0.198 13.082
0.430 i 3.002 Clear and Mack plate readings
-o. 046 i 3. 07 3

Number of profiles to be reduced

02 2 o. ooi 5 Three control integers and iteration errorlimit 
54 Utaa&er of points in observed line profile
0.01 8.305 12.525 Black plate, continuum and clear plate

readings for the mierophotoaeter tracingn»i52 Dispersion of tracing ( 1 tmit on tracing11.152 x 5 *"

8. 42 I. oo
8*43 i- 20 The 5k observed points* The Y (deflection)-8.515 i.80 ralties are on the left and the X (wavelength)8.59 2.00 values are on the right8.67 2. 20
8.76 2.40
8. 87 . 2.6 o
8.985 2.80
9. 09 3. oo
9. 27 . 3.20
9» 35 > 30 
9.50 3
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9*6 o
9.80
IO* OO 
10* 20 
10.40 
1 0.6 0
10*80
11.00 
If* 20

3« 5* 
3.6 9
3.775
3.88
3*975 
4*03

12*005 
11*91 
11.80 
11. 6 0 
11*40
11.30 
II • OO
10.80
I O*6 O
16*40 
1 0*20
10* OO
9*80 
9*6 o
9-3*5
9*1*5 
8*98
8*88
8.78
8.69
8*62
8.56
8*465
8.405
8*40
8*40

n. So 
II. 925 
1 2*00 
12*03

4* 20 
4.29

4- 39 
4*505
4-70

4* 90 
5* oo 
5*20
5-30
5-40

5-785
5*97 , 
6.10 
6.20 
6. 3r 
6,41 
6.^25 
6.67 , 
6.765 
6.865 

6. 92 
7*oi 
-7*20
7*4° 

7*60

8.00 
8.20 
8.4 o 
8*60 

9* oo 
9*40 

9*80 
i o. oo
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B*2. Computer Out-put*

The first part of the output gives the character­ 
istic curve determination and is the same as for 
OB8 11 - 111 (except that the minimum and maximum 
y/yo f s entering into its determination are not printed).

The next part, if specified in the input, consists 
of the residual intensities at the observed points of 
the profile* Those values which arise from an extra­ 
polation of the characteristic curve beyond the range of 
calibration observations are followed "by asterisks*

The interpolation results ^re given next. A If999lf 
at this point indicates a singular set of equations 
arising in the least square fitting. After WL,8* PIT*, 
the root mean square fitting error (see programme for 
explanation) and the maximum fitting error arising in the 
interpolation procedure are given. If specified in the 
Input, the interpolated observed curve is then given, 
headed "SMOOTH CURVE11 . The profile is given as an 
emission profile and the corresponding x values are 
given* The 0 of the x scale corresponds to the 0 of 
the X scale on the tracing* This convention will apply 
to all computed x values. Again if extrapolation has
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entered into any of the intensity determinations, 

asterisks are printed* This will always arise at the 

two extrapolated ends of the profile.

The equivalent width of the profile (in units of 

Ax) is then given, after MEQ0IV. WIDTH11 . Following 

this are the numbers indicating at what point the iter­ 

ation terminated. These are the same as those given by 

OB8 11 - S. A number titled "MIN. PEAK* is then given 

which is the minimum value of the derived true profile, 

a useful indicator of "diffraction ripples** arising from 

the iteration. If the true profile was desired, it is 

then given under "FIHAL CURVE*1 . Again the x values and 

possible asterisks are given.

After WC£KT. IHT. n , the central residual intensity 

of the true profile is given, along with the x value at 

which it occurs (in "brackets). In addition, the half 

width (in units of A x) is given after "HALF WIDTH". 

In this and the following parts of the output, the 

symbols +, % , and X refer to difficulties arising in the 

inverse interpolation procedures. the programme should 

be consulted for their interpretation.

Finally, if the asymmetry routine was used, the 

asymmetry of the true profile is given after "ASYMMETRY".
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At each of several values of I (from 0 at the continuum 

in steps of O.OS to the line peak) the x value of the 

line centre is given. If more than one peak occurs at 

that level, the x value is a weighted mean for all such 

peaks, and the nunfber of secondary peaks (additional to 

the mean line peak) is indicated hy the number of 

asterisks following the x value. If the asymmetry at a 

given level can not "be found due to the fact that the 

profile never drops "below that value at one end or the 

other, one of *PQ8. rt , "HEG. 1*, or "NORE* is printed. 

These indicate, respectively, that the centre x value 

lies toward the red end of the profile, toward the 

violet end of the profile, or that no information atoout 

the line centre can "be determined.

The output resulting from the sample data given 

previously is presented on the next three pages. fhe 

ripples in the asymmetry curve are mainly due to irreg­ 

ularities in the line profile which were enhanced "by 

the iteration. This problem is discussed in Fart II, 

Chapter 4.
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FE DUCT ION OF LIME PROFILES - HlQGjS - 7 MAFCH6i

OI
02
03
0405
6
o?
00

051
I 02
033
048
069
153
324
152

ORD.

4
4
4

VAR.

O» O 01 2 O
o» ooooo 
o« ooooo

o. 00030

3-5 
o* o
O* O

Characteristic curve 
results

Solution for each set of 
data

Final adopted polynomial

us. FIT o» 0014 0.0038

EQJIV. 1W IDTH 15.25?

maximum errors arising 
in the lerst square fitting 
for interpolation purposes 

Equivalent width of line profile 
15.237 x 5

ITER. E RR. ! o« ool I

MIM. 1PEAK -o. 002

RNAL CURVE

o
2

4
6
8 

z o
I 2

M
16

-o* ooi 8
—o* 0008 

o» ooo 3 
o« 0016 
o» 0032 
o« 0054 
o» 0081 
<>• 0055 
o. 005 3

M 0.0069 number of iterations 
required for a satisfactory solution to the 
integral equation» and the moon and maximum 
deviations. The miniiman intensity value in 
the true profile

The computed true profile, tatmlnted from 
violet to red at 10 taA, intervals. The 
asterisks indicate extrapolated values, 
The aero x value corresponds to the aero 
X value on the original mlcrophotosiete* 
tracing
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116
II 8
I 20 
I 22

O. OO2 6
o. ooi 3
o. 0003 

- o. 0006

*
*
* 
*

CEMT. IINT. i 0.4-6 ( 57«9' 6 ) Central (j^esidual) intensity
of the true profile and x value of peak HALF if ID-TH 24.379 H^ ^atfc ( » 2iu379 x 5 m/0

ASYMMETRY
of the trae piwfile	 n . 0

0« 02 53.0 87

0.04 5^ 3^4 Intensity values (l - i^esiaual intoneity)
° o rip'*? <*** l«^t and centre x value on the0.08 58.534
o. i o 5 3. 099
0.12 5 > 7 1 1
0.14 5 > :><>3
o. i ^ 6 o. i 5 i
o. i 3 6 o. 1 7 o
o. 2 o 6 o. 1 1 3
0.22 52»7 62
0.24 59-I9 1
0.26 58.928
0.28 5^.833
0.30 5^»7 6- 2
0.32 58.708
0.34 58.667 .
0.36 5 8 » 6 73
0.38 58.641
0.40 58.664
0.42 58.702
o. 4 4 5 8. 7 4 1
0.46 5 "•931
0.48 59. 002
0.50 58.666
0.52 58.309
o. 54 58. 086
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B.3. programme and Operating Instructions*

The programme, along with explanatory notes, Is 

given on the following twenty-two pages. The operating 

Instructions are as follows:

1* Enter programme tape in reader.

2. Hand-switches clear.

3. ITB

4. On reading -> , remove programme tape*

5. De-isolate Column 2, Drum 0.

6. Enter data tape in reader.

7. Tap hand-switch 9.

8. If programme stops shortly after "beginning 

of computations and hoots at a rapid rate, instruction 5 

has "been neglected. The computations will continue as 

soon as it is carried out.

9. In the iteration routine, the nuntoer of the 

iteration In progress is displayed (in "binary) in 

register B2. After each iteration ( ^ 30 sec) there is

a hoot*

10* To stop the Iteration manually, after the 

hoot set hand-switch 9. The computations will then stop 

on the completion of the next iteration, and the rest of 

the computations will continue.

11. For extra data tapes, same as instructions 

6 and 7.
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TITLE
FEDUCTION OF LINE PROFILES - HJQQS -

PROQRAMME-m -.« _This stib-prograiame *-& Identical with the 
programme OBS 11 - in (eoceept for chapter 
0). It will tf<erefore be omitted In the

CHAPTERx

0*75 
E-»6

i):NEWL

SPACE 
SPACE 
SPACE
630,37 ; 

620,15

620,1 B
620,4

620,0

620,28

I=o(i)8 
SPACE 
HE FEAT 
620,27 / 
620,22 
620,1 
620,18 
620, o 
620,28 
NEWL INE 
NEWL INE
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620,5 
620, 27 . 
620,9 
630, o 
630,23 
620, 27 , 
620, 9-
620 » ° fhis concludes stfb-prograoDBie 111630,16
630,6
NEWLINE 
NEWL INE

3s)X7(Dw)Zo,0 
F^XPARITY(T) 
JUMP52,F>o 
JUMP5 3
52) AC FO SSx 9/3-1 1 i
53)JUMP5 4 ,C=o

I=o(l)l2
YI--O
Z5 =o» 02+ o* 08 I 
PRINT(Z$>2,2 
Z5=XLOQ(i/Z5-i) 
J=T(-i)o

FEPEAT
PRINT(YI)4,5 
NEWLINE 
IE FEAT

54) UP 

PSA
XLOQ
CLOSE



PROGRAMME-i

CHAPTERi

A-*57 .

OBS 11
331

£-»l6

i)x6(o)Ao,L 
x6{o+L)Bo,L Head observed intensities* corresponding 

x values and &&fcrapolation indicators from 
store

W=o

^=0(1)3

£j=B(Q-a)
YJ=A( Q-2) 
EEPEAT
£x5=zi 
£x6=z(I-i)

10
CJ*o
FEFEAT

Z=o 
Y=o
Wo=o.66

«x . 34

Repeat for each observed point

Ohoose four pairs of intensity and x values

Indicates tshether either of the inner pat? of 
values represent extrapolated points

Weights for the four observed points



Z=Z+£J

Y=Y/4 

2) J=o(i)

~~,,, , c7 =c7 -i:CXXJCJWj
£8=C8+YJWJ 
£9=C9+CJYJW J 
Clo=Cl o+CXJYJWJ 
IE FEAT

£io=xMOD(£u)
JUMP 30, o. oooooi >£i o

9? PRlNT(£o) 3* o

UP

JUMP5,X>Y« 
INP-Z

OBS 11
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Transform the coordinates of the four 
points to their centre of gravity

Coordinates of the centre of gravity

Transformed coordinates

I«east square solution for second order 
polynomial (y « Ax? + Bx * C) throng the 

points

Ooefflclent determinant for the normal 
equations

Polynomial coefficients A, B, and 0 respectively

Print 999 If solution is singular and 
return to diapter 0

XRTORPOLATIOIT OF OBi :HVSD
(at integral x values)

'T^r^£s^LS^^SSfe3i ? Tflw In .ids oewoen the tiTo central <UF*=£i2UU+£i 3U+£i4^+Y ------ points
Y=£i2B(l-i)B(I-i)-2£i2ZB(l-i)+ZZ£ii+£i3B(!-i)-£i3Z+£i 4-A(I-i)+Y 
V=XMOD(V)

Coupute intensity Qt x (%) and also find the 
ffiean ^^^f106 W be^/een the observed and 
co^uted values for the two central observed 
points. This is an estimate of the fittlnxr 
error ^
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\ iMMo4) JUMF6,£i 5 
jUMP6,Ci6>0

ORE PEAT *
Y=N+J 
X=3:xSQRT(W/Y**)

620927 ,
620, 12
620, o 
620, 28

620, 19 
620, o 
620^ 28 
SPACE 
620,27 . 
62096 
620,9 
6209 ^o

PRINT(X) 4 , 4 
PRINT(UW) 3,4

NEWL

JUMP#i6, B«=o

NEWL INE

620,27 ,
620,19
620,1 3

Choose the maxlman value of the fitting error 
Sum the ttarea of the fitting errors for

the extrapolation indicators at one for 
extrapolated points

tx> integral vrjlue of

Interpolate intensitr at x either with the 
same P^^ynoalsil as above, or with one 
calculated using a ne\7 set of four observed 
points

error and otore this value

Print « FIT

Print root mean square of fitting en»or 
Print maximum fitting error

Large c;t x value for which an intensity was 
interpolated. Oralt print out if instructed

Print SMOOTH CDHVE
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620,15 
620, 15 
620* 20 
6209 8 
620, o 
SPACE
620, 27 .
620, 3
62O, 21
620, 1 8
620> 22 
620»5 

O

NEWL INE 
^EWL

PRlNT(P)3,o Print integral x value (units are Ax) PR IN T( UP) 4 , 4 Print interpolated intensityJUMPS, XP>0 
JUMP9
8) SPACE Print an asterir!c after intensity if620,3 corresponding extrapolation indicator ia9)NEWL INE set at one
FEFEAT

NEWL INE

**x o) 0= Q+x
X7(o)Uo, Q Btore interpolated intensities and x? ( o+ 1 4 o%) X o, Q extrapolation indicators/CROSS2/2-I

BA
XSQRT 
CLOSE

CHAPTE R2



OB3 11
335

*°8t ot thls c^Pter is the sarao as 
chapter 1, programme OB8 11 - B

FEAD(AI) 
FEPEAT

, P>I79
i=P(l)l79 
AI = o
FERE AT

i3)V=o 
1=0(1)179

fEPEAT
I=o(i)i79 
AI=Al/V
EFEAT

Ao, i 80

UP

a) R=X IMTPT( 7 o. i o-Q/a ) 
X6(0)BR,Q - 
X6(4oo) Ao, i 80 
M=R-i

I=o(i)M
BI»o
fEPEAT
4o)L=R+Q

FEFEAT
4i)X7(0)Bo, 140 
L=L-x

' W= 0
l = o( x )i 39W=W+BI Add intensity v^ltios to give cquivalcsnt 
IEPEAT width (in unite of Ax)
NEWL 1NE

620,27 < 
620*5
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6ao, 17 , 
620,21 :

_ .620,32 ** ^tnv. vmxra
6aoi ad 
SPACE 
620,27 , 
620,33

620,20 
620, 8 
620,0
PR!NT(W) 4 ,3 Print the equiv 
NEWL1HE 

INE

0,179)

2=1600

5)W

ooa(P)

X=XfBIAT 
3) FERE AT

3=J-x

I»o(x)S 
T^K-J+J 
OJMP4 , 0>T
Y«Y+BIAT
4) RE PEAT
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{ERE AT
X6(0) 
J=o(i )i 39 
U=XMOD( AJ-CJ) 
JUMPi7,MXJ 
JUMPi7,J>L

17) RE FEAT

W=W/Q
Ur=5W 
6r o( I
JUMPS, o>I 
HOOT 
JUMPS, W>Z
z=w fJie termination criteria are the same as In OJMPao,Ufl>w;7 DBS n - B except that tlie larger of the jJMPi8,u«>z« preset error limit, E , and the root mean % v,«n .. « square fitting et»i»or is takcm as the allowed^l pUM Pl 5
JUMP7 , 
20) JUMPS, 
JUMP7 ,
6) JUMPi5,W>A
7).NEWL INE 
hEWL IME 
620, 27 
620, 9 
6209 20 
620, 5 
620, 18 
620, 28 
620, o

SPACE 
SPACE 
620, 27 , 
620,5 
620,1 8 
620,1 8 
620,28 
620, o
PRINT(l'/)2,4 
SPACE
620, 27
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620, i z 
PRINT(U;j)2,4

r€WL INE
JUMPi6
~i5)J=o(i) i 39
BJ=BJ+AJ-CJ
FEFEAT
tf>( 400) Ao, i 80
JIM PS
8)NEWL T!E
t€WL INE
620, 27 .
62O* 2 
620,5 
62O, 19 
62O, 2O
SPARGE

PRINT(W)2,4 
620, o 
620, 5
PRINT(P)2, o 
620, o 
620,6 
NEWL INE 
NEWLINE
i6)x6( 0+140) Co, Q Jtoad extrapolation indicators from store
P=XMIN(BO, R,L) Select the minimoa intensity value in derived 
ICWL INE true curve
620, 27 .
620, 1 3
620,9 Print MIN. FSAK
620, 14
620, 28
SPACE 
620, 27 , 
620, I 6 
620, 5 
620* i 
620, it 
620, o
PRINT(BP) 3, 3 Print the miniifitm intensity in the true profile
^EWL INE
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NEWLlNE ^
620, 27 ,
62096
620, 9
620, 14
620,1
620, I 2
SPACE 
620, 27 , 
620, 3 
620, 21 
620, 1 8
62Oy 22
620, 5 
620, o
NEUL INE 
NEWLlNE

JUMPio,Vtt= 0 Omit print out If the tabulation interval 
I=xIMTPT(Vn+o. i) Tabulation interval (units of Ax)
»XlNTPT(L/V«-R/Vn+o.oi)

I=R(P)K 
S=I-R
PRIHTC 5)2,0 Print x value in units of 
FR IN T( B I )<?. , 4 Print ta?ue iiitsasity values
JUMPn,CS>o 
JUMPi2
ii ) SPACE Print an asterisk if the corresponding
620, 3 intensity Has "been derived fro» extrapolated
I2)NEWLIME data
FEFEAT
NEWLlNE

io)x7(o)BR, Q Store the computed true profile
ACROSSi/3-i

(LOSE
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39 0*50
D*I39
E-»SO
£-18

i)x6(o)B 0 , Q 
K=XMAX(BO,O,N )
JUMP4 8,B(K+i)>B(K-i
JUMP49 
48)K=K+i

£I=K-I
£s=K

Yo=B(K-2)

Y3 =B(K+i)

"^=19 t 
DOWN 1 3/4- 1

ia)Xfl=-Ci 3/£i2

NEWLINE 
NEWL INE 
620*, 27 , 
620, 3 
620,5 
620,14
620, 2 O
620, 28 
SPACE 
620, 27 , 
620, 9 
620, 14

Read the true line profile from store 
Find the maxima* intensity value in the 
profile

Ensure that two largest values are at K-l
and 1

Choose four points near the peak to "be fitted 
"by a least square polynomial

Find tho least sgusro guadratic polynomial 
through the four points

3t value of peak (in transformed coordinates) T(x) at the
Residual intensity at the peak (central intensity)

Print CHFTT. HIT.
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620,2o£
620* 28
PRINT(w)4»3 Print central intensity
620, o 
620*5
PRlNT(XK+z)3, 3 Print x value of peak in parentheses6 ^ v/ 2O, O'"''*
620, *6 
NEWL 1NE 
NEWL INE

K=o
Ao=o. 5Y?j Half intensity level in the profile620,27 ,
620, 8 
620, i
620,12 Print HAIff WIDOT £620,6
SPACE 
620,27 , 
620* 23 
620, 9 
620, 4 
620, 20 
620, 8 
620, o 
SPACE
JUMP4I Compute half width42) PWNT( v ) 4 , 3 Print half width (in imits of Ax)
NEWL INE 
NEWL INE
JUMP36,c;?=i Omit asywmetry determination if instructed
NEWL INE
NEWL INE
620, 27 .
620,1 Print
620,I 9
620, 25
620,1 3
620,1 3#
620, 5
620, 20
620,18
620,25
620, o
NEWL INE
NEWL INE
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^o* o2K

41) !=o(i)N
Dl=o 
FEFEAT
£=0
X=XSIQN(AK-Bo)
JUMP2, X>o
3) Y=X
X=XSIQN(AK-BN)
JUMP7> X>o
JUMPS
2)l = o(l )M
Y=X
X=XSIQN( AK-BI )

JUMP5 
4 )DP=I

5) RE FEAT 
JUMP6, o>X 
JUMPs 8 
7)^620, 27 , 
620,1 4 
620, 5
620,7
620j 2 8

JUMP37 
6)630, 27 . 
620,16 
620* 15 
620,19 
620, 28 
NEWLINE 
JUMP37 t 
8)6 so, 27 ,
620.14
620.15 
620,14 
620,5-

38)R=xMAX(Do, o,N)
JUMP37 ,R=o 
R=XlNTPT( 0»5R-o.4

Specified intensity level, l(x) « Constant 36) if I exceeds the peak intensity

Check that the true profile, T(x), is less than Z at both ends of the profile

Whenever Tz - I changes sign, place the corresponding x value in Dp. P counts the number of such points (less one) in the profile

If T(x) is greater than 1 at the violet end of the profile, print

If T(x) is greater than I at the red end of the profile, print K)8,

If f (x) is greater than I at "both ends of the profile, print HOWS

Htan&er of points less one at which t(x) » 1 
0 moriber of peaks in profile
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Lj=XlNTPT(DP+o.io) 
M=XlNTPT(Crr+o.io) 
U=o

JUMP9 ,L=i 
II )Co=L-2 
£i=L-j 
C2=L

Yo=B(L-a) 
Yi = B(L- 
Y2=EL

JUMPio

JUMPii 
ib)T=i2 
DOWN i £3/4-1

For each peak, I* is the x value at the violet 
side and M that at the red side at the 
intensity level, I

Select x and y (f(x)) values for a least 
square determination of the exact x at 
which T(x) « X on the violet side of the 
poafe. The equation y * Ax2 * Bx * C is 
fitted to the four points about the position 
at which T(x) « X

!2)Ci8=X

If L = 1, use points 0,1,2,3 instead of
-1,0,1,2
T is a control index
Down to least square sub-chapter

Exact x value at violet side of r>eak

»_Mi—u

*Yo=B(M- 3 ) 
Yi = B(M- 
Y2=BM

JUMPi6

i4)M=M-i 
JUMPis 
i6)T= I7 , 
DOWN i 3/4-1 
JUMP2i,U=i

i?)cs=x-r>i8
ES=£i8+o»' 
21) REPEAT

Repeat the above for the re<J nide of the 
peak

Width of the peak (in units of Ax) 
Centre of the peak at intensity level X



u=u+cks

FEFEAT

MP * i,JUMP39, o« 0000*1 >V

Si ™u
dJMP34, R>o' 
JJMP35'

2 ' *

)NEWLINE*^ * -
37) REPEAT 

NEWLINE

P5A
XSQRT
CLOSE

CHAPTER4

£J=o 
IE FEAT

OBS 11

Hepeat for each peak at the level In 
question

***& te) if half width is being determined^

Weighted centre of profile at level I

mnt ^tensity level 1
Of

Print an asterisk after the x value of the 
line centre for each peak in addition to the

the level I

Least square etib-chapter. Similar to least 
square routine in ohapter 1, programme - 1

Z=o



Wo=o«66 
Ui=i. 34 
W2=i. 34

J=o(i) 3
Z=Z+£J
Y=Y+YJ
REPEAT
Z=Z/ 4
Y=Y/ 4

22)J=o(i) 3
£J=£J-Z
YJ=YJ-Y

£6=£6+£J£J£JWJ

£8=£8+YJWJ

£io=£io+£J£JYJWJ
REPEAT

Weights for the four $Lnts

Transformation to centre of 
four points

OBS 11
3U5

of the

n
I»east sotiaro cstlciilatlons for y « Ax 4- Bx -f 0

£io=XMOD(£n)
JUMP30 f o« oooooi >£io
£i2=£i2/£n
£i 3=£ i 3/£n 
£i4=£i4/£n

Solution or
equations

Polynomial coefficients Af B t and. 0

JUMP23
30)6 20,0

U=i

CS=o 
UP

If soltitlon Is singtdlar (coefficient 
determinant is sei*o) f set tJ«l t print 4- sign 
and retum to nnln ohapter

2A
Refei*s to the determination of tho peak of
the profile
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JUMP33 
32)UP

JUMP 39

100; 20, 31 Rescue routine. If roots are complex* set
ES= TJal, print ©wise symbol and return to main
cs=o chapter
UP

$)£i6=-£i 3/£i2+£i5/£i2 Tr/o real rootc of the equation for

Co=£i6
£i6=£i7 , Set *8H7 equ?il to the larger root
24 )CHECK(£ i ,£16,2.0,25)
JUMP27 ,
25 ) CHECK (£ i, £17, 2. 0,26)
JUMP2 9
27 ) CHECK (£ i, £17, 2. 0,28)
630,0 If neither root is within 2 unite of the
620,24 second of the four x values used, set tl • l t
^=1 print function symhol (X) and return to
ES= o main chnr>ter
CS=o 
UP
28)X=£i7tZ Select lni?gcr root 
UP
29)X=£i6+z Select 5TTr-r>i3.er root
UP
26)JUMP28,T=i7 , if -both roots ore within 2 of th.e oecond
JUMP29 x value, select t^e smaller root fo^ the

violet side of the peak onc1 the Inrpior one 
PSA for the red Bide.
CLOSE
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075 
[»5
E-5

H-57 < 
>57 - 
X-75

i)QOUMi/2-i 
3}READ(B)

1 4 8+9 o 
Dm; 308+90

^=7 Q

I=r'i)T 
FEAD(Xl)
IEAD(CI)
FEFEAT

OBS 11
3U7

R0ad apparatus function Read data for characteristic otirve determination (see chapter 0* programme OBS U - 1H)

FEAD(AI) 
rEFEAT

X7(C«+T)Ci,T

i'JN i/ 3-1 1 1

x6(Dn)Do,o
x6(c«+i4B)Eo,a 
F?7=E o

Compute characteristic curve

Head characteristic ctirve coefficients from store Read Biniimra and maxiffiua In (y^y - l) f s from store
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8) RE AD (An) 
Afl=Aft+o. so 
H=l

i a) RE AD (BW)

FEAD(A) 
I£AD(M) 
FEAD(E 2 )

FEAD(Q)

Eft=E n+ 1 
E«=i/E«

Xo=xPARITY(T)

E4 =E2-E 4

4o)E3=xLOQ(i/E3-i

V=o
J=T(-i)o
V=DJ+YE3
I£FEAT
£3=7
JUMPi6
15) JUMPAo, o>Xo
E3=xLOQ(i-E 3 )

V=o
fEAD(Bt) 
FEAD(F I) 
BI=E2/E 4 -BI/E4

4l)Bl=xLOQ(i/BI-i)
J=T(-i) 0
Y=DJ+YBI 
FEFEAT

lead Kiambej* of profiles to be re&ueed

Head thx»e0 control Integers indicating 
sequence of coapitations to "be performed

Bead preset error liir.it for iteration 
Read ntanbor of points in observed profile 
Read 3©ro rending for miorophotometer tracing 
Read continuum reading 
Read cleor plate reading 
Read tracing dispersion (in terms of

Parity of adopted characteristic cunra 
polynomial

for the oontintium

y/y
In (l/I0) for the contintram (if the 

for ^ie contintmm is greater than the 
m y/y0 enter in/? into the characteristic

eiirvo dotej?minatlon, ti en use the extrapolation 
curre corresponding to the parity of the 
characteristic curve)

£ 1 *or the observed points Read xj
Compute y/yo for the observed points

Compute In for the observed points



BI=xLOQ(i-BI) 
V=DBI+E
9) X=V-E 3 N 
X=XEXP(X) 
JUMP3,F?J>BI

BI=X 
JUMP4

Bi=X
4)JUMPio,
PRINT(BI)2,4

LJli+*^

JUMP6
5) SPACE 
620, 3 
6)NEWLINE 
10) RE PEAT

K=XMAX(Bo, i
&=BK

JJMP20,!. 0>B
BI=BI/B
20) J= 1 + 1
HJ=QF I
QJ=I-BI
FEFEAT

Qo=o 
Qi = o 
Q(N+ 3 ) =

Zo=i
Zl=i

X7 (0)Q 0,L

OB8 11
3U9

Compute residual intensities for observed 
points
8«t extrapolation indicator equal to one Af 
y/yo of the observed point lies outside the 
range of observations used in the characteristic 
curve determination, otherwise set it at 
zero

Control Jxaap concerning print out 
Print the observed residual intensities

Print an asterisk if the residual intensity 
relies upon an extrapolation of data

Find the maxiiman observed residual Intensity

If this value exceeds one, adjust all 
residual intensity values so that the 
value is one

Store x valres in units of
Store the obno^vcd profile intennltles
(expressed as an emloclon profile)

Set values of Intensity at "both ends of the 
profile for extrapolation purposes

Extra x values for extrapolation

Store the characteristic curve coefficients, 
observed intensities, corresponding x values, 
and extrapolation Indicators



XEXP 
CLOSE

OB3 11
350

X7(0+2L)Zo,L

DOWN i /i -i Acrooe to progr-asaa© 1
ii)H=H+i
jJMPi3,H>An Check whether all profiles have been
x6(o)Do,o i*Qduoea, and
T=o-i ooefficlents
JUMPi2 
i 3) JUM P2

P5A
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