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· ABSTRACT,· 

Synthetic. sp~ctra were produced in order to study the c12/c13-

ratio from· CN bands_ in carbon stars. All the lines of c12N1'-+ and'c13N14 

were included in the regi<;m f;om ).8000 A to A8300 A. A Voigt profile 

was assumed and various turbulent velocities were .. used in the calculations. 

Three temperatures w~re_used in making the theoretical calculations, 

3150, 2800 and 2400 K. 

Two methods were used to determine the isotope ratio. The 

first inyolved the matching of the synthetic spectra to the observed 

spectra of the star. The second method was a modification of Fujita's 
' 

empirical pseudo-curve of g·rowth method (Fujita, 1970). 

The results of the empirical pseudo-curve of growth method 

were much lower than those found by Fujita (1970) but agreed well with 

the results of the other method. The averages o~ both methods for the 

assumed excitation temperature are: 

Star · Tempera~ure. c121c·13 

19 Psc 2800 K 6.0 

DS Peg 2800 8.6 
_:..~---

Y CVn 3150 4.2 

UX Dra. 2800 6.4 
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1.1 General introduction. 

CHAPTER l 

INTRODUCTION 

The abundance of the more common form of carbon, c12 , relative. 

to another of its isotopic forms, c13 , is of particular interest to 

astrophysicists as c13 is a byproduct of the CNO bi-cycle, The c13· that 

is produced in the star's interior is brought to. the. surface by convection· 

currents. It is thought that the equilibrium value of the abundance ratio 

c12/c13 i.s about four (Caughlin, 1965) for the CNO bi-cycle: However 

before equilibrium is reached the ratio may be as low as three. 

One variation of c13 production, propos~d by Hayashi (1964), 

allows the c13 to ·become even more abundant. If the abundance of 

hydrogen is sufficiently low, in an 1ntermediate helium zone, c12 will 

be converted·into N13 which decays to c13 • The next' step in the CNO 

bi-cycle does not take place because the hydrogen abundance is too low •. 

The end product of the reaction is c13 and its abundance continues to 

increase. 

·The lower limit of the abundance ratio one would expect to 

· observe may be· less than three while .the upper limit may possibly approach 

or exceed the terrestrial value of ninety. Depending on the amount _of 

mixing within the star the observed abundance ratio could be any value 

in this range, assuming the CNO bi-cycle is_operating. Studies of the: 

rate of mixing (Caughlin, 1965) indicate that the ratio would be of the 

order of ten or less. If the observed c13 abundance.is near the terrestrial 

value the only explanations would.be that the CNO nuclei could not have 

· gone through hydrogen burning for any length of time,· that the c13 that 
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was·created was destroyed by some other process or that the c13 was not 

brought to the surface by convection. 

If the relative abundances of these two carbon isotopes, 

(c12/c13), can be determined in a star's at~osphere, then the amount. of 

mixing taking place and the presence of the CN0 bi-cycle would be indicated. 

The spectrum of atomic carbon is unsuitable for the study of the isotopic 

abundances as the isotopic shift in wavelength is negligible for such 

massive nuclei as carbon. The isotopic shift of mole~ular·lines is a 

function of. the reduced masses of the two molecules containing the dif­

ferent isotopes and is large enough to resolve the c12 and c13 features 
. 

easily. The prominent c2 and CN bands in the carbon stars·are suitable 

for studying the c12/c13 abundance ratio. 

1.2 Early work. 

The first reported observations of ci 3 were made in 1929 (Sanford,· 

1929) when the (l,0) band head of the Swan c12c13 system was recognized at 

4745.2 A. Another band head at 4752.7 A was·first thought to be c12c14, 

but was later found to agree better with the calculated position of 

c13c13 (Menzel, 1930). These early spectrograms ha(a·very low disper-• 

sion and only a very rough estimate of·the c12/c13 ratio could be made. 

·The estimated value from these early spectrograms was from three· 'to, five 

with an upper limit of ten. 

Shajn (1942) studied several N type carbon stars, again at a low 

dispersion, using not only the (1,0) band but also the (0,1) and (0;2) 

bands of the Swan system of c2• He found a variation in the abundance 

ratio between 2 and 20 from the ratios of the intensities of the c12cl2 

and c12c13 band heads. The spectrograms were suitable for photometric 

measurements and the intensities were measured from microphotometer tracings.· 



Only in one star aid he find definite evidence of c 13c13 · (Y CVn) and in · 

R CrB there was no trace of the isotopic bands of c12c 13 and c13c13 •· 

This was the first indication of a possible range in the abundance of 

c 13 • However it was uncertain at first whether the difference in inten- · 

sities of the different isotopic bands was due only t'o a difference in 

abundance or was due to the conditions of excitation. It was found that 

the ratio of intensities of c12c 13 bands to c12c12 bands ·increased 

enormously between laboratory measurements using an arc and those using 

a furnace, for the same mixture of c 12c 12 and c 12c 13 • _Fortunately one 

can check the accuracy of the abundance ratio determined from c 12c 13 

and c12c 12 bands with that obtained from c 13c 13 and c 12c 12 bands.· The 

ratios found by Shajn (1942) for Y CVn using these bands agreed within 

experimental error. 

1.3 Extens·ive studies by McKellar. 

The earlier works were concentrated mainly on a small number 

of N type stars and used different methods to determine the relative 

intensities of. the bands and thereby the cl2/cla ratio_. Mc;Kellar · (1948, 

1949) instigated an observing program designed to cover a large sample 

of both N and R type carbon stars with several spectrograms of each star. 

A total of twenty-one ,R stars was studied at dispersions of 42 and 70 

A/mm. An attempt was made to account for the overlapping of isotopic bands. 

of thelCiU,O) band by lowering the continuum by an appropriate amount, . 

determined from those stars in the study which showed little or no evi~. 

deuce of c 12c 13 bands. Also an attempt was made to remove the effects 

of atomic and other molecular lines by subtracting the intensities observed· 

in the same regions of the spectra of the sun and Arcturus from the 
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measured intensity, Curve of growth effects were assumed to be small for 

fifteen of the twenty-one stars and the abundance ratio was determined 

from the relative intensities of the c12c12 , c12c1·3 and c13c13 bands, 

If. this assumption is valfd then the material through which the light. 

has passed is optica.lly thin and the intensity . (equivalent width) is a 

li.near function of the number of molecules. A more complete. description 

of the curve of growth effect will be given in a later chapter of this 

thesis, ·of the fifteen stars the abundance for three was found to be 

greater than thirty and for the other twelve the average abundaQce ratio 

obtained was· 3,4, 

For the other stars the c12c12 bands were probably·saturated 

while the c12c13 bands were not, If the equivalent widths of these bands 

had been used directly, the abundance ratio determined would have been 

a lower limit because the ~ctual·number of c12c12 molecules giving rise 

to·the band would have been greater than.the number supposed •. 

At the time, this survey (McKellar, 1948) was the best availabl~ 

because it treated a large number of stars with as.high .a dispersion as 

was· feasible, · In the band head regions studied· (7 ,5 A wide) there were . . 

as many as seventy lines blended together, To study the band structure 

a much higher dispersion was necessary. It appeared that carbon st'ars -' - . 

could be separated into two groups with different c13 abundances, one 

group with a small c1g abundance approaching the terrestrial value and 

the other with a high c13 ab~dan~e. Although this is what one might 

expect from current theories (Caughlin, 1965) it was in conflict with 

theories held at the time. The theoretical equilibrium c12/c13 ratio 

·was thought to be seventy and the initial ratio before the onset of 
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the CNO bi-cycle would have 'had to be near three (McKellar, 1948) to · 

account for the observations. This was completely opposite to the current 

theoretical work on the CNO bi-cycle stated earlier in this thesis. 

1,4 Recent surveys. 

Wyller (1957) attempted to deal with the overlapping of bands 

in a different way. Re became aware of the problem of overlapping bands 

when the rotational temperature derived from the intensity ratios of 

four C2 bands showed a large variation, The cause of this discrepancy 

was the additional absorption due to c12c13 and. c13c13 bands overlapping 

the measured c12c12 bands, The effect of blending was considered dy 

calculating theoretically the ratio of the contribution of these bands 

and the strength of the P2 band head as a ·function of temperature. From· 

such a graph, for a given temperature, the intensity Fatio could be 

found, By multiplying this ratio by the observed equivalent width of 

the P2 branch band head, the actual contribution to the other regions 

could be· found. The effects of the curve of growth were still not taken 

into account as direct intensities were used to -form the theoretical 

ratios, not equivalent widths • 

. In mor~ recent work (Wyller 1959, 1960) a different region was 

studied and the CN molecule was included. The contribution of other 

bands to the c12c13 bands and to the c13Nl~ bands was removed as before. 

Also the observed equivalent width was reduced to account for atomic 

absorption. After both of these corrections had been applied to the 

obseved equival~nt widths the abundance ratio was calculated. One 

disadvantage of the method was that once again.curve of grbwth effects 
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of-the correction applied to some of· the equivalent widths. 

(19 Psc) the unreduced (0,2) c 12c13 equivalent.width was 4.12 Angstr~ms. 

and after corrections were applied it was only 0.95 Angstroms, The 

resultin_g error in this value would be the compounded errors. in .the choice 

of excitati_on temperature, contribution of blending and to atomic absorption. 

Since the red system of CN had not been extensively studied _the 

line positions were calculated using theoretical formulas and constants. ' .. 

determined from a best fit to laboratory measurements that were avail­

able, Extensive tables of the CN red system (Davis and Phillips, 1963) 

had not yet been published, When the earlier calculated positions used. 

by Wyller were compared to these tables there was a difference of from 

0,5 A to 0,8 A in the band head regions. The accuracy was sufficient if 

only small regions were studied as this error was almost constant fo·r · low 

rotational quantum numbers (lines near the band head). In order to study 

a large region with overlapping bands either _the tabulated line postions 

or a better fit of the tlieoretical equations to these observed line 

. postions would be ,necessary'. Also if the constants for ·c12N11+ were 

known the constants for c13N11+ could be calculated by relations in 

Herzberg (1950, p,141), 
. -

Climenhaga (1960) computed theoretical profiles of the c2 Swan 

bands by summing the absorption coefficients as had Wyller but then 

accounted for curve of growth effects by using Minnaert's semi-empirical 

formula (Aller, 1953, p.372), 

1.1 

where &,. is the depth of a spectral line at wavelength A,. 
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· Rc is· the limiting depth of a line; typica~ly 0,94 to 0.98, · 

N is the nmnber of molecules· per unit area in the··1ine·of 

sight.and:a,. is the molecular absorption coefficient. 

The theoretical equivalent widths qf the band heads were then 

plotted as a function of a quantity that was proportional to N, the 

nmnber. of.molecules. Using the measured equivalent widths the ratio 
' .. 

of the nmnber of absorbing molecules of both c12c12 and c12c13 could be 

determined from these graphs. As lines of c12c12 c12c13 and c13c13 · · , ' 

occured in the same region a combination of these lines had to be included. 

Different abundance ratios ranging from four to one hundred were used 

when calculating the profile.s, covering the expected range in the abundance 

ratio·. The results are given in column D of Table I. for two of the stars 

studied. Two of the twelve stars studied showed no measurable amount~of; 

c13 , as McKellar had noted (McKellar, 1948). If the measured equivalent 

widths were compared directly (ignoring curve of growth effects) the 

calculated c12/c13 ratio would have been decreased by 75%. The c12c12. 

,1 

bands were saturated .while the c12c.13 ·and c13c13 ·bands were not._This gave rise 
. . 

to'the large difference. 

When the calculations were extended to the red region (Climenhaga, 

1966) a different method was a?opted. Since the band headi:i of the CN red 

system were not as well defined, individual lines were studied. Profiles 

of the (4,0) CN, (2,0) CN and (0,2) C2 bands were calculated by the same 

method as in the earlier paper (Climenhaga, 1960). The strength variable, 

a combination of the constant terms in intensity and the nmnber of molecules, 

was varied until there was good agreement between the theoretical profiles 

and the observed intensity tracings in regions where there were lines of 

c12N11+ and c12c12 ,only. Lines resulting from molecules containing c13 



Comparison of c1_ 2 /C1 3 

\ 

Star · A B 

19 Psc 2.0 

DS Peg 4.4 

Y CVn 1.68 1.8 

UX Dra 1.9 

WZ Cas 1.7 

A Wyller, 1957 

B Mannino, 1957 

C Wyller, 1960 

D Climenhaga, 1960 

E Climenhaga., 1966 

. ' ~ ' ~' ,·,✓ ~.r::-<,.,.; ;-, .. , ,,..,i ,. ,.,, ....... ,, .• ,,,.. ,_.-. 

Table I 

ratio for selected stars, (by various authors). 

C D E F G H I 

9.8 8.1 7.5 22 6.0 

16.1 8.8 27 8.6 

5.5 3;8 2 4.2 

4.1 

7.9 4.3 

Authors 

F Hirai, 1969 

G Fujita, 1970 

H Climenhaga, Holts and 9nolinski, 1971 

I 1his thesis 
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were then chosen. which were relatively free of atomic absorption and well · ·. 

:separated from other, molecular lines; The theoretical de~ths for· abundance .. 

· ratios '.of 100, 20 and 4 and the observed dep~hs were measured for each' 1:1.ne. · 

· The theoretical .line' depths were then corrected for instrumental broadening 

using the formula 

Io=£ f(~) ~(x-~) d~ 
I~(~) d~ 

where f(~) is the uncorrected profile·, 

1.2 

~(x-E;) is the observed instrumental profile,. 

and Io is the corrected line depth.· 

The use of this formula w.ill be .described :i.n more detail later in . 

· the section on instrumental profiles. When the corrected depths were 

plotted as a function.of the·~bundance.r~tio, the observed abundance 

ratio was determined· fo·r the observed line depth •. 

A second method,,which made use of the equivalent widths of the , 

lines· instead of depths, was also··used. When.a group of lines of c12Nl4 . ' 

or c12c12 coincided in wavelength and were unblended with other lines 

. and the ·corresponding lines .of c13N14 or c13c12 also coincided and were 

unblended, then the two groups of lines were treated in the same way that 

the band heads were in the previous paper~ The average value Jound from 

both of the methods for these bands is given in column .. E of table I. 

A·more extensive study of carbon stars was being carried out 

during this time by Fujita and his colleagues. Their.work included 

classification (Fujita, 1965, 1967a, 1967b, Yamashita, 1970) and line 

identification (Utsumi, 1963, 1967). The whole problem of the interpretation . 

. of the spectra of carbon stars was discussed. The region from A7800 A to 

A8300 A was investigated ·for c13N14 features and many lines were noted 

9 
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TABLE II 

Comparison 1of empirical .pseudo-curve 
\ 

of growth ·~esults with this ~hesis. 

Tm 3150 2800 2520. 2400 2100 1800 K 

8m 1.6 1.8 2.0 2.1 2.4 2.8 

Star .. • 

1 20.0 22.0* 30.0 38.0* 70.0 80.0 
19 Psc 2 15.9 6.3 20.6 

.3 12.4 5.6 15.3 

1 20.0 27.0* 40.0 50.0* · 100.0 150.0 
DS Peg 2 12.6. 7.0 17 .8 

3 23.1 10.1 26.5 

1 ,2.0 3.0* 5.0 6.0* 10.0 20.0 
Y CVn 2 2.8 2.0 3 •. 2 

3 ·5.5 2.4 6.2 

1 Fujita, (1970), empirical pseudo-curve of growth method . ,. 
2 This thesis·, empirical pseudo-curve of growth method 

3 This thesis,· depths !"ethod 

* "interpolation from Fujita, .· . 

(1970) "· 

. ... 
. 0 

'. 
' ,~ -, ~·- :'-·;-::_ '·- ,,. -



:Ct~bles in Fujita, J964,i'l965, 1966,· 1~68a, 1968b and' 1970,, Fujita and 
• 0'. 

Utsum:I., 1963;·F~jita, Tsuj.i and Maehara, 1966), Fujita developed a method 

.which account~ for curve of growth effects·without making an assumption· 

about the form.of. the relation between the number of molecules and the,line 

depth. A description of his method as well as how it has been ·applied to· 

this study is given in the·section·on the .empirical pseudo-curve of growth 

method. The results obtained using this method·were found by Fujita to 

be highly dependent on the choice of excitation temperature (Fujita, 1970., .. 

Fujita, Tsuji and Maehara,. 1966). Some of the values in table II· (those 

_of Fujita) are interpolations for the temperatures used in this.study. 

The results in column G of table I are for·the excitation temperature 

· chosen from Utsumi ,(1970)·. 

The present study was the.continuation of the work of Climenhaga 

(1966) in the red region. It was decided to extend ~he earlier calcu­

lations on the CN(2,0) ·band into the region.from ABOOD A to A8300 A and 
. . 

to include the CN(J,l) band. In.order to consider the overlapping of 

two vibrational bands it was necessary to use the·complete expressions 

for line strengths instead of simply the H!!nl-London factors used previ-·. 

ously, Those lines of the CN(2,0) band that fell in the region were 

as strong as t~ose of the CN(J,l) band so that the correct intensity 

variation between vibrational bands had to be included, In view of the 

different results obtained by various authors, see table I, for the same 

· stars it was decided to. use two methods, the depths method and a modi-, 

fication of Fujita's method, Also as two different dispersions were , 

employed it was possible to study the effects of an instrumental profile 

on the results obtained, 
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2.1 Introduction. 

CHAPTER 2 

EQUATIONS and METHODS 

The· computation of theoretical profiles may be broken into several 

parts. The first is to obtain accurate wavelengths or wavenumbers for.: 

the transitions of the atoms and molecules to be considered •. Secondly 

an expression for the intensity of' the lines as a function• .. of temperature . 

must be found.. Next the effect of several line. broadening mechanisms . 

must be applied to the. intensity. : The broadening of spectral lines· may· 

arise from Doppler effects, natural broadening and collisional broadening;. 

After the intensity as a f~ction of wavelength is co111puted:))y 0 sumrning •· 

contributions from all lines, it must be converted to a profile by use· 

of a relation equating the intensity with line depth. 

The formulae and constants used to generate. the c1_2H1" and c13N1" 

line positions are discussed in section 2 .• 2 • The intensity factors• 

and populations of the energy levels are described. in 'sections ;2:3 ·.arid ·.2;4. 

A discussion of the absorption. coefficient and broadening mechanis,ms is 

found in sections 2.5 and 2.6. The calculation of actual line profiles 

as well as the addition of an instrumental.profile is discussed in 

sections 2.7 and 2.8. A brief description of the pho~ographic plates 

follows •. In the final sections the two methods used to evaluate the 

c12/c13 ratio are outlined. 

2.2 Line positions and notation. 

Accurate positions for all lines to·be studied must be obtained 

before a profile can be calcualted. Laboratqry spectra may be measured 

and the line positions' tabulated for future reference. Several problems 



arise ·however, .. For molecular spectra the number of line positions 

becomes so· large,: (for each vibrational band there are about '6op lines'·' 

in the case of .CN) ~ ~hat using. the t!3bulated values becom~s impractical; 

Also tables of wavelengths often omit positions of some lines which are 

blended in band heads. Whole band systems are often omitted i'f they are 

13 

weak; .. They. contribute to the overall: absorption but· the individual . · , 

lines cannot be.identified because of blending with stronger lines. A. 

better way to represent.the tabulated data is to fit an analytical expres-

.· sion, • which is derived from theoretical considerations of diatomic mole­

cules, to the available observational data. The positions of. unmeasured. 

linescan then be predicted. Another advantage of the analytical formula. 

is that once the. constants are calculated for one isotopic species of a. 

molecule, the positions for all other molecular species ma:y·be predicted,: 

The constants need only be transformed by formulae given in Herzberg, 

(1950, p.106), and Fay, Marenin and van Citters (1971). 

Early attempts to fit an analytical formula to the observed 

positions of CN,. (Weinard, 1955 and Godfrind, 1959). were only moderately . . 

successful for two reasons. They did not have.a.large· numbet of obser­

vational data and the expressions used ·were. only first approximations . 

to the actual_energy levels. Calculations of the constants were based 

on the.study of only one or two vibrational band systems. The equations· 

used· did not consider the spin-orhit· __ doubling· of .. the. lower. ,state. or 

the A doubling of the upper state •. 

Once extensive tables of line positions were published for CN, 
J 

(l)avis and Phillips, 1963), Poletto and Rigutti. (1965). made a least 

squares fit of more accurate formulae to thes_e tables, Their results 

when used to predict the positions of the observed lines of high 



TABLE III 

Molecular Cdnstants -for c12NH 
• • (A 2n-x 2 1:) 

i= 0 1 2 3 4 5 

w! 
l. 

1813.474 -12.8272 "5.610xl0- 3 -4.192xl0- 4 

(l)laf 

l. 
2068.435 -12.9765 -3.082xl0- 2 1.22sx10- 3 

b! 
l. 

1.71547 -1.73452xlo- 2 9.583xl0- 6 -2.756xl0- 6 4.323x-10-S -3.324xlo-9 

b6= I.6x10-lO b'"' 3xl.o- 12 
7 

b'.' 1.89931 -1.72786xl0- 2 -4.740xl0- 5 4.512xl0- 7 3.533xlO-lO 7.87X10-l 2 
l. 

d! 
l. 

6.1534xl0- 6 7.Blxl0- 9 -6.83xlO -10 1.164xlO-lO 

d '.' 
l. 

6.3782xl0~ 6 4.39x10-S -9.65xl0- 9 6.9ox10- 10 

h! 
l. 

7.47xlo- 12 -s.oxio- 14 

h'.' 
l. 

8.07xl0- 12 -5.0xlo- 14 

a! 
l. 

-52.694 8.4652xlo- 2 3.5089xlo- 3 . 

p! 
l. 

-6.4968xlo- 3 1.6160xl0- 4 - -9.3257xlO-S . 

q! 
l. 

3.3115xlo- 4 9.470xl0- 7 2.332xlo-6 · 

y'.' l. . 1.5687xlo- 2 -2.835xlo- 4 1.9084xl0- 4 ~1~9352~10- 5 

TI .. 
e 9240.041 T"a e o.o 



rotational quantum:number yield. an error of up to 0. 8 A. This indic~tes• 

that the equations used did no~ account. correctly for the interaction ·· 

between the rotational and"vibrational motion of the molecule. 

The rotational and vibrational constants and .expressions for the.,.·· 

energy levels used in this thesis were obtained from FaY,.Marenin and. 

van Citters (1971). They made a x2 fit to obtain constants.based on 

the positions of about 1300 lines from 21 vibrational bands for· N"" 

(the rotational quantum number of the lower state) up to 100~· .'The 

accuracy is. said to be 0.1 A or better for lines of lower vibrational 

bands and N" < 80, while .for bands of higher vibrational quantum number 

the accuracy was maintained for N"·< 50. 

The degree of accuracy obtained by Fay et .al. required more 

adequate notatiqn than that previously used. For example (Herzberg, 

1950, p.106) the expansion of B · as a function of vis usually taken 
. . V 

to three terms·while in Fay's paper the expansion is carried ·to eight 

terms in the case of the upper state and six terms for the lower state. 

In this thesis their. not~tion has.been adapted so that there is as.little 

conflict with previous notation as possible and ye~ it is able to represent 

the increased number of constants. The capital letters have been used·. 

for the rotational and vibrational constants while for'·the;:coefficients 

of the expansion as a function of tqe vibrational quantum number the 

correspon,ding small letter has been used. This required changing 

the notation for the constants for A doubling and y doubling from 

that used in Fay's paper. Also r has been used in this thesis for · 
V 

they doubling constant, while Fay .used g· and ·Herzberg (1950) used y. 
. V 

Instead of expressing. the lambda doubling terms separately. and 
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applying: them 'to the expressions for the branches,.·as Fay et' al. ,did;· 

, ' 'ji , in:, this, w.ork they have been included. in the exp,ressioris · for the upper 

:'. }: >, 'levels. Fay et .. al. use four expressions, two for ·the upper levels'.and 

'"'' j · two for the lower. Actually there are · four levels, two for each 
' 

rotational.quanttm1 number for each of 'the two. upper states,·and.two 

lower levels. The different levels are indicated in diagram 1 •. The 

symbols used to denote the levels ar~. Fie• Fin• Fie• Fi~• Fj'. and F2;. 
Slightly different notation was used to describe the A.doubling terms. 

Herzberg uses tc and td associated with FC and F~ •. However•in this·, 

. case there are four different _possibilities tlC' t 2C' · t 1D and t 2D'· 

, formed by the combination of thTee different functions k1 , k
2 

and k
3

• 

· T!).ese three , functions are defined by Fay et al. (1971) and· are from .. 

Mulliken and Christy (1931). 

The formulae for both the six main and six satellite branches 

are included in this thesis. In figure l ·the, energy 'level diagram for· 

the A2rr -x2i: transition is shown. The splitting in the upper 2n state , inv 

The 2rr3 lies lower than the 
'~ 

2rr1 hence the level is inverted. That is, the.spin splitting constant,.'·.A, 1 ' ' ,, 
is negative. Furthermore for each value of the upper state rotational 

quantum n':ll"b!r_J' .there are two closely spaced levels. This splitting· 

is caused by the interaction between the rotation of the nuclei and 't,; 

.• the• orbital e,lectronic angular momentum vector, and is .called A doubling. 

Expressed ·in terms of the upper state rotational quantum number, J', and 

with the.revised ·notation, the formulae for the rotational energy are 

(Fay .et .al., 1971); 

· 17 ·'' 



Rotational terms for.the 2n state 

Fl.,D. (J')=B ,{(J'-!½)2-1-S(J')}-D ,J'"+H ,J•6-14lD(J'L 
. V . . V . V 

Fic(J' )=Bv' { (J'½)2-1+s (J') }.;.nv, (J'+l)"+Hv' (J'+06+,i,2c<J') 

. F2D(J' )=Bv' { (J'-f½)2~l+S (J' )l-Dv' (J'+l)"+Hv' (J'+i) 6+4>2D (J') 

where S(J')=½✓4(J'-t½) 2+Y ,(Y ,-4) 
· V V 

. and Y , =A , /B , 
V V V 

The four terms. for A doubling are (Fay et al., 1971); 

<l>lC(J')= -k1(J') -k2(J') +k3(J') 

and the three functions k1, k2 and k3 are 

k1(J')=l,{(l-l,Y ,)(l,P 1-+0 1)-+0 ,(J'-½)(J'+~)}(J'+l,)/S(J') 
, V V ."v ·",r. 

k2(J')=½(½Pv,+Q,,,)(J'-½)(J'~)/S(J') 

. k3(J')';"¼(½Pv1~,)(J'-f½) . 

2.i 

2.2 

2 .• 3 

2.4 

The rotational constants B , , D , ; H , , P 1, o I and A I may be 
V V V V "v V 

expanded in terms of . the vibrational quantum number v' in. order to 

account for the interaction between the rotation and vibration of the 

molecule. Also the isotopic effect on the constants may' be included 

by multiplying each term of the expansion by an appr~priate power of p· 

where p=✓µ/µi · 2.5 

. 18' 



µ·is the reduced mass of· the molecule c12N14 

and .µi is the red~ced mass of the molecule c13N14 

In the case of c12N14 , pis ~qual to l in the following exp~nsions 

2 i 
A ,= l p 

V i=O 
a' (v'+½)i 

i 

B I 
V 

7 
= l p 

i=O 
i+2 b' (v'+½)i 

i 

3 
}: i+4 d' D ,= . P 

v i=O . i 

1 
H ,= l p i+6 h' 

v i=O i 

2 i+2 . p ,= }: p p' 
v i=O i 

2 i+4 
Qv,=}: p ' 41 

i=O 

The values for a1, b1, 
Following convention the units 

(v'+'/4) i 

(v'+½)i 

(v'+½)i 

(v'+½)i 

d ' h' ' d I • i i' i' pi an qi are g ven 
-1 

of all constants are cm • 

2.6 

in table III. 

All constants 

for the upper state are primed, ('), even though there may not be a 

corresponding constant for the lower state. 

The levels of the lower 2i: state are split by y type doubling, 

(Herzberg, 1950, p.222) except in the case of N"=O·for which.there is 

only one ·level·, (Fj'.). The rotational energy levels for the lower state, 

expressed in terms of the quantum number N° are; 

Rotational terms for the 2i: state 

F"(N")=B N"(N"+l)-D (N") 2(N"+l)2+H (N") 3(N"+1) 3+'/4r N" 1 v11 
• • v 11 v" v" 2.7 

The rotational constants of the lower state may b-e expanded in 

the same way as those of the upper state; 

19 



,' 3 i 
. r = ~ P r'i' -, v" L 
.. · i=O 

, S i+2 
B .. = l p 

V . i=O. 

(v''+!:;)i 

3 
D .. = l p 

v i=O 
i+4 d'' (v"+!:;)i 

i 

l i+6 
Hv"=: l P 

i=:O 

2.8 

Note that the y doubling constant is r II instead of the customary 
V 

y ., The change was necessary to maintain the use of lower case characters. 

, fot the expansions and ca1:dtals for the. constants. This is the •only 

serious conflict with. established notation.· 

These expansions for the rotational energy levels may b.e combined,·. 

· to form the twelve branches as shown in figure l.' ·· The designation of the 

lines of each branch refers to the lower state quantum ntD!lbei N". The , 

term values of each of the twelve branches can.be calculated from the . 

following equations; 

with J"-N"+!:; and J"=N"-1:, C 2 

Main branches 

P (N")=v +F' (J"-1)-F" (N") 
1 oo lC 1 1 

P (N")=v +F' (J"-1)-F" (N") 
_ •. - 2 oo 2D 2 2 

Q (N")=v +F' (J")-F" (N") 1 oo lD 1 1 
2.9 

Q (N")=v +F' (J")-F" (N") 
2 oo 2C 2 2 · 

R (N")=v +F' (J"+l)-F" (N") 
1 , oo lC 1 · 1 

R- (N")=v +F' (J"+l)-F" (N") ·-z oo 2D 2 2 

20 



Satellite branches 

P (N"):,;;v · +F' (J"-1)-F" (N") 
12 . oo lD 2 . 2 · 

• 

P (N")=v +F' (J"-1)-F'i (N") · 
21 . oo 2C 1 1 . · 

Q (N")=v +F' (J")-F"(N") 
12 oo lC _2 2 2.10 

Q · (N")=v +F' (J")-F" (N") 21 . oo 2D 1 l 

.R (N")=v. +F' (J"+l)-F"(N") 
_12 oo lD 2 2 

R (N")=v +F 1 (J"+l)-F" (N") 
21 oo 2C l . l 

where. v is the band origin and is the difference of the 
00 

electronic_, T , and vibrational, G(v), energy terms for the upper and . e 

lower states. · 

., V = (T'-T")+(G' (v' )-G" (v"))+(G'-G") oo e e , e e 2.11 

The constants T' and T" are given in ~able III. G' (v') and 
-e e 

G"(v") are found from the expansions; 

4 i 
G'(v')= ! p 

i=l 

. . i .. 
w' (v'-+½) 

i 

' 4 i 
G" (v")= l p w" 

. i=l i 

2.12 

There is a ·final term G for the electronic shift·- due to the · 
e 

isotope effect on the electronic levels (see Dieke, 1935). For the 

upper electronic state; 

G'=B ,{L(L+l)-A2}+ ~ {3c' _ l (c'>2} 
e ·V 8 2 4 1 . 2.13 

where 
c'= ~ + 1cc•)2 
· 2 3 b6 4 l · 

·21, 

2.14. ; ,: 



.. ,. 'The orbital electronic angular momentum, L, and its projection'· 

the •intemuclear ~is A were found from .. the free-atom approximation. 

When the values L=l, A=l were used·to predict the c13N14 po_si'tions :a 

·.·• systematic difference was noted.; (Fay et. al.; '1971). If L=2 was used 

. the agreement for c13N14 was found to be better; ' Dieke,, (1935): noted, 

.. ,,that in cases of doubt the value of.L could be found using formula 2.13· 

and the observed shifts. The constants for the lower state were 

calculated using the. values for wt, wY, ba ~ bY and B 11· in equation · v, 

· , . 2;, 13 along with 'L= 1 and A=O. In . the . terms c1 · and c2 • the p .terms cancel 

for the isotopic molecule c13N14 , 'Xhat is 

b!w! 
l = 6(b~)2 2.15 

but must be retained for the b& term in equation 2.13. 

2,3 Line strengths. 

In order ·to calculate an. absorption profile for.a line at wave­

length >. the absorption oscillator strength, f 12 , of the transition. must 

. bE\ known. The 'f' value is related to the line strength 5 .. (Tatum, 1967) 

by 

where w1 is the statistical weight.of the lower level 

his.Planck's constant 

e is the electronic charge 

m-is the mass of an electron 

and c is the velocity of light. 

'2.16 

If the sum rule. (equation 2.19), for t)le Honl-London factors 

is obeyed, the statistical weight is the electronic statistical weight. 

' 



I• 

P2.(Ji) } 

P12.(J'l). 

P1(J'i) } 
P2.1(JY) 

Q2. (J'l) } 
Q12.(J'l) 

Q1 (JY) } 

Q2. 1 (JY) . 

R1 (JY) } 

~ 1 (J'l) 

TABLE IV 

Honl-London Factors 

16J'l 

(2JY-l) 1 ± (2J'i-l)x{Y;, -4Yv, + (2J'l-l) 1 }- 0 • 5 x (4J'l 1 -4J'l-7+2Yv,) 

16JY 

16J'lx (J'l+l). 

(2J'i+3) 1 ±{2JY+3)x{Y~ 1 -4Yv 1 +(2J~+3) 1 }- 0 ' 5 x(4JY 2 +12JY+9-2Yv;) 

16 (J'i+l) 

_\ ... 



When a transition arises ,from a single lower level th~n ilir=l, ·. 

The line strength, S, may in tum be. found from the .expression··_,:· •· ~-': 

5 
= Honl-London factor x Band strength . 

(2-lio,A>C2s+l)(2J+l) . , . 

where lio, A is the Kronecker delta symbol and ha~ the value 1 if ' 

A=O and O. ff A10,. (Tatum, 1967). 

S is the spin quantum number and equals ½ for doublet states 

J is the-rotational quantum number, (of the lower state 

for absorption) • , . 

When the spin.quantum number·and the value of the Kronecker delta 

. symbol are applied equation 2.17 becomes; 

S= Honl-London factor x Band strength· 
. 2(2J+l) 2.18 

The sum rule used for ,the Hilnl-London factors is that, for all 

·transitions with a common upper or lower level, ·the sum of the factors 

is (2J'+l) or (2J"+l) respectively, For .example,· denoting the Hilnl-

London factor for the, ·Rz state by S (R2), then 

S(P
2

)+S (P
21 

)+S (Q
2

)+S(Q
21 

)+S(R
2

)+S(R
21 

)=2J'+l 
2.19 

and S (P 12>+s (Q12>+sJ~12)+S (P 2>+S(Q2)+S(Rz)=2J"+l 

The relati~e Hilnl-London factors for intermediate coupling 

between Hund's. cases a and b were developed by Earls. (1935). However 

hi~ factors when summed as above yield (2J+l)/2, -Therefore each factor 

was multiplied by .two to obtain the absolute Honl-London factors given· 

in table IV. Also as suggested by Tatum, (1967) ,. the factors haire been 

rewritten in terms of th_e lower quantum number J". 

The band strength may be approximated as the-product of the 

Franck-Condon factor q , i, or S(v' ,v") and the square of the electronic · 
. V V 



· :>; transition moment R2 (n' n") or R2, e • e . ' . ' . 

The population of a single level N(nvNJp) in relation·to the 

.: total population N is· tabulated bY. Tatum, (1967). For the ·cN 2 i:-2n· 

transition in absorption the population of.the lower level is required. 

The general formula is 

.becomes 

· N(nvNJp) __ (2J"+1)2~ -{T -+G(v;')+F(N") )he - ->=...:..::.<.::;,:___ e e . kT 
N Qel Qvib Qrot 

2.20. 

For a heteronuclear molecule such as CN .~=½ and ,equation 2.20 · 

N(nvNJp) = (2J"+l) -{T -+G(v")+F(N") )he - --="-='--- e e kT 
N · · Qel Qvib Qrot 

2.21. 

where Te is the energy of the lower electronic state (2i;) 

G(v")is the energy of the lower vibrational level 

F(N") is the energy of the lower rotational level 

k is Boltzmann's constant 

Tis the molecular excitation temperature 

his Planck's constant 

c is the velocity of light 

-· .-·Qel · is the electronic partition function · 

~ibis the vibrational partition function 

and Q is the rotational partition function. rot 

2,5 Absorption coefficient, 

To calculate line profiles on~must calculate'the line absorption 

·coefficient; aA, including Doppler, natural and collisional broadenin~. 

The absorption coefficient at line center, ao, is defined as .. (Aller, 

25 · 



i 

· "-1953, p.322. and Mihalas, 1970, p;250); 

2.22 

. in MKS units,•( -
4

1 has been added. to the cgs expressions), 
. : ire:o 

where e is the electronic·charge 

mis the electron mass 

AO is the line wavelength 

f12 is the oscillator strength 

c is the vel_ocity of light 

e:o is the permittivity of free. space 

and to is the most probable velocity of the· molecule •. 

Normally to is assumed to be thermal, that is; 

where k is Boltzmann's constant 

Tis the kinetic temperature 

and Mis the mass of the molecule; 

2.23 

However when microturbulence is present the microturbulent· 

_ velocity l;t must be.included, hence to becomes;, 

to= /2kT + 1;2 2.24. 
M t 

The relationship between aA and ao is . 

ao 
H_(a,u) 2.25 

where H(a,u) is .known as the Hjerting or Voigt function, 

(Hjerting, 1938).· It combines the effects of.Doppler, natural and, 

collisional broadening. It can be calculated from tables, (Harris, 1948·,· 

. Finn and Mugglestone, 1965) or from equations, (Harris, 1948). The 

26 
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. . 

Hj~rting function can be expressed, (Aller, 1953,' p.323), · as 

where 

r is the effective damping constant. 

). 
6).o= ':-to the Doppler line.width 

C 

c is the velocity of light 

lfo was defined previously,· (equation 2.24) 

·. ).o is the wavelength of· the line 

. 2. 26 ' 

and ). is the wavelength at which a). is being evaluated. 

2.6 Voigt function evaluation. 

The expression for the Voigt function. (equation 2~26) , may be ... 

expanded as a Taylor series for small values of a, (Aller, 1953, p·.325); 

The usual method of evaluation is to use the tabulated values of Ho, H1, 

H2 and H3 given in Harris. (1948). However the table is limited to 

values oCu_betweerl 0 and 12 in steps of 0.1 or 0.2. A step size of 

0.1.- in u corresponds to 0. 02A at the wavelength being studied and a finer 
' . . ~ . 

grid of values was desired so that interpolation would have been neces-

sary if the tables were to be used. 

As Harris had defined each of the terms it was possible to 

calculate them for any value of u so that as many points as desired 

could be used. The coefficients of equation 2.27 are, (Harris, 1948);_ 



. -u2 
Ho(u)=e 

. . 2 
Hi (u)= -1,;" (l-2uF(u)) 

-u2 fu t2 
where F(u)=e e dt 

0 . 

. 2.28 

2.29· 

Harris used tables of F(u) calculated by Miller and Gordon, (1931): 

to evaluate the above functions, (equation~ 2.28). Miller and Gordon 

-u fu t2 . had used earlier tables of e and 
O 

e for O<u<2. · for the range 

2<u<6 their values were found from a complicated approximation ~ade 

necessary by the lack of high speed calculating machines. For 6<u a 

semiconvergent series was used. For this study it was decided to recal­

culate F(u). Three series were found to be suitable. The first two, 

O<u<l 2.30 

7<u · 2.31 

tZ 
For the range l<u<7 it was decided to use an expansion fore 

in equation 2.29 and then integrate tem by tem. The expansion-and the 

resulting series are; 

2.32 

- 28 
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TABLE·v 

Accuracy of function F(u) 

· Va Precision 10 -16 

• eqn .• u n F(u) gn+l/gn Maximum error 

2,30 0,01 5 0,009999331274 0.000 

2,30 0,99 19 0,538794550160 -0,050 

2,32 1,00 19 0,538079506913 o •. 048 ·0.0498 

2,32 6,99 122 0,072186467326 0,394 o.6469 

2.31 7.00 21 0,072180974658 0.418 
" 

·2.31 15.00 10 0.033407906809 0.042 

' -6 Vb Precision 10 

. eqn. u n F(u) ,gn+l/gn Difference·(va-Vb) 

2.30 0.01 3 0.009999331274 0.000 . 0.000 

2.30 0.99 11 0.538794554924 -0.085 -0.000000004764 

2.32 1.00 10 0.538079506479 0.083 0.000000000434 

2.32 6.99 93 0.072186467087 · 0.514 0.000000000239 

2.31 7.00 6 0.072180973688 0.112 · 0.000000000970 

2.31 15.00 4 0. 033407906 722 0.016 0.000000000081 

Ve 
' ' 

u F(u) (Miller and Gordan, 1931) F(u) (this thesis) 

0;0l 0.009999 0.009999 

0.93 0.541025 0.541026 

0.94 0.540910 0.540909 

0.95 0.540688 0.540688 

ci. 96 --- 0.540363 0.540364 

0.97 0.539938 0.539939 ' 

0.98 0.539414 o.539415 

.0.99 0.538793 0.538795 

·1.00 0.538080 0.538080 

6.95 0.072711573 0.072711573 

7.00 0.072180975 0.072180975 

12.00 0.041812876 0.041812876 

~"': 

'.' 
" -}'~ 



· This series when carried to many terms will approximate F(u) to 

a desired accuracy for·any. value of u. As·a test the summations for all­

three equations were ended when the last term was less than 10-16 time~ 

the sum to that point. With this accuracy the- size of the last term, gn' 

wit_h respect to the first omitted term, gn+l' is given in column five 

of table Va. For the series 2,32 the size of the maximum error is also 

~iven, expressed in terms of the last included term. The size of the 

error is determined from the equation, (Kaplan, 1952, p.329); 

maximum error= (n+l)(2n+3) 1 - u (2n+3) 
(2n+5) (11-+2) 

2.33 · 

As the first term omitted was less than 10-16 times the series 

total, the accuracy should be better than 15 significant figures. When 

the intensities were calculated the accuracy was only seven significant 

figures so that the series were terminated at· 10-6 ~ In table Vb the -

. calculations have been repeated using the lower accuracy. As can be seen 
-

by comparing tables Va and Vb the error, (given in column six, table Vb) .. 

is less than one in 10-7• In column.three the number of terms retained 

is given. It is easily seen that formula 2.31 requires many more terms 

for convergence for large u and would be impractical to use for all values · 

_of u_ even_ th~ugh valid. 

The computed values of F(u) were compared with those tabulated 

by· Miller and Gordon, (1931), Their values were tabulated to six, eight 

and nine significant figures whereas the new calculations were tabulated 

to 12 significant figures, (table Va, column 4). Some of the earlier 

tabulated values of F(u) did not agree with the corresponding calculated 

ones, (see table Ve). The difference was only ±2 in the last figure of· 

the earlier calculations. This was quite possibly due to rounding and 

30 
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. , ......... truncation errors and the shortcuts which were made to save time in 

·computing the earlier ·values •. A table of F(u) was ·produced for future 

. r!!ference. Similarly the terms in the Voigt function expansion w~re · 

• evaluated and were found· to agree with those of Harris· (1948). 

2.7 Optical depth and curve of growth effects. 

The .optical depth TA which is necessary for the calculation of 

the · 1i?e profile is the product of the number of absorbing molecules, ' 

N(nvNJp},· and the molecular absorption coefficient, aA 

2.34 

and can be calculated from.previously defined equations. 

Combining equations 2'.16, 2.18, 2.21, 2.22, 2.26 and 2.34 One· 

has the optical depth 

N ,r/; l 
T = ---,,,,.--=---=----,,-- - x Honl-London factor 
· A.· &Q Jh Qel Q,,ib Qrot · f; 

X q R2 X v 1v 11 e 
-{T"+G(v")+F(N") }he. . .. . 

e .e kT _x H(a,u) 2.35 

For the evaluation of TA the values for the- combined part_ition 

function Q=Q~l Q,,ib Qrot were taken from Tattmi' (1966).. The· Franck-Condon 

· fact~rs, q. , 11 , were taken from Spindler. (1965)· and the electronic 
. vv . . . 

transition moment, R , from Arnold, Whiting and Lyle (1969). Although 
. --· _,,. - e , 

not strictly true the same constants were used for both c12N14-and c1 3Nl 4 

as they wouid have been almost the same.· 

The relation between the optical depth and the actuai' line profile 

has been investigated by many authors •. Two of.the equations that have 

been used to produce theoretical curves of growth are (Aller, 1953,. p.372); 

.. 2.36 
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used by Menzel. (1936).and 

2.37 .' 

used by Bell, _where 1<:0/ic,_,,allows for variation 'in the depth of. the photo::-

sphere with wavelength. R is the continuum depth and represents the 
C 

maximum line depth possible. 

· The form of the equation used in this study is 

2.38 

Minnaert's semi-empirical formula, (Minnaert, 1935), as used _by Unsold.-
. 

Curve of growth effects arise because the intensity of a line is 

not a_simple function of the nmnber of atoms or molecules giving rise 

to the line. For weak lines the equivalent width. is proportional° to the 

number of atoms or molecules, for medimn strength.lines it is proportional 

to the square root of. the logarithm of the ntJIDber and for very strong. 

lines it is proportional to the square root of the nmnber and another 

term which is. the result of natural and pressure broadening damping,· 

(see diagram, Aller, 1953, p.374). 

Theoretical profiles can be produced by using equation 2.35.and 

one of 2.36; __ 2.37 or 2.38 for each line. If more than· one line is con­

sidered then one must account for the-overlapping which will ·occur. 

This may be done by smnming the optical depth contributions of each line 

at a set of points in the region under study. In this study the smn is 

then used in equation 2.38 for TA. The profile so produced does not 

take into account the finite resolving power of the spectrograph. The 

profile is what one would expect to see if the·spectrograph had an 

infinitely narrow entrance slit. 
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· 2. 8 Instrumental broadening. 

. The usual procedure in the case of· instrumental br~ade~ing is to __ . 

try· to remove the· instrumental profile from the observed profile. The: :: · . . . 
integraL equation _to be solved has been stated many times, (see Bracewell, : _..-. ' 

1955); 

··_ g(x)=,Ch(x-y)f(y)dy 2.39 

where· f(x) is the unbroadened profile 

h(y) is the instrumental profile normalized so that 

· · .£:h(y)dy=l _ 

· and g(x) -is the observed profile •. 

The problem is to find f(y) when g(x) _and h(x). are known. In 

· this study for ease in_calculating and because-comparisons were-to be· 

made with cak.ulated profiles it was decided_ to apply th_e instrumental 

broadening to the calculated profile. The instrumental profile may b~ 

found from th~ shape of weak emission lines of the comparison spectra . 

on the photographic plates. When h(x) and f(x) are known the procedure 

b_ecomes a straightforward·. integration over ~ finit~, and generally 

quite small, range ·as the measured instrument;al profile. is not infinite 

in width. If the instrumental profile is not normalized to one then 

equation.2_-39 can be rewritten in the·form of equation 1.2, that is 

. ,C h(x-y)f(y)dy 
g(x)= ------­

,C h(y)dy 
2.40 

The instrumental profile used was assumed to be at most 1.5A 

wide so that equation 2.40 became in .use, 

1"75 
h(x)f(),+x)dx 

g(>.)=' -.75 . 

1•75 h(x)dx 
,.75 · 

2.41 · 

;,'.,':-? 
..,_,' 
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TABLE VI 

\ 

\ Data on Photographic Plates 

STAR HD · Plate · Date Julian Date 
Number 

J 

19 Psc 223075 1511 Sept 12/64 2438650.873 

DS Peg 206570 1512 Sel)t 13/64 2438651.844 

Y C Vn 110914 2412. Apr 3/66 2439218.865 

UX Dra 183556 4763. July 13/69 .2440415.781 

19 Psc . 223075 4970 Aug 31/69 2440464. 993 . 

• •• I-

Used 

Camera Emulsion 

3262 I-N 

3262 I-N 

326~ I-N. 

3281-ISR 1..:N 

3281-ISR . I-N .·· C 

~ 

Dispersion 

7.9 A/mm 

7.9.A/mm.·· 

7.9 A/mm 

.. 
· 12.8 A/mm 

• 
12.8 A/mm· 

. 
•; -: ':- ." - . 

.., ..,. 



where h(x) ·and f(A+x) were tabulated and the 'integrals.evaluated 

by ·Simpson's rule. The correction . for instrumental .broadening was applied , . 

. to some of the computed profiles. The results ~ill be described •.in 

ch!lpter· three. 

· 2.9. General method. 

The stellar spectrograms ·were taken with the 32 inch came·ra of 

the 48 inch D.A.0. telescope. For•details of the spectrograph'see 

.. Richardson (1968). The plates used are described in table VI. In the 

first two columns are the name and Henry Draper catalogu~ number of.the 

star. The plate number is in column three.- The date and Julian day are, 

in the next two columns. The last three columns .contain the camera number, 

· emulsion and dispersion of the plates. The ·two different dispersions used • 

made possible a check on the effects of instrumental broadening. 

The plates were processed on the microphotome'ter at the D.A.o.· 

giving an intensity tracing •. The intensity t~acing ·was converted to a 

constant continuum height on an intensitometer in order to compare the 

tracings with the computed profiles. A major problem arises in the meas-· 

urement of spectra of late type stars. The continuum must be drawn on. 

the intensity tracing before being reduced on the intensiton/eter.· For 

cool stars. the number of lines is so great that the observed profiles may . . 

never reach the continuum. Especially.in the region of strong molecular 

bands the·highest points 'observed may still not represent the.continuum 

(Wright, 1962). · For the two plates P:4763 and P:4970, the continuum was 

drawn·through the highest three points in 600 A (from A7800A to A8400A). . . 

Although these points may not be on the continuum the error introduced 

is not large for either method used to evaluate the ·c12/c13 ratio· because 
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Figure 2. Comparison of profiles for different values of a. 
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the _depths of· fairly strong lines were measured. · However if equivalent -

widths were measured. any difference in the pl~cement of the cont"in~um _ 

- ,. _, _ · wo~ld have had a large effect on the area in_ the wings of the -line_. 
(; ~- ' . ' 

} ;_, Qnce the wavelengths and.intensities .of·t~e- lines ,.of c12N14. aild 

· "cl3Nll+ were calculated, the contributions of the absorption coeff°icient 

for each isotopic species were summed at intervals of-0.05A. Thus two 

sets -Of absorption· coefficients were_ produced. - These were-- then combined . - . 

to form the total optical depth'. -tA, as used in equation 2.38 by 

+lt 
- r Acl3Nlli 

2.42 

where t -
Acl2Nlli 

is the.optical depth due to cl2Nlli ,-

t 
Acl 3Nlli 

is the optical depth -due'to c13N1" - , 

and r is the abundance ratio of c12 to cl 3;. 

In the calculations. an arbitrary constant was used in equation_ 

2. 35 for N. An additional factor .was then applied when plotting profiles 

in.order to obtain a close fit with the-observed spectra. The value of -

the maximum line depth, R, was estimated for each tracing and was in the 
C . 

range 0.86 to 0.98 

The choice of-the ratio of damping constant to Doppler width, _a, 

was more difficult. Climenhaga (1960) chose a=0.10 after using a=0.01_ in 

· a parallel set of calculations. In a study of the CN(4;0) band (Climenhaga,. 

Holts and Smolinski, 1970) profiles were calculated using the values 

a=0.10 and a=0.001 as extremes in the possible values of a. These two 

profiles are compared in figure 2. The only difference appears in the 

wings of strong lines and has little effect on the depth ·of the lines. 

· For.the present study an intermediate value.of 0.025 was used. 
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For each of three temperatures (T= 2400, 2800.and 3150 K) the 

· absorption coefficient was calculated in steps of 0,0S· A between wavelengths,· 

':1.7800 and :1.8400 A. Three turbqlent velocities, (as found by Utsmni, 1970) -

, were used in the calculations __ (Vt"' ,7 .47, 7 .9 and 9.S km/sec),_ making a 

·. total of nine sets of data, The three temperatures covered the approx-· 

imate range in temperature reported for the stars observed, (Utsumi, 1970), 

· 2.10 Method of line depths. 

The multiplicative constant used when applying .the absorption 

_coefficie~ts was varied for the calculated profile until the depths of 

the lines in regions free of c13N14 features matched the observed_depths, 

. The choice of suitable c13N14 featur~s. was made difficult by the presence 

in the region studied of the telluric H20 band system. These.lines were -

shifted with respect to the spectrum of the stars by varying amounts 

depending upon the change in radial velocity caused by the earth's rotation 

and revolution about the sun. A c13N14 feature which was present in one ·. 

star would be blended with ·an H20 line in another, It was decided to 

locate and list all c13N14 features. on the theo.retical profile and 

·measure only those which showed little blending. A line was considered 

free of blending when the profile within approximately O.S A on either 

side matched fairly well the calculated ~rofile. The effects of atomic 

_·lines were ignored except in the case of strong lines listed in 'The Solar 

Spectrmn, 293S A to 8770 A', (Moore, Minnaert_and Houtgast, 1966), The 

wavelengths and identifications, (vibrational band, branch and rotationa~ 

quantum number) of these c13N14 features are given in table Vllb. · 

When the observed c13N_14 line depths for a plate were measured 

__ the wavelengths to the nearest 0,0S A were recorded, The wavelengths and 



depths of all measured lines as well as the strength constant used to 

_produce the matching theoretical_profile, were input to a computer program 

which then calculated the theoretical profiles for· a short region on either \ 
·.< ' 

'\.·· side ·of.'the, input waveleng;h for different c12/c13 ratios. From the 

-resulting carbon ratios and corresponding theoretical depths the obse"ed 

c12/c13 ratio was found by interpolation. 

2.11 Method of empirical pseudo-curve of growth. 

The empirical ·pseudo-curve of growth method used by Fnjf.ta··:· :· .. . . 

(Fujita, Tsuji and Maehara, 1966 and.Fujita, 1970, p.127), seemed to 

produce different results th_an found by other authors.. (see tables I and. 

'II). This method did not assume a specific form for the curve of growth 

relation but ·determined an empirical form. He measured the line depth, 

(instead of the equivalent _width as is usual with curve of growth analyses), 

and plotted the logarithm of depth.for both c12N1~ and c13N1~ as a function 

of a term log1o(K) where 

2.43 

· K is the line strength factor omitting· terms which are 

constant for the whole band 

-· .~v'v" is the Franck-Condon factor 

SJ'p' 
J"p"- is the Honl-London factor 

X is the energy if the lower vibrational state· 
v" 

Xr" is the energy of the lower rotational state, both 

energies. measured in.eV 

eex is the reciprocal excitation temperature, 

.·• 
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The notation for.the above termshas been changed from that of 

Fujita to agree with that used earlier in this paper:· The horizontal shift 
. ' 

in the graphs between the c12N11i data and the c13Nlti data is the logarithm 
' , ' .''. ,. 

·of the _abundance ratio. . Two assumptions were ·made to employ· this method. 

The first assumption was that the observed absorption i,ntensity. was a_ 

monotonically increasing function of the number of absorbing molecules; 

. The form of this function could be found empirical_ly •. The second assU111p­

tion was that lines, of. the same intensity were produced by the same 

number of-absorbing molecules. These two assumptions were unrestrictive. 

However the one drawback to this method as presented was that it did not 

take into account· the effects of blending of many weak lines. As can be 

·seen from.tables VIIA and VIIB many lines sometimes occur within 0.2 A, 

of each other. Fujita was -using ~igh dispersion plates, (3 A/mm}, and· 

·the effect would appear to be less· important.than at the dispersions used 

in this paper. Still the contribution of neighbouring lines should not 

be omitted as the lines have a-finite width and the wings of one line will 

contribute to the center of the next. 

In this study the dispersion used, (8 A/mm}, required blends to 

be considered. The effect of the finite width of .the line was included 

by broadening .. the central line strengtn using a Voigt profile. Unfortu­

nately one must assume a turbulent velocity as well. As a check on.the 

effect of a possible wrong choice of the turbulent velocity one set of. 

calculations w~s performed using a_different turbulent velocity. ·The 

results are described in the discussion of the empirical pseudo-curve of 

growth method. ,The line strength with the Voigt function applied and 

summed at intervals for all the-lines present was the same data as used 

for the depths method and the data was used for both methods. 
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At any wavelength there was a contribution from both c12N1"· and 

C 13N 1 ". A problem arose in how to include the weaker component when · • 

doing calculations for one of the isotopic.species. When c12N1'+ lines 

were considered the formula 

2.44 

cl2 
was used ·where r was the ratio c12 /c13 and K is equivalent to K in 

equation 2.43 .Calculations were performed with r= 1, 4, 20 and 100, 

which covered the range of values that was expected for r•in stellar 

atmospheres. The differences in the resulting graphs were very small and 

the value of 4 was chosen as it was close to the earlier determined values. 

The shift introduced by using·r=l and r=l00 was included.for a few points 

in three graphs (figures 6, 7 and 8)--to indicate the maximum error intro-

duced. 
cl2 

One would expect little variation in the theoretical value of K 

in equation 2.44 for the different values of r since only definite c12N1'+ 

lines were chosen so that the· contrib~tion .of c.13N1" was. very small. 

In the case of c13N1" lin~s formula 2.44 could not be used since 

the main contribution was from: the c13N1" term and had fo be free of the 

ratio r. Instead the equation 

2.45 

was used where the minor contribution from c12N1" was properly accounted 

for in the total. The variation in the assumed value of r again affected 

the result.ing graphs little. With r=4 the two sets of graphs were 

compared and the abundance ratio determined for each pair. . ' 

2.12 Effect of dispersion. 

Several important points arose in the measurement of the abundance 
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::. r~tio •. All were concerned with the. possibility of ·measuring the. c13N14 

lines. As has bee~ mentioned. before, two different pispersions were·. 

employed in this' study. A region of the observed and calculated profiles 
' ' 

·for 19 Piscium (dispersion =7.9 A/mm) is .sho~ in-figure 3. · The three 

theoretical profiles correspond' to the three isotope ratios of 4, · 20. and . ·· 

10.0. ,··The theoretical profile agrees well with the observed profile · except , . · 

that in some places there appears to b.e added absorption in the observed 

profile. The cause for this added absorption is that lines of water · 

vapour have.been omitted from the theoretical calculations. In figure 4 

. the same region is compared with .the theoretical profile but at a different· 

· · .. d:l.spersion of 12.B A/mm. Ii: is ·readily. seen that at this dispersion many. 

of the expected c13N1" lines do not appear. In figure ·5 (which covers the 

same wavelength region) the observed profile is compared with·· a theoretical · 

profile which has been. corrected for instrumental broadening. '.. The agreement · 

· bet~en the profiles is better than· in figure 4 and. th~ c13N1" fea"tures are 

not as distinct on the theoretical tracing. It was. therefore thought·· th_at 

for observation of individual c13N1" lines in the 1.1ear infra-red, a dispersion . . , . 

• of 7 •. 9 A/mm oi' better was required.· 

Fujita (1968a, 1968b) studied the effect of different dispersions 

ranging .from 15 A/mm to 2 A/mm. Although many features were identifiable. 

at 8 A/mm they were more easily observed at 3 A/mm.· Since the turbulent 

velocities (7 km/s) give rise to a Doppler wid;h of approximately 0.2 A, 

the use of dispersions that resolve to O.l A is sufficient. Fujita (1968a) 

assumed a grain size of 0.02 mm which yields a resolution <>f 0.1 A for a 

dispersion of 5 .. A/mm.· The.ref ore, . although the 7. 9 A/mm dispersion used 

in this study resolved lines well,. a still higher dispersion would. improve 

the resolution •. The use of higher dispersions was impractical because 

) 
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·· the exposures required were quite long. 

When considering exposure times and quality of the spectrograms,· 

the best dispersion available is 7. 9 A/mm. The estimation of grain size 

in this case may be a little large since one would not expect as good 

agreement as was obtained betwwen observed and calculated profiles if the. 

resolution were 0.16 A. The plates taken at 12.8 A/mm do n·ot resolve the 

c1.3N11f lines sufficiently to be of much use. The depths method was applied 

using instrumental broadening but the results obtained had a.large uncer- . 

.. tainty. Since spectra of 19 Piscium were obtained at both dispersions a .. 

comparison of results was made to determine the inaccuracy introduced .by 

th~ lower dispersion. 
' 

2.13 Effect of additional lines. 

When calculating the absorption coefficient the only molecules 

considered were c12N1'1 and c13N1'1. Other molecules such as c 12c12 and 

c12cl3·were omitted. Although their bands affect the region around A7800 

A (the c 12c 13(3,0) R band head occurs at A7820.27) and c2 lines may be 

foµnd scattered throughout the region, most of th~se lines are weak when 

compared to the CN lines. With the method of line depths .the amount of 

absorption added to some of the measured lines cannot be estimated and 

hence the ratio -determined from such a line will be too low: In the empir­

ical pseudo-curve of growth method the_ lines with added contributions show 

up readily as a scatter in the points. The lowest points in the graph 

are· those with little or no additional absorptions (see figures 6, 7 and_ 

8). These points may be ignored when·comparing the two sets of graphs. 

Similarly additional absorptions of other elements and telluric molecules. 

may also be omited, It was found for the spectrograms at the lower. disper-
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sion·that not.only were some lines over absorbed but also that s9me lines 

were filled in. · The empirical pseudo-curve of growth mei:h~d w.iis not used 

on these spectrograms because the scatter ':tn the points was.too great. 

Another contribution, which was not included in the calculations; 

to the observed·absorption profile was atmospheric or telluric water· 

vapour. The strength of these lines was dependent on the zenith distance· 

of .. the star during exposure and.on the. amount of water vapour in the air. 

Since the Dominion Astrophysical Observatory is situated quite close to·• 

sea level: and the•long exposures meant following the star until it was far. 

·from the zenith, the telluric water.vapour lines were· quite strong. In 

addition to the possibility of an unpredictable variation in strength. 

there was.also the variable displacement of the telluric ·1ines with 

respect to the stellar lines; 

2.14 Effect of .radial velocity on telluric water vapour lines. 

The effect of differences.in radial velocities on the positions 

of the telluric H20 lines has been investigated by .Fujita (Fuji.ta and 

Utsumi, 1963, Fujita, 1963 and 1964) •. He found that the appearance of 

the spectrum was greatly changed,. even for the saine star, when observed• 

at different times of the year. This was·due to the variation in the 

earth's velocity with respect to the star as a r~sult of the earth's 

rotation on. its axis and its revolution about the sun. The variation 

depended upon the star's coordinates but the variations noted by Fujita . 

. (1964) ranged up to 50 km/s, corresponding to a shift of 1.4 A in the near 

infra-red. When the variation from star to star was considered the.differ~ 

ence in wavelength could be as large as 2.0.A. Also the s~ructure of the 

water vapour spectrum is very complex (since the water vapour molecule .. 
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is triatomic) and there are' many lines in the region under study' (there. · 

are 320 lines from A7800 to A8300 A). 

There were two ways· to approach the. problem of water vapour •. One 

was to add the water·vapour contribution to the summed absorption·coefficient 

for CN, with an appropriate shift for radial .velocitr. This ·method was 

impractical because the amount to be added would have had to been detemined 

by trial and error. Also the amount the lines were to be shifted would 

have varied for each spectrogram. The second method and the one adopted· 

was to omit any line which appeared to be overly absorbed. As noted 

earlier this was very simply taken care of in the empirical pseudo-curve 

of growth method. For the. depths method it was possible to omit the c1 3N1" 

lines so affected by 'comparing the wavelength with the known wavelength 

of the telluric H20 lines. 
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·CHAPTER 3 

· ·sUMMARY AND CONCLUSIONS 

The results for the four stars are given in table VIII. The 

results for the empirical pseudo-curve of growth method an.d depths method 

are given in columns labled C and D respectively. For .two of the spectra-­

grams there is only one value, for the depths method and for a temperature 

of 2800 K. These two values were obtained by matching an instrumentally 
•_··~·" . 

broadened theored.'cal profile to the observed profile. . The empirical 

pseudo-curve of growth method could not.be used on these plates for the 

reason explained in chapter 2. The results fot: the individual stars are·: 

19 Piscium (figures 6,7 and 8) 

Two spectrograms· of 19 Psc were available for this study. 

However since the results from the lower dispersion spectrogram.are 

subject to a larger uncertainty the value for plate 4970 is given a 

low weight. The results indicate·a c12/c13 ratio ·of less than.twenty 

for all assumed temperatures. On the basis o; temperatures published 

. by Utsumi (1970) the isotopic abundance ratio is 6.0 for a temperature 

of 2800 K. 

DS Pegasi; (figures 9, 10 and 11) 

For the upper and lower limits of temperatures used in this 

study the c12/c13 ratio is•near 20 but this is still as low or lower 

than found by Fujita (1970) for this star. The ratio for the ·assumed 

temperature of 2800 K is 8.6, the least amount of c13 of the stars in 

this thesis. 
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TABLE VIII 

Observed c12/c13 ratio for assumed temperatures. 

Temperature= 3150 2800 2400 K 

Star Plate C D C D· C D 

Y CVn 2412 _- 2.8 5.5 2.0 2.4 3.2 6.2 

DS Peg 1512 12.6 23.1 · 7.0 10.1 17.8 26.5 

UX Dra 4763 6.4 

19. Psc 1511 15.9 12.4 6.3 5.6 20.0 15.3 

19 Psc 4970 5.6 

19 Psc 1511 

(Vt= 7.5 km/s) 13.3 15.3 7.9 6.7 17.8 18.6 

\ 
C empirical pseudo-curve of growth method \ 

I 

D depths method 
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Y Canum Venaticorum (figures 12, 13 and 14) 

The results indicate~ very'high abundance of c13 in the· 

atmosphere of Y CVn. · Ail investigations of Y CVn show strong evidence 

of c13 (see table I), For the assumed temperature of 3150 K the cor-

responding carbon ratio is 4.2 However even for the other two 

temperatures the ratio is still less than 5 hence Y CVn shows clearly 

the highest abundance of c13 of all the .stars in this study. -.' 

UX Draconis 

The only spectrogram of this star is at the lower'dispersion 

so that the results are subject to a larger uncertainty than those· 

of the.other stars. The isotope ratio found is 6.4 for the assumed 

temperature of 2800 K; 

The results for these four stars are in accor~ with earlier 

studies, excepting those of Fujita (1970).· The empirical pseudo-curve 

of growth method was found to be superior to the depth method because it 

was easier·to use .and made few assumptions. The one drawback is that· 

high dispersion spectrograms 'are necessary.. F•inally more work is 

necessary to determine accurately the molecular excitation temperature 

of the carb.on_stars. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM 1 POS & INT' 
TO CALCULATE POSITIONS AND INTENSITIES OF THE CN RED SYSTEM, 
FOR BOTH NORMAL (Cl21 AND ISOTOPE (Cl3) FORMS OF CARBON 

FORMULAS FOR LINE POSITIONS FROM T. FAY, -I. MARENIN, AND 
W. VAN CITTERS, 1970 . 

FORMULAS FOR HONL-LONDON FACTORS FROM L.T. EARLS, 1935, PHY. 
· REV. VOL 48, P423. 

INPUT: FROM CARO READER 1 NREAD' FORMAT: 
DESIRED WAVELENGTH REGION 1 LAMMIN 1 TO 'LAMMAX' 1000 
TEMPERATURE 'T' AND TURBULENT VELOCITY 'VT' . 1000 
PARTITION FUNCTIONS, NORMAL 1 QN 1 AND ISOTOPE 'QI' 1010 
ROTATIONAL AND VIBRATIONAL CONSTANTS FOR NORMAL UPPER & 
LOWER, ISOTOPE UPPER & LOWER LEVELS !OUTPUT FROM 
PROGRAM 1030 
FOR EACH HAND: . 

MINIMUM •MIN' AND MAXIMUM 1 MAX-1 ROTATIONAL 
QUANTUM NUMBER N", 1 N1 1040 
UPPER, V', AND LOWER, V''• VIARATIONAL QUANTUM 
NUMBERS OF BAND 11 IVI','IVII'I 1040 
FRANK CONDON FACTOR 1010 

OUTPUT: ON PRINTER 1 NPRINT 1 

WAVELENGTH REGION 'LAMMIN' TO 1 LAMMAX' 
VIBRATIONAL BANOS INCLUDED l'IVI', 1 1VIl'I 
TOTAL NUMBER OF LINES INCLUDED, NORMAL 'LN', & 
ISOTOPE 'LI' . 

OUTPUT: ON TAPE 'NTAPEl' 
DATA SET 1 WAVELENGTH AND INTENSITY OF NORMAL ,CN 
DATA SET 2 WAVELENGTH AND INTENSITY OF ISOTOPIC CN , 

OUTPUT: ON TEMPORARY SEQUENTIAL DATA SET 1 NTAPE2 1 

WAVELENGTH AND INTENSITY OF ISOTOPIC CN 

FORMAT: 
1020 
1050 

1060 

FOR EACH VIBRATIONAL BAND TO BE INCLUDED THE APPROXIMATE UPPE~ 
AND LOWER ROTATIONAL QUANTUM NUMBERS MUST BE SUPPLIED 
i~~N10~D~u~gE~ET6N~~tJ~~gLo~~OT~~EM~A6~~~ ~~gMM~~~~~~N~~~A:i:1gr~~ 
OF ALL THE BANDS 
BRANCHES IDENTIFIED ACCORDING TO POSITION IN ARRAYS 

l 2 3 4 5 6 7 8 9 10 11 12 
Pl P2 Ql Q2 Rl R2 Pl2- P21 Ql2 Q2l Rl2 R21 

DIMENSION CUNSl8,20),CLNSl5,201,CUISt8,20l,CLISt5,20l,CONSUNl8l, 



C 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

l CONSLNl51,CONSUll81,CONSLil51,LPOSNl12l,LPOSil121,NPOSNl121, 
2

Do~=~~
1ihfl1!1i~1

t5i§!~[i!!Ei1s,cL1s,coNsuN,coNSLN,CONsu1, 

100 

110 

l CONSLl,LPOSN,LPOSI,NPDSN,NPOSI,LAMMIN,LAMMAX,ClN,ClI,C2N,C21 
REAL INTN,1NTI,MAXINT,MININT,NII 

DATA NREAD,NPRINT,NTAPE1,NTAPE2/5,6,ft,9/ 
EXTERNAL SIGLAM,POSITN,INTEN 

REW-IND NTAPEl 
REWIND NTAPE2 
LN=O 
LI=O 
MAXINT=O.O 

READ WAVELENGTH REGION 

READINREAD,10001 LAMMTN,LAMMAX 

READ TEMPERATURE AND TURBULENT VELOCITY IIN KM/SEC) 

READINREAD,10001 T,VT 

READ PARTITION FUNCTIONS FOR NORMAL AND ISOTOPIC CN 

READINREAD,10101 QN,QI 

WRITE WAVELENGTH REGION, TEMPERATURE AND TURBULENT VELOCITY 

WRITEINPRINT,10201 LAMMIN,LAMMAX,T,VT 
LAMMIN=LAMMIN-5. 
LAMl1AX=LAMMAX+5. 
REAO UPPER AND LOWER ROTATIONAL AND VIBRATIONAL CONSTANTS 
FOR NOR,MI\L FORM 

00 100 1=1,20 
REAOINREAD,10301 ICUNSIJ,Il,J=l,71 
REAOINREA0,10301 ICLNSIJ,IJ,J=l,51 
CONTINUE 
READ UPPER AND LOWER ROTATIONAL AND VIBRATIONAL CONSTANTS . 
FOR ISOTOPIC FORM 

00 110 1=1,20 
READINREAD,10301 ICUISIJ,Il,J=l,71 
REAOINREA0,10301 {CLISIJ,Il,J=l,51 
CONTINUE 
DO 120 1=1,20 
CUNSl1,ll=CUNS11,Il+5.*CUNSl3,Il+.lllll3 

........ 
Q\ 



C 
C 

C 
C. 
C 

C 
C 
C 
C 
C 

120 

CLNS11,I)=CLNS11,Il+2.*CLNSl3,ll+.093446 
CUISll,ll=CUISll,Il+5.*CUISl3,Il+.106504 
CLISll,Il=CLISll,11+2.*CLISl3,Il+.089563 
CUNSl8,Il=CUNSl2,II/CUNSl3,II 
CUISl8,ll=CUISl2,ll/CUISl3,11 
CONTINUE 
CONSTN=7.04116337D27/IQN*DSQRTIT/1.5635578D-7+VT*VT*l.D10ll 
CONSTl=7,04116337D27/IQl*DSQRTIT/l.62369464D-7+VT*VT*l•OD10ll 

DEFINE SQUORE Of ELECTRONIC TRANSITION MOMENT 
$K=.52*2.5416*2.5416E-36 
MULTIPLY BY AN ARBITRARY CONSTANT FACTOR SUCH THAT INTENSITIES 
ARE OF THE ORDER OF UNITY 
$K=$K*l.El6 

BEGIN CALCULATIONS ON NEXT BAND 
READ MINIMUM ANO MAXIMUM ROTATIONAL QUANTUM NUMBERS 1+11 

130 REAOINREAD,1040,END~240) MIN,MAX 
C 
C READ VIBRATIONAL QUANTUM NUMBERS. 
C 

C 
C 
C 

C 
C 

C 
C 
C 

C 
C 
C 

Rf:AO(NREA0,10401 IV!, IV! I 

READ FRANK CONDON FACTOR 

READINREA0,10101 FRANK 
CALCULATE BAND STRENGTH 'BNDSTR' 
BNOSTR=$K*FRANK . 
COPY CONSTANTS FROM STORAGE INTO AR~AY TD B~ USED 

DD 140 1=1,9 
CONSUNIIl=CUNSl·I,IVl+ll 
CONSUi I I l=CUISI I, IVI+l l 

140 CONTINUE . 

150 

. DO l 50 I= 1, 5 
CDNSLNIIl=CLNS(I.,IVll+ll 
CONSLllll=CLISII,IVll+ll 
CONTINUE 
WRITE VIBRATIONAL QUANTUM NUMBERS OF BAND 

WRITEINPRINi,10501 IVI,IVII 
DD 230 K=MIN,MAX 
N=K-1 . 
NI I=N. 

.... ...., 



C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

.C 

C 

160 

170 

180 

CALCULATE WAVENUMBERS OF THE 12 .BRANCHES FOR N• 1 ='N', 
'NPDSN' FOR NORMAL ANO 1 NPOSI' FOR ISOTOPE 

CALL POSITNINII,CONSUN,CONSLN,NPOSN,C1N,C2NI 
CALL POSITNINII,CONSUI,CONSLI,NPOSI,ClI,C2II 

CALCULATE HONL-LONOON FACTORS FOR THE 12 BRANCHES 
'INTN' FOR NORMAL ANO 'INTI' FOR ISOTOPE 

CALL INTENINII,CONSUNl81 1 INTNJ 
CALL INTENINII,CONSUil81,INTII 

CONVERT WAVENUM8ERS IN VACUO TO WAVELENGTHS IN AIR, 
1 LPOSN 1 FOR NORMAL AND 1 LPOSI 1 FOR ISOTOPE 
rm 160 I=t,12 
CALL SIGLAM~NPOSNIIl,LPOSN(lll 
CALL SIGLAMINPOSIIIl,LPOSillll 
CONTINUE 
ClN=OEXP(-ClN*l.43879/TI 
~2N=DEXPI-C2N*l.43879/T) 
Cll=DEXP(-ClI*l.43879/TI 
C2I=DEXPI-C2·I*l.43879/TI 

CALCULATE INTENSITIES FOR THE 12 BRANCHES 
DO 170 I=l,11,2 . 
INTNIIl=INTNIIl*CONSTN*ANDSTR*ClN 
INTIIIl=INTIIIl*CONSTI*BNDSTR*Cll 
INTNII+ll=INTNII+ll*CONSTN*BNDSTR*C2N 
lNTl(l+ll=INTI(I+ll*CONSTI*BNOSTR*CZI 
CONTINUE 

FINO MAXIMUM INTENSITY TO THIS POINT 
DO 18 0 I = 1 , 12 
MAXINT=AMAXllMAXINT,INTNIIII 
CONTINUE 
MININT=MAXINT*l,OE-6 

\ 
' i 

OMIT ANY LINE WHOSE INTENSITY IS l.OE-6* (MAXIMUM INTENSITY) 
no 190 I=t, 12 
IFIMININT.LT.INTNIIII GO TO 190 
LPOSNll)=O.O 
LPOSI 111=0.0 

190 CONTINUE 

C OMIT APPROPRIATE BRANCHES FOR LOW ROTATIONAL QUANTUM NUMBER 

.... 
00 



C 
IF(N.GT.2) .GO TO 200 
LPOSNl71=0.0 
LPOSil7l=O.O 
IFIN.GT.ll GO TO 200 

0 LPOSN 11 l=O. 0 
LPOSI 111=0.0 
LPOSNI 2 )=0.0 
LPOSil21=0.0 
LPOSNl9l=O.O 
LPOSil9l=O~O 

· IF ( N. GT. 0 I GO TO .2 00 
LPOS·N 14) =O • o· 
LPOSll4l=O.O 
LPOSNl61=0.0 
LPOSil6l=O.O 
LPOSN(Bl=O.O 
LPOSIIBJ=O.O 
LPOSN(3l=O.O 
LPOSll3l=O.O 
LPOSNlll)=O.O 
LPOSl(lll=O.O 

200 CONTINUE 
C 
C WRITE POSITION (WAVELENGTHS) AND INTENSITIES ONTO TAPE OMITTING 
C ALL LINES OUTSIDE OF REGION 1 LAMMIN 1 TO 1 LAMMAX 1 

C NORMAL ON 'NTAPEl', ISOTOPE ON.'NTAPE2 1 
c. 

DO 210 1=1,12 _ . 
IFILPOSl\llII.LT~LAMMlN~OR.LPOSNII>.GT.LAMMAXI GO TO 210 
LN=LN+ 1 . 
WRITEINTAPEll LPOSNIIl,INTNIIl 

210 88NJ}~Ui=l· 12 . . .. · · ·' 
IFILPOSlld.LT.LAMMIN.OR.LPOSIII).GT.LAMMAXl ·GO TO 220 
LI=LI+l 
WRITE(NTAPE21 LPOSIIIl,INTIIIl 

· · 220 CONT HlUE 
· ·230 CONTINUE 

GO TO 130 
. ·240 CONTINUE . ' 

ENDFILE NTAPEl 
ENOFIL-E NTAPE2 

· R_EWIND NTAPE2 
C 
C· ·COPY TEMPORARY DATA SET (ISOTOPE ON 1 NTAPE2'l ONTO TA·PE 
C l 1 NTAPEl'l AS DATA SET 2 C . . ., . . · ... 

·250- REAOINT>\PE2 ,EN.0=260) ClN,MININT 
.. · WRI TEINTAPEl I ClN, MINI NT . 



C 
C 

C 
C 
C 

260 

GO TD 250 

CLOSE AND REWIND ALL DATA SETS 
ENOFILE NT/IPEl 
REWIND rHAPEl 
REWIND NTAPE2 

WRITE NUMBER OF NORMAL /IND ISOTOPE LINES WHICH ARE ON TAPE 

WRiTE(NPRINT,10601 LN,Ll 
STOP 

1000 FORMATl8Fl0.5l 
1010 FORMAT(2(1PE15.8ll 
1020 FORM/IT('l',38X, 1 LAMBDA MINIMUMUM= 1 ,Fl0.3,5X,'LAMBOA MAXIMUM=', 

1Fl0.3,/,40X, 1 TEMPERATURE= 1 ,Fl0 ■ 2,5X,'TURBULENT VELOCITY=', 
2Fl0.2,//,10X,•BANDS INCLUDED') 

1030 FORM/ITl16X,7A8l . 
1040 FOR~ATl3Il0l · 
1050 FORMAT(' ',12X,'CN(',I2,',',I2,'l'l 
1060 FIIR~ATl'l',////////////, 1 0 1 .,20X, 1 THE NUMBER OF LINES ON TAPE rs: 

1NORMAL',I10,/,54X, 1 1SOTOPE',I91 
ENO 

\ 
\ 



C 
C 
C 
C 
C 

SUBROUTINE SIGLAM 
CONVERTS WAVENU'1BER 'SIGMA' IN VACUO INTO WAVELENGTH •LAMBDA' IN 
AIR lSTPI. SlGMA lN CM-1 AND LAMBDA ·IN ANGSTROMS 

SUB~OUTIN~ S!GLAMISIGMA,LAMBDAI 
DOU3LE PRECISION SIGMA,LAMBDA,DENM,O 
D=S 1 GMA*S I GMA 
DENM=SIGMA*ll.+2.72643D-4+D*ll.22880-14+0*3.5550-2411 
LAMBOA=l.08/0ENM 
RETURN 
END 

\ 
; 
I 



C SUBROUTINE POSITN. 
C ' 
C CALCULATES THE ENERGY LEVELS AND WAVE NUMBERS OF THE 12 BRANCHES. 
C 

C 

C 
C 
C 
C 

C ',·.· ... ~ 
C .. 
C 
C 
C 
C 

C 

SUBROUTINE POSITNINil,CU,CL,POS,EL1,EL21 
DIMENSION CU(BI ,CLl51,POS(l21 
OOUKLE PRECISION CU,CL,POSiP2Q,ELl,EL2,YY1,S,~l,F2,F3,EUl,EU2, 

l P2Ql,NII1,Nil2 
REAL NII 

P2Q=.5*CUl61+CUl71 
YYl=CUIBl*ICUIBl*.25-1.1 
P2Ql=ll ■ -.5*CUl8)l*P2Q 
NI Il=NII*INI I+l. J 

CALCULATE ENERGY LEVELS FOR LOWER SIGMA STATE INCLUDING. 
GAMMA TYPE DOUBLING 

ELl=CLlll+Nill*ICLl31-NIIl*ICLl41-NIIl*CLl511)+.5*NII*CL(2) 
EL2=EL1-CLl21*1NII+.51 
CALCULATE ENERGY LEVELS: 

,FOR Rl AND R21 

N1Il=INII+2.l*INII+2 ■ l 
. S=OSQRTINill+YYll 
Fl=(P2Ql+CUl7l*INII+l.l*INII+3.ll*INII+2.)*•5/S 

-F2=P2Q*INII+l.l*IN1I+3.J*.5/S 
F3•P2Q*INI1+2.l*.5 
N!I2=1NII+l.5l*(NII+l.5) 
EUl=CUlll+CUl3l*INill-l.-Sl-NI12*Nll2*1CUl4l-CUl5l*Nll2l 
NII2=1N!I+2.5l*INil+2.51 · \ 
EU2=CU(ll+CUl3l*INII1-l.+SJ-NII2*NII2*1CUl4l-CUl5l*Nll2l 
POSl51=EU1-EL1-Fl-F2+F3 1 

POSl121•EU2-Ell+Fl+F2+F3 
C FOR Ql, Q21, R2 AND R21 
C 

Nill=INII~l.l*INII+l ■ I 
S=DSQRTINlll+YYll 
Fl=IP2Ql+CUl71*NII*INI1+2.l)*INII+l.l*.5/S 
F2=P2Q*Nll*INII+2.l*.5/S 
F3=1'20*1Nll+l.l*.5 
Nll2=1NII+.51*1NII+.5l 
EUl=CU(ll+CUl31*1NIIl-l.-Sl-NII2*NII2*1CU(41-CUl51*NII2l 
Nll2•1NII+l.51*1NII+l.51 . 
EU2=CUlll+CUl31*1NIIl-l.+SI-Nll2*NII2*(CU(41-CU(5l*NII2l 
POSl3J=EUl-ELl+Fl-F2-F3 

00 .., 



C 
C 
C 

C 
C 
C 

POS(l0l=EU2-Ell~Fl+F2-F3 
POS(6l=EU2-EL2-Fl+F2-F3 
POSllll=EUl-EL2+Fl-F2-F3 

FOR Pl, Q2, Ql2 AND P21 

Nlll=Nll*Nll 
S=DSQRTINlll+YYll 
Fl=IP2Ql+CU(7l*INII1-l.ll*Nll*.5/S 
F2=PZQ*INII1-l.l*.5/S 
F3=P2Q*NII*.5 
NII2=1Nll-.5l*INII-.51 . 
EU1=CU(ll+Cll(3l*INII1-l.-SI-NII2*NII2*1CUl41-CU(5l*NII2l 
Nll2=(NII+.5l*INII+.51 
EU2=CU(lJ+CUl3l*INIIl-l.+S)-Nll2*Nl12*ICUl4l-CUl5l*Nl12) 
POS(ll=EU1-Ell-Fl-F2+F3 
POSl4l=EU2-EL2+Fl+F2+F3 
POSl9l=EU1-EL2-Fl-F2+F3 
PnSl8l=EU2-Ell+Fl+F2+F3 

FOR P2 AND P12 

NI!l=INII-1.l*INil-1.1 · 
S=DSQRT(Nlll+YYll 
Fl=IP2Ql+GU(7l*INII-2.l*Nill*(Nil-l.1*•5/S 
FZ=PZO*INII-Z.l*NII*•5/S 
F3=PZQ*INII-1.l*.5 
Nil2=1Nil-l.5l*INII-l.5l 
EUl=Gll(ll+GUl3l*INII1-l.-SI-Nil2*NII2*1CU(4l-CUl5l*Nll21 
NII2=1NII-.51*1NII-.51 
Ell2=Glllll+CUl3l*INII1-t.+Sl-NII2*Nll2*1CU(41-CUl51*Nll21 
POS(2l=EU2-EL2-Fl+F2-F3 
POSl7l=EU1-EL2+Fl-F2-F3 
RETURN 
END 

\ 
\ 



C 
C 

~-
c 
C 

C 

SUBROUTINE INTENSITY 
SUBROUTINE INTEN 

CALCULATES HONL-LONOON FACTORS 

SUBROUTINE INTENINII,YI,INTI 
REAL INTl121 1 J,Jl,Jl2,$J,NII 
DOUBLE PRECI~ION YI 
Yll=Yl*IYI-4.J 

HONL-LONDON FACTORS FOR Pl2 ( 1 INTl71'1 AND P2 ( 1 INTl2l'l 
J=NII-1.5 
Jl=J+J+l. 
Jl2=Jl*Jl 
U=l./ SQRTIYil+Jl2J 
X=Jl*U*l4.*J*IJ+l.J+l.-YI-YII 
$J=.0625/IJ+l.l 
INTl7l=IJ12-Xl*$J 
INTl21=1Jl2+Xl*$J 

C HONL-LONDON FACTORS FOR P21 ( 1 INT(8l'l, Pl .l'INTlll'l,. 
C QZ I' INTl41' I AND Ql2 I 'INTl9l' I 
C 

C 

J=NII-.5 
Jl=J+J+l. 
Jl2=Jl*Jl 
U=l.~ SQRTIYil+Jl2l 
X=Jl*U*l4.*J*IJ+l.l-7.+YI+YIJ 
$J=.062'5/(J+l.J 
INTl8l=IJ12-Xl*$J 
INTlll=IJ12+Xl*$J I,_ 

$J=$J/J 
Jl2=Jl*l4.*J*IJ+l.l-1.I \ 
X=Jl*U*IJ*l-2.+J*ll2.+8.*Jll+l.-YI~YII 
INTl4l=IJ12+Xl*$J 
INT19l=IJ12-Xl*$J 

C HONL-LONDON FACTORS FDR R2 l'INT(6l'l, Rl2 ('INTllll'l, 
C Ql ( 1 INTl3l' l AND Q21 l'INTllOl'l. 
C 

J=NII+.5 
Jl=J+J+l. 
Jl2=Jl*Jl 
U=l./ SQRTIYil+Jl21 
X=Jl*U*(4.*J*IJ+l.J-7.+Yl+YII 
$J=.0625/J 
INT16l=CJ12+Xl*$J 
INT(lll=CJ12-Xl*$J 

0> ..,. 



C 

$J=$J/(J+l,) 
Jl2=Jl*l4,*J*(J+l,l-l,J 
X=Jl*U*IJ•l-2,+J*ll2,+8,*Jll-7,+Yl+YII 
INTl31=1Jl2+Xl*$J 
INT(lOl=IJ12-Xl*$J 

C HONL-LONDON FACTORS FOR Rl 11 INTl5) 1 l AND R21 11 INT(l2) 1 ). 
C 

J=NII+l,5 
Jl=J+J+l, 
Jl2=Jl*Jl 
U=l,/ SQRTIYil+Jl2l 
X=Jl*U*l4,*J*IJ+l.l+l.-YI-Yll 
.$J=, 0625/ J 
INT(5)=1Jl2+Xl*$J 
INTl121=1Jl2-Xl*$J 
RETURN 
END 

\ 
\ 
i 

0:, 
IJ1 
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,, 

IIGO.FTOBFOOl OD DSNAME=HOLTSl,UNIT=TAPE,LABEL=ll,Sll,DISP=INEW,KEEPl, * 
II VOLUME=SER=000071,DCB=IRECFM=VSB,LRECL=16,BLKSIZE=3204,DEN=2l 
/IGD.FT08F002 DD OSNAME=HOLTS2,UNIT=TAPE,LABEL=l2i'Sll1DISP=INEW7KEEPl, * 
/~ VOLUME=SER=D00071,DCB=IRECFM=VSB,LRECL=16,BLKS ZE=~204,DEN=2J 
//GO.FT09FD01 DD UNIT=SYSDA,SPACE=(3204 1 150,10ll, · · * 
II DCB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,0PTCD=Cl 

. ' 

00 

"' 



C c· 

100 

110 

120 
130 

140 

150 

i60 

· 170 
180 

190 

200 

210 

220 

'. 

PROGRAM 'SORT'. 

DOUBLE. PRECISION Al3000l,Cl 
REAL 8130001 
INTEGER TAPEl'TAPE2 
DATA NTAPE,NTlPEl,NTAPEZ/8,9,10/ 
CIJi~;40N A, B 
EXTERNAL SORT,MERGE,SKIP 
NDIM=3000 
IND=O 
REWIND NTAPE 
REWIND NTAPEl 
REIHND NTAPE2 
TAPEl=NTAPEl · 
TAPE2=NTAPE2 
DO 110 l=l,NDIM 
READINTAPE,END=l20) All),Blll 
CONTINUE 
N=NDIM 
GO TO 130 
N=l-1 
CALL SORT(Nl 
DO 140 1=1,N 
WRITE(NTAPEll Alli ,BIil 
CDNfINUE 
ENDFILE NTAPEl 
If(N.LT.NOIMI GO TO 190 
DO 160 1=1,NDIM . 
READ(NTAPE,END=l701 AIIl,Blll 
CO'IJTl,\IUE 
N=NfJIM 
GO TO 130 
N=I-1 
CALL SORT(Nl 
CALL MERGEITAPE1,TAPE2,Nl 
IF(N.LT.NOIMI GO TO 190 
G!J TO 150 
CALL SKIPINTAPEI. 
REWIND TAPEl· 
READITAPE1,EN0=210l Cl,01 
wqITEINTAPEl Cl,01 
GO Trl 200 
HIUFILE NTAPE 
Rf:W INIJ :HAPE 
JFIIN□ .EQ.ll GO TO 220 
INO=l 
CALL SK!PINTAPEI 
GO ro 100 
R[HINO NTAPE 
Rbl!NU IHAPEl 

00 ... 



REWIND NTAPE2 
STOP 
END 

\ 
\ 

O> 
O> 



C 
C 

SUBROUTINE SORT' ' . 

SUBROUTINE SORT(Nl 
DOIJSLE PRECISION Al30001,MIN 
REI\L Bl30001,Ml 
COMMON A,B 
M=N-1 
DO 110 1'=1,M' 
MIN=AIII 
L= I · 
K= I+ l 
DO 100 J=K,N 
IFIMIN.LE.AIJI) GO TO. 100 · 
MIN=AIJI 
L=J . 

100 CONTINUE 
Al LI =Al I l 
AIIl=MIN 
Ml=Blll 
BILl=BIIl 
Bl I )=Ml 

110 CONTINUE 
· RETURN 

END 

\ 

\ 



C SUBROUTINE SKIP 
C SKIPS TO ENO OF DATA SET DEFINED BY 1 NTAPE' 
C 

c· 
C 

100 

110 

100 

110 

120 

140 

SUBROUTINE SKIPINTAPEI 
READINTAPE,END=llOI 
GO TO 100 
RETURN 
ENO 
SUBROUTINE MERGE 

SUBROUTINE MERGEITAPE1,TAPE2,NI 
INTEGER TAPE1,TAPE2 
DOUBLE PRECISION Al30001,Cl 
REAL 8(30001 
COMMON A,B 
REWIND TAPEl 
REWIND TAPE2 
l=l 
READITAPEll Cl,Dl 
IFICl.GT .Al Ill GO TO 110 
WRITEITAPE21 Cl,Dl 
REAOITAPE1,END=l201 Cl,Dl 
GO TO 100 
WRITE(TAPE2l Alll,B(II 
I=I+l 
IF(l.GT.NI GO TO 130 
GO TO 100 
WRITEITAPE21 AIIJ,B(II 
I=I+l 
fF(I.GT.Nl CO TO 140 
GO TO 120 
WRITE(TAPE21 Cl,Dl 
READITAPE1,END=l401 Cl,Dl 
GO TD 130 
ENDF !LE TAPE2 
REWIND TAPEl 
REWIND TAPE2 
l=TAPE2 
TAPE2=TAPE1 
TAPEl=I 
RETURN 
END 

;! 

' 



//GO,FTOBFOOl DD DSNAME=HOLTSl,UNIT=TAPE,LABEL=ll,SLl,DISP=IOLD,KEEPI, * 
// VOLUME=SER=B00071,DCB=IRECFM=VSB,LRECL=16,BLKSIZE=3204,DEN=2l 
//GO.FT08F002 DO DSNAME=HOLTS2,UNIT=TAPE,LAAEL=12,Sll,DISP=IOLD,KEEPI, * 
// VOLUME=SER=B000711DCB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,DEN=2) 
//GO,FT08F003 DD OSNAME=HOLTS3,UNIT=TAPE,LABEL=l3,SLl,DISP=[OLD,KEE¥l, * 
// VOLUME=SER=B00071,0CB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,DEN=2l 
//GO,FT08F004 DD DSNAME=HOLTS4,UNIT=TAPE,LABEL=l4,Sll,DISP=IOLD,KEEP), * 
// VOLUME=SER=B00071,DCB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,0EN=2l 
//GO,FT09F001 DD UNIT=SYSDA,SPACE=l3204,1501lOll, * // DCB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,0PTLD=Cl 
//GO,FTlOFOOl DD lJNIT=SYSDA,SPACE=(3204,(50,10ll~ 
// DCB=IRECFM=VSB,LRECL=l6,BLKSIZE=3204,0PTCO=Cl * 

"' ..... 



C 
C 
C 
C 
C 
C 
C 
C 

~· 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 

PROGRAM 1 SIG' 
.PROGRAM TO APPLY VOIGT IHJERTINGJ FUNCTION TO INTENSITIES ANO 
SUM BOTH ISOTOPE AND NORMAL CN CONTRIBUTIONS BETWEEN WAVELENGTHS 
1 LAMMIN 1 AND 1 LAMMAX 1 IN INCREMENTS OF LSTEP•. ALL LINES WITlilN 
1 DELLAM 1 OF WAVELENGTH 1 LAM 1 ARE INCLUDED IN SUMMATION. INPUT 
DATA (LINE WAVELENGTHS AND INTENSITIES FOR NORMAL AND ISOTOPE) IS 
STOREU ON 'NTAPEI' AS TWO DATA SETS BEFORE BEING COPIED INTO 
ARRAYS 1 LAMN 1 , 1 IHN', 'LAM!' ANO 'IHI'. OUTPUT IWAVELEMGTH, 
NORMAL ANO ISOTOPE INTENSITIES) IS ONTO DATA SET DEFINED HY 
'NTAPEO' ■ PROGRAMS 'POS & INT' ANO 'SORT' MUST BE RUN BEFORE> 
'SIG'. 
INPUT: FROM CARO READER 'N~EAD 1 

DATA SET SEQUENCE NUMBER 1 NTAPEO' 
RATIO OF DAMPING CONSTANT TO DOPPLER WIDTH, 
TEMPERATURE AND TURBULENT VELOCITY 
WAVELENGTH RANGE, INCREMENT AND NUMBER OF ANGSTROMS 
CALCULATED IN ONE PASS 

INPUT: FROM TAPE 'NTAPEN 1 AND 1 NTAPEI' 

FORMAT: 
1000 

1010 

1010 

OUTPUT FROM PROGRAM 'SORT' AND CONSITS OF 2 DATA SETS, 
THE FIRST IS THE WAVELENGTH & POSITIONS FOR THE NORMAL 
FORM OF CN L'NTAPEN'I AND THE SECOND IS FOR THE ISOTOPIC 
FORM l'NTAPEl'I ■ 

OUTPUT: ON TAPE 'NTAPEO• A SEQUENTIAL DATA SET WHOSE 
DATA SET SEQUENCE NUMBER IS DEFINED BY NTAPE0-2 
WAVELENGTH 'LAM', SUMMED ABSORPTION COEFFICIENT FOR NORMAL 
'SUM I HN I AND I SOT OPE I SUMI HI 1 

OUTPUT: ON PRl:NTER, 1 NPRINT 1 

ERROR MESSAGE IF NUMBER OF LINES IN A SEGMENT 
(DEFINED BY 'STEP1 1 J IS GREATER THAN SIZE OF ARRAY 

FORMAT: 

1020 

REAL VOIGTl320bl,1HNl1500),IHil15001 . 
DOUBLE PRECISION LAMNl15001,LAMil15001,A,X,H,LAM,LAMMIN,LAMMID, 

l LAMMAX,IH . 
1 CONSTN 1 & 1 CONSTI' ARE 2K/M WHERE MI~ THE MASS OF THE NORMAL 
fNI~~j~~~ FORM OF. CN RESPECTIVELY AND 1 C1 IS THE VELOCITY OF LIGHT 

DATA CONSTN/6.3q5670E-4/, CONSTl/6.158794E-4/, C/299792.5/ 
DATA NREAD,NPRINT,NTAPEN,NTAPEI/5,6,1,2/ 
C04MON A . . 
EXTERNAL H 

C- READ DATA SET NUMBER FOR OUTPUT DATA· 



C 

C 
C 
C 
C 

C 
C 
C. 
C 
C 

C 
C 
C 
C 
C 

C 

READINREAD,10001 NTAPEO 
NTAPEO=NTAPE0+2· 

READ RATIO OF DAMPING CONSTANT TO DOPPLER WIDTH 'A', TEMPERATURE 
'T', ANO TURBULENT VELOCITY 'VT' IN KM/SEC 
READINREAD,10101 A,T,VT 

DEFINE DOPPLER ~IDTH F □ R BOTH NORMAL AND ISOTOPE 
THROUGHOUT PROGRAM DIFFERENCES BETWEEN NORMAL AND ISOTOPE 
VARIABLES INDICATED BY ENDING INN OR I 
DPVELN= SQRTICONSTN*T+VT*VT)/C 
DPVELI= SQRTICONSTI*T+VT*VTJ/C 

READ STARTING AND ENDING WAVELENGTHS, 'LAMMIN' & 'LAMMAX', 
'DELLAM', INCREMENT TO WAVELENGTH 'STEP', ANO NUMBER OF ANGSTROMS 
CALCULATED IN ONE PASS (USE 30 TO 501, ·'STEPl' 

REAO(NREAD,10101 LAMMIN,LAMMAX,OELLAM,STEP,STEPl 

C CALCULATE VOIGT PROFILE TO 1 DELLAM 1 FROM LINE CENTER AT WAVELENGTH 
C l'LAMMIN 1 + 1 LAMMAX 1 l/2 IN INCREMENTS OF 'DELLAM'/3000 ANGSTROMS. 
C 

C 

C 
C 
C 

. c 
C 
C 

Cl=ILAMMIN+LAMMAXl*DPVELN*l,55E3/DELLAM 
DD 100 l=l,3200 
X=l-1 
X=X/Cl 
VOIGTIIl=HIXI 

100 CONTINUE 

110 

120 

1.30 

REWIND NTAPEO 
REWIND NTAPEN . 
LAMMIO=LAMMIN+STEPl 
t~~~f~~tgA~i~~a;ref~-~r~MID=LAMMAX 
LAMMID=LAMM!O+DELLAM+,10 

FIND STARTING NORMAL WAVELENGTH' 

READINTAPEN,END=l30l LAMNlll,IHNlll 
IFILAMNlll,GE.LAMMINI GO TO 130 
GO TO 120 
DO 1.40 1=2,1500 . 

READ.NORMAL WAVELENGTHS BETWEEN 'LAMMIN' AND 1 LAMMIN 1 + 1 STEP1 1 

READINTAPEN,END=l501 LAMNlll,IHNIII 
IFILAMNIIl,GT,LAMMIDI GO TO 150 



C 
140 CONTINUE 

C ERROR EXIT 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

GO TO 280 
150 NN=I-1 

160 

170 

180 

SKIP TO BEGINNING OF ISOTOPE DATA SET 
REWIND NTAPEN 
REWIND NTAPEI 

FINO STARTING ISOTOPE WAVELENGTH 

REAOINTAPEI,END=l701 LAMllll~IHilll 
IF{LAMllll.GE.LAMMINI GO TO 170 
GO TO 160 
DO 180 1=2 1 1500 

READ ISOTOPE WAVELENGTHS BETWEEN 1 LAMMIN 1 AND 1 LAMMIN 1 + 1 STEP1 1 

READINTAPEI,END~lgOJ LAMIIIl,IHIIIl 
IFILAMIIIJ.GT.LAMMIDI GO TO 1go 
CONTINUE 

C ERROR EXIT 
C 

C 

GO TO 280. 
190 NI=I-1 

REWIND NTAPEI 
LAMMID=LAMMID-DELLAM-.10 
LAM=LAMMIN+DELL-J\M+.10 
MN=l . 
MI=l 
LN=l 
LI=l 

C SUM CONTRIBUTIONS FOR All NORMAL LINES WITHIN 1 DELLAM 1 ANGSTROMS 
C OF WAVELENGTH 'LAM' USING VOIGT FUNCTION AS STORED IN ARRAY 
C 'VOIGT' . 
C 

200 SUMIHN=O.O 
SUMIHI=O.O _ 
00 220 I=MN,NN 
X=LAMNI I I . 
IFIX.LT.LAM-DELLAMI GO TO 210 
IF(X.GT.LJ\M+DELLAMI GO TO 230 
U=OJ\8Sl(LAM-XI/IX*OPVELNII 
J=U*Cl+l.l - · 
IH=IHN(Il*VOIGT(JI 



C 

SUMIHN=SUMIHN+IH 
GO TO 220 

210 LN=I 
220 CONTINUE 

C SUM CONTRIBUTI0NS FOR ALL ISOTOPE LINES WITHIN 1 0ELLAM 1 ANGSTROMS 
C OF WAVELENGTH 1 LAM 1 USING VOIGT FUNCTION AS STORED IN ARRAY 
C • VO I GT I 

C 

C 

230 DO 250 I=Ml,NI 
X=LAMI I I I 
IFIX.LT.LAM-DELLAMJ GO TO 240 
IF(X.GT.LAM+DELLAMI GO TO 260 
U=DABS((LAM-XI/IX*DPVELIII 
J=U*Cl+l.l 
IH=IHIIIl*VOIGTIJI 
SUMIHl=SUMIHl+IH 
GO TO 250 

240 LI=! 
250 CONTINUE 

C OUTPUT TO TAPE 
C 

C 
C 
C 

C 

260 WRITEINTAPEOJ LAM,SUMIHN,SUMIHI 
MN=LN 

270 

2B0 

290 

1000 
1010 
1020 

MI=LI 
LAM=LAM+STEP 
IFILAM.GE.LAMMIDJ GO TO 270 
GO TO 200 
LAMMIN=LAMMID+STEP 
IF(LAM.GE.LAMMAXJ ·GO TO 290 
GO TO 110 
WRITE ERROR MESSAGE 

WRITEINPRINT,10201 
CLOSE AND REWIND ALL DATA SETS 
ENDFILE NTAPEO 
REWIND NTAPEN 
REWIND NTAPEO 
STOP 
FORMAT I 15) 
FORMATIBFlO. 3 I 
FORMATl'l','ARRAY SIZE TOO SMALL, PROGRAM TERMINATED') 
END 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

VOIGT FUNCTION (HJERTING FUNCTION) 

H(A,Ul EXPANDED AS A TAYLOR SERIES IN A (HARRIS, 194R, AP.J. 
VOL. 108, Pll2l TO FIVE TERMS. FUNCTION FIUI EVALUATED USING 
THREE EXPANSIONS. THE FIRST AND LAST ARE FROM W.L. MILLER & 
A.R. GORDON 1931, J. PHYS. CHEM., VOL. 35, P2877 WHILE THE 
MIDDLE ONE IS A TERM BY TERM INTEGRATION OF THE FUNCTION. 
THE EXPANSIONS USED ARE: 
F(Ul=U*ll-2*U**2/3+4*U**4/15-B*U**6/105+16*U**B/945- ••• ) FOR U<l 

=EXP(-U*Ul·*(U+U**3/3+U**5/(5*2 )+U**7/(7*3 )+ ••• l FOR l<U<5 
=l/12*Ul+l/14*U**31+3/l8*U**5l+l5/(l6*U**7l+ 

105/(32*U**9l+... FOR 5<U 
TO CHANGE ACCURACY OF FIUI CHANGE DATA ACUR/ / CARD 
D'OUBLE PRECISION FUNCTION H(U) 
DOUBLE PRECISION U,A,HO,Hl,H2,H3,H4,U2,F,Y,XI,X2,T23,SQRTPI,ACUR 
DATA SQRTPl/1.1283791671 . /, T23/.6666666666666666/ 
DATA ACUR/1.00-6/ 
DATA NPRINT/6/ 
COMMON A 
U2=U*U 
IF(IJ.GE.l.ODOI GO TO 110 
Y=U 
F=U 
IF(U.EQ.O.Ol GO TO 160 
X2=U2+U2 
DO 100 1=2, 50 
IFIDABSIYI.LT.ACUR*DABS(Fll GO TO 160 
XI=! 
Y=-X2*Y/IXI+XI-l.DOl. 
F=F+Y 

100 CONTINUE 

C ERROR RETURN 

C 
C 

GO TO 180 . 
110 IF(U.LT.5.DOI to TO 130 

Y= 1. DO/ I U+U l 
F=Y 
X2=1. DO/ I U2 +u2·1 
DO 120 !=2,200 . 
IFIDABS(YI.LT.ACUR*DABSIFII ·GO TO 160 
XI=! 
Y=Y*IXI+XI-3.DOl*X2 F=F+Y . 

120 CONTINUE 

ERROR RETURN 
GO TO 180 

130 Y=U 

"' 0\ 



,. 

C 
C 

F=U 
X2=U2 
DD 140 1=1,2000 
IFIDABSIYI.LT.ACUR*DABSIFII GO TO 150 
XI=! 
Y=X2*Y/XI 
F=F+Y/(XI+XI+l.DOI 

140 CONTINUE 

150 
160 

170 

ERROR RETURN 
GO TO 180 .. 
F=F•OEXPI-U2l 
IFIU2.GT ■ l74 ■ 1 GO TO 170 
HO=DEXPI-U21 
Hl=-SQRTPI*(l.-!U+Ul*Fl 
H2=(1.DO-U2-U2l*HO 
H3=-SQRTPI*IT23*11.DO-U2l-lU+Ul*(l.DO-T23*U2l*Fl 
H4=15.D-l-U2-U2+T23*U2*U2l*HO 
H=HO+A*IHl+A*IH2+A*IH3+A*H41ll 
RETURN 
Hl=-SQRTPI*(l. □ O-IU+Ul*Fl , 
H3=-SQRTPI*IT23*11.DO-U2l-lU+Ul*ll.DO-T23*U2l*Fl 
H=A*IHl+A*A*H31 
RETURN 

C . . 
C WRITE ERROR MESSAGE (NUMBER OF TERMS IN EXPANSION NOT ENOUGH 
C FOR DESIRED ACCURACY) AND RETURN 
C . 

·1so WRITE(NPRINT,1000) U 
RETURN 

1000 FORMAT!' ',lOX, 1 ACCURACY LOST, U=',Fl0.5) 
END 

1;.,.#.dd.b..'ii'.,! .H.Ft'.' ,,,S:-Ui <!:L.i.L., LX& cz:1zn1 



//GO.FTOlFOOl DD DSNAME=HOLTS3,UNTT=TAPE,LABEL=!3,SLl,DISP=IDLD,KEEPI, * 
// VDLUME=SER=800071,0CB=IRECFM=VSB,LRECL=l6,BLKSIZE~3204,DEN=21 . 
//GO.FT02F001 OD DSNAME=HOLTS4,UNIT=TAPE,LABEL=14,SLl,DISP=!OLO,KEEP), * 
// VDLUME=SER=B00071,DCB=!RECFM=VSB,LRECL=16,BLKSTZE=32D4,0EN=2) 
//GO.FT09F001 DD OSNAME=HOLTS7,UNIT=TAPE,LABEL=!7}SLl,OTSr=(DLO,KEEP), * 
// VOLUME=SER=B00007,0CB=IRECFM=VSB,LRECL=20,8LKS ZE=4004) 
//GD.FTlOFOOl OD OSNAME=HOLTS8,UNIT=TAPE,LABEL=l8,Sll,OTSP=(OLO,KEEP), * 
// VDLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,RLKSIZE=4004) 
//GD.FTllFOOl DD DSNAME=HOLTS9,UNIT=TAPE,LABEL=(9,SL),OISP=(OLD,KEEPI, * 
// VDLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,8LKSIZE=4004l 
//GD.FT12F001 OD DSNAME=HOLTlO,UNIT=TAPE,LABEL=(lO;SLl,DlSP=IOLD,KEEPI,* 
// VOLUME=SER=B00007,0C8=(RECFM=VSB,LRECL=20,BLKSIZE=4004) 
//GD.FT13F001 OD DSNAMf:=HDLTll,UN!T=TAPE,LABEL=lll,SLl,DISP=(OLO,KEEPl,* 
// VULUME=SER=B00007,DCB=!RECFM=VSB,LRECL=20,RLKSIZE=40041 · 
//GD.FT14F001 DD OSNAME=HOLT12,UNIT=TAPE,LAAEL=(l2,SL),OISP=IOLD,KEEP),* 
// VOLUME=SER=B00007,0CB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT15F001 DD DSNAME=HDLT13,UNIT=TAPE,LABEL=II3,SLJ,DISP=IULD,KEEPI,* 
// VDLUME=SER=B00007,0CB=IRECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT16F001 DD DSNAME=HOLT14,UNIT=TAPE,LABEL=ll4tSL)1DISP=IOLD,KEEPI,* 
// VDLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSILE=4u04) 
//GO.FT17F001 DD OSNAME=HOLT15,UNTT=TAPE,LABEL=l15,SLl,DJSP=IOLO,KEEP),* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FTlSFOOl DD OSNAME=HOLT16,UN!T=TAPE,LABEL=!16,SLl,DISP=!OLO,KEEPI,* 
// VOLUME=SER=B00007,DCA=IRECFM=VS8,LRECL=20,BLKSTZE=4D04) 
//GO.FT19F001 DD OSNAME=HOLT17,UNIT=TAPE,LAAEL=ll7,SLl,DISP=IOLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT20F001 DO DSNAME=HOLT18,UNIT=TAPE,LAAEL=(lB,SL),DISP=IULD,KEEPI,* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 . 

, .... , ..... 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

PROGRAM I PLOT 1 

CALCULATES AND PLOTS PROFILES 
PLUT IS 5" HIGH, EVERY ANGSROM IS MARKED WITH WAVELENGTH 
EVERY 10 ANGSTROMS. THREE PROFILES ARE PRODUCED CORRESPONDING 
TO THE THREE ABlJNDANCE RATIOS INPUT 
TRACING IS LABELLED WITH DATA SET SEQUENCE NUMBER, STRENGTH 
AND DISPERSION. · 

INPUT: FROM CARD READER 1 NREAD 1 

DATA SET SEQUENCE NUMBER 'NTAPE' 
THREE Cl2/Cl3' RATIOS 1 Rl 1

1 
1 R2 1 AND 'R3 1 

STRENGTH CONSTANT FOR PLOT 1 STRCN 1 

DISPERSION 'OISP' JN INCHES PER ANGSTROM AND MAXIMUM 
LINE DEPTH 'RC' 
WAVELENGTH LIMITS 1 LAMMIN' TO 'LAMMAX' AND MINIMUM 
WAVELENGTH ON TAPE 'START' 

I 
INPUT: ON TAPE 1 NTAPE 1 A SEQUENTIAL DATA SET WHOSE DATA 

SET SEQUENCE NUMBER IS D~FINED BY NTAPE-2 
POSITION 'POS', ABSORPTION COEFFICIENTS FOR NORMAL 
1 IHC12N(Il' AND ISOTOPE 'IHC13NIIl 1 

OUTPUT: CALCOMP PLOTTER VIA TAPE 

FORMAT: 
1000 
1010 
1010 

1010 

1010 

REAL X(203l,Yll2031,Y2(203J,Y3(203l,AXLl331 1 AYL(331 1 AYU(33l, 
1 IHC12N(2001,IHC13N(200l 

DOUBLE PRECISION LAMMIN,LAMMAX,START,POS 
INTEGER IBUF(lOOOl 
COMMON IflUF,XY 

C INTIALilE ARRAYS FOR PLOTTING AXIS 

C 

DATA AYU/5.0,5.28,5.0,5.0,5.14,5.0,5.0,5.14,5.0 1 5.0,5.14,5.0,5.0, 
l 5.14,5.0,5.0,5.28,5.0,5.0,5.14,5.0,5.0,5.14,5.0,5.0,5.14,5.0, 
2 s.o,s.14,5.o,s.o,o.o,1.01 

DATA AYL/0.0 ,-. 28 ,O .o,o .o,-·. 14,0.0, O.O ,-.14, O. 0,0. 0,- .14, O.O ,o. 0, 
1 -.14,o.o,o.0 1-.2s,o.o,o.o,-.14,o.o,o.o,-.14,o.o,o.o,-.14,o.o, 
2 0.0,-.14,o.o,u.o,o.o,1.01 

DATA NREAD,NPRINT/5,6/ 
COFGF(TAl=TA*RC/(RC+TAI 

C READ DATA SET SEQUENCE NUMBER AND CALCULATE DATA SET 
C REFERENCE NUMBER 
C 

C 

READ(NREAD,10001 NTAPE 
NTAPE=NTAPE+2 
REWIND NTAPE. 

C READ ISOTOPIC TO NORMAL CN ABUNDANCE RATIOS 

"' "' 



C 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 

100 

C 
C 
C 
C 

110 

120 
C 
C 

C 
C 
C 

READINREAD,1010) Rl,R2,R3 

READ STRENGTH CONSTANT 

READINREAD,10101 STRCN 

READ DISPERSION AND MAXIMUM 

READ(NREAD,10101 DISP,RC 
READ WAVELENGTH REGION AND 

LINE,pEPTH 
·i 
i 

MINIMUM ON TAPE 

READ[NREAD~lOlO) LAMMIN,LAMMAX,ST~RT 
XN=NTAPE-2 

PREPARE TO PLOT AND IDENTIFY TRACING 
CALL ASSIGNIX,Yl,Y2 1 Y3,DISP,STRCN,XN,AXL,AYL,AYUl 
IF(LAMMIN.LE.STARTl GO TO 110 
LAMMIN=LAMMIN-.06 

FIND STARTING WAVELENGTH ON 
READ[NTAPE,ENO=l40) POS 
IF(POS.GE.LAMMINI GO TO 110 
GO TO 100 

TAPE l 
•• I 

' < 

.-., . 

READ POSITION AND ABSORPTION COEtfICIENTS FOR NORMAL AND 
ISOTOPIC FORM 

DO 120 1=1,200 } 
REAOINTAPE,END~140l POS,IHC12NIIJ{IHC13Nlll 
CONTINUE · I · 

STOP IF MAXIMUM WAVELENGTH REACHED 
IF(POS.GE.LAMMAXJ GO TO 140 

COMPUTE PROFILES.USING THE THREE ISOTOPIC ABUNDANCE RATIOS 
FOR 10 ANGSTROMS 
DO 13 0 I= 1,200 . 
J=I+l · 
YllJl=COFGFIIIHC12N(ll+Rl*IHC13NIIll*STRCNl 
Y2 I J l =COF GF I I I HC 12N ( 11 +R2* I HC 13N I I l I *STRCN I 
Y31Jl=COFGFll1HC12N(ll+R3*IHC13N(Ill*STRCN) 

130 CONTINUE 
START=POS-9.95 

C 
C DRAW UPPER AND LOWER HORIZONTAL AXIS WITH TICS EVERY ANGStROM 

CALL LINEIAXL,AYU,31,1,0,0l 
CALL LINEIAXL,AYL,31,1,0,0) ... 

0 
0 



C 
C PLOT THE THREE LINE PROFILES 

CALL LINEIX,Yl,201,1,0,0I 
CALL LINEIX,Y2,201,1,0,0l 
CALL LINE(X,Y3,201,1,0,0I 

C 
C 

C 
C 

C 
C 

14_0 

1000 
1010 

LABEL WAVELENGTH ON AXIS 
CALL NUMBER(-.5,-.5,.14,START,0.0,2) 

MOVE ORIGIN 10 ANGSTROMS 
CALL PLOT(XY,0.0,-31 
Yll ll=Yll 2011 
Y21ll=Y2120ll 
Y31 ll=Y3120l I 
GO TO 110 

CLOSE AND REWIND All DATA 
CALL PLOTl15.0,0.0,999l 
REWIND NTAPE 
STOP 
FORMAT I I SJ 
FORMATl8Fl0.5J 
ENO 

SETS 

. . 
.i_____.~"""'-,..;,_,..,n=,'f.l""!:~W~:',_,,,l J.':i"~-¥!,;: 



C 
C 
C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

E 
C 

SUBROUTINE ASSIGN 

INITIALIZES ARRAYS, SETS UP FOR PLOTTING ANO LABELS TRACING 
SUBROUTINE ASSIGNIX,Yl,Y2,Y3,0ISP,STRCN,xN·,AxL,AYL,AYU) 
COMMON I• BUF, X Y 
INTEGER IBUFllOOOI 
REAL Xl203l,Yl(203l,Y21203l,Y31203l,AXLl33l,AYLl33l,AYUl33l 
SET UP FOR PLOTTING 
CALL PLOTSIIBUF,1000,6) 

IDENTIFY TRACING 
CALL SYMBDLI0.0,3.0,.28,'HOLTS•,o.o,51 
LABEL DATA SET SEQUENCE NUMBER 
CALL SYMBOLl2.0,4.0,.14,'TAPE= 1 ,0.0,51 
CALL NUMBERl2.7,4.0,.14,XN,O.O,-ll 

. . 

INDICATE STRENGTH CONSTANT USED ANO DISPERSION 
CALL SYMBOL(2.0,3.0,.l4,'STR=•,o.o,4) 
CALL NUMBER(2.56,3.0,.14,STRCN,O.O,Ol 
CALL SYMBOLl2.0,2.0,.14,'0ISP=',0.0,51 
CALL NUMBER(2.70,2.0,.14,0ISP,0.0,3l 
REDEFINE ORIGIN 
CALL PLOTl4.0,l.0,-31 

DRAW VERTICAL AXIS 
CALL AXIS(o.o,o.o,•RL',2,5.0,90.0,1.0,-.21 

C INITIALIZE INFORMATION FOR PLOTTING SUBROUTINES 
Yll ll=O.O 
Y21 l l=O.O 
Y31 l l=O.O 
Xl202l=O.O 
Yll2021=1.0 
Y2(2021=1.0 
Y3(202l-=l.O 
X(2031=20.0 
Yll203l=-.2 
Y2120oJ=- ■ 2 
Y3(2031=-.2 

C 
C CALCULATE HORIZONTAL AXIS WITH INPUT. DISPERSION 

00 100. I=l,201 
Xlll=I I-Zl*OISP 

100 CONTINUE 
XY=lO.*OISP 
00 110 1=1,3 

... 
C 

" 



AXLIIl=O.O 
AXLI I+3l=OISP 

.AXLll+61=2.*DISP 
AXLll+9)=3.*DISP 
AXLI 1+121=4.*DISP 
AXLll+l5)=5.*DISP 
AXLI 1+181=6.*DISP 
AXL[l+211=7.*DISP 
AXLII+24)=8.*DISP 
AXL[I+27l=9.*DISP 

110 CONTINUE 
AXL[3ll=lO.*DISP 
AXLl32l=O.O 
AXLl33l=l.O 
RETURN 
EMO 

.... 
0 
w 



l''"r·•·w~"""',..m ... ;'ai;+;' :-,...,,.r:-:t:"l'· 

//GO.PLOTTAPE OD DSNAME=UVIC,UNIT=TAPE,DISP=(NEW,KEEPI, * 
// LABEL=( ,Sll ,VOLUME=SER=B00036,DCB.=IOEN=21 
//GO.FT09F001 OD OSNAME=HOLTS7,UNIT=TAPE,LABEL=(7,Sll,OISP=(OLD,KEEPl, * 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=4004) 
//GO.FTlOFOOl DD DSNAME=HOLTSB,UNIT=TAPE,LABEL=IB,SLl,DISP=IOLD,KEEPI, * 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=4004) .. 
//GO.FTllFOOl DD DSNAME=HOLTS9,UNIT=TAPE,LABEL=l9,SLl,DISP=IOLO,KEEPI, * 
// VOLUME=SER=800007,DCB=(RECFM=VS~,LRECL=20,BLKSIZE=40041 
//GO.FT12F001 DD OSNAME=HOLTlO,UNIT=TAPE,LABEL=llO,SLJ,DISP=[OLO,KEEPI,*· 
// VDLUME=SER=BOOOD7,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
/IGO.FT13F001 DD OSNAME=HOLTll,UNIT=TAPE,LABEL=lll,SLl,DISP=IOLD,KEEPI,* 
II VOLUME=SEk=B00007,0CB={RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT14F001 DD DSNAME=HOLT12,UNIT=TAPE,LABEL=l12,SLl,DISP=IOLD,KEEPI,* 
// VOLUME=SER=B00007,DC8=(RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT15F001 DD DSNAME=HOLT13,UNIT=TAPE,LABEL=(13,SLl,DISP=[OLD,KEEPI,* 
// VOLUME=SER=B00007,DC9=(RECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT16F001 DD DSNAME=HOLT14,UNIT=TAPE,LAREL=ll4,Sll,OISP=(OLD,KEEP),* 
// VOLUME=SER=B00007,DCB={RECFM=VSB,LRECL=20,BLKSIZE=4004) 
//GO.FT17F001 DD DSNAME=HOLTJ5,UNIT=TAPE,LABEL=(l5,SL),DJSP=IOLD,KEEPl,* 
II VOLUME=SER=800007,DCB=CRECFM=VSB,LRECL=20,BLKSIZE=40041 
/IGO.FT18F001 DD DSNAME=HOLT16,UNIT=TAPE,LABEL=l16,SL),DISP=(OLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
IIGO.FT19F001 DD DSNAME=HOLT17,UNIT=TAPE,LABEL=l17,SLl,OISP=COLD,KEEPl,* 
// VDLUME=SER=B00007,UCB=IRECFM=VSB,LRfCL=20,BLKSJZE=4004l 
/IGO.FT20F001 DD DSNAME=HOLT18,UNif=TAPE,LAREL=l18,SLl,DISP=IOLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=4004l 

___ _... .. ,..,.,..,.,_...___.._;;,.,~_ 

.... 
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C 
C. 
C 
C. 
C. 
C. 
C. 
C. 
C. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 

C 
C 

C 
C 

l'ROGRAlo\ 'INSTR' 

CALC\.JLr..TES l'ROFlLE; Al'l'LlES lNSlR\.JMENlf>.L l'ROFILE ANO l'LOlS 
lNSTRUME~llL l'ROFILE IS l~l'UT AS LINE DEPlHS Al INlERVALS 
CO~RESPQNOING 10 SlEI' SllE DEFINED IN PROGRAM 'SIG' 
MIXIMUM WIDTH IS 30*SlEI' 

PU:ll IS 5" HIGH, cVER'f A"lGS 0,0M IS l~IRKED WilH WAVELENGTH 
EVERY 10 ~lGSlRQMS. lHREE PROFILES ARE PRODUCED CORRESPONDING· 
10 HiE lH?,Ec f>.?.u:~C:,A.t,CE Rf>.TIOS l NPUl 
11<.bCHlG lS L!i.BELLEO WITH ll\SlRU:',E!HA.L l'ROFILE Nt.ME, Dt>.TI>. SEl 
SEQUelCE Nu:~oER, SlREl-,GlH r,.:~[) DISPERSlOH 

I~l'Ul: FROM CIRO REA.DER 1 NREAD 1 

~Alf>. SET SE~UENCE NUMBER 'NlA.PE' 
l\-\REE Cl2/Cl3 Rl>.llOS 'Rl 1 , 1 R2 1 A.ND 1 R3 1 

SlRENGlH CONSTINT FOR PLOl 1 SlRCN 1 

FORM Al: 
1000 
1010 

DlSPERSIO~ 'DISP' IN INCHES PER ANGSlROM AND MAXIMUM 
LI~E OEPTH 'RC' . 
riAVELENGlH LlVIlS 'Lf>.~MIN' 10 'LIMMAX' AND MINIMUM 
Wf>.VELENGT~ ON lAPE 1 SlARl 1 

INSTRUMENTAL PROFILE NAME 1 TI1LE 1 · 

INSTRUMENTAL PROFILE 'lNPRO' 

INPUT: ON TAPE 'NTAPE' A SEQUENTIAL DAlA SET WHOSE DATA 
SET SEQUENCE NUMBER IS DEFINED BY NTAPE-2 
POSITION 1 POS 1 , ABSORPlION COEFFICIENTS FOR NORMAL 
1 SIGIH 1 AND ISOTOPE I SlGIHI 1 

OUTPUT: CALCOMP PLOTTER VIA TAPE 

1010 

1010 
H,20 
1010 

REAL RLRlS(2301,RLR2Sl230l,RLR3S(2301,INPR0(3lllX(203l,Yll20j), 
1 Y21203l,Y31203l,AXLl33l,AYLl33l,AYU(331 1 TlTLE 10) 

DOUBLE PRECISION:LAMMI.NJLAMMAX,START,POS 
INTEGER FILEN,IBUF(lOOO 
COMMON IBUF,XY . 
COMMON ·/CINPRO/ INPRO,AREA. 

INTIALTZE ARRAYS FOR PLOTTING AXIS 
DATA AYU/5.0,5.28 1 5.0 1 5.0 1 5.14 1 5.0,5.0 1 5.!4 1 5~0,5.0,5.14,5.0,5.0, 

1 5.14,5.0,5.0,5.28,5.0,5.0,5.14,5.0,5.0,5.I4,5.0,5.0,5.I4,5.0, 
2 s.o,5.14,5.o,s.o,o.o,1.01 · 

DATA AYL10.o,-.2a,o.o,o.o,-.14,o.o,o.01-.14,o.o,o.o,-.14,o.o,o.o, 
I -.14,o.o,o.o,-.2a,o.o,o.o,-.14,o.o,o.o,-.14,o.o,o.o,-.14,o.o, 
2 o.o,-.14,o.o,o.o,o.o,1.01 

DATA NREAO,NPRINT,NDISK/5,6,8/ 
COFGF(TA)~TA*RC/CRC+TA) . . 



C DEFINE DIRECT AXIS DATA SET TO STORE COMPUTED PROFILES 
DEFINE FILE 811000,20,L,FILENI 
FILEN=l 

C 
C READ DATA SET SEQUENCE NUMBER AND CALCULATE DATA SET 
C REFERENCE NUMBER 
C 

C 

READINREAD,10001 NTAPE 
NTAPE=NTAPE+2 
REWIND NTAPE 

C READ ISOTOPIC TO,NORMAL CN ABUNDANCE RATIOS 
C 

READINREAD,10101 Rl,R2,R3 
C 
C READ STRENGTH CONSTANT 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

£ 

C 

100 

READINREAD,1010) STRCN 

READ DISPERSION AND MAXIMUM LINE DEPTH 

READINREAD,10101 DISP,RC 

READ WAVELENGTH REGION AND MINIMUM ON TAPE 
READINREAO,lOi0J LAMMIN,LAMMAX,START 

READ TITLE OF PROFILE 

READINREAD,10201 TITLE 

READ INSTRUMENTAL PROFILE 

READINREAD,10!'01 INPRO 
APPLY SIMPSON'S ~ULE COEFFICIENTS 
DO l 00 I =2, 2.8 1 2 
INPROIIl=4.*INPROIII 
INPROll+ll=2.*INPROll+ll 

i~~,i~~~l=4~*1NPROl30l 

C SUM COEFFICIENTS IN INPRO (FOR NORMALIZATION I 

C 

AREA=0.0 . 
~~E!;~R§Ali~iR□ (IJ 

110 CONTINUE 
XN=NTAPE-2 

-C PREPARE TO PLOT AND"IDENTIFY TRACING 
..... 
0 

"' 



C 
C 

C 

12°0 

CALL ASSIGNIX,Yl,Y2,Y3,0ISP,STRCN,XN,AXL,AYL,AYU,TITLEI 
LAMMAX=LAMMAX+.75 
LAMMIN=LAMMIN-.75 
IFILAMMIN.LE.STARTI LAMMIN=START+9~25 
LAMMIN=LAMMIN-.06 

FINO STARTING WAVELENGTH ON TAPE 
READINTAPE,END=l401 POS,SIGIH,SIGIHI 
IF(POS.GE.LAMMINI GO TO 130 
GO TO 120 

C COMPUTE PROFILES USING THE THREE ISOTOPIC ABUNDANCE RATIOS 
C ANO STORE ON DIRECT ACCESS DATA SET 
C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

-C 
C 

130 READINTAPE,ENO=l40) POS,SIGIH,SIGIHI 

140 

150 

160 

STOP IF MAXIMUM WAVELENGTH REACHED 
IF(POS.GT.LAMMAX) GO TO 140 
RLRl=COFGF(ISIGIH+Rl*SIGIHll*STRCNl 
RLR2=COFGFl(SIGIH+R2*SIG!Hll*STRCNI 
RLR3=COFGFIISIGIH+R3*SIGIHll*STRCN) 
WRITEINDISK'FILENI POS,RLR1,RLR2,RLR3 
GO TO 130 
MAXFIL=FILEN-5 
FINOINOISK'll 

CALCULATE PROFILE WITH INSTRUMENTAL PROFILE & PLOT 
IFIFILEN+31.GE.MAXFILl GO TO 170 
00 160 1=11230 
READINOISK FILENI POS,RLR1Slll,RLR2S1Il,RLR3SI II 
CONTINUE 
FILEN=FILEN-30 
FINDINOISK'FILENI 

APPLY INSTRUMENTAL PROFILES 
CALL INSTRIRLRlS,Yll 
CALL INSTRIRLR2S,Y2l 
CALL INSTRIRLR3S,Y3) 
XN=POS-10.7 

DRAW UPPER AND LOWER HORIZONTAL AXIS WITH TICS EVERY ANGSTROM 
CALL LINEIAXL,AYU,31,1,0,0) 
CALL LINEIAXL,AYL,31,1,0 1 0) 

PLOT THE THREE LINE PROFILES 
CALL LINEIX,Yl,201,1,0,0l 
CALL LINEIX,v2,201~1,o,01 
CALL LINEIX,Y3,201,1,0 1 01. 

LABEL WAVELENGTH ON AXIS 
CALL NUMBERl-.5,-.5,.14,XN,0.0,21 

..... 
0 ....... 



C 
C MOVE ORIGIN 10 ANGSTROMS 

CALL PLOT(XY,0,0,-31 
Yllll=Yll2011 

C 

Y2( l J=Y2( 201 I 
Y3(1J=Y3(201J 
GO TO 150 

C CLOSE AND REWIND ALL DATA SETS 
170 CALL PLOT(l5,0,0,0 1 999J 

REWIND NTAPE 
STOP 

1000 FORMAT( 151 
1010 FORMAT(BFl0.51 
1020 FORMAT(lOA4l 

END 

.... 
0 
00 



,fol?~\~ 

C 
C 
C 
C 

100 

110 

SUBROUTINE INSTR 

APPLIES INSTRUMENTAL PROFILE TO CALCULATED THEORETICAL PROFILE 

SUBROUTINE INSTR(DM1,DM2l 
REAL DM11230l,DM21203l,Dl31l,INPROl3ll 
COMMON /CINPRO/ INPRO,AREA 
DO 110 1=16,215 · i 
DI ll=DMl( 1-15 l*INPRO!l l 
U(2l=OM1(1-14l*INPR0(2l 
Dl3l=DM1(1-I3l*INPROl3l 
0(4l=DMl(I-12l*INPR0(4) 
0( 5l=OM111-11 l*INPROl5l 
0(6) =DMll 1-10 l*INPR0(6l 
D17l=OM11I-9l*INPROl7l 
D18l=DMl(I-8l*INPR0(8l J 
D19l=DM11I-7l*INPROl9l , 
D110l=OMlll-6l*INPROl10l 
Dllll=DMlll-5l*INPROllll 
D112l=DMl(I-4l*INPRO(l2l 
D(13l=OM1(1-3l*INPROl13l 
DI 14l=DM11 I-2l*INPRO(l4l 
DI 15l=DM1( 1-1 l*INPR0(15l 
0( 16l=DM1( I l*INPRO( 161 
0(17l=DMlll+ll*INPROl17l 
Dll8l=OM111+2l*INPR0(18l 
0(19l=DM1(1+3l*INPROl19) 
Dl20l=DM1(I+4l*INPR0(20l 
D121l=DM1(1+5l*INPROl21l 
D(22l=DMlll+6l*INPR0(22l 
Dl23l=OM1( 1+7l*INPROl23l 
0(24l=DMlll+Bl~INPROl24l 
D(25l=UM11 l+9l~'INPROl25l 
0(26l=DMll 1+10l*INPROl26l 
D127l=DMlll+lll*INPROl27l 
Dl28l=D~lll+l2l*INPROl28l 
D129l=DMlll+13l*lNPROl29l 
Dl30l=DM11I+14l*INPR0(30l 
D(3ll=DMl(I+l5l*INPR0(31) 
T=O.O 
DO 100 J=l,31 
T=T+DI J l 
CONTINUE 
DM21l-14l=T/AREA 
CONTINUE 
RETURN 
END 

,. 

... 
0 

"' 



C 
C 
C 
C 

C 
C 

C 
C 

C 
C 

C 

SUBROUTINE ASSIGN 

INITIALIZES ARRAYS, SETS UP FOR PLOTTING AND LABELS TRACING 
SUBROUTINE ASSIGNIX,Yl,Y2,Y3,0ISP,STRCN,XN,AXL,AYL,AYU,TITLEI 
COMMfJN I BUF, XY, 
INTEGER IBUF(lOOOI 
REAL X(2031,Yll2031,Y2(203l,Y3(203l,AXL(331,AYL(331,AYU(33l 

11 TITLEl101 .· ' 

SET UP FOR PLOTTING 
CALL PLOTS(IBUF,1000,6) 

IDENTIFY TRACING 
CALL SYMBOL(0.0,3.0,.28,'HOLTS',0.0,5) 
WRITE INSTRUMENTAL PROFILE NAME ON TRACING 
CALL SYMBOL(3.0,3.0,.14,TITLE,0.0,40) 
CALL PLOTl6,0,0.0,-3l 

C LABEL DATA SET SEQUENCE NUMBER 
CALL SYMBOL(2.0,4.0,.14,'TAPE=•,o.o,5) 
CALL NUMBER(2.7,4.0,.14,XN,0.0,-11 

C 
C INDICATE STRENGTH CONSTANT USED AND DISPERSION 

CALL SYMBOL(2,0,3.0,.14,'STR=',0,0,4) 
CALL NUMBERl2.56 1 3.0,.14,STRCN~0.0,2l 

C 

CALL SYMBOL(2.D,2.0,.141'DISP= 1 ,0.0f5) 
CALL NUMBER(2.70,2.0,.14,DISP,0.0,3 

C REDEFINE ORIGIN . 
CALL PLOTl4.0,1.0,-31 

C 
C DRAW VERTICAL AX!~ 
C 
C 

C 

CALL AXIS(O.o,o.o,•RL',~,5.0,90.0,1.o,-.21 
INITIALIZE 
Yllll=O.O 
Y2(ll=O.O 
Y3111=0.0 
X(2021=0.0 
Yl(?.02)=1.0 
Y2( 202)=1.0 
Y3( 20?. I =1. 0 
X(2031=20.0 
Yll 203)=-.2 
Y2(2031=-.2 
Y3(203l=-.2 

INFORMATION FOR PLOTTING SUBRO~TINES 

C CALCULATE HORIZONTAL AXIS WITH INPUT DISPERSici~ 
...... .... 

0 



DO 100 I=l,201 
XI I l=l l-2l*DISP 

100 CONTINUE 
XY=lO.*DISP 
DfJ 110 I=l,3 
AXL(Il=O.O 
AXLI 1+3l=OISP 
AXL(I+6l=2.*DISP 
AXL(I+9l=3.*DISP 
AXLI 1+121=4.*DI SP 
AXL(I+l5l=5.*DISP 
AXLI 1+181=6.*DISP 
AXL(l+Zll=7.*DISP 
AXL(l+24l=8.*DISP 
AXLII+271=9.*DISP 

110 CONTINUE 
AXL(31)=10.*DISP 
AXLI 32)=0.0 
AXLl33l=l.O 
RETURN 
END 



//GO.PLOTTAP~ DD DSNAME=UVIC,UNIT=TAPE,DISP=(NEW,KEEPJ, * 
// LABEL=l,SLl,VOLUME=SER=B00071,DCB=(DEN=21 
//GO.FT08F001 DD UNIT=SYSDA,DISP=INEW,DELETEI, * 
// SPACE=l20,ll0001,RLSE,CONTIGl,OCB=IOPTCO=C,RECFM=FJ 
//GO.FT09FOOl DO OSNAME=HOLTS7,UNIT=TAPE,LABEL=17,Sll,OISP=(OLD,KEEPl, * 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FTlOFOOl OD DSNAME=HOLTSB,IJNIT=TAPE,LABEL=IB,Sll,OISP=(OL-0,KEEPl, * 
// VOLUME=SER=800007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=4004l · 
//GO.FTllFOOl OD DSNAME=HOLTS9,UNIT=TAPE,LABEL=l9,Sll,DISP=IOLD,KEEPI, * 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT12FOOl DD DSNAME=liOLTlO,UNIT=TAPE,LAHEL=(lO,SLJ,DISP=(OLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=4004l ' 
//GO.FT13F001 DD DSNAME=HOLTll,UNIT=TAPE,LABEL=lll,SLl,OlSP=(OLD,KEEPI,* 
// VOLUME=SER=B00007,DC8=IRECFM=VSB,LRECL=20,BLKSIZE=4004l · 
//GO.FT14F001 DD DSNAME=HOLT12,UNIT=TAPE,LABEL=ll2,SLl,DISP=IOLD,KEEPl,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT15F001 DO OSNAME=HOLT13,UN!T=TAPE,LABEL=(l3,SLl,DlSP=(OLD,KEEPJ,* 
// VOLUME=SER=B00007,DCB=IRECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT16FOOl OD OSNAME=HOLT14,UNIT=TAPE,LABEL=ll4,SLl,DISP=IOLD,KEEPJ,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT17F001 OD OSNAME=HOLT15,UNIT=TAPE,LABEL=(15,SLJ,DISP=(OLD,KEEPl,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZEb4004l 
//GO.FT18F001 DD DSNAME=HOLT16,UNIT=TAPE,LABEL=(16,SLl,DISP=(OLD,KEEPl,* 
// VOLUME=SER=B00007,0CB=(RECFM=VSB,LRECL=20,BLKSIZE=4004l 
//GO.FT19F001 DD DSNAME=HOLT17,lJNIT=TAPE,LABEL=(17,SLl,DISP=IOLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=40041 
//GO.FT?OFO~l DD DSNAME=HOLTlB,UNIT=TAPE,LAREL=(JR,SLl,DISP=(OLD,KEEPI,* 
// VOLUME=SER=B00007,DCB=(RECFM=VSB,LRECL=20,BLKSIZE=40041 

.... .... 
N 
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