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ROTA'l'IOHAL PER'I'UR13A1'IONS AND LOH-LYING ELEC'fRONIC STI\.rrES OF CaO 

Helen Johansen 

Department of Chemistry, University of California, 
and 

Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, 

Berkeley, California 9}1'(;20 

ABSTRACT 

Sixteen bands of the AlL - ~L transition of Ca018 were 

analyzed. They are the (6,3), (5,2), (5,3), (4,1), (4,2), (3,0), 

(3,1), (3,2), (2,0), (2,1), (2,3), (1,0), (1,1),(1,2), (0,0), and 

(0,1) bands. The spectroscopic constants found are: 

r-L AlL 

w :: 702.18 W = -686.5 e e 

w x = 4.29 w x = --:1. 5 e e e e 

B = .4093 B .3733 e e 

ex = .003 ex = .0009 e e 

D 4 -7 D 4.58xIO-7 :: -5.2 XIO -e e 

8 
...;.8 

= -5.9XIO e 

VO,O = 11548.6 

Thirty-seven perturbations were found in the upper state. 

They are due to six electronic states or substates. A comparison 

of these perturbations with those found in Ca016 (Hultin and 

Lagerqvist, 1950) indicates that four of these perturbing states 

lie below the X1L, one is at -8080 cm-l and one is the Xl;;; st"3.tc. 
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r. INTRODUCTION 

Previously analyzed spectra have shown four electronic states of 

1 ') 1 ( -1) In' ( -1) 1 8 -1) CaO: X L:( 0.0 , A L: - 11500 cm ,B - 25900 cm, and C L:( -2 800 cm . 

(Lagerqvist, 1954; Hultin and Lagerqvist, 1950) However, a comparison 

of the electronic states of the eight-electron isoelectronic molecules 

and their trends in energy (Brewer, 1962), indicates low-lying 3n, 3L: 

1 " 
and 6. state s. There are also experimental indications that un-

analyzed low-lying electronic states exist.· Fi:rst,the spectra of CaO 

contains several regions (5555 k, 6100 'A) of very dense, complex struc-

ture which have so far resisted a complete analysis. (Gaydon, 1955; 

Kobajiehok and Sokolo;v~ 1968) It is possible that they are due to trip-

let states of CaO~ Other possibilities include Ca202 , CaOH and ca2 • 

Second, the Birge-Sponer extrapolation of the ~L: state gives 37 kcal 

for the dissociation energy. This value is at least 45 kcal lower than 

those obtained by other methods (Gaydon, 1968) which suggests that either 

~L: is not the ground state or that the extrapolation is anomalous. 

Third, some 30 rotational perturbations have been found in the AIL: state 

of CaO. (Hultin and Lagerqvist, 1950). They have been explained as 

interactions between AIL: and six other states or substates. The absolute 

vibrational numbering of these perturbing states, and hence their oy-

igins, I 
were not obtained since the v' ,= 0 level of AL:: was perturbed. 

16 All that can be deduced from the CaO data is that at least 6 electronic 

-1 states or sub states lie below 11500 cm • 

It would be helpful to know the relative energies of these per-

turbing states es~pecially since some of them are predicted to be triplets. 
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No triplet state has been directly analyzed in CaO and there is some 

controversy on whether the ground state is a singlet or a triplet. The 

statistical weight of the ground and low-lying electronic states is 

important in thermochemical calculations. For example in calculating 

the dissociation energy by a third law method(T = 2000 0 K), a difference 

of 7 kcal/mole is obtained depending on whether the ground state of 

CaO is 3rr (Gaydon, 1968). 

Before we consider a way of determining these relative energies, 

a word is in order concerning rotational perturbations. A rotational 

perturbation is an interact·ion between rotational energy levels. The

oretically, it is a mixing of wavefunctions, the Hamiltonian being 

cross-terms not considered in the Born-Oppenheimer approximation. 

Experimentally it is seen as a shift of rotational energy levels away 

from their otherwise regular spacing. The following selection rules 

should hold in order for a rotational perturbation to occur: 

(1) Both states must have the same total angular momentum, J, at 

approximately the same energy; llJ=O, llE"'O .. 

(2) Both states must have the multiplicity; lls=O. 

This rule holds only approximately (Ballik and Ramsey, 1962) 

till = O,±l for· Hund's coupling cases (a) and (b) 

HJ. = O,±l for Hund's case (c) 

(4 ) Both states must be positive, or both must be negative; 

(5) For identical nuclei, both states must have the same 

symmetry in the nuclei; s +++ a 

+4-+-

(6) There must be sufficient overlap of the vibrational eigen

functions. 

,.. 

,. 
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More thorough discussions of rotational perturbations can be found in 

Herzberg, Spectra of Diatomic Molecules, 1965, and Kovacs, Rotational 

Structure in the Spectra of Diatomic Molecules, 1969. 

A standard method of assigning vibrational nuD1bers, v, is to observe 

the isotopic shift of the vibrational levels according to formula (1): 

where p = ~/~., and ~ is the reduced mass. The higher the v-number, 
·1 

(1) 

the greater the shift,until the w x terms become dominant. A similar 
e e 

1 method can be used with the six states perturbing the A E state. A 

perturbation can occur when two (or more) vibrational levels (from 

different electronic states) have approximately the same energy at the 

same rotational quantum number, J(LlE"-O, M=O). Therefore on a plot of 

energy vs J(J+l), a perturbation is possible where the lines representing 

the two vibrational levels cross (see Fig. 1). When a heavier isotope is 

used these levels shift downward in energy as indicated by formula (1) 

and intersect one another at a new energy and J value. (The isotopic-

effect on the rotational constants is ignored in this example for simpli-

city. It would change the slope of the lines slightly.) The amount of 

the shift, and hence the position of the perturbation, is dependent upon 

which vibrational levels are involved. Thus a com;parison of the perturba-

.. 1" . 16 18 ... tlons 1n the A L. state of CaO and CaO should help clarify the 

relative energies of the six perturbing states. With this end in mind 

the spectrum of Ca018 in the region of 7200 A to 9400 A (AlE_XlI: system) 

was taken and analyzed. 
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2000 '000 

lJl1Jl"Q.t.O."Q/ leue/ of 
"11,h1tr IsotOpe. 

- - - - 1Jlh,.+107I4/ /euJ of' 
hNu/er Isohpe. 

J (J+1)-

10000 14000 

XBlo.706-1191 

Fig. 1. Plot of energy vs J(J+l) showing how a rotational 

perturbation shifts with a change of isotope. 
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II. EXPERIMENTAL 

The light source used was a reduced pressure arc operated by a 

300 volt d.c. power supply at a current of 1 amp (Hauge, 1965) (Figs. 

2 and 3). The electrode-holders were water-cooled and held calcium 

rods one-fourth inch in diameter. The arc was initiated with a Tesla 

18 
coil and run at a pressure of 1 torr of He gas and ~ 0.3 torr of O2 . 

Oxygen was added to the system as it was used up at regular intervals. 

A P205 trap was used to absorb water vapor. Before new electrodes were 

used, their tips were first scraped clear of CaO. 

The spectrograms were taken in the first order of a 1. 5 meter. 

Jarell Ash grating spectrograph(1180 grooves/mm}. 

Exposure times ran from 15 min to 1 hr. Eastman Kodak IN and TIM plates 

* were used; the TIM plates were hypersensitized first with ammonia. A 

Kodak Wratten gelatin filter No. 89B was also used. The dispersion was 

4.4 'A /rrrm; resolution approximately 0.1 cm-l • A thorium electrodeless 

discharge tube generated the standard lines. (A neon Osram lamp was 

used in the 9000 'A -9400 'A region to identify the Th lines. ) 

* The hypersensitizing procedure was obtained from Dr. Sumner Davis and 

is as follows: 

(1) 
(2 ) 

(3 ) 

(4) 

Four minutes in a solution of 6% ammonium hydroxide at 40°F 

One minute in a solution of one part isopropyl alcohol, two 
parts distilled water, and one cc of glacial acetic acid 
per one hundred cc of solution. 

Four minutes in a solution of two parts isopropyl alcohol 
and one part distilled water by volume. . 

Dry the plate before storage or use. The plate should be stored 
in the freezer and used within two weeks. 
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XBB 706-2709 

Fig. 2. Photograph of arc. 

, 
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1 

XBL 706-1163 

Fig. 3. Schematic of vacuum system. 

~' 
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III. RESULTS 

A. Analysis 

Five red-degraded sequences appeared in the CaO spectrum at approxi-
, 0 

mately 7300,7700, 8150, 8650, ,and 9200 A. Analysis has shown them to bev 

respectively the (3,0), (2,0), (1,0), (0,0), and (0,1) sequences of the 

I 1 _~. . 18 
A 2:-x-2: transition of CaO • There was no problem with contamination by 

0;6. However strong atomic lines blotted out part of the (2,0) and (0,0) 

sequences. Weak exposures were taken in these regions to pick up as 

many Ca018 lines as possible (see Figs. 4, 5, 6, 7). 

Sixteen bands were analyzed: (0,0), (0,1), (1,0), (1,1), (1,2), (2,0), 

(2,1), (2,3), (3,0), (3,1), (3,2), (4,1), (4,2)" (5,2), (5,3), and (6,3). 

Perturbations have been found in the upper level of each of these bands. 

See Table 2 for a listing of the assigned lines. Two columns are given 

for both the R- and P- branches. A shift from one column to the other 

indicates a perturbation. M's stand for missing lines, A's for lines 

that have been obscured by an atomic line, and H's for lines obscured 

by band heads. 

The analysis itself was accomplished by calculating the combination 

differences, L1
2

F" (J), of the r-2: vibrational levels using p and the 

spectroscopic constants of Ca016 (Hultin and Lagerqvist, 1950). The 

spectrum was then scanned by computer for sets of lines which satisfied 

these combination differences and the results were plotted out (Kopp, 

et al. 1965). 

L1 FII(J) = R(J-l) - P(J+l) = F " (J+l) - F "(J-l) 
2 v v 

R(J) and p(J) refer to the indicated J lines in the R and P branches 

and F "(J) is the energy of the J-rotational level of the lower v 

(2 ) 

f 



1. .. 

-9-

vibrational state. A more detailed explanation and a listing of the 

computer program is found in Appendix B. 

B. Determination of Rotational Constants 

The rotational constants of the unperturbed Xl}: vibrational levels 

were determined by plotting 62F"( J)/4(J~) vs (:J~)2 where 

A sample plot is found in Appendix B and the rotational constants, 

Bv" and Dv" in Table 3. 

The corresponding plot for the upper-state levels (i.e. 

62F' (J) .,,; R(J) - p(J) ) fluctuated greatly due to the perturbations and 

could only give very approximate .~-values. However, for such strongly 

perturbed levels it is meaningless to speak of a fixed B,-value since 

every rotational level: ',has a B.,-value which is a mixture of the Ev-values 

of the perturbed a!1d perturbing states. One can however obtain a good 

approximation to the "unperturbed" E values by plotting T/4J vs 1 
V' 

where: 

BtI_B' + 6Dtt 
_ 21(D"-D') (4) 

This gives (Bv"-B~) as the intercept at J=O. Using the B " values found 
v 

with Eq. (3), the Bv' values are easily calculated. The D ' constants 
V 

were obtained from the unperturbed sections of a plot of 

62F'~' (J)/4( J-'-=-21 )2.. . . b 4 T~ Thelr average lS found In Ta le • 

The calculated B-values in Table 3 are from the equations: 

nv" 0.4093 - o. 003 (V~) 

B" 0.3733 - o. 0009(V~) v 
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C. Determination of Vibrational Constants 

The" band origins, vO' were determined in two ways. The first was 

the usual plot of [-CI;~(J;'~)+ P(J)J/2 J vs ;. 

R( J-l) + p(J) =2v +2(B'-B")1 
0 

(6) 

The second method was to plot the left-hand side of Eq. (7) vs J. 

BV" - ~ {J(J+l)[P(J)+R(J-2)]- (J-l)[P(J+l)+R(J-l)]}= vo (7) 

Both of these methods however could only give approximate values of vo 

since the upper state is highly perturbed. For example, the VI = 1 

level is shifted ~ 8 -1 cm 

In order to calculate the vibrational constants of the unperturbed 

lower state, the influence of the upper. state was subtracted out as 

follows (Hultin and Lagerqvist, 1950). Equation (6) was written for 

the two bands with the same upper level but with different lower levels 

a and b. 

[R(J~l) + p(J)J, ,,= 2vo(v' ,v") + 2(B' -B")} 
v ,va a a 

[R(J-l) + p(J)] , II = 2V O(v' ,vb II ) + 2(B'-R") 1 
v ,Vb -b 

The difference between Eqs. (8) and (9), A, is 

A = 2 [v (v' v" ) - v (v' V ") + 2 (R" - Ba" ) 1 o 'a 0 b -b 

= 2[G"(v") 
b 

G"( v")] + 2 (R" - B")1 a 0 a 

.. 

(8 ) 

(9) 

(10) 

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

state at J=O. ,The OluantityA/2 is plotted vs I to dBtain[ GtI(Y~')-G"(V~)] 

as intercept and [Bb - B~] as slope. The values obtained were very 

.' 
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18 16 , 
close to those calculated for CaO from the Cao. spectroscopl.C constants 

given by Hultin and Lagerqvist (1950). The ill and ill x constants calcu-
e e e 

lated from the [G"(VbJ - G"(v~)J. values are found in Table 4. 

Using these [G"(v.b",),. - ·G"(.v~.\J dl.'fferences a consl.'stent set 
. a. Y, , 

of band origins were picked out of the results of Eqs. (6) and (7). 

They are given in the Desla.ndre's Table of Table 1. These origins and 

the calculated intercepts at J=O of the lower state vibrational level 

were us~d to calculate the energies of the upper state vibrational levels 

and the average values of these energies were in turn used to obtain 

the upper state vibrational constants (Table 3). 

D. Perturbations in ca0
18 

The 37 perturbations found in the Al2: state of Ca018 are listed 

in Table 5. They can be assigned to six perturbing states: Z18, Q18, 

_~8 __ 18 . 18 18 
.Y- , W- , X- , and B • On the plot of energy vs J(J+l) in Fig. 14, 

the solid lines represent the first seven vibrational levels of the Al2: 

state and the squares show the perturbations. The ~circles 

indicate the end of the analysis for that particular level and in all 

probability another perturbation. The dashed lines connect perturbations 

arising from the same perturbing state. In Table 5 the relative vibra-

tional numbering for the perturbing states is given in column vP ' with 

the lowest levels of each state called X, Y, Z, Q, W, and B respectively.' 

In order to determine the Bv values of the perturbing levels, plots 

'(Figs'o:8-13) were made of T/4J vs J',(see ECl. (4») for a.1l the analyzed 

ban~s. ::(Gero J 1935; Kovaes; 1937;'HUltin an<fLagerqvist, '1950) For the 

unperturbed regions an almost horizontal line is obtained, while at a 

perturbation, two T/4J curves, Fl and F2 , rise to a peak. Equations 
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(11) and (12 )are applicable: for these :plots : 

B P ~ 2B" B' 28 
w v v (11) 

* 1 
Jo~ J 2" (12 ) 

where S is the value of T/4J at which the curves Fl and F2 cross and 

* . ' J lS the J value at this point, J
O 

is the J value at which the perturba-
p 

tion culminates, Bv 

1 B values of the A L: 

is the B value of the perturbing state, B' the v 

state, and B" the B value of the rL: state. v 
p 

A 

proof of these equations is found in Kovacs (1937). The B values are v 

listed in Table 5. They compare quite well with the expected values 

calculated from Eq. (13) 

Bi = p2 B (13 ) v v 

where 

p2 = 0.9204 

i 
= B for Bv v 

B = E for 
v v 

Lagerqvist and Hultin obtained 

16 states of CaO and - 0.38 for 

Ca 0
18 

Ca016 

__ 16 __ 16 16 16 
Bv - 0.33 for the r , r ,Z and Q 

16 18 the B state. For CaO ,B - 0.308 
v 

for the X18, yl8, Q18 and z18 states and ~ 0.35 for B18. 

The error in the Bi;./ values found by the above method depends on 

the number of comparison lines found at each perturbation, the quality 

of these lines (i.e. overlapped, well-defined), the number of bands in 

which the perturbation is found, whether or not there are nearby 

perturbations to distort the B' values of the perturbed level, etc. 
v 

Because of the difficulty in estimating this error, the G(v) values 
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(where G(v) is the energy of the v-vibrational level at J=O) were ob-

tained by a simple graphical procedure. Consider the (Y+l) level of 

;S as an example. As shown in Table 5, the (Y+l) level of r S interacts 

with AlL: at twopoints,vA·I'J:. = 0, J
O 

= 93.50 arid vAIL: = 1, JO = 2700. 

If D is assumed to be small (or, since both isotopic states are treated v 

in the same way, the effect of D should cancel), the (Y+l) vibrational 
v 

level can be represented as a straight line on a graph of energy vs 

J(J+l) (Fig. 14)0 That straight line is determined by the two points of 

perturbation mentioned above. The slope of the line is equal to the B v 

value for that level and is listed in Table 5 under B ~(slope). In both 
. v 

16 lS p p 
CaO and CaO the B)( slope) values are ~ 0002 lower than the B . 

v v 

values. 

Since the B values of the other vibrational levels of r S would 
v 

be expected to be similar to that of the (Y+l) level, the ylS state 

can be shown as a series of lines parallel to (Y+l) and cutting through 

the other ;S perturbations. The dashed lines in Fig. 14 represent 

the ;S state; the solid lines the AIL: state. This was done for all 

the perturbing states of CaolS and Ca016• The perturbations of Ca016 

were first replotted using the bottom of the potential curve of the 

16 XIL: state as the zero of energy. This was done so that the CaO and 

IS 
CaO levels would have the same reference point and could be comrared. 

The G(v) results are given in Table 6 and the vibrational levels are 

graphed in Figs. IT to 20. For the ZlS and Q,lSstates, the dashed lines 

in Fig. 14 connecting the perturbations coming from the same state were 

extended and the points of probable perturbaticnfound used in graphing. 
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XBB 706- 2706 

Fig. 4 . Spectrograms of the (0,0), (0,1), (1,0), (2,0), and (3,0) 

sequences of the A'r. - X ' l. transition of Ca 0
16

. 

\ 
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) ~ 
(0,1) (2,3) 

t 
(0,0) 

XBE 706- 2705 

Fig . 5 . Reproduction of the (0,0) and (0,1) sequences. 
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t 
( 2.0) 

XBB 706-2708 

Fig . 6. Reproduction of the (2,0) sequence. 

\ 
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XBB 706-2707 

Fig . 7. Reproductions of the (1,0) and (3,0) sequences. 

I 

, 
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Table 1. Deslandres Tables - Band Origins: Ca018 

6 

5 

4 13571. 7 685.5 

673 .7 
3 13589.7 691. 7 12898. 685.7 

676.9 678 .4 
2 12912.8 693.2 12219.6 

674.8 679 .2 
1 12238.5 689.1 11540.4 682 .8 

689 .9 687 .6 
t 0 11548.6 695 .8 10852.8 
VI 

~+ 0 1 

r; .. 

13558.8 677 .1 

672.6 
12886.2 

674.9 
12212.3 

10857.6 

2 

13548.6 

666.9 
12881.7 

10858.6 

3 

~ 

I 
f-' 
0:> 
I 
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Table 2. Listing of assigned lines in Ca018 

V'V" o. o. O. 1.0 

J 
p(J) R(J) p(J) R(J) 

--_ .. _--.... _--
1 
2 10d~O.5') 

1 10849.1>'< 
4 10d4~.'>? 
5 10!:1'.1.1> 'I 

, 6 10-14".,,3 ' 
1 10345.40 
8 10844-.215 
9 10942.IJ2 

10 10a41.52 
11 10840.01 
12 10!lB.6(' 
13 10831. O~ 
14 10835.~9 

15 108J3.74 
16 10tl3Z.04 
11 10tl10.14 1085b.3tl 
la 10a2d.3C 10,155.~5 

19 11547.90 10826.33 10~55.'>0 

20 It547.2'3 10il24.39 10'15".)1 
21 Ib14.52 11546.58 10822.31 i("lH~4.45 

22 11512.7.5 11545.87 10820.24 10<153.7<3 
23 1150'1.95 lt545.(iO 10111>1.10 iC,g53.13 
24 11507.':>(. 11544.tO 1 Oil15. 7') lC<352.27 
25 11505.11 11543,:)6 ' 10813.53 H'ti51.52 
26 11502.65 A 10 tll1 .1(, EH5().');; 
27 11499.93 A 1(,a08.0" l(id49.&d 
28 114"17.26 11539.7tl 10806.21 lC!J4d.&2 
29 11494.54 1153d.41 10803.62 1(:"47.'d 
30 11491.72 11536.94 10800. 'l7 10il41>.20 
31 114tl,l.79 11535.51 '10798.23 10tl44.'J2 
32 114i15.1e 11533.86 1"795.10 1:::d43.49 
33 114tl2.64 1 f53"2. 04 10792.47 IJR41.86 
34 1147'1.4 r 11531.)6 10789.44 10tl4·:i. iJ7 
15 11475.99 11527.79 101db.2C· lLql37.-I3 
36 11472.39 11524.93 107az.'l6 10815.59 
37 11'+68. )1) 11:'21.45 1153d.41 1:J77'J.S2 IC~'l2.54 10,%7.26 
38 11464.0b 11510.13 11532.62 10774.61, 1(1,,43.14 
3'1 1 (4'):1. 94 11475.Y8 11528.n 1()77(1.~~ 7b~.1~J IJd40.07 ' 
4Cl 11452.75 11'.i)d.52 11525.tl2 7n.52 11dH.0<; 
41 11465.26 11523.10 77' •• 13" lOtl:l ... 5~ 
42 1145fl.47 11')20.6] l' 770.3(, 10A12.17 
43 11 "t 54.08 11517.Q6 1(' 7c,6~ J 9 1'Jd.K.14 
44 11449.f<g 11')15.50 1 ;)7.'.>? .24 10ll27.77 
45 Ih45.tl3 11~12.9q I r.' ()~. 3:l iOil25.64 

-. 
46 11441.7? 11510.43 tr17:>4.64 1'.'823.25 
4'7 11437.01 Ib07.62 1,H5(.75 IJR?n.7'1 
40 11~B.,.7 115':5.52 . l.(~ 7 40. 6 S 1"8Id.'!6 
49 11429.08 1150Z.66 lL 742.76 l:)lJlb.34 
50 11425.,'] 11499.'l5 lC73,).;!R lOo13.-}O 
51 t'1420.<)4 ' fl496.'l7 fc 73').29 1(;811.16 
52 1141i,.S2 114t;3.d4 1(\731.17 1(,2(;8.50 
53 t'1411.H, 1l'+90 .43 ·10726.?l lC 605.43 
54 11407.3': 114"".43 1077.2.% le'Hi:l l.79 
55 1140L.2Y 114tll.14 1149".01 . 10711.92 

.. 
Ij790.7tl 10lJJll.50 

56 113'l6.72 11471.tla 1143".4~ lC712.6~ lC1302.1' 
57; ·"t'i38CJ.67 il't'fl.75 11431;18 "Ye,'7'Oil,'0'C 1,)717.(19 ·fO-(Cj7.67-
5R I1Bl. I',) Il1B.4' 11477.1f., 1(:,110.07 lC.U3.74 
59 113 (II). '19 11 .. 72.:'J2 'lr 7~i :l.~2 A 

'60 113fH.IU 114SH.52 IJo'III.41 107 i{').94 
61 11j75.26 11'.63.43' """-!"r""692. q:,- 107dl.12 
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Table 2, continued. 

V'V" 0 •. o. 

J p(J) R(J) 

62 11 36".21 11473.31 
63 11162.65 1(467.18 
~~_ 11170.9 1 IIJ55.2~ 11461.d8 
65 iY362;1>~- 11-346:·65 11451~66 

-20-

t 1457. ,,3 
114~C.51 
11441. 7:>. 

o. 

p(J) 

1.0 

V'6 i! 7.2. 3 
1 (", a 1 • :) 4 
1 ')0 13. 'I-} 

R(J) 

107B6.5tl 
101d2.C3 
lL·77d.3.> 
IC7D.S(, 66 ~IJ56.40 113Jb.26 11452.15 

61 1135C.4~ 1144-~ • .n1l45R.47 

106S1.4l 10;'ol,.C3· 
10617.42 10b~b.29 

·10672.13 j10761.4S 
6t1 11344.0') 11452.03 
6q --ii 335.-41 11 )4>l~·-32 --11441.64 

__ .1.0_________ 113'40. n 11443.19 
. 71-----». -- ---Y143d·;B4 

12 1132>l~24 , 11434,58 
i3 lC32.! ·.3-s·i 11430.-31 
14 11316.52_.1 11426.04 
15 11310.1,J I. 11-.21.15 
16 11304.,;7 , 11417.43 

----··y1---------1IT99 -:OTt--- . ------11 4 12. ~ 4 

18 11293.11 ! 114Jd.51 
19 i 1;;8-'(:1 7- I li40 3.97. 
80 11281.15 i 1139'l.30 
81-- iTt75.-05-r -----n:394. 52 
82 11268.84 11389.61 
-!f3- ------------Ti262-:-YS-*------------ (n!l4 ~ 43 

tl4 11256.0') 11318.~4 
85 -IIZ40.313 - 11372.39 
66 11242.33 11382.64 11305.64 
31 1-,234-:-75 ·---IT3-6.,~-t7 ff3%.40 
88 11243.06 11226.03 ,11351.95 

---69---fT2t6:-b31T2T~__:_;(9-~i)~65----
90 11/15.29 11239.90 11356.40 

I"G06.:)1 
--lO&Stl-;ZC 1061'>0.76 

______ . ___ . ___ J~:I>.0J ._91 

, 

FioS~.91 
1,'(5).33 
1:','>44. fl" 
10639.45 i 
lP":l4.06 
1"1>2fJ.7 /t .. ~.--.~.- ------i 0"1) 2.3 .-32 

1 (," 1 7 • ij ') 
1061l.40 
1"6v".db 
1(,601.25 . 
1;J oJ :}::. ~? 

------------Ui5 -a '0':7"----
1(1')d3.74 

-1(' C,71.5 <:l 
IV;71.''7 

. 105iJ.~.9b 
1 (1 ~ ~S. ?l 

-------Tf':')t;5':''';9-'----

91 1120-2~36---1f,r~T:-';3--'---· ---n3-4·8-~-3"Z---- ---------
92 11210.05 11355.'16 11339.41 
93 -11.2"01;-0-4 ---n'F'-4 '-09-IT327;~-4·---
94 11207.18 11190.66 11336.~7 

----<j.,-----TfC93__:_!i4-fTIfT.'ID ---n~-;nl'_4'7-----
96 11185.22 11327.34 
'l1. --TiTTi'.T(; TD20~-9r-

98 11172.54 1131-..41 
-99----" nT6-4~-o2 ------n30'1.1r---

100 11156.5H 11311.54 11297.11 
--[61---- -f1T4T.1f2--fTl(\,;T2117irr.-I~--+----------

10? 11156.50 11136.92 1129t1.58 
f03' -- -lTlA4-.n l[lla~'to- 112-'n;73· 
104 11134.B3 11285.29 

c-ro 5-----Trl 2 6; 3 9-----------n279' ~-OT--- ----.----- -

116 1111d.46 1l212.~2 
~O 7 111l'O'~,r'-- 112oo-;-rr;-------+---· 

108 11103.14 1126J.62 
--109---rT09'5-;'5T--·----;ITZ'5'~.~8-----------f----------------. 

110 110B1.8e 1124i!.03 

1'J71~.d4 
IJ76'1.02 
1':lnO.4j 

1071d.3d 
1071<'.93 
1:)7/'&.47 
1 )764.42 
1016,}.4~ 
lC15,~.62 

101'>2.76 
1074,;.'15 
LJ745.18 
10741.23 
10137,'30 
i01_n.211 
10729. n 
10725.03 
1 C 1-70.15 
10716.2'1 

- 10711.01 
1')706.05 
10101.06 
1::J1>'13. n 
lO(,'l~. 73 

~TI-lT01I\J~1T--------t-rrz-ttr.I4------·---1----------·-------------·------

112 11012.37 i 11234.15 
113 IlJ~g--- ------------;r--------------------------------
114 11056.26 
~~ 11047.13 

116 -.1,---------
118 

-+---,-----------------_.- ,--_._----, 

.-t-------.. ----------.-- ------- -------

-."-,,.----------!----------1---------'---------... 
1_2_0 __ ~ _______ -- -:-___________________________ _ 
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V'V" 1.0 O. 1.0 1.0 1.0 -~ ------~--.-.------

J p(J R(J) P(J) R(J) P(J) R(J) 
I'. 11 '}2 -3.:' 2 1-3 
I'. 1152". Sf. ~ 
1·6 11524.16 11 '54~.-i 1 IOH64.45 I--' 
17 11521.Q3 IIS47.2H 10A64.13 <D 
19 11519.6R 1154h.ll l~dJ~.86 10063.29 
19 11517.IP 11 S4? 01 IOQ34.59 101l62.41- I\) 
21. 11514 .. 7~, 11544.11 IOB32.04 lOtIo 1;66 
21 11512.2S 11543. (l9 10029.37 10"OC.% 
22 11509.10 A l.CR27. 1)3 IGd5"".~6 () 

n 11507.03 A 10824.39 lO85B.47 0 
·Z4 11504. H 11'53"-1.75 10~21.6~ 1085T.l / ... ::s 
2'· 11501.5("- 11 rj 18.41 10818.>f 1085".95 c+ 
16 114,9./'? 11')"30.72 IO:tlo.41 lC8:'4.45 1-" 
n 11495.71 11 5":\ 'i. '3? 10813.53 10856.3d ::s 
28 114"2.17 llS37.42 10810.04 lc'855.01 ~ 

<D 29 114Q2.f>'1 11536.0J 10810.4, 1:)053. H p. 
30 1141:19.5b 115:t4.2<t 10~,'7. 51 1085Z.27 
31 114!!h.-43 l1~d2.~2 1080".87 IGd51.0Q 
32 11403. j(., 1153':.17 10~OI.93 1,'~84Q. bri 
B 1143~J.l1 115Zd.92 1"79<1.85 10647.69 
·14 11476.70 11'db.Q5 A 1)846.Z0 
35 _ 1I4n.,1 115Z".82 107n.· •. 7 I'J844. q2 
36 114f,Q.92 II <;23.6tl A 1004.1.14 
37 11 '+66.3(",- ll52e.63 In 86.56 I ')d4C~ 90 
38 12213.<1 11,:,02.1H 11524.16 11516.16 IOH3.18 10R~4.23 lC~36.h5 

39 1221~."3 11' ... 58. 1 ... 7 1152(1.47 IOH9.52 10tl41.25 
40 1214Y.5C 122Q 7 .. B 1146J.4~ 11452.61 ll" I >l. 77 10181.12 1l'77 3.24 IOriH.'2 
41 12144.40 12204.~3 11455.31 11515.50 10776.72 lC~36.A6 

42 121'00.50 11l99.3ti 12207.1>6 Ih51.5! 1151n.42 115Z(.47 10771.24 IC·"'Z.[7 If :l4tl.4q 
43 12135.95 lZ189.QS 12204.83 11440.86 1l51)O.~2 11S11.Q6 107'-:'9.02 10823.04 luB3 7. ~3 
44 12129.82 12137.11 12201.as lL'-t4CJ. 7~ 11"'5:...;./) 7 I1S15.50 lC7~2.74 1~770.~5 10035.39 
45 12117.&3 12132.63 1/190.90 1l424.Jff 11o:.4'5.l:f3 II" IZ.2 0;. 1~751.~~ lC7bb.G4 l'~d ~3.0'') I 
46· 1212(t.C2 121't5.oZ 11441. " 1l'>·JY.95 li':7ol.74 10:33("1.~d I\) 
47 IZI23.4, 12l92.~7 !i417.o1 1l<;07. 0 J 1 n 7>;13. ? 1 1':.'!'32.'1.3() I--' 
48 In I 9.9~ 1219n.15 I J 't33.4 7 11->J r,. 15 1'::1~4. :14 1·JR2~.b4 I 
49 11114.Z9 IZl&b.89 1142:).·) 8 115C~.01 1075:,).15 1082j.25 
50 I2I·C9.68 ,. 12183.70 1l/ ... lS.3~ 1149Y.32 10741).76 h1S.?:O.19 
51 IZ105.09 . 1213C.6Z 11420. '14 Il ... 9~. 2 Ii 1,)742.7h lOil".lt) 
52 12100.1'1 UI77·.H 11410.52 114Q).ll' 10 73 ~. '51 IcH'.67 
53 12()9i). 6~ 12174.06 Il'oll.06 11490.43 1073 ... 58 li.:·'H;.·~n 

54 1209lJ.-i' 12170.03 114:)7. ~:""l 11437."0 IC73c.33 1\ .. 0-\ 1(. q4 
55 1zr8,. Ij,'i l<lbo.6b 11/-t·~2. 95 1I4q 3. '),1 1(1120. \:"i l·::'-\('th:i>3 
56 1 Z0in. 7i) UI6B .47 1119d."1':o 1.~ 72.1.1)0 lC ;3,' j.6 2. 
57 11'7~.JO·· 12161.78 1130:1.43 I,"""! 71 6. 'i5 IJ7q-? 7,} 

5d 1207'.51 121~q .. o6 I ~'711. 32 11.1t"nt.:n 
59 12n69.43 l.-:! 1 S& .• }b 1 ,.i 7Jt>.·I? 1·~i7'i3. ~'H 

60. 12063.77 121'51.95 1,").707.4 4 A 
61 12,)53~30 1l140.31 10702.'7:) 1 ~7;""·2·.'2 

62 12052.68 IZ144.40 1069~ .' ... '(" A 
63 12047.49 1<14').50 lOr,<)3.,J,? 11" 1.lt>. ZtJ 
64 12042.01 12136.36 1 Otl Ja.::;,~ 1,'7'O.ld 
65 12036.45 12132.12 10h.9]. B'-I L:,·f7·1. 'J.? 
66 12030.77 IZ127.70 10bT9.·.n 1f 7P, • .,-t 
67 12024.99 12122.98 1(67). ,}.} 1:n71. 'il 
68 12018.97 12117.33 lr6&~.:'·j I' 761.: 5 
69 12012.67 l(-~b"3. 1) 1 .... '·)/ .. 7 '. 
70 12005.99 let,S'::.?"." 
71 Il'651.('''· 
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V'V" }.O O. 3.1 1.0 3.0 2.0 

. J prJ) _R(J) p(J). R(J) p(J). J/(.r1 
16 
17 135QO.~B 
18 135~O.23 
19 13561.0'> 13589.54 
20 13558.38 . i3588. 72 

.21·- -13556.43 13588.04 
22 13553.61 13586.96 
23 13551.22 135d5.96 
24 13548.73 13584.91 
25 13546.32 13583.66 
26 13543.99 13582.42 
Tf 1":1540:86 13581.01 
28 13538.01 13579.69 
-29:- 13534.81 13578.18 
36 13531.46 13;76.46 
·31 13528.47 13574.80 
32 13525.43 13572.67 
TI-135ZZ:fo 'r 13570.36 . 
34 13518.18 111567.40 13,71.95 
35 13514-.32 13%8.46 
30 13509.27 13514.321 13566.25 
H 13509.27 f 13%3.86 
38 13505.44 13501.53 
39-------(3"501:<8-- 13558;18 
40 1'14Q7.4t3 , 1355'>- .. 3 
41 13493.20: D559.70 13551.22 
42 13489.11 ' 13~55.49 
43 13490.09 1348~.12 113553.04 
44 13484.98 . 113550.03 
~4'!O;74 - --- -r 13547. II> 
46 IH7b.28 
n--,347i ;6)---
48 13466.78 
~R62;f2 
50 13456.98 
51 lH50.,:i--n7i'9'-os-
52 13452.03 
n---~--n446;-5l1 

54. 13 /.41.29 
~-----n43b;-4l 

~; ~-g.~it~~j 
58 13421.85 I 
)9"-------T3416.-50 ' 
60 . U411.l3 I 
bT------.-:i406.-0Q-

62 13400 .68 
-6-3-------1330';-:;;1) 

64 13381.80 
-6-S------W,,;;:T'I---

66 13378.62 
67-- -- --- --UI-72.J 8 

68 69---------------
70 
71 
72 

--j 

13543.89 
13540.A6 
13537.21 
13532.23 13540.86· 

13535.14 
13531:46 
13527.88 
13 524'-66 
13520.93 
13510.18 
1351,,-_ ":>1 
135rC.99 
13501.27 
13'503.33 
13500.04 
134Q5 •. B 

13492~ll 
13'~8~jO·-
13484,26 
13479.~' 

12849.44 
lZ8/+b.94 
12843~64 

12841.05 
12838.10 
1283,.04 

- iiini ~6!l 
12829.34 

1<757.25 
12-n2.-53 
12747.91 

-12741.1"3 
12738_.44 

-12n •• 50· 
12720.74 

--127 n. ~3 

12713.U3 
ii713.16 
12 7~d. 7e 

-. in03.57 
lz'>n.31 
12691.:4 
12687.63 
1.?t,32.ZG 

_ J2b.1S. ~~ 

12892.15 
123<;1.05 

- 128d9.88 
12o~8;·78 

12d87.19 
12885.80 
lZSd4.35 
IZHd2.39 

lZ843.3C 
12B4C.I0 
1283&.9~ 
12B3.76 
12830.51 
1Bi7.n 
12824.,1& 
12820 •. 67 
12817.45 
IBI3 •. ijO 

12dlC.47 
lZU06. d5 
Ud02.Q8 
12799.37 
12795.47 
121H.67 
11786.Q6 

12181.02· 
12178.·59 
12176.4.3 
12t74.06 
121 71 .6(~ 
12169.,)4 
1216~.tdl 

12163 •. 1] 

12161.08 
12158.26 
12155.4') 

M 
12149.82 
lZ14b.5" 
12142.95 
12138.84 

1211A.27 
12114.29 
1211.0.91 
1210b.He 
12102.76 

·12098. ~c 
12094.4Q 
12an.S'> 

1.?144.40 

12213.91 
12212.98 
12212.47 
12211.,6 
t2·?1~.91 

. 112 n Q.87 
1220'i.J7 
122(,7.66 
122C6.-J6 

. lues.28 
12204.59 
122J3.H 

·12201.88 
12200. ')8 

1 U19d~31 
j 12195.66 

1 ?!3 Q .39 
12136.36 
12132".8 
l2t2ti.96 
12124.~9 , 
17121.27 '1218.1.52 
12114.29 '12185.31 

12('1'i 1 "07 
1~.J'JG.J4 

lll):.iS.rHI 
11)81. 30 
12077."-(' 
121"172.1)4 
L?:'.J~.21 
12·)03.17 
12·" 59. ':\ 7 
12054.84 
(205,).31 

12045.&3 
Ill41.0Z 
1?J3'h't5 
12C'.H.57 
1'?:2-o.70 
l2J21.,~4 

1201( •• b(, 
12')Ll.d4 
12"'C:i.~q 

11 ·~qfi. 0 7 
11 lrl:!. n) 

! 12193.53 
·12181.0l 
:11178.59 
·12176.09 
, 12170.63 
: 1l169.04 

InCl. 2') 
1219d.31 
12196.J7 
1219~.27 
12192.·?4 
IllM<).8~ 

121d8.C2' 
121HZ.7b 

12177.H 
12172.16 
1211>9.6~ 
12166.12 
12163.7d 
l11bl.00 
_12158.26 
121~5.31 

M 
12149d4 
12146.54 

M 
1?14r,.GB 

12137.11 
12133.H 
1?l3C.62 
12127.7n 
121l3.79 
1212('. B 
121"15. q9 
12111.11 
121.15 • .09 
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Table 2, continued. 

VI 

J p(J) 

1<; 13'>':i1.36 
10 1355~.J3 

17 13547.97 
l·j 13';45.'FI 
1'1 13543. H" 
213 135'.1.66 
21 13539.5il 
22 13537.21 
2~ 13534.1:!l 
7.4 13';32.7.3 
2'; 13529.''1 
76 13527.19 
27 13524.:'6 
28 13522.10 
?'l D5H.:::~ 

30 1351o.1b 
31 13513.37 
12 13510.3C 
33 13<;0 1.27 
34 135i)'.'13 
35 135dO. ()t. 

30 134'17.4il 
37 13494.1d 
3tl 13490.b5 
3'1 134(31.26 
4'l 134'n.61 
41 13479.'01} 
42 134"16.211 
43 13472.S3 
44 1341:>>1.67 
45 13464. -re 
41:> 13'.59.72 13'.67.1>7 
47 1.3452.03 134')d.29 
48 131.';2 •. 67 
4<) lj 4/td.36 
5J 11~44.n 

51 13't3'?tl4 
5? 13 /.,5 • .,2 
53 t343C.91 
5'. 13428.5; 1)422.60 
5') 13421."') 
56 13417.13 
57 13412.47 
5t! 13407.d7 
59 13402.34 
613 1B97.d-' 
61 13392. ti7 

133 d6. ,}3 62 
61 1-3377.6.' 1,3" ... 1 ') ,,4, __ ,, __ , __ 
65 
61:> 
67 
6il 
·69-

70 -7"1'--- -
7j2 

13'77.0:1 
Ll; 72 • 32 
131bl.'l1 
U3bl.6C 
1335".01 
lB50.14 
113' ... 4.01 
-i j':l:ll].~." 

._-

R(J) 

13574.>lO 
13574.34 
13573.41 
13573.2'1 
13572.67 
13571.95 
13';71.16 
1'1510.36 
1356').50 
1"356(;.48 
13567.40 
130;66.25 
13565.('5 
13563. :36 
13562.41 
13561.09 
135<;9.70 
1355t!~22 

13556.43 
13554.75 
13553.0,+ 
13551.22 
13<;49.22 
1:3541.16 
1354S.25 
135'.3.25 
13540.il6 
13538.76 
13536.32 
U5n.00 
132;:".91 

13514.51 
U509. 21-
13506.15 
D503.'J1 
13500.0,+ 
13496.55 
134~3.2~ 

134B9.62 
13484.54 
13477.65 

.-

1354(1.t!6 
13533.00 
1352<).01 
11526.49 
13523.16 
13520.93 
13518.1Q 
13515.1Q--
13508.'.3 

134il' •• 76 

13478.'l8 
1'475.-15 
13471.63 
13467.'Jt! 
13463.84 
13459.72 
13455.77 

--13452.03 -

4.0 2.0 

p(J) R(J) 

1284Q.45 
12841.2° - llt:lS".59 
12644.10 12P.83.S5 
121'142.25 12802.:31 
1283'1.63 12Rd 1.')6 
12836.9'i Uil80. ~3 
12in4.41 12019.2C 
12B'H.72 lZil17.d7 
12d2f1.S4 17;;76.63 
12825.97 12d75.14 
llti22.tll> 12873.7d 
12819.46 12872.41 
12816.B 12R70.31 
12813.ge 1211&d.66 
12HO.47 12367.14 
128'l7.0·) A 
12803.94 A 
128:)0.5<1 A 
12797.04 A 
12793.57 A 
127l:S9.9Z 12854.3, 

--cn86.Z-9 - 12t!4il. 56 
12781.4'1 12 tiSC'. il6 
12774.71 12<348.56 

1277:'.07 1204".12 
'12171 .14 121343.64 
12"167.13 12Q41.C,5 _.,-----_. --1"2 -103 • 17- .- "12638.50-

12752.9C 
127"6.49 
12742.04 

-Y2731.72 
127,1.5(' 
1:2'728.79 
12724.'1:> 

----i2718.'g3 

12712.h,'l 
12704-. 'J'> 

127'>9.05 
12754.9? 
12746.49 

12712.01 
127\'.;5,.57 
127C.().63 
12b'J'5.44 
12690 •. 61> 
126~b.3/) 
·126dfJ.61 
1267S~5q 

12b3J:l.ll 
"12833.40 
12830.36 

- 12621.4:5 
12825.07 

- 12821.79 
12tiUl. d0 
12014.99 
1281C.49 

' 1~8H'''4 

PtlH.ol 

12811.56 

12 'h', o. ')5 
128'.)2.'13 
127"H.37 
12796.15 
12792.46 
12"139.05 
12784.:;1 
12782.:'il 
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v'v" .0 2.0 5.0 3.0 6.0 3.0 

J 
25 
21> 
27 
29 
79 
30 
31 
32 

p(J) 

33 1349S.'lf; 
34 13492.86 
15 13489.62 
36 13'>"6.41 
37 134S3.12 
38 13479.93 
39-- -n47b-;2S-----

4a 131072.86 
41 13469.41 
102 13465.8(' 

R(J) 

13547.97 
13546.32 
13544;86'-
13543.25 
13541.66 
13539.58 
13~_13. 01 
11536.32 
13534';'0'9'-" 
13532.10 
13529. 'll 
13527.88 
13525.62 
13523.26 

P(J) R(J) p(J) R(J) 

ilJ547.16-- -
i 135"6.32 

------j- --f35tJ4.il8-------------;-1-3-5-45;;rS------

13502.49 ,13543.89 
Il50i:f.04 ; 1354 3-.-Z-S------
134<)7.43 i 13542.27 

12& 75.14'-" --- --. - -- 13494';86 i-13540 ~-86 -- --
12873.78 13492.11. ,13539.58 

f282:l._16 12H72.-4y------------ -i34!l'i;Tl-----~·~: Cf5TI:-(\-1---·----
12820.6C 12H71.,,4 1343b.24 '13536.32 
12at7.41 121%9.61 13433.12 ;135"34.09 
12814.:.C 12867.d6 13479.'13 : 13533.00 
12811.54 12866.,1 13476~28 j 13531.46" 
1280a.51 . A - 13473.52' 13529.91 

---f2ifoi;:-fq-·---- A------------ ·-T3-47C).-lb-----+n-5T1:-A-S-----

12801.86 A l3467.25 113525.43 
12798;59 A 13463.·d4" 135-23~26 -T3540'-86--
12795.4j A 13459.72 13520.93 13532.23 
127'12. 01' 12g~5. 35--134-55-. 77134-73.-52 -.- f)5t6'-'H -
12788.45 12853.13 13452.03 1H63.31 13524.66 

43 '-13462.12 
4'> 13458.29 
45--0454.44 - DS-2C;·-93·--------- ---12Til4~T<1-------128-'r.T5-·---- ·-----1~456.4C--,----·---r:rm~-s_6 

46 13450.53 13518.18 127dO.92 12848.56 13452.67 13520.H 
47 13446.58 '-13514.32 -.. ---1'2777. 4,,(---·12d44·.·1~ .-.-------.--- ·---·----·--·TJ449-:04 13 5Td.TS-
4~ 13442.22 13515.<1<) 12773.,,(1 128<',).23 lZ<l46.d4. 13445.24 1351'>.89 

-- 4-9- '--iJ4-36;'-9[ 13512.24--"- -------i276S;il . -- '12~'4,~'6'4--- .----- --- P4-4-i:-l9---' -1J5T3'~-3T 

50 134j·6.Q2 13509.27 12161.d!1 ln68.6" 12d41.Cl 13'.37.5i 1351C.99 
---51----- ---134,T~4-6- --- --- -- n5C-6~T~ IzT6-3--;-ilS--- --r2Bj-,r:5T-- ,------rT41,~T-· -- --T3'>O-d-;4-3-

52 13426.95 13503.33 ln5~";9 12335.95 13.2'1.37 10505."4 
--53--·------·-.. -1'3"4"2-2 ;'60" -- -13 500-;-,,-If-- -------------1"2(5:;-·;'2"'1----------- ---rtn3~-31- ---·r:~-,,1~~'._"--on2-;73- 1"3 5C-L. ·Z.9-

54 13"1~.11 134<)7.48 12751.09 1263').54 13+20.86 13506.15 13494.18 
-55--·------· --- -"-"0 '4'13 ~ 6 1 -- -.-- -13494~4:;--- .. ---.--. -[274-(;:97'---·---------·- M ----- -C~42-6.hC134f5;25·--D5·(,-r.9r --

56 13409.19 13491 ... 8 12742.9(1 12825.03 13418.57 1340~.?'8 134J9.14 
-5"1------.--. -'-3" .. -0-4;"5 iF-· --13"481),,;-31r--- r;(Hd:44-----·--1Tg-<z-;-6-4-- -T34f2:"6-Z TJ4<l"5-;.-d-S-------

13484.98 12734.27 M 13408.28 134q2.~6 
. 134&1;68--'- ------["2-13'0-:25---- "-1£816-;-S-';- --D40T:hfi·--·-·c ----- -13488.30-

58 1B99.79 
--5-'1----- -----rn'l5~ 2("-' 

60 13390.39 13478.51 12725.<13 12813.76 1339'l.14 
-'--1>1 13'lilY;S,,--' --Tj4T5".TS--· ·-------lzl'zT:"'>2"'------- --Ttsn;0r---T3)~2:_~7-:--.. -·---- .----

62 ln8C.72 13471.63 12717.47 12"0~.51 
-63----·---133'f5.75 , -------(3.;"7-:'ld- ·-T271-i.68---- iis;.i5-:C1 

64 1 H 71l. 72....L...._. ___ 1..?_4.?_'!!..3.9.....__ ill\J11.1J1 ________ ld..<!.9J..!..9...L... 
65 113b5.67 13460.82 12703.57 12793.62 
6" l:l3bO.52 13456.98 126<)8 •. ~3 127'15.47 

---bi----i3f5-5:~-I--- 1345-3:'40------------- -- ----1-Z-;q-4-;:.T-- -li7'12:46 

68 13350.14 134"9.4? 12'>89 ... 2 127d9.05 
b9 -(334-';-:81-'-- --13445~6t)------------L!&3~-82-- .. M . 
70 UBQ.4b' 13441.76 1267<).'-;17 121~2.59 
71 - 13334."C)S-·--------·---·---- -----.- -- 12674-:-<l4----- "--'-- -----

72 13328.56 12670.15 --73------ -----.---.---.. - --- -... ---.--.-.-----.------.-.------
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Table 2, continued. 
V'V:! 2.0 o. 2.0 1.0 2.0 ).0 

J P(J) R(J) P(J) R(J) p(J) R(J) 

--3-

4 .12,HH.o.;2 
12'IO'3.3Z 
Izn7."1 
12906.76 
12q04. ':4 

q 12~2j.ln 

I J 12Y.J 1 .. '{: ~ l~~;::', .. '-)1 
II H 1 ;2;">2 3 .. (;1 
IZ 1.2d"H.24 12.2.j 5 •. ~ ti 12223.1)1 
I J IZ'H;.51 12203.0) 1222~.37 
H lze.J4 .. '·13 120..,'I'J. :"'D 122:,)1. Jr' 1.~22]. ~:) 
15 12~93.07 12'-l15 .. '~3 122'J,1. (n; 12223 • .,;4 
10 12:::l91.·'i( 11.410;.';'6 17198.31 . l Z2 2,2 .. 7'5 
17 12~"l4.u2 L'914.~1 IZI ;,;37 12212.21 
Id 12 ;~.:i -) .. ,..;,- 1?9h.31 12194.27 U<21.J2 IIJ~lo.n~ F"';d~""'.l.l 
19 12:i 'i4. -:;'! l£~l 1.bJ 12192.24 12221.15 10334.5':1 1'''063.62 
20 12:3:3 ~ .. j ~1 12912.a5 L21 '10.1 ~ 1222~.~b IOH2.S' 1')1'162. 'l5 : 21 ) Zq 79. If:, :2~12.G4 121BR.QZ 1221-i .. '-I') Le·inc .4Jj 1.}~o2 .. 40 . 2l. iZ iff'.79 129ll.';tl IZI • .,.1/ i:::21 q .': 1 1 ((i2 tS. ,c l')fi6i.o6 
23 12.J7S.I~ 12910.11 1213,.,3 12lld.li 1('d2b. '3 1 )86.). qJ:, 
24 128i2.cld 1291Jq .:'5 12IBl.·)? 12<11.24 . lrJ624 .... 23 l'J(j60.39 
25 12~7<l.Jl 12 !oJ,", 7. -N 121 7>l. <;,) 12.21f).2 j i0d22.05 1 (:H 5q. 6~ 
2, A 1~9~)0. 74 121"6.0~ 122h. '·)5 I~Hq.74 10dSR. )Ii 
21 A 12-hi.:d 12173.4,; 12213. '11 l·J~l 7.4.:J. 1·:'I1:15·~.1 e) 
73 A 1 ;:: .. )(. 4.1 'j 121 7~"":. ':>3 1221~.9u I:~ I.,. [1 n A 1?9"2.72 121~7.'i" 1 2.2.11. t· ~I 1%1<.'" l~.':i~~. 3N I 3:) 12d 56. ~ r) 12~Ci.;~5 121b5.3<; 1221~.4; 1(.31 ~.4·~ 1 "13 S~. 50 f\) 
31 128.,3.1 ~, 12tl·~9. '9 12162.41'-. 122·""!=l. , .... 7 lOt117.'i"; lCJ~154. 4S V1 32 12Q5". '}I 1,:>'.·J7.<iC) 121 :i9. ~t, 1~~·~7.6!-. 1(,·:1.)~.41 1(':'?J 3. 3d I 
33 12d40.l' L?:;';9o. ")(l 12151>.57 lL"21:(). 2:) 1"aD2dl 1·'d57.27 
V. 12j41.6CJ 1 "'K9 / •• 03 121>3.5' 12?.0.4. 5 j [(.;800.17 1·)651.-09 
35 12d4.~.2<. 12091.,15 12150.46 ! 22(;2. ?0 1·)7{n.4~ 1";A4Q.Bg 
lo 12<130'. q'i IlH '-l['. !JC~ 12147.11 i 72': l. 2~ A t';ij4d.b2 
H 12 ~.13. 7, 1 L!-:B d. 7r; 12144 •• :0: 121 () ~. 3;1 lO7~1.~r-) 1 ('"il4 7. 26 
B 12::12 9. :I/~ 1 (..{; ~'J. T ~ 1214':. r;~' l;! l'~ 7. ~4 A 1084:;.01 
H 12>76.,: ., ~:K34.;)2 12137.32 1 L 1 ~J:5. 66 107-"\6. (Lt 1':~44.2~ 
4~ 1 ~ -lZ2. ~,;. i.2oB2.-'tt) 1 ~ 1 "j3. ~6 121~3~f..0 IG7d'.h 1::~42.?2 
'd Inl·'.B3 i2l"'.'),) III ~ '). :.13 lL 1<:; 1.41· 1 I) 7H "'. \12 lOr)I+,~. +J 
42 12~H4. ,,5 1 t;\ 7tl. (, 7 1212 o. 14 1;:: 1 'J 0 .-):'1 1077o.~7 tr:b3d.Y7 
.. 1 12.; 11. ::'1 [~S 1.7 .,n 1212~.9~ 1219'~. '.)9 t.? lJ 1. 3:1 1 ~7 7~.? I. 10i<.3:;.21 1:>~52 .l'4 
44 12'l:6. ~)r: 12;j6o".~~ 121 t':l. 39 . 1'217 J. ')':1 L'1-?2.A7 .1077). }? lOQ30.14 10.43.14 4<; 12'V.rJ.5~ 1211 1. II 1?l3:.·' 3 I ?13~. ~,) [(764.42 IC1RI.42 l')~37.B~ 
.. h 127.'-I2.4b 121 C 5'. 37 l.L (- 1 ,; • 'i q lild3.7J 1~758.47 1'170.~e IOR~<;.21 
47 I> 112.::.1 1:: 1 d 1. r:2 10764.1~ 1:18~·l."C 
4~ 12117.2~ 1217R.rC lC1~O.O l·)A"~).Rq 4, 1211')3.C'1 1?IB4.27 12174.57 ln5~.lq 1J83A.60 10g28.~1 
50 12C9B.45 1217~.8~ lZ16Q,~~ 10752.62 1<')B32.54 
51 121v1.2~ 12~~3.55 12173.48 1217 •• 00 7op.71 1':14B.7( 1.)9ZQ.nc lr~3~.SY 
52 I?CQ5.3~ 120B6.Q7 1?16Q.6R 12173.19 751.IQ 1~A25.t4 1.~-83:'~E· 
5"3 12C~G.27 12CQ3.71 121t5.55 12169.68 7:45.Qt.. In151.7 Q IJ872.05 1~82J.77 s-. 12·')A3. 7h 120~7. ~<; PI6".6~ 741.ql 1':': 14 S. <;4 trR2<;.18 
OJ lr:i 4 d.S7. 1207R.IQ 12~R2.2R 12163.3' 73h.13 :'>741.91 Ie R 2 3. J 4 <;0 12~4';'.7o 17C77.52 1?l61.'\0 1,'737.65 1 i A2·'.7tJ 51 7"i7. llJ41,d 12:72.~4 121~7.C~ -t,:;rn.pt 1 'Jg 1 A.1 C 
58 7'j2o 12:)"-i7.·)1 InhR .• 21 12153.53 "!. ~ 7:'0.1 ~ \ ('~ 1 S. 1 "1 
')9 7 .. (, • 12!~33.::'~ 12C63.CQ 12149.R2 1·:126.C~ 1:'812.~7 
':J"") H:. 0 1 ? 3 J:t·,. 12 12·.157. G'i 1214<;.lf F·721. f"', t':"8C9.A9 , 1 r,). , ! £. 'j,~ 7. ,'j 120'52.M 12145.6'. L'717.11 l(l~."'Q. 7'1 
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02 
03 
t)4 
(, S 

66 
6{ 
011 
',9 

70 
71 
7' 
73 
H 
75 
7& 
77 
79 
T'J 
d·) 
13 1 
.l? 
H3 
.q I.,. 

35 
~I> 

d7 
'lq 
WJ 
'1') 

'11 
'-12 
93 
'14 
gS 
.)~ 

l"f7 
"1 

'1'/ 

Table 2, continued. 

V'V" 2.0 O. 

J p(J) 

127 ~6.4,) 
12719. 1.', 

12712." 

12"12·).27· 

1270S.2 12717.f2 
12692.6 127;~.75 

126')~.d~; 

1261l4'.~? 
12075. w, 
I.?6 /),j.2'j 
121)61.1" 
126:'>4.28 
12047.07 
12641.02 
12l>34.34 
12"2;J.C' 
17621.0(' 
12614.2,) 
12007.44 
l.!6 )'). ,'l~ 
12~,)3.1>! 

] 2SHb.4~.i 

Ih7'i.71 
12571.>1'. 
1256 .... ,8 

127"2.1'1 
126q?dG 
126Hl.·;>~. 

..c~ ~ 

R(J) 

:i21.(g 
~ 16 • .n 
'31'j.47 12·SZ3.30 
7"1). T5 12dI6.,15 

1 2 'l Vi • 1,3 
12799.75 
Inn.42 
127~6. 30 
127 d';. n 
1277,.50 
L'77'.'.31 
Int~.n 

U7t>".24 
lnSS.'2 
1 rf5,~. :1.] 
lL74 /t.75 
1273'1 ... 2 
1273-+ • .?7 
127?8.74 
U1,?3.1o 
12717.72 
12711.41 
12f c'5.'i3 

12Bil.54 
12 'lr.' 6 .• 05 
127·10.37 

2.0 

p(J) 

12045.62 
12C3<;.1(, 
12033.3':' 
12024.,)Q 
12014 .. 1S 

1 <,0 1 q .It 7 
12006.4~ 

11<;99. '12 
11991.:)/. 
119R4.,)1 
11978.1<' 
11971.')1 
tl96S.74 
11959.51 
11953.11 
tl<;4 7 .?? 
1194(.91 
11934.AQ 
llne.30 
11921.74 
1191".72 
11<;(8.48 
119 r,1.3h 
11994.25 
1 UIP6. 7R 

1.0 

12C4f:.8P 

12037.1) 
12 C2<;.68 
12e21.24 
12011> .1>0 
12C,19.43 
12C'~1.47 
11992.03 
11978. 1<; 

119,",1. C4 
118Q2.At 
11AP.4.')2 
111l7T.?~ 

lIB69.64 
11862.1 :: 

R(J) 

1?140.62 
12136.36 
12129.Q? 
12120.'!3 

12131.23 
12120. :'>3 
1?1l3.66 
121r,'l.24 
12103.23 
12:9R.45 
12'93.71 
12e89.'::7 
120e4.48 
12,)7,9.87 
12~ 74. <;A 
12'7".43 
12)~5.h~ 

12 J foG. P4 
12.55.97 
12·~5G. 8J 
12')45.61 
i2'~40 .27 
P"34.V' 
12.'28.33 

12141.15 
17135.95 
12131.23 
l? 126.1 R 
12120.33 
12113.17 
lZ10A.:.l4 
12093.11 

l?c44.Ql 
12n6~'.'~ 
12C?9.6R 
1rn.?4 
12C16.ill 
12Cll.?? 

2.0 3.0 
-------
p(J) 

1'~1l1. 8;> 
10111.22 
lC7G5.5J 
lC70~.42 

1~6')3.32 10106.65 
1 :)693.10 1071)0.42 

1 06Q4. 41 
It:6R8.5R 
1~681.95 
11)614.e? 
1061>6.51 

R(J) 

I·,' p'r·,) 43 
ijBnl: <;:3 
1070b.1R 1"809.70 
IJ7E7.t4 1(gr4.B7 

1:81':·:'.5<; 
A 

tr'?<;1.13 
1':7BS.45 
1'~719. 72 
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Table 3. RotationalContants for the X'E and A'E States: Ca018 

v B"Obs. B"calc. B'obs. B 'calc' • 

0 .3732 .3728 .4078 .4078 

1 .3725 .3720 .4049 .4048 

2 .3706 .3710 .4017 .4018 

3 .3698 .3702 .3988 .3988 

4 .3693 .3692 

5 .3681 .3684 

6 .3678 .3674 

• -t: 

i 

I 
J\) 
--l 
I 
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Table 4. Spectroscopic Constants: Ca01B 

1 
Constants 

1 
Constants for X L; for A .L; 

found 
. 16 

Cal from CaO found 
. 16 
Cal from CaO 

v(O,O) 0.0 0.0 1154B.6 1154B.Bo 

·we 702.1B 102 .40 - 686.5 6B6.9 

we:xe 4.29· 4.43 -1.5 1.47 
, 

Be .4093 .4091 .3733 .3740 
.. 

ae .003 . 00296 .0009 .0012 
-

De 4 -7 -5.2 XI0 5.56xl0-7 .<4.5Bxl0~7> 4. 57xI0-7 

Be _5.9xl0-B 2.4xl0-B 

1\ 
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Table 5. Summary of the Perturbations: Ca018 

·V V J B P B P (Slope) p 
AIL: 0 v v 

Z 0 38.70 .304 '" 

Q 0 48.50 
y 0 56.20 .3088 

W 0 63.20 .328 
X 0 67.80 

Z + 1 0 87.80 .3018 
Q + 1 0 89.90 .2938 

Y + 1 0 93.50 .306 . .284 
W + 1 0 96.50 .281 

X + 1 0 I 101.10 .311 
Z + 2 0 -114.00 .280 

Y + 1 1 27.00 .284 
W + 1 1 38.80 .281 

X + 1 1 42.40 ( . 295J 
B 1 57.90 ( .35 ) 

Z + 2 1 -70.70 .280 
Z + 3 2 44.80 .269 

B + 1 2 53. .35 
Q + 3 2 51.40· 
Y + 3 2 61.40 

W + 3 2 64.90 .314 
x+ 3 2 71.00 .3025 

Z + 4 2 -89.75 
;' Y + 4 3 35.00 

W + 4 3 42.00 
X + 4 3 50.00 
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Table 5. Summary of the Perturbations: Ca018 (continued) 

y 

Vp V 1 J. B P B P (Slope) 
0 v v 

... A L ". 

Z + 5 3 -70.60 
Z + 6 4 45.70 

Q + 6 4 52.70 
y + 6 (? ) 4 61.70 

.. 

X + 6 4 -70.50 
T+ 7 (?) .. 5 -31. 50 

X + 7 5 48.50· 
Z + 8 5 -71. 75 

Z + 9 6 43.10 
y 6 54.60 .3012 

. 

6 -60.60 
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Table 6. Term Values of the Perturbing States at J=O for Ca018 

Z 12010 "Q 12100 Y 12170 

Z"+ 1 12480 Q + 1 12565 Y+1 12650 

Z + 2 12945 Q + 2 13035 Y + 2 13120 

Z + 3 13405 Q + 3 13485 Y + 3 13595 

Z + 4 (13880) Q + 4 13940 Y + 4 14060 

Z + 5 14300 

Z + 6 " 14755 Y + 6 (?) 14940 

Z + 7 (15200) B 12650 Y + 7 (?) 15370 

Z + 8 15640 B + 1 13322 Y+ 8 (?) 16235 

Z + 9 16070 

". 

w 12270 X 

W + 1 12720 X + 1 

W + 2 (13190) X + 2 

W + 3 13645 X + 3 

W + 4 14105 X + 4 

X + 5 

X + 6 

X + 6 

"( 

12300 

12730 

(13210) 

13705 

14160 

(14605) 

15010 

15480 

, 

! 

I 
W 
I--' 
I 



Table 6, continued. Term Values of the Perturbing States at J=Ofor Ca016 

.. .. 

z 12165 Q 12735 Y 12325 X 12430 

Z + 1 12660 Q + 1 13235 Y + 1 12820 X + 1 12885 

Z + 2 13155 Q + 2 13710 Y + 2 (13295) X + 2 . 13345 

Z + 3 13680 Q + 3 14210 Y + 3 13780 X + 3 13850 

Z + 4 14155 Y + 4 14250 X + 4 1434Q 

Z + 5 (14590) X + 5 14800 

Z + 6 15125 B 12113 X + 6 (15280) 

z + 7 15635 B + 1 12690 X + 7 15765 

X + 8 16220 
I 

, 

-~j • 

c:: :. 

I 
LV 
J\) 
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Fig. 8. T/4J = [R(J-2) - R(J-l) + p(J) - p(J+l)]/4J plotted vs J 

for the (0,0) and )0,1) bands. 
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Fig. 9. T/4J plotted against J for the (1,0), (1,1), and (1,2) 

bands. 
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Fig. 10. T/4J plotted against J for the (2,0), (2,1), and (2,3) 

. bands. The blank spot in the (2,0) plot is due to 

atomic lines which blotted out ,the CaO spectra. 
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Fig. 11. T/4J plotted vs J for the (3,0) ,( 3,1), and (3,2) 

bands. 
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Fig. 12. T/4J plotted against J for the (4,1) and (4,2) bands. 
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Fig. 14. Plot of energy vs J(J+l). The solid lines represent 

the first seven vibrational levels of the A'l: state of 

Ca018 and the squares show the positions of the perturba

tions. The dashed lines indicate some vibrational levels 

of the y18 perturbing state. 
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Fig. 15. Plot of energy vs J(J+l). The solid lines represent 
16 the vibrational levels of the A'E state of CaO ,the 

squares indicate perturbations, and the dashed lines 

connect perturbations arising from the same perturbing 

state. The zero of energy has. been taken as the 

bottom of the X'E potential curve. 
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Fig. 16. Plot of energy vs J(J+l). The solid lines show the 
18 

vibrational- levels of the A'L: state of CaO ,the. 

squares indicate perturbations, and the dashed lines 

connect perturbations arising from the same perturbing 

state. The circles indicate the end of the analysis . 

The zero of energy is the bottom of the X'L: potential 

curve. 
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. Fig. 17. Plot of energy vs J(J+l) showing the vibrational 

levels of the y16 and yl8 perturbing states. 
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Fig. 18. Plot of energy vs J(J+l) showing the vibrational 

levels of the Q16 and Q18 perturbing states. 
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Fig. 19. Plot of energy vs J(J+l) showing the vibrational 
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levels of the ~ and ~ perturbing states. 
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Fig. 20. Plot 6fenergy'vs J(J+l) showing the vibrational 

levels of the zl6 and zl8 perturbing states. 



-46-

IV. CORRELATION OF THE PERTURBING STATES OF ca016 AND Ca018 

..' . 16 
Hultin and Lagerqvist found six perturbing states in CaO ,four 

called X, Y, Q and Z, having B ~ 0.33 and Cl) ~ 500 and two, called v e 

A and Bwith B ~ 0.38 and Cl) ~600. In ca0
18 

six perturbing states v e 

have also been found. However five of them have B values of 0.30 v 
16 (comparable to 0.33 in CaO ) and only one has aB. value of ,.35. {comparable v 

to 0.38 in cao
16

). The A
16 

state is indicated by only one overlapped 

perturbation near a region where a Q perturbation is expected but not 

observed. It is possible then that the Bv value estimated for A is 

incorrect and that the set of Z16 perturbations are really due to two 

perturbing states with B ~ 0.33. It is even possible that the A
16 

v 

perturbation is really due to the missing (~-l) level since other states 

predicted in this region ,could shift it wi tholit interacting wi thAIL; 

(i.e. nine po~nts of perturbation are possible between 3rr. and 3L: 

components in case (a), 111 is probably present but invisible to a lL: 

state, etc. See Kovacs (1969) for a listing of possible interactions.). 

16 ·l6 
In this case the X or Y- state may be due to two sets of perturbing 

levels. 

16 18 
First the two B-states, Band B ,are correlated on the basis 

of theirBv,-values. Using the xlL: constants given in Hultin and 

Lagerqvist (1950), the first thirty levels of that state were calculated 

16 18 
for CaO and CaO and compared to the B state. The results were 

encouraging and so the constants found in Brewer and Hauge (1968) (which 

are based on higher experimental values and therefore should be better 

in the region of interest) were also tried. The comparison is shown 

in Table 7. T4ere is good agreement between the ~-?Cper:hmental and 

"';'. 
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and calculated values of B found at the s,ame energy. Since B is the only 
v 

perturbing state with Band 6G values in this range, it is probably the v 

J2-E state. Since the four vibrational levels found'correlate to V == 18,19 

in Ca0
16 

and V ~ 20, 21 in Cao18 , the isotopic 
i , 8 

dalculated. Extrapolated values for ~ = 18, 

shift cannot be directly 

19 and, ~6 = 21 give 

isotopic shifts quite close to the calculated ones and a vibrational 

, 18-
numbering which is only off by one quantum number. - The V = 20 level 

appears to-be perturbed. 

The x18 , y18, Z18, Q18, v?-8, and J2-6, y16, z16, Q16 states will now 

be considered. The energy levels of Ca018 will be lower in energy than 

the corresponding levels in Ca016 . See Fig. 17 for example. If one 

compares the y16 and y18 electronic states, it is possible for (y16 + 3) 

to have the same vibrational quantum number as (y18), (y18 + 1), or 

(y18 + 2). In the following discussion, only the first two sets of 

levels lower in energy will be considered (Le., (y16 + 1) + (y18), 

(y16 + 2) + (y18 + 1) , (y16 + 3) + (y18 + 2) , etc. 
' 16 

and (y + 1) + (y18 

(y16 + 2) + (y18 + 2) , (y16 + 3) + (y18 + 3) , etc) . The sets at lower 

energies {Le. (y16 + 2) + (y18) •••• or (y16 + 3) + (y18) • •• et c. ) can 

also form possible combinations, however (since the isotopic shifts 

+ 1), 

would be larger in this case) they would put the origins of the perturbing 

states at least 8000 cm -1 below ~E state. It is more important to 

check if these states are above or near XIE in order to determine the 

ground state of CaO. Also the larger the shifts, the harder it is to 

extrapolate to a meaningful v-value. It is important although to 

remember that lower origins are possible. 

18' 16 
Since we have five CaO 'states, four CaO states, and two 
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possibilities for each combination, there are forty ways to correlate 

the nine states_ 
16 _ 18 

The comparison of Y wl.th the next lowest set of Y 

levels will be called (y16y18); the comparison with the second lowest 

set (y16y18d )_ The shifts calculated for all forty combinations are 

listed in Table A-I. 

Equation (I) shows the relationship between v., W x ,wand the 
e e e 

energy shifts. If the shifts are plotted vs v, the curve should inter-

sect the x-axis at v = - ;. At low v the slope is - (w /(l-p)): at 
e 

higher v, the slope decreases in response to the w x terms. The 
e e 

vibrational quantum numbers for any of the forty combinations mentioned 

can be obtained by plotting the shifts vs a relative 'v and extrapolating 

to zero. Figure 24 shows sample plots of the shift vs v for various 

values of w x and w. Similar plots were used as aids in extrapolating 
e e e 

the experimental values_ Th 1 t f 11 th YIB b- t-e p 0 s . or a . e . com l.na .l.ons are 

shown in Fig. 21. 

Of the 40 combinations plotted, 28 were rejected. Table A-2 shows 

the comparipons. One of three reasons is given for rejecting a corre-

lation. 

(1). vp too high. Same discussion as above applies here. These 

combinations are possible, but correlations giving states above XlI: 

should be considered first. 

(2) Scattered. Trends in energy away from. the calculated shape of 

the curve (Fig. 24) were used as criteria, rather than one or two points 

being out of line. For example, an increase in slope at higher v-values 

(concave) would not be acceptable. 

w x (a-b). 
e e 

w and w x values can be obtained from the shift . e e e 

vs v-plot and al~o from the energy separations ,of the vibrational 

.. 
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levels and the v-quantum numbers. If the values from these two methods 

do not agree, that correlation is rejected. 

An example can best clarify this method. Consider the (Q16 yl8) 

correlat ion. Various combinations of m and e m x can fit the points. ee 

The lowest possible m (m x = 0) value from the shift vs v plot can e e e . 

be obtained from the slope divided by (l-P). (A higher m is possible 
e 

since m x can decrease the slope, however a lower one is not for the 
e e 

same reason. m x would only decrease the slope further.) In this e e . 

case m = 675. The highest m x which could be used is under ten. e e e 
16 The quantum number for the Q level is v = 2. The difference between 

the v = 2 and v = 3 levels of Q16 is calculated from these constants 

as follows: 

G(3.2) 

= m - 6 m x = 675 - 6(10) = 615 e . e e 

16 16 . The difference between the (Q ) and(Q +1) levelsJ.s 500 so this 

correlation is wr~ng. m x would have to be 29 instead of 10 in order e e 

for me to equal 675. A higher m value would make G(3-2) still larger 
e 

without substantially increasing the needed m x value. The comment 
e e 

for this correlation in Table A-2 is m x (10-29) where 10 and 29 are 
e e 

the m x values needed for the two methods. 
e e 

Table 8(a) shows the 12 possible correlations left. If it is 

. 18 t· .. . ' . .(~16_~8) assumed that all the CaO sates are used Just ,once;. then.the· X-X- d 
.. 16 

correlation is correct. The Qstate has a sm,g,ll matrix element in 

comparison to the 12-6 , ';6 16 It is unlikely to be , and Z states. 

correlated to than 18 yl8 can be combined with more one CaO state. 

either .;6 or Q16. The ';8 perturbations are much stronger than 
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The Q16 and z16 
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the (r8r6
) correlation appears to be the correct one. 

. . 18 18 
states both go to Q and Z • This is reasonable 

since the Q and Z perturbations are very close to each other in both 

isotopeso The Z perturbations are much stronger in both cases, which 

indicates combinations of (Q16Q18d ) and (Z16Z18d ). At this point all 

16 .. 18 _ ] 8 
the CaO states and all the CaO states exceptW- have been used. 

The three possible combinations using v?-8 are shown in Table 8(b) by 

dashed lines. Either (X16v?-8d ) or (r6v?-8d ) would put v?-8 below ~2: 
.. 18 18 __ 18 

along wlth Q ,Z and X- • 
. . _~6 . __ 18 
The (r W) correlation would put W- at 

~ 11080 cm -1 The two possibilities for v?-8 are shown as dashed lines 

in Fig. 22~ Among the states predicted to be in this region: 1rr, 32:-, 

. 1 + ~ 3 
the following states or sub states can perturb a 2: : /lll' ITO' 

In 3",- 3",- ( ) 
, L. J+ l' L. J-l' Assuming Hund I s case a the five states should be 

grouped as two, two, orie, since four of them are predicted to be sub-

states of triplet electronic states. If Wand Yare components of a 

triplet, the splitting would be on the order of 3000 cm-l This seems 
• 

too large. (The doublet splitting in AsO, a much heavier molecule, is 

. -1 ) 
1025 cm • The splitting here would not be expected to be larger. If 

(r6w8) is not true, thenW would be found at approximately ;..2500 cm",l 

1 relative to X 2:. A sunnnary of the perturbing states and their constants 

is 'found in Table 9 for the best correlations. 

If any of the above assumptions are wrong, other sets of correla-

tions become possible. The assumptions are: 

(1) There is a one to one correlation between the states perturbing 

1 ;. 16 18 
A 2: ln CaO and CaO • 

(2) The perturbing states are ~2:, 11, 3rr0' 3nl ,3'L:J +l , 
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and 3L-
J

_l . These states are predicted to be low~lying by analogy to 

the isoelectronic C2 states (Brewer, 1962), and are able to perturb a 

IL+ (Kovacs, 1969). A recent paper (Carlson, et al., 1970) suggests a 

I . 3,,+ ow-lYlng 6 state. 
1 . 1 

The predicted f'j also would. not perturb a L. 

3 + I + Perturba.tions between a L and a L state are predicted to be very 

weak (Kovacs, 1969) and so ~it would be difficult to find an indication 

of 3E+ in this study. Also six perturbing states and substates are 

predicted considering just 3rr, 3E, In,and XlEperturbing states and six 

I , 3,,+ .. 1 d . are foUnd. f the 6 state lS In.C u ed, one of· the above states must 

be discredited, which would make it difficult to account for all of the 

sets of perturbations found. Two sets of perturbations are expected 

from both the 3rr and the 3E states, the ~L state is well assigned to 

the B-pertl.1rbing state, and the lrr state has low-lying counterparts in 

C2 ' BeO, and MgO as well as coming from the same moiecular orbital con

figuration as the 3n state. So it would be hard tore-assign just one 

3 + of the perturbing sets of perturbations to a E. The two weak sets, 

B and Q, are easily correlated with ~E and 5rrl . The perturbation at 

18 . 
VI = 1, J = 57.9, which is assigned to the B state, is out of line 

however from the other B perturbations and might be due to a low 3E+ 

state. 

(3) The origin of the perturbing states is not below 8000 cm-1 

It is possible that this assumption is false and that lower origins 

.exist. However since there are too many correlations giving lower 

values to be able to pick out a consistent set and because of the dif-

ficulty in extrapolating larger shifts, it is not possible to come to 

any definite conclusions. 
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The w x and the scattering criteria are assumed to be correct. 
e e 

There are at least three perturbing states below :xIi: if they are true. 

(5) The splitting between 3no and 3nl is less than 1000 cm-l . 

This is based on a comparison of splittings found in other molecules 

( i. e. AsO, PO). I 

(6) The size of a perturbation will not change drastically with a 

change of isotope, i.e. Q16 + Q18. 

All the assumptions appear to be reasonable. Also a supporting 

piece of evidence for the assignment in Table 9 is found in a low-

temperature matrix isolation study of CaO (Wang, 1969). Bands were 

found starting at 20,367 cm -1 and identified asCaOby their isotope 

shift (Ca018_Ca016 ). The transition does not correspond to any known 

singlet transition and therefore indicates the possibility of a low-

lying triplet state. It has been included in Fig. 23. 

Also the splittings between states coming from the same molecular 

orbi tal configuration can be compared. For the ten..,electron molecules 

(N2 , AlCl, etc.) the spli ttings between the 3n and In states from the 

xawn4vn configuration are between 6000 - 16000 cm-l for a wide range 

of molecular weights (Brewer,1962). For the eight electron molecules 

the splitting between the In and 3n states of the Yd2XaW7T3 configuration 

is 12000 cm-l for CaO and 7600 cm-l for C
2

. This fits in quite well with 

our expectations from the ten-electron molecule case~ 
.,;" 
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Table 7. Comparison of the B state and ~L 

B State 
-' 

V G(vl1 
LlG Bv 

em 

ca016 B 12113 .381 
581 

B + 1 12694 

("1 018 va B 12650 ~.35 

672 
B + 1 13322 ~.35 

~L ealculated 

V G(vl1 em 

18 12039 

19 12619 

20 12716 

21 13268 

.' .. 

I 
I 

I 

LlG Bv I 

.382 
I 

580 

.348 
575 

.346 
------ ---

I 
\Jl 
W 

1. 



Table S. Correlations Between the Perturbing states of CaOlS and Ca016 

IS 16 18d IS 16 lSd 

Q K >Q Q Q Q 

Z Z L\ >Z Z Z Z 

x 
<: " X x x.~ x 

.... .... ..... 

w )y \d>.W 

y 

w

7
·· .-.-----. Y " ... . ..,.. . -- - - - - - -::. ~ w 

Y Y Y 

(a) .. {b} 

.; 

I 
V1 
.j::"'" 

I 
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Table 9. Summary of Constants 

State Te we 

AlE 11554.8 716 

y(lJI? ) 8080 490 

rE 0 732.1 

X 

Vn w 
? --3000 < 730 

Z 31: 
Q 

wexe Be ae 

1.6 .4063 .0014--

-1.5 -.31 

4.81 .4444 .0033 

.. ,. 

D( Xl0-6 ) 

-- .54 

.658 

8 I 
reXI0 em j 

I 

1.906 

1.822 

J 
Vl 
Vl 
I 
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Table 10.}Jredicted and Observed Transitions in C~O, 3500 - 12,000 A 

f 
" 

Transition -1 A " Reference cm 
" 

AlE - J2-E 11554.8 8660 H1D-tin and Lagerqvist, 1950 

BIrr ,I '- rr 17909 5580 

BIrr '_ I' 
{). ""22000 -8300 

B+rr - AlE 24434 4100 

BIrr _ X1E 25989 3848 Lagerqvist, 1.954 

e1E _ In 20776 4810 

e1E _ X1E 28855 3465 Lagerqvist, 1954 

3rr " 3 
.;" "rr or -21000 4760 Wang, 1969 

I 3E " 
" .. 
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Fig. 21. Plot of the shift vs a relative vibrational numbering 
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ENERGY ~EVElS OF C~O 

XBL 707-1374 

Fig. 23. Low-lying energy levels of CaOe 
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Fig. 24. Calculated plots of the vibrati()n-al isotopic shift 

vs the vibrational quantum number V for several 

combinations of w and w x . 
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v. CONCLUSION 

The above comparison of ca016 and Ca018 perturbations gives a good 

qualitative description of some of the low-lying electronic states of 

CaO and shows that the ~E is not the ground state. It is hard to deter-

mine exact origins for X, Q, Z,and W because of the long extrapolations 

involved. -1 -1 The value given for all four is -3000 cm + 2000 em . The 

Y state has a much shorter extrapolation and is . found to be at 8080 + 

500 cm-l . Since the lowest lE+ state in C2 ' BeO, and MgOhas the largest 

w value, the w value for the X, Q, Z, Y,and W states is expected to 
e e 

be below·730. 

The. B state has been assigned t.o rL However it is difficult to 

assign W, X, Q, Z and Y to specific states. Y should bea lIT since it 

stands by itself and the other possible singlet ,1L';, cannot perturb a lEo 

3 Hultin and Lagerqvist (1950) indic~te that X may be the ITO substate since 

its matrix element is independent of J. The Q perturbations are small and 

could be due to a 3ITI - lE+ interaction which has a small matrix element. 

3 3 That leaves Wand Z to be assigned to E
J
+l , and E

J
_l • 

It would be useful to determine the spectroscopic constants and 

origins of these states more accurately since the low-lying states of a 

molecule are needed for thermochemical calculations. Further experiments 

might include searching for calculated transitions (Table 10). For ex-

1 ample, the B IT - Y transition is predicted to be at - 5580 A, quite 

close to a strong, unanalyzed system a.t 5555 A. Apother possibility, 

the molecular beam electric resonance technique used to measure the ro-

tational constants of the ground state of BaO (Wharton and Klemperer, 

1963), is probably not practical for CaO because of the difficulty of 
.! 
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obtaining aCaO beam. Matrix fluorescence experiments could give the 

vibrational constants of the lower state of the transition found by 

Wang (1969) ~ Electron spin resonance might also be done in a matrix to 

determinewhi ch is the lowest· state. 3rr or 3r (Kasai, 1968). Also the 
1 . . 

perturbations of another isotopic molecule ,I such as Ca 44016 • could be 

analyzed to confirm the correlations made in this paper. 
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APPENDIX A 

I COMPARISON OF CaOI6 AND CaOI8 

II 



Table A-I. Shifts Between the Perturbing Vibrational Levels of Ca018 and Ca016 

-5 490 360 855 65 560 390 885 155 
10 505 425 950 95 590 435 960 180 

Z16 35 560 470 945 120 645 490 965 210 
85 560 450 885 195 670 510 940 275 . 
90 530 430 965 215 650 485 1020 275 

520 605 1115 290 
625 690.'. 370 

435 

Q16 
85 565 5 435 170 635 15 . 465 255 

115 585 25 505 200 670 45 515 290 
115 590 5 500 225 . 675 65 520 305 . 
150 615 50 505 270 725 105 565 330 

155 650 25 520 225 720 55 550 315 
y16 170 645 90 565 255 730 100 575 340 

175 660 85 570 260 745 105 590 350 
185 655 75 545 295 765 135 . 605 375 
190 90 310 145 370 

260 715 130 585 330 785 160 615 420 
235 695 .' 155 615 320 780 165 625 405 

J2-6 225 .730 135 640 310 815 155 660 400 
245 745 . 1.45 635 ., 365 '. 855 205 695 445 

740 180 640· 400 .. 860 235 ' 695 460 
195 675 280 . ···778 500 
270 755 340 

- 285 740 

y18 y18d x18 x18d Q18 Q18d ~8 ~8d z18 

650 
675 . 
735 
750 
710 
825 
880 

725 
755 
765 
805 

. 810 
815 
835 
845 

875 
865 
905 
935 

z18d 

i 

! 

I 
0'. 
~ 
I 



Table A-2. Comparison of Perturbing States: Cao16 , CaOlB 

x16 y16 Q16 Z16 

, , 

ylB scattered maybe wexe (10-29) wexe (3-177) .. ~ 

ylBd: Vp too high Vp too high maybe scattering 

J 
~B,' scattered scattered scattered scattered i 

(concave) 

~B_' 
d, 
~. " 

maybe scattered scattered' Vp too high 

" 

QIB scattered maybe ' i.oexe( 29:-5) Wexe(l-lOO) 
I 'i. . 

i: 

QIBd ' 'Vptoo high scattered maybe maybe 
(concave) 

( 

0 B scattered maybe Wexe (10~125) wexe(2-29) 

ifB ,d maybe maybe wexe(1,15) Vp too high 

" , 

Z18, scattered maybe Wexe(6,30) wexe(2-50) 
:"" 

ZlBd ,Vp'too,high Vp too high maybe maybe 
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APPENDIX B 

This appendix contains the listings for the computer programs used 

to analyze the data. They were written for operation on the CDC computers 
. :·'w 

at the Lawrence Radiation Laboratory at Berkeley. The program language 

is CDC's Chippewa Fortran which is nearly identical to Fortran IV. 

1. STAND 

Program STAND uses the measured spectral standard lines to calculate 
-1 ..... 

the wavelength and energy (cm ) for all the measured lines. Both the 

standard Th-lines and the CaO molecular lines were measured and recorded 

one to a card by a semi-automatic comparator (lent by Dr. John Phillips, 

University of California at Berkeley, Astronomy Department). Each card 

contained the relative position of the line, its relative intensity, and 

a code number indicating the type of line (standard, atomic, molecular, 

etc. ) 

The data deck consists of: 

(a) TOY (I) indicates whether the measured line lies between 

0-100 rum, 100-200 rum, or 200~300 rum on the measuring scale. The first 

data card reads -Jl with a 3Al format. 

(b) N, NLAST, and NU (format 315) where 

N = order of fit +1 

NU = number of standard lines 

NLAST = the final value of N 

(c) ETOL (format 8FlO.5) is the tolerable error in calculating 

standard lines, 

Cd} SHIFT (format FlO.2) relates the standard lines to the 

unknown lines. It is usually zero. 
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(e) Assigned standard line values YY(I) (format FlO.3). 

(f) Deck of measured lines, with all the standard lines first in 

the same order as their assigned values in (e). 

(g) Blank card . 

When N equals NLAST, one card is punched for each measured line 

wi th its wavelength, energy (cm -1), relative intensity. 

This program was written by David Green and Joel Tellinghuisen. 
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PROGRA~ STAND (INPUT,OUTPUT,PUNCH) 
STAND TAKES MEASURED SPECTRAL STANDARD ~INES AND CALCULATES 

WAVELENGTH AND ENERGY (CM(-l)) FOR ALL ME~SURED LINES 
DIf"iENSION TOY(3) ,BOY(1000) ,X(1000) 'Y(IDOO) ,STR <1000) 

DIMENSION AA(lO,IO),YINV(lOOO). YY(2GO). ~~IOI,r~(200) 
DIMENSION INCA(IODO) 

DIMENSION COM(200), VW(lOOO) 
DIMENSION XW(200).YYW(200) 

READ SOO,TOY(I) ,TOY(2),TOY(3) 
FORMAT (3A1) 

READ1, N,NLAST,NU 
FORMAT (315) 

·PUN=O.O 
NSUB=N-NLAST 
IF INSUB.EQ.O) PUN=1.0 
IFINU.EQ.O) GO TO 850 

NUl .. NU +1 
N=ORDER OF FIT +l,NU=NO. OF STANDARD LINES,NTOT=TOTAL NO. OF LINES 
NLASr IS THE FINAL VALUE OF N 
ETOL IS THE TOLERABLE ERROR IN CALCULATION OF STANDARD LINES 
RFAD41, ETOL 

4IFORMATISFIO.5) 

855 
2 
S9 
235 

C 

40 

S03 
42 

804 

S56 
1030 
200 

53 
103 

READ S55, SHIFT 
FORf'.1AT IFlu.2) 
FORMAT IF10.1,F5.n) 
FORMAT 14UF2.0) 
FORMAT IFlO.l) 
YYARE THE STANDARD WAVf-LENGTHS 
READ 40, (YYI I) ,I=I,NU) 
FORMAT I FlO.3) 

1=1 
READ 42, INCA(I),BOYCI),XU),STRCI) 

FORr-1AT( I6,5X.AI,F6.3.F6.1) 
PET =XCI) 
1=1+1 
IFIPET.NE.D.O) GO TO 803 

NTOT=I-2 
IFCBOY(l'.EQ.TOYI3)) BET=200. 
IFIBOY(1).EQ.TOYC2)) BET=10C.0 
IF (BOYCl) .EQ.TOY(1)1 BEhO.O 
DO S04 I=l,NTOT 
I F I BOY C Il • EQ. TOY (1» ADD=O.O 
IFIBOYCII.EQ.TOY(2)1 ADD=lOO.O 
lFIBOYCII.EQ.TOY(311 ADD=200. 
XI I ) = X I I) +ADD 

DET=X I I I-BET 
IF(bET.GT.100.) XII,=XII)-lOO. 

BET-X I I ) 
CONTINUE 

00.856 I = 1, NU.·· 
X ( I I =X C I ) +SH I FT. 

NW = NU 
NERR .. O 
DO 53 i =1 ,NU 

XWIII = X·(I) 
YYW I I I = YY ( I I 
N1 = N+1 

, ,: 

c~-, .. ~·;) .~',:. 
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N2 = 2*N 
DO 5 NF = 2.N2 

F1v = SUMXN(NW,(NF-2),XW.YYW,2) 
DO 6 I=l,N 
DO 7 J=I.N . 

IF «I+J);FQ.NF) 17,7 
17 .A.A( I,J) = ~F10 

7 CO"lTI NUE 
6 CONTINUE 
5 CONTINUE 

DO 11 I = I,N 
J:: 1-1 

11 A.A( I,Nll = SUr~XN(NW.J,XvJ.yy\,'J,ll 
CALL SOLVF(N,AA,q) 

3 FOR"1ATU3F15.6) 
PRINT 83 

83 FOR~AT (lHl.3X*COFFFICIENTS OF POLYNa~IAL*II) 
PRINT 3, (R(I).I=l.N) 

71 

19 

N"'1=N-l 
PRINT 71,NM 
FORMAT ( 113X*POLY~()MIAL ORDFR IS*I31 13X*STANnA P n LINES*II) 
PRINT 19 
FORMAT (112X*MEASURFD*4X*LAM8nA*4X*LAMBDA*2X*ERROR IN*6X*~AVE*/2X 
I*POSITION*6X*TRUE*5X*CALC.*4X*LAMR~A*3X*NUMRERS*II) 

DO 12 J = I,NTOT 

12 
C 

Y(J) = YFUN(N,g.XIJ» 
YINVIJ)~I.E4/YIJ) 

WAVE CONVERTS ANGSTROMS IN AIR TO WAVE NOS. IN VACUUM 
CALL WAV~(NTOT.YINV,VW) 

C 

13 

7J 
700 

DO. 13 J=I,NW 
Y(J) = YFUN(N,B.XWIJ)l 
YINV(J) = 1.E4/YIJ) 

CALL WAVE(NW,YINV,VW) 
DO 70 I=1.NW 

DE ( I l = Y Y \~ ( I) - Y ( I ) 
PRINT 20, (X,~( I) , YY';,i ( I) ,Y( I) .nF( r) .VVI.( I), I=I,NVJ) 
FORMAT IF10.3.3FIO.3,F10 •. 2) 
GO TO 7v1 
OMEGA = 0.0 

SN = N\'I 
C=N 
OMEGA TELLS THE GOODNESS OF FIT ••• THE SMALLER THE BETTER 
DO 101 L=l,NW 

Q = (Y(L) - YYW(l) )**2/(SN~C) 
O"1EGA=OMEGA+Q 
CONTINUF 
PRINT lU2.0MEGA 
FORMAT (113X*OMEGA =*FIO.511) 
THIS NEXT SECTION ELIMINATES ALL STANDARD LINES WHICH HAVE A 
DIFFERENCE BETWEEN THE TRUE AND CALCULATED VALUES OF MORE THAN 
DOL ANGS TRO'v1S 
l=l 
ERROR=AFlS(DE(1)1 
DO 72 I=2,NW 
IF (ERROR.GE.ABS(DE(I») GO TO 72 
ERROR=ABS(DEIIII 
L=I 
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72 CONTI NUE 
IF IERROR.G~.ETOLI GO TO 73 
GO TO 7.;1 

73 L1=L:+1 
NERR=NERR+1 
IF INERR.EO.5) GO TO 555 
DO 74 J=Ll,NW 
Jl=J-1 

TEfviPO = YYWIJ) 
YYItJIJll = TEMPO 

. TEr-1PO = XWIJ) 
XWIJl)= TEMPO 

74 CONTINUE . 
N\-J = l\j\oJ-1 

NS. = NvJ-2 
IF (NLAST.EO.NS) GO TO 525 
GO TO 1:.)3 

555 PRINT 556 
556 FORMAT (lHl,3X*THERE ARE MORE THAN 5 ERRORS*II) 

GO TO 701 
525 PRINT 526 . 
526 FORMAT (1I3X*THERE ARE TOO FOi GOOD LI NES*JI.l 
701 PRINT 85 
85 FORMAT I 113X*OBSERVATIONS*112X*MEASURED*4X*LAM~DA*6X*WAVE*3X 

1*COMMENT*/2X*POSITION*5X*CALC.*3X*~U~BERS*llr 
P R I N T8 6 • ( X I I I • Y I I ) • V \'1 I I ) ;Y N CA, II I ,S T R ( I), I :: NUl , NT 0 T I 

86 FOR~AT(2F10.3.FlO.2.110,F6.1) . 
IFIPUN.EO.U.O) GO TO 880 

PU~CH 871.· IV~II).Y(I).STR(I),IN~AII) ,Xllj, I=1,NTOT) 
871 FORfviAT(10X,3FIO.2,IlO,10X,FI0.3). 

880 CONTINUE 
N=N+l 

566 IF (N.LF.NLAST) GO rO)0'30 
GO TO. 801 

850 CONTINUE 
END . 
FUNCTION SUMXNINT,N,X,Y,JJ) 
DIMENSION X(1000),Y(10001 

S=u.u 
IF (JJ.EO.l) 1,3 

1 DO 2 I=l.NT 
2 S = S + Y(II*X(I)**N 

GO TO 2U 
3 DO.4 !=I,NT 
4 S= S + X(I)**N 

20 SUMXN = S 
RETURN 
END 
SUBROUTINE SOLVE(N,A,R) 
DIMENSION A(lO.16).B(10) 

N1 . = N+1 
DO 3 I=I.N 

ATEM = A( Ttl I 
DO 4J=1.N1 

4 A( I ,J I = A I I • "")1 AT EM 
DO 5 ··K=I,N 

IF (K - I) 51,5.51 

XBL 707 -1392 

)." 



" 

""71-

518TEM = A(K,I~ 
DO 6 J=l,Nl 

6 A(K,J) ~ A(K'~) - BTEM*A(I,J) 
5 CONTINUE 
:3 CONTINUE 

DO 93 I=l,N 
93 A(I) = A(I,Nll 

RETURN 
END 
FUNCTION YFUN(N,R,Z) 
DIMENSION B(lO) 

T = 8(1) 
DO 1 I=2,N 

T = T + A(I)*Z**(I-l) 
1 CONTINUE 

YFUN = T 
RETURN 
END 
SUBROUTINE WAVE(NTOT,YINV,VW) 
DIMEN~ION VW(lOOO),YINV(lOOO) 
DO 150 K=l,NTOT 
TE=u. 
T=YINV(K) 

C P IS THE REFRACTIVE INDEX OF WET AIR AT THIS WAVE-LfNGTH 
151 P=( (64'3?.~+?949810./(146.-T*T)+?5540.I(41.-T*T) )*1.F-8)+1. 

T=YINV(K)/P . 
IF «ABS(TE-T».LT.l.E-6) GO TO 152 
TE=T 
GO TO 151 

152 VW(K)=T*1.E4 
150 CONTINUE 

RETURN 
END 

,",< 
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2. STNPLOT uses the cards punched by program STAND to plot the measured 

-1· ' 
lines on a graph of energy (cm ) vs relative inteiisi ty • The end of the .. 

deck is signaled by a card with 88 in columns 49 and 50. The dispersion 

. -1 
1n em per :inch is given on the next card (format 8FIO.5). See 

Figure (B-1) for a s~le plot. 

The program was written by Joel Tellinghuisen .. 

',! 



;t 

1 

Fig. B-1. Sample plot .of energy (cm -1) vsrelati ve int~nsi ty from the 

program STN PLOT. Lines with bars slanting to the. left 

indicate overlapped lines, bars slanting to the right ( 

red-degraded heads, and crosses 

be resolved. 

) two lines too close to 

t " 

.~ 
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PROGRA~ STNPLOT(INPUT,OUTPUT,TAPE98,PLcrt,TAPE99=PLOT) 
DII\1ENSION V 1'1 ( POOl ,YI 1000) ,STR( loOn). rNCA( lo('n) 

C THE FOLLOWING CODE HAS BEEN USED FOR INCA. 
co AND 1 ••• ATOMIC LINES 
C 2 • • • RED-DEGRADED 8~ND HfAD 
C 3 ••• VIOLET-DEGRADED RAND HEAr 
C 4 ••• SPIKE MEASURED ON CENTER 
C INTEGERS 5 THRU 0 RESULT IN NO SYMBOLS ON PLOTTED LINES. 

1 FoRMAT C 8F10. 5) 
2 FQRMATIIOX.3FI0.2.IID) 
3 FORMAT(I/II/20X.*INPUT DATA*III) 
4 FORMATUI/*PLOT DISP~RSION = *,P5.0,* CM..;;,l.PER INCH*III) 

501 . CONTINUE I 
DO 11 I=i.lUO(; 
R~AD 2, VW(I),YII).STRII) ,INCAII) 

IF CINCACI).EQ.88) GO TO 12 
11 CONT I NUE 
12 NTOT = I-I 

PRINT 3 
PRINT 2' IVWCI).YII) ,STR(I).INCA(I),I=l,NTOTl 
RfAD l,DISP 
PRINT 4, DISP 
CALL GRAPHX(VW,STR.INCA,NTOT,DISP) 

READ 500 , I STOP 
5QJ FORMAT (15) 

IF CISTOP.NE.O) GO TO 501 
CALL CCEND' 
END 
SUBROUTINE GRAPHXIX,Y,IND,NT,DISPI . 
COMMON/CCPOOL/XL~XH.YL.YH'CXL,CXH,CYL.CYH 
DIMENSION X(500),YC~OO).IND(500);XPI3) ,VP(3) 

XMIN = FMIN(NT,X) $ XMAX = FMA~(NT,X) 
IA = XMIN/IOO. - 1 
18 = XMAX/I00. + 1 
XL = lOOo*IA $ XH = 100.*19 
.DELTX = (XH-XL)/OISP*100. 
CXL = 100. $ CXH = DELTX + 100. 
YA = FMINCNT,Y) 

YL= 0.0 $ YH= 120.-YA 
CYL = 300. $ CYH = 900. 
GL = DELTX/100. +.1 
NXL = GL 

CALL CCGRIDC1.NXL,6HNOLBLS,1.6) 
CALL CCLBLCNXL,l) . 
DO 11 I=I,NT 

XP(l) = XCI) $ XP(2) = XII.) 
YP(l)= l05~ -YCI, $ YP(2)=0.D 

NSYM = 0 
IF (IND( I) .EQ.ll NSYM = 8 
IF CINDcI).EQ.2) NSYM = 4 
IF. IINDII).EO.!) NSYM = 5 
IF (IND(I).EO.4) NSYM - 2 

CALL CCPLOTIXP,YP,2,4HJOIN,NSYM,5) 
11 CONTI NUE 

CALL CCNEXT 
RETURN 
END' 
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C 

C 

2 

C 

C 

3 
27 

FUNCTION FMININ.X) 
DIMENSION XIIOO) 

A = XIl) 
DO 10 I=I.N 

IF IXCI).LT.A) A a XCI) 
10 CONTINUE 

F"'1IN = A 
RETURN 
END 
FUNCTION FMAXIN,X) 
DIMENSION XI100) 

B = XIll 
DO 11 I=I.I\J 

IF IXIIl.GT.B) 8 = XII) 
11 CONTINUE 

FMAX = B 
RETURN 
END 

SUBROUTINE CCL8LINXl.NYl) 

~75-

COMMONI CCPOOL I XM IN. X"1AX. YM IN. YMAX • CCX~~I N. CCXMAX, CCYMI N. (CYMA X 

COMMON/CCFACT/FACTOR 
rSZERO=O . 
XDcXMAX-.XM I N 

'CCXD=CCXMAX-CCXMIN 
Xr=XD/FLOATINXI) 
KSIZE=1 
LABEL FROM RIGHT TO 

$YDaYMAX-YMIN 
$CCYO=CCYMAX-CCYMIN 
$YI=YD/FLOATINYll 
$KORIENT=l 

LEFT ALONG THE X-AXIS. 
DO 2 NX=ISZERO.NXI 
CCX=CCXMAX-CCXD*FLOATCNXj/FLOATINX1) 
XDICCX~CCXMIN)*XD~CCXD~XMIN 
SET X TO A TRUE ZERO IF XeD. TO WITHIN MACHINE ACCU~ACY. 
IFIABS (X/XI ).LT.l.0E-6IX'!"D. 

~JRITEI98.28)X 

CALL CCLTRfCCX+6.*FLOATIKSIZF)/FACTOR. 
* CCYMIN-7J.*FLOATIKSIZE)/FACTOR.KORIFNT.KSIZE) 

KSIZE=1 $KORIENT=O 
LABEL UPWARD ALOI\JG THE Y-AXIS. 
DO 3 ~Y=ISZERO.NYl 
CCY=CCYMIN+CCYD*FLOATINY)/FLOATINYI) 
Y=ICCY-CCYMINI*YD/CCYD+YMIN 
SET Y TO A TRUE ZERO IF y.O. TO WITHIN MACHINE ACCURACY. 
JFIABS IY/YI).LT.1.OE-6)Y=0. 
' .. IRITEI98.27)Y 
CALL CCLTRICCXMII\J-70.*FLOATIKSIZE)/FACTOR'CCy.KORIENTJKSIZE) 
FORMATIEIJ.2) 

28 FOR'>1ATIF7.0) 
RETURN 
END 

CCLRL 
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3. NOSORT calculates the combination differences, 1J.
2
F"(J), for CaOlB 

from the spectroscopic 
16 . 

constants of CaO and p. As. illustrated in 

II II 

R(J-l) P (J + 1) = F (J + l).,.F (J-l ) 
v v 

II .. 

where F(J). is the energy of the J-rotational leve1.of the lower 
v 

vibrational state. Thus the energy difference between one line in the 

R-branch and one line in the P-branch is known. The energy ·of R(J-l) 

is calculated and every line in the region [SCAJ'{I+R(J-l)] to [R(J-l) - SCAN] 

is assumed to be a possible candidate for R(J-l) . The combination 
II 

differenceIJ.2F (J) (rERR) is added to the possible R(J"'l) lines and the 

program searches for P(J+l). If a pair of lines with the proper energy 

difference is found, a relative energy for the 
. , 

F (J) v .. level (called EAVE) 

is calculated using the energies of P(J+l) and R(J"';l) plus the 

spectroscopic constants of the lower vibrational state. All the EAVE's 

found for all the J values considered (JSTR<J<JEND) are plotted on a 

scale of relative energy vs J(J+l). (see Figure B-3). The quantity SL*J*{J+l) 

was substracted from EAVE so that the plot would be·horizontal and 

graph paper not wasted. The numbers plotted in each case represent the 

relative intensities of the P-line, the A's indicate the calculated 

energy of P(J+l), and the circled numbers indicate combinations which 

have been assigned to the (0,0) band. Notice the perturbation at J 3B. 

A similar program is described in Kopp, et al., 1965. 

1,1 
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P(J) RlJ) 
~ ~ 

~ '-1/ 

Fig. B-2. Plot illustrating the equations 

ft:r+l) 
~ 

...... 1/ 

D.
2
"F(J) = R(J-:l) - P(J+l) = FV"(J+l) -:FV"(J-l) 

6 'F(J) = R(J) -p(J) = F'(J+l)- F '(J~l) 
2 V V 

R(J-l) 
.; 

..... 1/ 
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Sample plot of the program NOSORT. The coordinates are energy vs J(J+l). 

Each number represents a possible assignment of P(J+l) and R(J-l), the A's 

indicate the calculated energy of the J rotational level and the. circled 

numbers show the combinations which have been assigned to the (0,0) band . .. 
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PROGRA~NOSORT(I~PUT,OUTPUT,TAPE~a'PLoT,TAPF99=PLOT) 
DIMENSION S(aO-,) 'DEN(aQu) ,X(25 J U) 'Y(25,jl~,),:'n1(25c<), 

1 FVl(1?''i),F V2(1?5),DIFFl125),R(125J .. , 
INTEGER SYM 
SL=.3669 
DISP=200. 
1=1 

3 READ 12G,S( I ),DEN(I) 
12u FOR~AT (12X,FIJ.2,13X,F5.2) 

IF (S(II.EQ.J.u) GO TO 10 
1=1+1 
GO TO 3 

10 ISPECT=I-l 

14 

999 

1 n j 

"') 
2 

31 

70,7 

READ 14,TE1,OEl,OEXE1,OEYEl,BF1,AFl,DE1,R~~1,HEl,GFl,GF~1 

REAO 14,TE2,OE2'OEXE2'OEYE?'BE2,AE2,DE2'8EE?,~E?,GE2,GE[? 
FORMAT tBFIG.21 . 

RHO = .959415 
OE1=RHO*OEl 
OEXE1;RHO**2*UEXE? 
OEYE1=OEYEl*RHO**3 
81="1=REl*RHO**2 
AF1=AEl*RliO**3 
DEl=DEl*RHO**4 
RFEl=REF1*RHO**'i 
HFl=HEl*RHO**6 
GE1=GEl*RHO**7 
OE2=RHO*OE2 
OEXE2=RHO**Z*OEXEZ 
OFY£Z=OEYEZ*RHO**3 
RI="Z=REZ*RHO**? 
AI=" 2=A E 2~~RY01H<, 
I)E 2 =OEZ*r.~HO**4 
BEE2=I3EF?*RHO**5 
HE2=HEZ*RHO**6 
GF 2=G EZ*f~flO** 7 
PRINT 999,TEl,TE2'OE1'OEZ'OEXEl'OEX 2'OEYEi~O[YE2'BEl,nE2' 

1 A E 1 , A E 2 , DEI, D t: 2 ' l:l EEl ,"iE E Z , HE 1 , HE 2 , G l' G L 2 , GF r: 1 , GEE 2 
FORMAT(//3X*~TATE l*ZC;X*STATr 2*// ~X*TF=*Fl??'17X*Tr=*Fl?3//'X 
1*OE=.Fl??'17X*OE=*F]?~//?X*OEXF=*F'G.4"7X*OFXE=*F'r.4//~X 
2*OEYE=*FIJ.4'17X*OEYF=*FIO.4//3X*9E=*Fl~.7'17X*PF=*Fl?7//~X 
~*AE=*FIZ.A'17X*AE=*F12.8//~X*n~=*~12.4.17X*nFc*~12.4//~X*9FF=* 
4Ell.4'~7X*GEE=*Ell~4//3X*HF=*E12.4'17X*rlE=*El~.4/f3X*GF=*El?4, 
517X·GE=*F12.4//3X*GEE=*Ell.4'17X*GE~=*Ell.4//J 

READ 14,ERR 
rF(ERR.EQ.8.0J GO Tn lOCO 
Rf.AI) 14, SCAN 
REAl) 2, VI,V2 

FnR,\1.A T ( 3F l;j. 5 J 

READ 701 ,JSTR,JFNn 
FnR~AT (2110) . 

PRI"IT 41,V2,Vl 
FOf~~1AT (lHl'A-i)AT/I FOR V',V' '* ?F5olJ 
P,RII'H 7R7, SL 
FJR~AT(?X*SL=*F10.5) 

C=Vl+.5 
f)=V2+.5 
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35 

5 

1 .+7.2525· 
I3Vl= BEI-AEl*C 

DVl=DE1+PF:El*C 
HVl=HEl-GEl *c 
RV2= 8F2-,~.E2*D 

I)V2= DE2-9":E2*D 
HV2=HE2-GF::2*D 
DO "2C J = JSTR , JENO 

A=J 
F=A+l.u 
FV1[J)=RV1*A*F-DVl*CA*F)**2 
FV2(J)=RV2*A*F-DV~*CA*Fl**2 

CONTINUE 
J,AZZ = JFND -1 
DO 35 J = JSTR.JAZZ 
R(J)~ VU0+FV2(J+l) -FVl(J) 
CON TI NUE 

JSTOP=JEND";'2 
1)0 5 I =JSTR.JSTOP 
,) l=I+ 1 

"J2=I+2 
r-IFFCJ1)=FVl(J2)-FV1(I) 
PRI ~IT 6 

-80-

6 . FORMAT (2H1 *J*7X*I)TFF*9X*TR~F*9X*P 
lI~T R*7X*ENERGY*5X*r:-DIFF*) 

NO=O 
JO= JSTr~+1 
riO 7 I::JO.JSTOP 
~!O=NO+l 

IF(NO.GT.2500) GO TO 29 
S Y;,1( NO):: IHA 
X ( ~JO ) = I * C 1+1 ) 
YCNO)=F V2(Il-SL*X(NO) 
PRINTl14d .DIFFCI) .FV2(I) 

114 FORMAT(2X,I5.3X.FIO.2.3X.FI0.?) 
PRINT 19.XCNO).YCNO) 

" SCI = R ( I -1 ) + S CA. N 
SC2=RCI-l)-SCAN 
DO 8 IN=f,ISPECT 
IFCSCIN).Lr:.SCl) GO TO 11 

R. CONTINU<:,: 
11 .JSCANl= IN 

1)0 9 IT=IN,ISPECT 
IF (S(ITI.LF.SC2) GO TO 13 

9 CO~JTINUr= 
13 JSCAN2= IT 

1:"11 

DO 12 J= JSCANl,JSCAN2 
r=1=S(J)-DIFFCIl+,,:RR 
r= 2 = E 1-2 •. ! * F R r~ 
1)0 15 N = J.ISPECT 
IF(SCN).LT.Fl) GO TO 101 
GO TO 15 
TFCSCf\I).LT.F2) GC) TO 12 
~I0=lIiO+l 

IF U"O.GT.25(;':'l GO TO,29 
FP=SCN)-VJ~+FVICI+ll 

ER~SCJ)-VJ~+FVl(I-1) 

X ( NO) = I * C 1+1 ) 
F.A V F = ( F R + F.:P ) /2.0 

·:".10 

LIN~*7X*rNT P *7X*R LrNE*7X* 
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~DIFF=EAVE- FV2(I) 
Y(NO)=EAVE-SL*X(~O) 

NDEN=(DEN(N)+5.0)*.1 
SYI·i( NO) :=10-NDEN 
SYI1( NO) =SYlv1 (NO) +338 
SYM(NO)=LEFT(SYM(NO),54) 

-81-

PRINT 19 ,:.i(N) 'DFN(N) ,S(J) ,DFN(J) ,EAVE,ff)IFF,V(NO) 
19 FORMAT (33X.7(3X.FIO.2» . 
15 CONTINUE 
12 CONTI NUE 
7· CONTINUF 

GO TO 40 
29 NO=~o-l·1 
4~ CALL GRAPH(X,Y,SYM'Na'DISP) 

GO TO 10~ . 
lOur; CONTINUE 

ChLL CCEW) 
t:CND 
SUBROUTINE GRAPH( X,Y,SYM'NT'DISP) 

COM~ON/CCPOOL/XL,XH'YL'YH'CXL'CXH'CYL'CYH 
DF~ENSIO~ X( 3750) 'Y('H50) ,SYr~(37<;O) 

XMIN = FMIN(NT,X) $ XMAX = F~AX(NT,X) 
IA XMIN/1 00 • - 1 
18 = XMAX/1 u O. + 1 
XL = l~j.*IA $ XH = 100.*I~ 
DFLTX = (XH-XL)/DISP*100. 
(XL = IuD. $ CXH. DELTX + 100. 

Y~IN=FMIN(NT,Y) $ YMAX;FMAX(NT,Y) 
I A=Y~ll N-2. 0 
I B=YII,AX+2. u 

YL=IA 
YH=IB 
CYL=2Cj<). 'tCYH= 900. 

GL = f)ELTX/100. + .1 
NXL :: Gl 

NYL=lCi 
CALL CCGRID (NXL,6HLARELS,NYl) 
DO 11 1=1' NT 
YP= (Y(I )-YlJ*(CYH-(YL)/( YH-YL)+CYl 
XP=(X(I)-Xl)*(CXH-CXL)/(XH-Xl)+CXL 
CALL CCl TR (XP, YP ,r), 1, C;Y~~ ( I ) ,1) 

11 CONTINUF 
C,lI.LL CC"l,:XT 
RF.TURN 
E~'D 
FUNCTION FMIN(N,X) 
OH\E~ISION X(ICO) 

.4 = X(ll 
DO 10 I=l.N 

IF (X(I).lT.A) 4 XlI) 
10 CONTINUF 

F'JI N = A 
RETURN 
E ~~f) 
FUNCTION FMAX(N,X) 
DIMENSION X(lOO) 

R = X(l) 

00,11 I=l.N 
IF (X(I).GT.B) R = X(I) 

11 CONTINUF 
F\'I!~X = B 
R~TURN 

E ~~I) 
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4. BOTH is basically the same program as NOSORTonly after an R(J-l) 

and P(J+l) is found to satisfy the lower state combination difference, 

a P(J-l) must also be found to satisfy the upper state combination 

difference for (J-l). The upper state differences· (Dr) are read in 

by statement 38. 

~. 
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PROGR A \1 "lOT H (I NPLlT • OUT PU T .T APE98 • PL 0 T • T APE99~PLOT ) 
D It'l E N::> ION S ( 8 u ) ) • DEN (80:)) • X ( 2 5 u 0 ) • Y ( 25 () 0 ). S Y I'~ ( 2 500 ) • 

1 FVU 125) .FV2·( 125) .DIFF( 125) .R( 125) 
DIMENSION DIF(12~) 

PHfGER SYM 
SL=.3655 

':lISP=21.,,). 
I=l 

:3 R~AD 12:'}'S( I) ,I)EN( I) 
12 FORMAT (12X,FIU.2.13X.F5.2) 

IF (S(I).EG1.J.J) GO TO 10 
I=I+1 
(;0 TO 3 

10 I$PECT=I-l 
READ 14,TE1,OE1'O~XEl,OEYEl'B[I,AFl,D~1,QFE1,HE1,GE1.GEEl 
READ 14,r~2'Ol2'OEXE2.0EYE2,HE2.AE?,DE2,GEE2~HE2,GE2.GEE2 

14 FOR'1AT (flFlu.?) . 
RHO = .959415 

OF.l=RHO*OEl 
OEXE1=RHO**2*OfXEK 
OEYEl=OEY~I*RHa**3 
8r:::l=RE1*r~HO**? 

AF1=AEllfRI-10**3 
DF 1=DE1*RHO**4 
REE1=REFl*RHO**5, 
HE1=HE1*RHO**6 
Gn=GE1*r~HO**7 

OE2=RHO*OE2 
OFXE2=RHO**Z*OEXF2 
OFYF?~OFYF.2*RHO**3 

RF;:>=RF2*RI-10**2 
AF2=AE;:>l,RHO**3 
DF2=DE2*RHO**4 
BEE2=GEE2*RHO**5 
HF2=HE2 It RHO**6 
GF2=GE2*RHO**7 
PQINT 999. TE1. TEz,aEl.0E2,OEXE1.0EXEZ'O YEl.aEYE?BEl.RE? 
lAc1.AE2.DF1.nE2.BFEl,~FF2.H[I.HF2,Gfl,G 2.~FF1,GEF2 

999 FOR~~r (113 X*STATE 1*?5X*STATF 2*III~X* [=*Fl?3'17X*Tc=*F12.3113X 
1*OE=*FI2.3'17A*OE=*Fl?3113X*OEXE=*F10.L,'17X*OEXE=*F 10.411 3X 
2*OEYE=*FIU.4'17X*OEYE=*FI0.4113X*BE=*FI2.1'17X*BE=*FI ?7113X 
3*AE=*FI2.g'17X*AE=*Fl?8113X*nE=*E12.4'17X~DE=*El?41I1X*SEE=* 
4El1.4,17 X*BEE=*El1.4113X*HE=*El;:>.4,17 X*HE=*El?4/)3X*Gf=*El?4' 

1)0 

3J 
2 

31 
71.,,1 

41 

752 

787 

517X*GE=*~12.4113X*GEF=~Ell.4'17X*GEE=*cll.411) 
READ 14 ',ERR 
IF(ERR.EQ.O.O) GO TO lOCO 

RFAD 14.FRR2 
. READ 14. SCAN 

READ 2, Vl.V2 
FOR1A T DF10.5) 

READ 701 ,JSTR.JF.ND 
FORr1A,T (Z III.,,) 
PRINT 41,V2.V1 
F()R'·1AT (lH1*DAT,1\ FOR V'.V"* ?Fc:;o),) 
PRINT 75?,ERR,FRR? 
FOR~AT (lX.2FI0.3) 
PRINT 787, SL 
~OR~AT (2X*SL=*FIO.5) 

C=Vl+.5 
D=V2+.5 
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VOO=TE2-TE1+0F'*n-D**2*(UFXE?-n*OEYF2)-O~1*c+r**?*(OFXEI-C*OFYE1) 
1 +7.2525 . .. . 

BV1= BFI-AE1*C 
DV1=DEl+8EE1*C 
HV 1=HE I-GEl *C 
BV2~ BE2-AE2*D • 
f)V2= DE2-9EE2*D 
HV2=Hf.2-GF2*D 
DO 20 J = JSTR • JEND 

A=J .~ 

F"A+1.J 
FVl(J)=RVl*A*F-DV1*(A*F)**2 
FV2(Jl=BV2*A*F-DV2*(A*F)**2 

2..; CONTINUE 
JAZZ =JEND -1 
DO. 35J = JSTRtJAZZ 
R(J)~ VOO+FV2(J+l) -FV1iJ) 

35 CONTI NUE· . . 
JSTOP=JEND-2 . 

DO 5 I=JSTRtJSTOP 
J1=I+l 
J2=I+2 

5 DIFE(Jl)=FVI(J2)-FV1(I) 
NO=O . 

42 NA=O 
JAP=O ~. 

38 READ37,JA,DI 
37 FORMAT (I5.FlO.5) 

TOP=JA+DI . 
IFITOP.EQ~O.O) GO TO 39 
NA=NA+l 
IF(NA.EQ.l) JO=JA+1 
DIF(JA)=DI 
JAP=JA 
GO TO 38 

39 JSTOP=JAP+l 
IF(JAP.EQ • ..;) GO TO 1000 
PRINT 6 

6 FORMAT (IX*J*25X*P(J+l,*7X*yNT P*7X*R(J~1)~ 7X*INT R*7X*FT-EC* 
17X*DIF LOW*7X*DIF UP*7X*P(J-l)*) 

DO 7 I=JOtJSTOP 
NO=NO+l 
TF·(NO.GT.2500)· GO TO 29 
SYM(NO)=IHA 
X(NO)=I*(I+l) 
Y(~0)=FV2(I)-SL*X(NO) 

PRINT 114,1 ,DIFFtI) ,FV2(I hDIF( 1-1) 
114 FORMAT (2X,I5,3(3X,FI0.21) 

~RtNT 19,X(NO',Y(NO) 
SC1=R(I-l,+SCAN 
SC2=R(I"'1)-SCAN 
DO 8 IN=l,ISPECT 
IF (S(IN1.LE.SCl) GO TO 11 

8 CONTINUE 
11 JSCAN1= IN 

DO 9 IT=IN,ISPECT 
IF (S(IT).LE.S(2) GO TO 13 

( . XBL 707 -1400 



-85-

9 CONTI NUE 
13 JSCAN2= IT 

DO 12 J= JSCAN1,JSCAN2 
El=SIJ)-DIFFII)+ERR 
F:2=El-2.J*ERR 
n015 N =, J. rSPECT 
IFISIN).LT.EI) GO TO 101 
so TO 15 

101 [F(SIN).LT.E2) GO .TO 12 
E3=S(J)-DIF(I-1)+ERR2 
E4=E3-2.0*ERR2 
DO 16 NU=J.ISPECT 
IF ISINU).LT.E3) GO TO 102 
GO TO 16 

lS2 IF ISINU).LT.E4) GO TO 15 
lJP=SIJ)-SINU) 
ROT=SIJ)-SIN) 

NO=NO+l 
IF (NO.GT.25U0) GO TO 29 

EP=SIN)-VUO+FVIII+l) 
~R=S(J)-VJJ+FVIII-l) 

X( NO) = I* I 1+1) 
FAVF=IF~+r::P)/2.0 
FDIFF=EAVE- FV~II) 

YINO)=FAVE-SL*XINO) 
NDEN=ID~N(N)+5.0)*.1 

S Yi'1( f\IO) = 1 iJ-NDE"1 
SYMINO)=SYMINO)+338 
SYMINO)=LEFTISYMINO).54) 

PRI"lT 19,5IN) .DENII\\) ,S(j)'DENIJ) .EDIFF'F\OT. UP.SINlJ) 
19 F0-R'vlAT IzJX.81,X.F1,).?ll 
16 cnNTI NUF 
15 ("ONTINUI:" 
12 CONT HJUE 
7 CONTINUE 

GO TO 42 
FIG'J CONT I NUE 

GO TO 4; 
29 ~IO=NO;"l 

40 CALL GRAPHIX,Y,SYM'I\IO'OISp) 
C.ALL CCFND 

FND 
SUBROJI INEGr~AP," X,Y,SYivt,NT,DISP) 

CQMMON/CCP00L/XL,XH,YL,YH.CXL,CXH,CVL·CYH 
" I 1,1 F N::' [ Li ,\I X I 37') 0) ,Y ( 375 () ,S Y fA, ( 3750 ) 

X~IN = FMfNINT,X) $ X~AX = FMAXINT,X) 
[A = XMIN/IUJ. - 1 
[R = X'tAX/IO'!. + 1 
XL = lUO.*I~ ~ XH = 100.*IR 
DELTX = (X~-(L)/D[SP*lOO. 
CXL = IUD. $ CXH = DELTX + 100. 

Y~IN=FMIN(NT,Y) $ YMAX=F~AX(NT,YI 

IA=Y>I.IN-2.U 
I8=YHr'\X+::>.U 
YL=IA 
YH=I8 
(YL=200. $CYH= 900. 

GL = ~ELTX/IOO. + .1 
~!XL = GL 

XBL 707-1401 

r"1 



11 

-86-

NYL=10 . 
CALL CCGRID (NXL.6HLA8cLS~NYLl 

DO 11 1=1'9 NT 
Y p = (Y ( I ) - Y L 1 * ( C Y H - C Y L 1 ! ( . YH- '( L 1 + CY L 
XP=(X(Il-XLl*(cXy-eXLl!(XY-XLl+CXL 
CALL C C L T R ( X P , Y P , U , 1 ,S Y'~ ( I ) d ) 
CONTINUE .. 

CII.LL CCNEXT 
RETURN 
E f\J!) 

FUNCTION Fr',1TN("I,X) 
DIMENSION X(luO) 

A = X(1) 

DO 10 1=1,'" 
IF (X ( I ') • LT. A ) A = X ( I) 

Iv CO:-.JTINlJE 
F~H N = A 
RETURN 
E "I f) 
FUNCTIONFMAX(~,X) 

DIMENSION X(lOJ) 
8=X(1) 

DO 11 I=ltN 
IF (X( Il • G T • B) B = X ( I ) 

11 CONTINUE 
FMAX = R 
Rr-TURN 
END 
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5. 11 2 
TELL 1 calculates and plots ~2F(J)/4(J~) vs(J~) (see Eq. 3) 

for both the upper and lower state levels. Sample plots for the (0,0) 

band are shown in Figures B-4 and B-5. A sample data deck for the (4,2) 

band is also given. The first card has the vibrational numbering 

(4. 0, 2. 0), the next has the lowest and highestJ --numbers for the R-

and P-branches up to the first perturbation, then the assigned Rand P 

lines are listed in order, the next set of J-numbers given, etc. The 

deck is ended by a blank card. Several data decks for different bands 

can be processed at once. A card with 100. in the first four columns 

signals the end of the input data. 
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Fig. B-4. Plot of 112" F(J)/4(J~) vs (J4)2 for the (0,0) band 

from program TELL 1. See Eq. 3. 
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.; 

Fig. B-5. 

~ . 
! ~ 
.; .; .; 

Plot of 1I
2
'F(J)/4(J1) vs 

from program TELL 1. 
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(J~) ,,'for the (0,0) band 
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PROGRAM TELLl (INPUT,QUTPUT,TAPE98,PLOT,TAPE99=PLOT) 
D1MENSION XL(l501,XHCl501 

DIMENSION JH( 1501 ,HDIFFC 150),JL( 1501 ,BDIFF<l501 ,P(150)",R( 150) 
DiMENSION BVH(150),BVLI150),D2L(150),D2H{150) 

G- 00 157 
156 CONTINUE 

PRINT 378,·VH,VL 
378 FORMAT (lHl*VH,VL= *2F~.11 
101 JH=O 

IL=O 
100 READ I,JRL.JRH,APL.JPH 
1 . FORMAT (415) 

•. D=JRL-JRH 
l'CD.EQ.O.O) GO TO 155 

Db 4001=1,150 
P(I)=O.J 
R(Il=O.O 

400 CONTINUE . 
R~AD 2.(R(Il,Y=JRL.JRHl 
READ 2. (PCI1,I=JPL,J~Hl 

2 ~ORMAT C12X,FlO.2J 
JS-JRL 
IF~JPL.LT.JRL' JS=JPL 
JE.·JRH 
IFiJPH.GT.JRH, JE=JPH 
PRINT 3,(J,P(J,.R(J),J=JS,JE' 

3 FORMAT (IX,15,5X,FI0.2.5X,FlO.21 
40lJO=JPL-2 

IF(JO.LE.l1 GO TO 403 
IFCR(J01.EQ.0.01GO TO 402 
IL=IL+l 
BDIFF(IL)=R(J01-P(JPL' 
JLCIL)=JPL-l ' . 

. XLCIL1=(JL(IL'+.51**2 
BVLC IL1=BDIFF( Ill' (4.0*CJLC IL1+.S' I 
IFCIL.EQ.l1D2L(I'=0.0 
IF (IL.EQ.l ) GO TO 402 
D2LC!Ll·0.0 
J8~JLCIL1-JLCIL-l1 
IFCJB.NE.l1 GO TO 402 
DZlCIL)=BDIFF(IL'-BDIFF(IL-l' 

402IFCR(JPL).EQ.0.0) GO TO 403 
IH-IH+l 
~DIFFCIH'=RCJPL'-PCJPL' 
JHCIH)=JPL 

XHCiH)=(JHCIH'+ 5,**2 
BVHCIH1=HDIFF(IH1'(4.0*CJHCIH'+.5'1 
IFCIH.EQ.l' D2HC11=O.O 
IFCIH.EQ.I1GO TO 403 

·D2HCIH)=O.O . 
JS=JHCIH'-JHCIH-l' 
IFeJB.NE.l1 ~O TO 403 
D2HCIH)=HDIFF(IH'-HDIFFCIH-l, 

403 JPL.JPL+l 
IF CJPL.LE.JPH, GO TO .401 
GO TO 100 

155 '. CONTINUE, 
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PRINT 181 ,VH,VL 
181 FORMATI1Hl*LOWER ~TATE OF *2F5.1/1X*J*4X*C-DIFF*4X*2ND DIFF* 

1 2X*BV*) 
PRINT 17,IJLII),BDIFFII),D2LII),BVLlI),I=1,IL) 
IN~O . . 
DO 19 J= I,lL 
IN-rN+1 
9VLI IN)=BVL/J) 
XLlIN)=XLlJ) 

19 IFlBVLIJ).GT.O.8.0R.BVLIJ).LT.O.1) IN=IN-1 
IL=IN . 

CALL GRAPH I XL,BVL,IL) 
CALL LINE I XL,8VL,IL) 

PRINT 18 ,VH,VL . 
18 FORMATI1Hl*UPPER STATE OF *2F5.l/lX*J*4X*C-DIFF*4X*2ND DIFF* 

1 2X*BV*) 
PRINT 17,IJHII),HDIFFII),D2HII),BVHII),I=1,IH) 

17 FORMAT I1X,I5,315X,F10.5» . 
IN=O 

DO 20J =l,IH 
IN-IN+1 
8VHIIN)=BVHIJ) 
XHIIN)=XHIJI 

20 IFIBVHIJ).GT.0.8.0R.BVH(J).LT.0.1) IN=IN-l 
IH-IN 

CALL GRAPH ( XH,BVH.IHI 
tALL LINE . (XH,BVH,IH) 

157 READ 5,VH,VL 
5 FORMATI2F10.2) 

IF IVH.LT.99.0) GO TO 156 
END 

SUBROUTINE GRAPH (X,y,NT) 
COMMON/CCPOOL/XL,XH,YL,YH,CXL,CXH,CYL,CYH 
DIMENSION ROUND(4) 
DIMENSION X(150),Y(150) 
XMIN=FMIN(NT,X) $ XMAX=FMAXINT~XI 
I~"XMAX+4.0 

IA-O 
XL=IA $ XH=IS 
NXL=12 
NYL=7 
CXL=100. $CXH=1300. 

CYL=20U. $ CYH =900. 
NROUND=4 
ROUND(1)·1.0 
ROUND(2)=2.0 
ROUND(3)=2.5 
ROUND(4).5.0 
CALL LINEUP (y,NT,ROUND,NROUND,NYL,YL,YH) 
CALL CCGRID (NXL,6HLAAELS,NYL) 
CALL CCPLOT (X,Y,NT,6HNOJOIN,8,1) 
CALL CCNEXT 
RETURN 
END 
FUNCTION FMIN(N,X) 
DIMENSION XI100) 

A = X(l) 
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DO 10 I=I'.N 
,IF (X(I).LT.A) A. XIII 

10 CONTINUE 
F"'1IN = A 
RETURN 
END 
FUNCTION FMAX(N,X) 
DIMENSION X(lOO) 

B = X(lI 
DO 11 I:ol,N 

IF (XII) .GT.S) ~. XII) 
11 CONTINUE 

FMAX= B . 
REtURN 
END 
. SUBROUTINE LINE (X,Y,M) 
'nIME~SION X(150),YC150) 
rA=O 

3 CONTINUE 
SX=o.o 

·Sy=o.o 
SXy=o •. ", 
5X2=J.O 
DO 1J =I,M 
SX=SX+X(J) 
SY=SY+Y(J) 
S X Y = SX Y +X ( J ) * Y C" ) 

.. SX2=SX2+X (J) **2 
1 CONTINUE 

.R=M 
I)=R*SX2-SX**2 
Cl= (R*SXY-SX*SY)/D 
C2= {SX2*SY-SX*SXY)/D 
PRINT 2,Cl,C2 

-92-

( 

2 FORMAT (lX*LEAST SQUARES FIT OF LIN~Cl X+(2=Y*/I0X*Cl=* 

5 
6 
4 

7 

1 E12.5/10X*C2=*E12.5) 
I~IIA.GT.~) GO TO 7 
TEST=.015 
J=O 
IA=l+IA 
DO 4 I= l,r-l 
YT=Cl*X(I)+C2 
DI= ABSlYT-Y(I» 
IF(DI.GT.TEST) GO TO 5 
J=J+l 
XIJ)=XII) 
YU)=YCI) 
GO TO 4 
P R (N T 6, X ( I ) • Y ( I ) ,D I 
FORMAT C/'l/40X,3F15.5) 
CONTINUE 
~1=J 

GO TO 3 
CONTINUE 

RETURN 
END 
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Sample Data Deck for the (4,2) Band 

11.0 
45 

2.0 
2.S 2'1 47 

12884.'59 1l.767.13 .. 12883.ti5 "12763.L7 
12882.8 i 12759.05 
12.881.56 1275~.'i2 
12880.43 12.746.49 ,. 12879.20 ')7. 61 54 63 
12877.67 1;>S3e.ll 
12876.63 1263~./tO 
12i'P5.1 1, 1?B30.V, 
12873.78 i282? .'\5 
12872.41 121";25.07 
12870.31 1282,1.79 
12868.1'0 12818.80 
12867.14 12814.9<) 

blank 12t310.49 
blank . 12803.94 
blank 12752.90 
blank 1 ? 71,6 .1, '1 
blank 12742.01~ 

UB5't.33 12737.72 
12848.50 12733.50 
12649.45 12nS.79 
12847.29 12724.0,) 
12844.76 12718.83 
L2842.25 12712.68 
12.839.63 12704.65 
12836.99 61 .69 63 71 
12834.41 12811.56 
12831.72 12806.0'; 
1282.8,.84 128C2. 9 j 
12625.97 12799.37 
12822.86 12796.15 
12819.96 1279~.46 
12816.83 12789.05 
12813.80 12784.81 
12810.47 12782.58 
12807.09 12712.01 
12803.94 17705.<;) 
12800.59 17700.63 
12797 .O~ 1269? .1, It 

1279.3.57 12690.6S 
12789.92. 12685.36 
127S6.29 12680.61 
12781.49 1267-;.:;8 
12774.71 12670.68 

46 52 48 5'1 blank 
12.850.86 
\2B48.56 
12846.12 
12843.64 
12841.05 , 12838.58 
12831.61 
12775.07 
12771.14 
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6. TELL 2 calculates and plots T/4J vs J (see E9.:.4). The same data 

deck setup used for TELL 1 can be used here. Sample plots are shown 

in Figs. 8--13. 



, 
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PROGRAM TELL2(INPUT,OUTPUT,TAPE98,PLOT;TAPE99=PLOT) 
DIMENSION R(150) ,P(150),X(150) ,TI150) 
GO TO 157 

156 CONTINUE 
PRINT 378, VH,VL 

378 FORMAT (lHl*VH,VL= *2F5.1) 
IT=O. 

100 READ 1,JRL,JRH,JPL,JPH 
1 FORMAT (415) 

D=JRL-JRH 
IF ID.EO.O • ..J'· GO TO 155 
DO 31=1,150 
R CI ) =0.0 
PIIl=OoO 

3 CONTINUE 
READ 2, IR'I)~I=JRL,JRH) 
READ 2,IP(I),I=JPL,JPH) 

2 FORMAT 112X,F10.2) 
JTEST=JRH+1 
J-JRL+2 

4 IF{J.GT~JTEST) GO TO 100 
IFIPIJ+1).EO.O.O.OR.PIJ'.EO.O.O.OR.R(J-1,.EO.0.O.OR.R(J-2'.EO.0.) 

1 GO TO 5 
A=J 
IT= IT+l 
T(IT,=IRIJ-2'-RIJ-1)+PIJ'-PIJ+1),/(4.0*A) 
XIIT,=A 
PRINT 6,XI IT, ,TI IT, 

6 FORMATI1X,2F10.5) 
IF(TIIT).GT.0~1.0R.TIIT'.LT.O.02) IT=IT-1 

5 J=J+l 
GO TO 4 

155 CONTINUE 
CALL GRAPH(X.T,lT) 

157 READ 25,VH,VL 
25 FORMAT 12F10.2) 

9 

IF (VH.LT.99.0) GO TO 156 
CALL ((END 
END 
SUBROUTINE GRAPH (X,y,NT) 
tOMMON/((POOL/X~,XH,YL'YH'CXL,(XH'(YL,(YH 

DIMENSION X(150) tY(150) 
XMIN=FMIN(NT,X) $ XMAX=FMAX(NTtX, 

IFIXMAX.LT.100.)GO TO 9 
JA=XMAX/4.0+1.0 
A=JA 
NXL=JA 
XH=JA*4 
(XH=100.+100.*A 
GO TO 10 
CXH=26vO. 
XH=100. 
NXL=25 

10 XL=(..J.O 
NVL=8 
YL=.02 

YH=.1 
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CYL=200. 
CYH=9()O. 
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CALL (CGRID CNXL,6HLARELS,NYL) 
CALL CCPLOT CX.Y.NT,6HNOJOIN,B.1) 
CALL CCNEXT 

'RETURN 
P·W 
,FUNCTION FMINC~.X) 
,DI~ENSION X(100) 

A = XC 1) , 
DO 10 I=l,N 

IF (X(I).LT.A) A = X(I1 
1v CONTINUE' 

FMIN = A 
RFTURN 
END 
FUNCT10N FMAXCN.X) 
DIMENSION XCIOO)' 

B = XC!) 
DO 11 I=l,N 

IF CX(I)~GT.B) R =X(I) 
11 cnNTINUE 

FM~X = R 
RETURN 
E"!D 
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7. ORIGIN ~alculates and plots [(R(J-l) + P(J))/2] vs J2 (see Eg. 6) 

and the left-hand side of Eg. 7 vs J. It uses the same data decks as 

" TELL 1 only the second data card for each band has B (format lOX, FlO:2). 
v 

Sample plots are given in Figs. B-6 and B-7. 
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Fig. B-6. Plotof [(R(J-l) + P(J))/2] vs J2 for the (0,0) 

band from program ORIGIN. See Eg. 6. 
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Fig. B-7. Plot of [BV"-~J(J+I)[P(J)+R(J..,2)] - (J-I)[P(J+I) + R(J-·I)]} 

vs J for the (0,0) band from program ORIGIN. See Eq. 7 . 
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PROGRA~~ OR I GIN I INPUT, OUTPUT, T APE:98, PLOT, T APE99=PLOT ) 
Ort-1ENSION RII50),PllS0),XI150),TIISO) .. 
DIME~SION VIII~O),V2(1501 .. 
DIMENSION XIIISO) 

·GO TO 157 
C6NTINUE 

PRINT 378,VH,VL 
FORMAT I1Hl*VH.VL=*2FS.l) 
READ 7,~Vl.RV2 
~ORMATI2FlO.5) 

IT=O 
READ 1,JRL,JRH.JP(.JPH 
FORMAT (4IS) 
D.=JRL-JRH 
IF (D.EO.O.O) GO TO 155 
DO 31.=1.150 
R II) =0. 0 
PII)=O.V 

3 CONTINUE" 
READ 2. IR( I), I=JRL.JRH) 
READ2.IP/I).I=JPL.JPH) 

2 ~ORMAT /12X.FIO.2) 
,JT E$T=JRH+ 1 
J=JRL+2 . 

4 IFIJ.GT.JTEST) GO TO 100 . . . 
IF/P/J+l).EO.O.O.OR;P/J).EO.O.O.OR.RIJ-l).EQ~O.O.OR.R/J-'2).EO.O.1 

IGO TO 5 . 
A=J 
n .. I T+l 

VII IT)=BV2+.25*/ /PIJ)+RIJ-2) )*IA+l.O)-/P/J+l)+R(J-l) 1*/A-l.O» 
V 2 II T) = I R I J-l ) +P I J) ) 12.0 
x(lT)=A*A 
XlIIT)=A 
PRINT 8.A.Vl/ITl.V2(ITltX(IT) 

8 FORMAT (lX.413X,FI0.2» 
IFIV21ITI.GT.15000.0.0R.V2/IT).LT.I0000.0) IT=IT-l 
IF IVl/ITI.GT.15000.0.0R.Vl/yTI.LT.10000;U) rT=IT-I 

5 J=J+l 
GO TO 4 

15S CONTINUE 

157 
25 

CALL LINE/X,V2,ITI 
CALL GRAPHIX,V2,IT) 
CALL GRAPH /Xl,VI,IT) 
READ 25,VH.VL 

FORMAT 12FI0.2 ) 
IF (VH.LT.99.0) GO TO 156 

CALL ((END 
END 
SUBROUTINE GRAPH /X,Y,NTI 
COMMON/(CPOOL/XL,XH,YL,YH'CXL,CXH'CYL'CYH 
DIMENSION ROUNDI41 
DIMENSION X(150),Y/150) 
XMtN=FMIN/NT.XI $ XMAX=FMAXINT,XI 
IA=XM!N-4.U 
IB=XMAX+4.0 

XH=IS 
XL=O.O 
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CXL=100. $CXH=1300. 
NXL=12 
NYL=7 

CYL=200. $ CYH =900. 
NO=NT+l 
Y(NO)=FMAX(NT.Y) +25. 

NROUND=4 
ROUND(I)=I.\) 
ROUND(2)=2.0 
ROUND(3)=2.5 
ROUND(4)=5.0 

CALL LINEuP (Y'NO,ROUNO'NROU~O,NYL,YL'YH) 
PRINT 1, YL,YH .. 

1 FORMAT (20X*YL,YH=* 2FI5.5) 
.YWHY=(YH-YL)/7.0 
PR IN T 2, Y't-iHY· 

2 FORMAT (20X*DIVI~ION=* FI5.5) 
CALL CCGRID (NXL,6HLA9ELS.NYL) 
CALL CCPLOT (X,Y'NT,6H~OJOIN,8,1) 
CALL CCNEXT 
RETURN 
END 
FUNCTION FMIN(f\l,X) 
DIMENSION X(lOO) 

A=X(ll 
DO 10 I=I,N 

IF (X(I).LT.A) A = X(I) 
10 CONTI NUE 

FMIN :i A 
RETURN 
END 
FUNCTION FMAX(N,X) 
DIMENSION X(10J) 

B = X(I) 
DO 11 I=I,N 

IF (XII).GT.8) B = XII) 
11 CONTINUE 

FMAX = B 
RETURN 
END 

SUBROUTINE LINE (X,y,M) 
DIMENSION X(150),Y(150) 

IA=O . 
3 CONTINUE 

SX=O.0 
SY=O.O 
SXY=O.O 
SX2=O.O 
DO IJ -nM 
SX=SX+X(J) 
SY=SY+Y(J) 
SXY=SXY+X(J)*Y(~) 

SX2=SX2+X(J)**2 
1 CONTINUE 

R=M 
D=R*SX2-SX**2 
Cl= (R*SXY-SX*SY)/D 
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C2~ (SX2*SY-SX*~XY)/D 
PRINT 29C1,C2 
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2 FORMAT (IX*LEAST SQUARES FIT OF LINE Cl X+C2=Y*/IOX*Cl=* 
1 FIO.5/10X*C2=*F15.5) 

r~{rA.GT.O) GO TO 7 
TE5T=25. 

'J=J 
IA=l+IA 
DO 4I=1.M 
YT=Cl *x ( I f+( 2 
DI:::, ABS(YT-Y( I» 
rF(Dl.GT.TEST) GO 'TO 5 
J:::j+l 
X(J )=X ( I ) 
Y (J )=Y ( I ) 
GO TO 4 

5 PRINT 6,X(I) ,Y(I),Dr 
6 FORMAT (11140X,3F15.5) 
4 CONTINUE 

M=J 
GO TO 3 

7 ,CONTINUE 
RETURN 
END 
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8. VIBDIF calculates and plots A/2 vsJ2(see Eg. 10). The input data 

is two TELL I-data decks of two bands having the same upper vibrational 

level. . 

• 
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PROGRAM V I BD I F (HNPlH ,OU TPUT, T APE98, PLOT, T APE99-PLOT) 
DIMENSION R(IS0),P(lS0),V(2,Z), X(lS0),T(Z,150),A(150) 
PRINT 1 

1 ~O~MAT (IHl,20X*(R(J-l)-PtJ»/2 ~VO+(B'-B")J 2 =T*1 
DO 141=1 tlSO 
T(1,1)=O.O 
H2,I)=0.0 

14 CONTINUE 
I-I 

20 IF(I.GT.2) GO TO 21 
READ 10,V(I,1),V(I,2) 

10 FORMAT (8FI0.2) 
PRINT 11,~(I'I). V(I.2) 

11 FORMAT(/I*V', VII= * 2FIO.Z) 
100 READ 12,JRL.JRH,~PL.JPH· 
12 FORMAT (4IS) 

D-JRL-JRH 
IF(D.Ea.O.O) GO TO 15S 
DO 13 'IK=1.150 
R(IK)=O.O 
P( IK)=O.O 

13 CONTINUE 
READ2,(R(IK),IK~JRL.JRH) 
READ 2. (P(IK),IK=JPL.JPH) 

2 FORMAT (12X.FIO.2) 
J:iJPL 

6 IF (J.GT.JPH) GO TO 100 
4IF(R(J-l).Ea.0.0.OR.p(J).Ea.0.0) GO TO S 

HI, J)= (R ( J-l ) +P (J) ) 12.0 
PRINT 15,J,T(I,J) 

15 FORMAT (3X.I5,F15.5) 
5J=J+l 

. GO TO 6 
1551=1+1 

GO TO 20 
21 IT=O 

. _' OD_L6_J = Lt_15C>!0-=--=-~---=--:-:::---;--:---=:--::---::-:---::-;;;-:;=--:;-:;;--___ --,-________ _ 
,IF(T(1,J).Ea.0.O.OR.T(2,J).Ea.O.O) GO TO 16 
rr .. IT+l 
IF (V(1,2).GT .V(Z,2) )ArITI=T(Z'Jl~Ttl,J) 
IF(V(I,Z).LT.V(Z,21) A(IT)=T(I,J)-T(Z,J) 
H=J 
X(IT)=H*H 
PRINT 17,J.X( nltA( IT) 

17 FORMAT (3X,I5,ZF15.5) 
[F( A( IT) .GT.8000.0.0R.A( ITl.LT.-IO. I·· IT=IT-l 

16 CONTINUE 
CALL LINE (X,A,IT,Cl,C2) 
CALLGRAPH (X,A.IT) 
CAL.L CCEND 
END 

SUBROUTINE GRAPH (X,Y,NT) 
COMMON/CCPOOL/XL,XH,YL.,YH,CXL,CXH,CYL,CYH 
DIMENSION ROUND(4) 
DIMENSION X( 150ltY(150) 
XMIN=FMIN(NT,X) l XMAX=FMA~(NT,X) 
. IA=O 

. II 
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IB-XMAX+4.() 
. 'XL-IA $ 

CXL-lOO • 
. NXL-12. 
NYL-7 . 

CYL-200. 
.NROUND-4 
ROUND( 1)-1.0 
ROUND(2)-2.0 
ROUND(3).2.5 

.ROUND(4)-5. u 

S 
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XH-IB 
SCXH-1300o 

CAL.L LIN!EUP (Y,NT,ROUND,NROUND,NYL,YUYH) 
YH .. YH+25. 

CALL CCGRID (NXL,6HLABELS'NYL) 
CALL CCPLOT (X,Y,NT,~HNOJOIN'~8,1) 
CALL CCNEXT 
RETURN 
END 
FUNCTION FMIN(N~X) 

.DIMENSION X(100) 
A .. X(ll 

.DO 10 I=l'N 
IF (X(I).LT.A) A" XCII 

10 CONTI NUE ' 
FMIN = A 
RETURN 
END 
FUNCTION FMAX(N,X) 
DIMENSION X(lOO) 

B - X(I) 
DO 11 Ial,N 

IF (xIII.GT.B) ,,- XII) 
11 CONTINUE 

FMAX = B 
RETURN 
END 

SUBROUTINE LINE (X,Y,M,Cl,C21 
DIMENSION X(150),Y(150) 

IA=O 
CONTINUE 

SX=U.O 
SY=O.O 
SXY=O.O 
SX2=O.O 
DO 1J =l,M 
SX=SX+X(J) 
SY=SY+Y(J) 
SXY=SXY+X(J)*Y(~) 
SX2=SX2+X(J)**2 
CONTINUE 
R:oM 
D=R*SX2-SX**2 
C1= (R*SXY-SX*SY)/D 
C2~ ~SX2*SY-SX*SXY)/D 
PRINT 2.C1,(2 

FORMAT (IX*LEAST SQUARES FIT OF LINE (1 X+(2=Y*/I0X*(1=* 
1 FIO.5/1 0 X*C2=*F15.5) 
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IF(IA.GT.O) GO T07 
TEST=lO. 
J=O 
IA=l+IA 
1)0 4I=1,~ 
YT=Cl*X(I)+C2 
DI= ABS(YT-Y(I» 
IF(DI.GT.TEST) GO TO 5 
J=J+1 
X(J,=X( I) 
Y(J)=Y(I) 
GO TO 4 . 

5 PR I N T 6, X ( I ) ,y ( I ) , D f 
6 FORMAT (/1140X,3F15.5) 
4 CONTINUE 

M=J 
GO T03 

7 CONTINUE 
RETURN 
END 
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