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ABSTRACT 

Photographic -extreme-infrared bands of CaO have been characterized 

l l 
by a vibrational and rotational analysis as par~ of a known A z - X 2: 

transition. Is.otopic shifts with 18o were measured for the infrared 

and green bands. Head measurements for the orange ·system are given. 

A discussion of low-lying levels of CaO ahd a _way of determining the 

absolute v numbering in levels which perturb the A1Z state are presented. 

i. 

·'·· 

·, .. 

. :, .' 



I~ 

... 

1 

I. INTRODUCTION 

The interpretation of all observed spectra of the diatomic alkaline 

earth oxides is far from complete. Generally the simpler-appearing 

features have been analyzed while strong complex features remain un-

analyzed. In keeping with their appearance, all analyzed spectra have 

turned out to.be singlet transitions while no apparent triplet transi-

tions·have been reported. However, theory predicts the existence of 

low-lying triplet states for the alkaline earth oxi~es, so we can expect 

triplet transitions to occur. The problem with the remaining unanalyzed 

spectra of CaO is that they are .very· complex. •· There is a great deal of 

overlapping of 'lines within.the spectra and a rotational analysis would 

be quite difficult. Also, if one supposed that singlet and triplet 

systems were known for CaO there vrould still be the problem of relatin~ 
~~ 

the two systems on an energy scale. This problem exist~ because transi-

tions between singlet and triplet states are exp-ected to be· weak~ 1 

In the calculation of thermodynamic quantities from spectroscopic 

data, good estimates of energies of the low-lying electronic states are 

needed. Also, it is necessary to know the number of substates of each 

··electronic state. For instance, a 3n state consists of six substates 

. and a 1
L: consists of one. 'rhus a 3n state has six times the weight in 

thermodynamic calculations as that of a ·l.l: state • 

. One then, needs a reliable way of estimating the energies and the 

kinds of states that exist. A semiempirical treatment of molecular 

orbital theory makes this possible. Simple molecular orbital theory 

groups molecules by the number of electrons in the 's and p shells of 

the constituent ~toms. 
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Such molecules as c2, BeO, and CaO are isoelectronic ,,,ith a total 

.of eight electrons. By tabulating the kno~~ states of a group of iso-

electronic molecules, one can see the trends in energy in going from a 

homonuclear to a heteronuclear molecule, or from a light to a heavy 

molecule, etc.:. The trends of interest are the shifts of energy of analo-

gous states with respe'?t to the ground state and the change in splitting 

between states which originate from the same molecular orbital configurations. 

. On this basis, estimates are made for the positions of unknown states. Pro

fessor BrevTer has correlated the data for c2 and ·the alkaline earth oxides. 2 

Estimates of energies for the predicted but unknown states were made by 

following the tendency of the states to be more closely spaced in going 

to heavier atoms and by making the assumption tha~ energy separations for 

states coming from the same molecul~r orbital configuration do not change 

much between isoelectronic molecules. Since triplet states are not known 

for the alkaline earths, the positions of known singlet states and the 

energy separations between singlet and triplet states of c2 can be use'~ 

to predict their positions. The lowest lying 3n is of particular intetest; 

and so the position of the 111 from the same configuration becomes important. 

For c2, BeO, and MgO the position of this 111 is known, but for CaO it is 

not. In the spectra of CaO some yet unanalyzed bands were listed in the 

photographically extreme infr§J.red by Megger's. 3 . Professor Brewer noticed 

. that these bands were in the same region as one would expect for a tran

sition involving the above mentioned 1n. 
This 'W'ork reports the .investigation of those bands. Also the 

orange and green systems, often seen inCa arcs, have been investigated. 4 

' ·~ 

tJ! 
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II. INVESTIGATIONS 

A. Infrared Bands 

1. Previous Work 

Bands assigned to CaO have been measured from the ultraviolet to 

the infrared by many people. However, Lagerq_vist (195.0) was the first ~ 

to make a correct rotational analysis of a band system. 5 The bands 
0 0 

Lagerq_vist analyzed are located from 7000A to 9400A. The transition 

was labeled A1L:-J2-L:. · The analysis was made difficult because. of a large 

number of perturbations in the A1~ state. The blue and violet systems 

of CaO were later analyzed by Lagerq_vist (1953) and respectively labeled 

B1L:-~ and c1E-x?-E transitions. 6 Meggers (1933) reported two infrared 

systems. O~e involves the bands of the A~-xlE system but with a wrong .· 

vibrational assignment, and the other lists bands fUrther to the infra-

0 0 7 " 0 
red from 9200A to 10.,500A. Lagerq_vist also·~mentioned a 9215A band a~d 

others·~her to the red of his 0-1 transition which are not part of the 
~-

.t 

·system. As previously mentioned_, these unanalyzed bands are 

of interest because they may represent the. expect~d A1z-lrr transition. 

2. Method 

In the past many q_uest.ions about vibrational assignment have been 

answered by making .use of the change in me for an isotopic molecule • . 
Herzberg shows that the fUrther one gets from the 0-0 band in a pro-

gression (0-0 represents a transition between the vibrational level 

v 1 =0 for the upper state and v".::::O forth~ lower state) the greater,the 

isotopic shift. 8 If the change in isotope is from a lighter to a heavier 

one, the band system compresses and the band.s move closer to the 0-0 band•;' 

.· .! . 
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The energy shift of a band is proportional to the vibrational energy 

change for that band •. For instance, a 0-2 band will experience approxi-

mately twice the shift of a 0-1 band. The'proportionality factor is 

(1) 

Here ~ is the reduced mass for the molecule containing the lighter isotope 

and ~i the same for the heavier isotope. The equations and symbols for 

vibrational energy are taken from Herzberg: 

G=ro 
e 

(v + 1/2) -

For the . ·isotopic molecule 

Q)X 
e e 

2 
(v + 1/2) + •••• (2) 

(3) 

(4) 

.... (5) 

Isotopic shifts are also important in that they verify the nature of 

the emitter since the calculated and experi..'llental p must agree.: 

+'J:le rot.~tional analysis. of a band is more difficult and tedious. 

than a. vibrational analysis, particularly if there are perturbations, 

but the work is essentially cut in half if one of the states has already 

been characterized •. This would be the case :f'or .. a Al~-ln transition. 

because tJ:).e second differences. (t?F) for the A1'Z fr~m L~gerqvi~t can. 

be used to find the correct analysis. The equations and symbols for 

rotational energy are taken from Herzberg: 
r 
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F (J) = B J(J+l) - D J
2
(J+l)

2 
v v . v -

= 4B (J+l/2) - 8D (J+l/2)2 
v .- v 

= R(J-1) - P(J+l) 

T/4J = R(J~2) - R(J-1) + P(J) - P(J+l} 
. 4J : 

= B"- B' + 6D" + 2(D'-D")J2 
v v 

(6) 

(8) 

(9) 

The l::ight source was a reduced pressure arc between 

Ca electrodes_. · The arc is enclosed and operates in helium gas at a pressure · 

of about 1 em. Watercooled electrodes and a glass enclosure were built 

by 1'-1. A. Boggio. 9 The arc assembly is pictured in Fig. 1. The arc was 

operated :f'rom .a 300 volt d.c. power supply. - Voltages across the elec

trodes were of the order of 50 volts but the voltage fluctuated with the . 

arc. ·The arc was started with a Tesla coil and 300 volts across the 

electrodes. A ballast of 250 ohms, in series, held the current flow to. 

one ampere. 

The arc ·was operated between 1/4 in. dia.meter rods of high purity 

10 .calcium metal. The rods were wedged into their holders and placed so 

that the tip of the anode was about 1/4 in. from the side of the cathode. 

The anode.' rod had a 1/16 in. hole. bored through·it so that oxygen could 

flow intQ the discharge region~ The oxygen flow was .kept to a minimum be..: 

cause of the price of · 
18o It was found that 100 ml of oxygen at one 

- 2' 
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Fig. 1. Arc used as· a light source for CaO spectra. 
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16'' ' 
atm. lasted for about one hour. The · . 02 and the helium were contained 

in l liter glass bulbs at 1 atm. 11 The 18o
2 

comes in 100 ml cylindrical 

glass bulbs at 1 atm. 12 A typical run would involve: 

1. Evacuation of system by a forepump. 

2. Closing off the pump, addition of helium to a pressure of 1 em 

and operating the arc for a short time. 

3 .. Re-evacuation of the system by the forepump. 

4. The addition of helium to a pressure of .1 em .and the start of 

. a slow oxygen floiv. 

The arc and condensing lens "'ere positioned so that the arc spot 

from the anode was focused just off the slit of the spectrograph. The 

light from the arc spot gives off a considerable amount .of black body 

radiation and arrangements were made to look at the light just beyond 

the arc spot.- · The anode was so arranged that W?-ndering of the arc spot 

on the tip moved the spot in a direction parallel to the slit. Also a 

.piece of quartz tube was slipped over the Ca metal anode to prevent ~he 

·arc spot from wandering away from the. tip. This arrangement was very 

satisfactory, and the arc operated for long periods of time without 

extinguishing. 

b. Spectrographs. Low dispersion exposures were taken on an instrument 

' 13 
·with a .Czerny-'l'urner mount and a 1.5 meter light path. Gratin€:s are 

easily interchangeable as each has its own kinematic mount; The grating 

used has 600 .lines per mm and is blazed at 11-1. The dispersion is 

~pproximate+Y 20A/mm in first order. The rated f number of the instru

ment·· is 6.8. 

For high dispersion work the 20 ft. Czerny-Turner mount of the 

Berkeley Physics Department was used. The grating was 300 lines per mm 

and is. bl~zed at 64 degrees which corresponds t~ about 61-1. It was used in 

the 6th order and yielded a dispersion of about iA/mm.l4 

. \ 

~ . 

· ... 
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c. Photographic plates, exposure times, and hypersensitizing procedure 

Kodak I-Z and I-M emulsions were used. Tne I-M emulsion was used 

out to its limit of about 1~ and the I-Z emulsion from there on. Both 

needed to be hypersensitized before using. 

The exposure time for the low dispersion pla. tes was about 5 minutes 

for those bands photographed with a I-M emulsion and 15 minutes for those ' 

photographed with a I-Z emulsion. For high dispersion, an e:x;posure time 

of 7 hours was used to· obtain the more intense bands seen with a I-:M 

emulsion in low dispersion. 

HYPersensitizing was necessary-and the following procedure was ·used. 

The plates were first put into a 1 part (281/o ammonia solution), 100 parts 

water m.L"'Cture '~t 0°C for three minutes. They were ,then placed in 9~

ethanol for three minutes. Both baths should be r<;>cked to insure uniform 

sensitizing.. Once the plate is removed. from the ethanol it should be 

dried as quickly as possible. This can best be done by quickly wiping 

the· plate on a sponge and then drying it in a cool airstream. The plates 

need to be compJ..etely dried in order to k~ep fogging to a minimum. 

Drying times up to 10 minutes were used. 

d. Measurements and standard lines. .Argon standard lines were used in both 

t~e low and high dispersion work. Additional lines of Ca II and oxygen were 

used for the high dispersion work. 15 Measur~ents for the rotat'ional analy-

:) ' 

sis -,.,ere :made_, on an automatic comparator located in the Berkeley Astronomy 

116 
Department~ A reduction program developed by-Professor John Phillips was ~~ 

used to convert the screw readings from the comparator to wavelength and 

· wave numb eJ! values~ 

·'•1 ,. 
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. 4. Results 

The infrared band heads from 9000A to 10, 6oo.A were photographed and. 

measured at a dispersion of lOA/mm. · The measurements agree satisfactorily 

·with Meggers. 17 In addition more bands in each of Megger's sequences 

have been measured. 

Photographs and measurements were also taken for the isotopic 

molecule ca
18o at the same dispersion. Surprisingly the shifts in 

16 18. 
energy between bands of Ca' 0 and· Ca 0 did not appear to be .as regular 

as expected. It was not until calculations were made for· the positions 

. 1 1 
of members. of the 0-1, 0-2, and 0-3 sequences of Lagerqvist 's A ~X L: . 

transition that the nature of the bands became obvious. Calculations 

showed that the sequences would have the same appearance as the measured 

bands~ In particular the 0"...1, 0-:-2·, and:"0-3 sequences moved to the violet 

because of the differences in b:Gv·'rl/2 of the uppez; and lower states 

while the bands remained red degraded since B" remains larger than B' 

even out to high v·n~~bering. This ·must have caused some confUsion to 

earlier workers because, ordinarily, bands are degraded in the direction 

that the sequence moves. The· measurements also agreed moderately well 

with those calculated from Lagerqvist data. The bands and their vibra-

. tional assignment are shown in Figs. 2-4. The measured heads are given 

in Table I. 

· The explanation for irregular shifts in position fqr the bands heads 

comes fromJa shifting of the many perturbations· that Lagerqvist reports 

. 1 
in th.e A ~ state. A change in perturbation is evidenced by the fact that 

16 ' 
· for Ca 0 the 2-v" band heads· do not appear (because of an eXtensive 

. ) 18 . 
pert't.irbation at the J values which fo!'lll the head while for Ca• 0 they · 

appear quite strongly. · 

'·• 
,.· 

t'., 

\ ;. 

.'. 
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4-5 2-3 
0 . 

( Ar} 
0 

9354.22 A 
( Ar) 

0 

9122.97 A 

H 'l b • 
·· .... ·.· JL] 

I 
9-11 

from 0-2 
seq uence(Ar) 

0 

965 7.78 A 

16 '18 
Fig. 2 Spectrogram of 0-1 sequence; a) Ca 0, b) Ca 0 

....,... . 
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Fig. 3 
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9-11 
I I 

6-8 
I· I 

3-5 0-2 
1. I II 

I II I I 1111\ 
9-IJ 6-8 3:-5 0-2 

(A r) 
"'J'O 

( Ca" ) 
0 0 

9657.78 A 9890.63 A 

Spectrogram of 0-2 sequence, c) Ca
16o, d) ca18o 

c. 

d. 
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11-14 9-12 6-9 . 3~6 0-3 

I I I I I II 
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I I////////, 
f. 

11-14 9-12 I I I' I I I' II 6-9 . 3-6 0-3 
·{Co) · {Ar) 

0 
(Coy) {Ar) 

10,470.05 A 0 

9890.63 A 
0 

10,673.57 4 

Fig. 4 e)cal6o, .t:>) Cal8o Spectrogram of' 0-3 se~uence, ~ 
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Table I. 

v' -v" 

o:.- 3 
1 _. 4 

2 - 5 
3 - 6 

4 - 7 
5 - 8 
6 - 9 
7 - 10 

. 8 - 11 

9 - 12· 
10 - 13 

v' -v" 

0 - 1 

1 - 2 

2 - 3 

3 - 4 . 

·4 - 5 

'5 - 6 

-13-

Measured band heads of ca1~o and Ca18o and vibrational 
assignment for the A1z - X 2: transition. · 

ca166 ca18o v'v" Ca
16o Ca 180 

0 

10615.3 A. 
0 

0 - 2 9878.9 A 9827.7 A 

10599· 7 

10533·3 
10491.4 
10444~7 

10396.6 
10340.0 
10289.0 
10221.5 
101:54.9 

16 Ca,. 0 

0 

9215.4 A 
9199.1· 
9178.9 

0 

10479.8 A 
10450.7 
10412 .) 

.10370.7 
10323.6 
10277.2 
10223.6 
10170.0 
10109.6 

180 Ca 

0 

9202.5 A. 
9194.2 
9179.6 

l -.3 9874.6 982).6 
2 - 4 9803.7 
3 - 5 9835.0 . 9786;4 
4 - 6 9807.4 9761.4 

5 - 7 9775.4 9732.4 
6 - 8 9741.3 9698~1 

7 - 9 9700.5 9665.9 
8 - 10 9662.2 9625.5 
9 - 11 9612.6 9585.6 

10 - 12 9562.4 9539 ·9 
i1 - 13 9512.1 

... 
9493·9 

12 - 14 9456.8. 9442.8 

.. i 

.J .• 
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ey taking the proper differences, the values ffi~+l/2 and G"v-1:-l/::? 

have been calculated; these are ·listed in Table II for Ca·16o and ca
18o. 

For both of the molecules the values have been plotted against v in Figs. 

5-8. The ~~+l/2 values show extensive vibrational perturbations •. Tne 

variation of ~G;+l/2 with v can be fitted nicely to straight lines. 

equations for the b·I'O lines are: 

16 
For Ca 0: ~ a;+l/~ = 721-9.2lv 

Lagerqvist gives from rotational analysis: 

6 . 
:' For ca

1 
0: b. G~+l/2 = 722-9.6v 

P can be determined from the relationship: 

p (theoretical) =0.9595 

The agreeme~t between Lagerqvist's data and this work is good in 

The 

view of the ~act tha~ band heads were used in this work to obtain ~v+l/2 
values. The agreement between p (determined) and p ( theoretical}'.Js 

satisfactory with the discrepancy probably coming from the use of head 

measurements instead o~ band origins. So one can clearly say that the 

.bands are the 0-1, 0-2, and 0-3 sequences of the A 1b-;.L transition and 

that the agreement in P reaffirms Lagerqvist1s vibrational assignment and 

the nature of the emitter as CaO. 

A rotational analysis of the 3-5,4-6,5-7, and 6-8 bands gives B v 

values for the 5,6, 7, and 8 vibrational level.s of the lower state. The 
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Fig. 5· Plot of 6 G~1/2 versus (v+l/2) for Ca 0. 
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'iijJ 

0 

MUB-8113 
. 16 

Plot of ·I). G 1 v+ l/2 versus ( v+ 1/2) for Ca o. 
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Fig. 7. Plot of.D. G"v+l/2 versu.s (v+l 2) for .Ca o. 
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Fig. 8. Plot of~ G'v+l/2 versus (v+l/2) for Cal
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.analysis was accomplished by use of ~2F' values calculated from the 

rotational lines listed by Lagerqvist. By and DV values are obtained 

by plotting ~2F against J(J+l) (Eq.(7) ). The values were determined 

with the weighted center of gravity method.18 BV- BV differences and -~ 
v values are obtained from a plot of R(J-1). + P(J) against J

2 
(Eq.(8) ). 

0 

B&-Bv differences are also obtained from a plot of T/4J against ~ 

(Eq.(9) ) and.these agree well with those derived from Eq. (8).· The 

B' -B" values from the two plots were averaged together and used to 

calculate a value for B\r· The BV values obtained in the two ways agreed 

well and an average was taken. Table III gives v
0 

for eaCh of the bands. 

The By values and approximate DV values are listed in Table IV, along 

ivith Lagerqvist 1 s experimental B\r and extrapolated BV values. The 

agreement is satisfactory as the differences can be caused by the 

difficulty of eliminating perturbation effects.from the calculation. 

The differences between the BV values of this work and extrapolated BV 
values from Lagerqvist are probably real but nothing more will be. said. 

All the perturbations found -vrere in the upper sta"t:e and previously 

reported by Lagerqvist. An interesting point is that noperturbations 

were found in the lower state levels over the range of J observed. A 

detectable perturbation would have to be greater than 0.10 cm-l The 

following tables list the measured rotational lines for each of the bands 
2 . 

. and give !:::..' F values along . side of those from Lagerqvist T s data. .~ . 
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Table III. 

v 
0 

10256.7 

10216.9 

10186.2 

10158 .. 2 

v 
0 

-21-

values for bands of 0 - 2 sequence 

Band 

6 - 8 

5 - 7 

4 6 

3 - 5 

. :. ~. 
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· Table V • Wave nUmbers for the .3-5 band · 

.. 

J R(J) P(J) (This vrorll:) (Lagerqvist) · .-
6.2Fr 6.2F~ 

3 

4 10154 .. 53 

5 . 153:50 

6 152.39 

7 151.24 

8 150.06 

9 148.83 

10 147.54 .. 

ll 146.21 18.76 

12 20.29 

13 143.41 . . 21.80 
14 141.91 23.43 

15 140.39 24~94• ... 

16 138.81 26.45 

17 10165.32 137-18 28.14 

18 165.25 29.62 ' 
19 165.13 133-78 31.35 31.35 
20 164.95 132.03. 32-92 32-95 
21 164.77 130.21 34.56 34.38 
22 164.49 128.36 36.13. 36. o6 r 

23 164.21 126.43 37.78 . 37.62 
24 163.84 39-28 
25 163.42 122.49 . 40.93 40.85 
26 162.98 J20. 42 42.56 42·. 54. 

27. 162.45. 118.30. 44.15 44.02 
-'" 28 161.90 116.22 45.68 45.69 

29 161.27 113.99 47.28 47.27 -· :• 
~ 30 160.59 '.111.72 48.87 48.86 ' .. 

·,.;· 

31 159.84 109.44 50.40 50.32 i ' 
< 

32 j 159.01 . 51.90 .. :i:~· ,. ·• 
1 

33 53-35 
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~able VI. \·7ave nu.vnbers :for the 4-6 b·and 

P.(J') . ?(J') 

10184.61 

182.70. 
i ,.., /'1" _o1.oo 
180.61 
179-43 
178~33 

177-15 
175.85 
174.61 

173-29 
171~90 

170.49. 
. 169.01 
167.52 .. 
165.95' 
164.26 
162.69 

i0193-93 161.04 
193-82 159-33 
193-67 157.63 

. 193.49 155.37 
193-23 154.05 
192.89 152.19. 
192.46. 

191.02 142.69. 
190-39 140.10 
189.74 137-91 

(""'.a~ " '·TQ"~''•) \.J.. .,1..6,;) y,· -A 

f..2...,. 
w ..... 4 

52.89 
3l~. 49 
,36.04 
37 ;62 
39.18' 
40.70 ·. 

48.33 
50.29 
51.83 

-. 

., 

.. 

(Lagerq_vist) 
2 !::. '!i'l .. 4 

31.14 ·~·' 

32-75 
. 34.34 

. 35-99 
37-31 
39-15 

'40.56 
.. 

48.33 
50.27 
51.85 

.• 

-. 

"' 

··~' 
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·Table VIIA Wave n~~ers for the 4-6 band 

.. 
(This work) 

. 
J R(J) P(J) (Lagerq_vist) 

62""'! .t'5 62Fr 
. 5 

..,_ 

5 10214.78 
6 213.76 

7 212.64 
8 211.55 

9 210.36 
10 209.16 
11 207.91 
12 206.60 

13 205.28 
14 203.90 
15 .. 202.49 
16 201.03 

. 17 199-54 
18 197-99 
19 196.43 . 
20 194~81 

21 
22 191.50 
23 189.74 

i: 24 10226.95 187.95 39.01 39.13 I 
I 
j· 

25 226.74 186.14 .. 40.60 · .. 40.57 I. 

r 26 226.47 184.27 42.20 42.15 
1. 27 226.13 182.38 43.75 43.71 . II 

h '28 225.80' 180.46 45 • .?3 45.24 I, 
l! 29 225.40 178.51 46.90 . 46.89 I 

!; 30 224.97 176.48 48.49 48.52 •• -if 

I 31 224.51 174.44 50.07 .. 50.13 ' i' I, .. 
32 223-99 51.64 '51.85 i: 172.35 

' !. 
' 33 223.43 170.22 53-20 . 53.26 ,, 
I 
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i Table VII'.. (continued) i'' 

". 

'· 
J R(J) P(J) (This work) (Lagerqvist) 

I t}"""r 62Fr -· l'5 '5 [· 
I. 

34 168.03 54.81 54.79 I 222.84 
I 

. ' 

35 222.17 165.83 56-34 56.22 
~I' 
)0 221.50 163.55 57-95 57-92 

:' . ,j~-

37 220.75. 16l.27 59-48 59.44 
1: 38 219~92 158.92 61.00 61.09 
H 

I .39 218.98 156.51 62.48 62.44 ji 

i. ·' ·' 40 217.82 154.05 63.77 63.40. 
/: 
I 41 151.45. 6).25 I 
! 
;; 42 148.60 (,. ,. 
r 43 217.06 ' ~ ~ 
~; 

44 r 215.-70 ·:i ,:;,· .ti 
I' 45 214.53 142.86 71.67 ;1. 
::: 

46 213.41 139.87 73-54 73.49 

'· Jn 212.28 137.07 75.21 75.19 
1 48 211.13 134.35 76-79 76.66 ,. 
1 

49 131.54 78.41 78.36 
'I 

209.95 
.l 

208.'J5 128.78 80.03 f· 50' 79-97 i•' 

51 207.49 125.90 81.59 81.56 
52 206.23 123.10 83.13 83.06 

I 
r 53 . 204.91 120.22 84.69- 81~.59 

I 54 203.53 86.09 l 
j 55 202.14 il4.4o 87-74 87.67 
i f,·. ·56 200.63· 111.39. 89.25 89.17 I· r 
jl • 57 198.84 108.39 . 90.45 ' ·90.1~2 !' ,_ 
I' ,. 

58 196.74 90.85 r ._ ~ :. . . ' 

' •. 
: i" 
I . 
(' 

:: 
T ~ 
f 
I 
i 

!• 
i. 
/i 

.) 

I, 

I, 
-,' 

I 
r 
·' 
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Table VIII. Ttlave numbers for the 6-8 band 

.. 
l. 

.J R(J) P(J) 
(.This ¥rork) (Lagerqvist) · 

6 2-nr 6.2-nl 
l'6 .1! · . 

6 
/ 

35 10263.18 10208.07 55.11 55·33 
~I"' 262.43 205.41 57.02 56.99 )0 

37 261.64 202.81 58.84 58.75 

38 260.84 200.37 6o.48 60.63 

39 260.01 197.91 62.10 62.19 

4o 259.20 195.49 63.72 63.72 
41 258.37 193 .02' 65.34 65.38 
42 257.54 190.60 66.94 66.84 

43 256.67 188.13 68.54 
44 255.78 185.66 

.. 

70.13 

:j· 45 254.84 183.16 71.68 71.71 
,. 46 253.88 180.6i 73.27 73;45 

47 252.91 178.10 74.80 74.80 
48 251.91 175·55 76.36 76.39. ,.. 

•I 

49 250.85 172.92 77.93 77.93 
50 249.78 170.22 79.56 79·51 
51 248.68 167.61 81.07 81.09 
52 247.55 82.77 

53 246.38 162;21 84.16 . 84.10 
54 245.14 159.46 85.68 85.76 

li 
55 243.92 156.65 87.26 87 ~30 

,. 
56 242.65 153 .So .. 88.84 88.86 i! 

II 

i 57 241.33 151.00 90.33 90.30 
[:-,. 

58 239.97 148.19 91.78 91.90 I' 
I 

59 2~8.56 93.37 ·.ww~ 

6o 237.07 94.92. 
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B. Green and Orange Bands 

1. Previous vwrk . 

Strong green and orange spectra that have been attributed to a 

compound containing calcium and oxygen_, have been knoim for so.."!l.e time .
1

9 

Gaydon ( 1955), with a· nvacuumu arc in H20 and n2o shOI•Ted that some of 

. 1 20 ~ the green and orange spectra were due to the CaOH rad~ca . He rep or ~..s 

head measurements for CaOH bands in the green region but for the orange 

region lists only an intensity maximum since the band structure was very 

diffuse: Lagerqvist (1956) re-investigated the green and orange systems 

-vrith a "vacuum" arc in H
2

0 and n
2
o. 21 He did not observe the shifts that 

Gaydon reported for tLe green bands and for the orange system; he observed · 

clearly defined heads. It .is not clear why there is a difference in the 

t-vro investigations but the difference does point out the complexity of 

the systems. 

2. Experimental • 

. The light source and operating conditions are the same as those 

previously mentioned for the studies of the infrared bands. 
16. 

Both o
2 

18 
and 02 were used. The bands were photographed .in high resolution with 

the same spectrograph used for the infrared bands. For.the orange bands 

the grating was used in 9th order and yielded a dispersion of about 

o.68A/rrrrn. For the green bands the grating i'l'as used in llth order and 
' . ', 0 

yielded a dispersion of about 0 .44A/r.Jn. In both cases a prism predis-, . 

perser ;.ras 'used. to eliminate other orQ.ers. 
22 

Exposure times i'l'ere on the· 

order of five minutes for Kodak 103a...;F plates •. Hg lines in various orders 

were used as standards. 



:II ;I 
~~-
-'l 

•' 

1-"·. 

' 

-30-

3. Results 

Even at these dispersions, it is seen that there is much over~apping 

of line structure. As a result only the most -vrell defined heads have 

been measured. For each system the strongest heads are on the·red end 

-of the syste~ All the measured heads are fairly sharp and appear violet 

degraded. Figures 9 and 10 show the measured heads of the green and 

orange systems~ The photographs with 18o2 show 16o heads as well because 

of the presence cf both isotopes in the arc. 

The green system shows a small isotopic shift for all the measured 

bands. Hoivever, the measured heads for the orange system did not appear 

18 to shift as no extra heads were_ observed when 0 ivas used. . For the 

green system the measured heads designated as 16o heads and 18o heads 

are foth~d in Table IX. The measured heads of the orange system are found 

in Table X. Tne most sensible correlation between isotopic heads of the 

green system was picked by judging the appearance and the position of 16o . 

and 
18o heads. From this the isotopic shift for each of the heads is 

also given in Table IX. Two extra line-like features are also included 

as features not seen with 16o isotope. 

-.For the green bands with 16o isotope, the values of the measured heads 

agree with those which Gaydon attributes to CaOH. 

In this work, however, most of Gaydon 1s heads appear to have split 

into doublets. For the orange system Lager~vist gives head measurements 

. but there is very little correspo~dence between his measurements and the 

ones reported here. This may not be surprising since different bands 

could be emphasized by different source conditions. From this work one 

can say that the emitter of the green bands contains oxygen and very 

likely only one oxygen per molecule; and since the isotopic shift is small 

.. 

.... 
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(b) r .. ~-,...,..,-~_~i""""':--.r,-.,._ ....... ":' .. ., ... !,,.,,, •.• ~·-! \ •• , ...... .,,., "'! ... ,. _,... • • • 
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f,~ i_l ' :' • ; ' ' 'l . 
{•., • ~ , ; ~ • 1 1 '; ,< ~ I j 

.... r""'-_.._....·~-. ....,._;.,_ ..... --..;."----~ ...... -- ~~_:_~ -.> =:~:.i~ i~~~~,· .:>.~.:.lli.J 

, ~ ;. .~.- • '.;,t ,, •t i · l l)j :1 d I (C) T .-·.-· ~- -.. _- ~, "'::Jl~~~~~r~~:l!ii';:::;·ii!l 

..:-_;.;....;·.::.---.·k .. _.wj:Jl .. , :,. ;~~~.~J; -• ~ .:r i~ j .:~! ..... L.;:~::~~:.~L 
(d) 

Fig. 

I o 

5553.56 A 

·:··:_;_;!, 1_,~--,~~~.::_ .. ::.:_ '; ., ': ._-._. :·' ·,:;,·;_._·.· ::_~,:'~-~i~ ~:~·;-(~~:% 
~ ·· .Li-· l·; · ~j 

,.:;j ~;,_::. "' .,. ;: . :: ::: : .. ·!\: kJ 

I o 
5548.65 A 

MU-36768 

9 Band heads fr0m CaOH green system 
160 18 

a) and 0 isot.ope mixed 
160 b) isotoue 
160 18 

c) and 0 isotope mixed 
160 

d) isotfse 
160 

e) and 0 isotope mixed 

.. 
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MU-36769 

Fig. 10 Band heads in orange system from Ca arc in oxygen 
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Table IX. · Head measurements for the' green system ·for both 
isotopes. and the isotopic shift in cm-1 · 

Bands >vith oxygen-sixteen Bands idth oxygen-eighteen Shifts in 
cm;.,l 

Bands in X Bands in em -1 Bands in ft.. Bands in em -1 
v ol8-vol6 

5556.44 1'7992.14 5556.02 1'7993-50 1.36 

5556.3'7 "1'7992.36 5555-95 17993-72 1.36 

5556.43 1'7995.41 5555-01 17996 . '7'7. ; 1.36 

5555-30 17995.83 5554.8{ 1 '799'7. 22 1.39 

5554.48 .. 17998.49 5551~.10 1 '7999-72 1.23 

5554.33 i7998.97 5553-95 18000.21 1.24 

5553.56 18001.47 5553.24 18002.51 1.04 

5548.65 ·1801 '7 .4o 551~9 .15 18015-78 -1'.62. 

554{.60 18020.81 5548.12 18019 .. 12 -1.69 

'5546.58 18024.12 5547.1'7 18022.20 -1-92 

554{.92 18019-'7'7 

5546.23 18025.29 
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Table X. Head measurements for orange system 
taken from an exoosure obtained when 
ol8 was being us~d. . 

Bands in A Bands in em -l 

6265.22 15956.72 
. 6265.13 15956.95 
'6263 .86 15960.26 
6261.27 15966.78 
6261.09 15967.24 
6259-02 15972-52 
6258.70 15973.34 
6256.56 15978.80 

,6237.60 16027-37 
62)4.96 16034.16 

6233-97 16036.71 
62)2.86 16039-56 
6230.98 16o44.4o 
6230.91 16044.58 

-~ 

·" 

V" 
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the band heads must be part of a 0-0 sequence. 

It should also be remarked. that this v1ork does not· eliminate the 

possibility of the green bands being due to CaOH since extensive efforts 

ivere not taken to eliminate water and indeed in lovl resolution strong CaH 

bands \·rere observed~ 

For the measured. heads of the orange system one can say that either 

the emitter of the bands does not contain oxygen (which seems unlikely) 

or the isotopic shift is so sEall (less than 0.05 cm-
1

) that it was not 

observed. 

,•' 

·~· .. '')• 



III. DISCUSSION OF RESULTS 

As was previously mentioned the extreme infrared bands of CaO have 

been shmm to be part of t{.le A 12::-:t?-2:: system.· It did not turn out as 

hoped that the bands involved the low lying 1 rr state. Hmvever, since it 

is expected that the x1
2:; state and the 1rr would perturb one another' as 

they do in BeO, 23 it is tempting to say that the 1n state lies high.er 

than 5500 cm-l above the X~ since no perturbations are found for the 

X~ state up to v11 = 8. Unfortu...'1ately this cannot be said with much 

assurance because of the limited range of J observed and because the 

b .j.. _ro 1 r 0 24 ·pertur ations are probably quite small as they apparenvly are Ior ~g •. 

From isotopic shifts the green bands have been shown to contain 

oxygen, and very.likely only one per molecule since there appears to be 

a one to one correspondence between oxygen-sixteen heads and oxygen-

eighteen heads when both isotopes are present. Also the small isotopic 
. _, 

shift (about 1.3 em -) indicates that there is very little change in the 

vibrational energy for the transition which forms these heads. The orange 

system vlhich .was observed had vrell-defined heads as does the orange system 

that tagerqvist saw, however, Gaydon observed only a very diffuse system. 

This may be caused by a difference in light source conditions. However, 

no isotopic shift was observed for these bands; so little more can be 

said about them~ 

It is obvious that some additional work needs to be done on these 

systems. For instance no one apparently has really tried to operate a 

reduced-pressure arc that is free of H20 as vras done for lt.tgO. 
25 Such a 

study could establish definitely 1·1hich bands of the green and orange 

systems are due to CaO. It also appears that further experiments with 

H20 and D~O are needed in order to resolve the conflict between previous 

.studies of this type. 

.. 
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D!. APPENDIX 

A. Discussion of molecular terms arising from low lying states of the 

neutral and singly charged atoms of CaO . 

The molecular states Hhich come ftom particular ·terms of the separated. 

t ' d . , .b ~ w . w. t - 26 
a oms can oe er~vea y use 01 ~gner- ~-mer ru~es. The appropriate 

combinations of low lying terms· of calcium and oxygen ~>Tith their resulting 

molecular terms are listed. in Table XI. The sum of the energies for the 

t~>m terms is listed. beside the term combination. The two lowest lying 

combinations of terms of Calcium II and oxygen (minus) are also given. 

The energies and term designations of calcium, calcium (II) and oxygen are 

taken from Moore. 27 

28 
The electron affinity of oxygen 1vas taken as 1.47 ev. For the first 

excited state of oxygen (minus) an est:imate of its energy was obtained by 

l01·1ering the first excited state of fluorine by the ratio of the electron 

affL"lity of oxygen to the ionization potential of fluorine. This gave an 

energy of about 1 ev. 

In Fig. ll the combinations of atomic terms have been plotted on an 

energy scale. A simple first-approxirration of Heitler-London theory has 

been used to predict the stability of molecular states. Tne number of bands 

capable of being formed by an atomic state is used to decide if stable mole-

cular states· ~>Till arise. A single bond is considered to contribute about 

1.3 ev binciing energy which is of the same order as that for the diatomic 

halogens. The stability of states coming from the same atomic terms is 

assumed to vary i-Tith the multiplicity so that the lo>vest multiplicity 

29 states are the loh•est in energy. In any event the form of the p·otential 

energy curves is not .meant to represent the actual variation with internuclear 

distance but more to indicate a possible energy ordering of low. lying states. 
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Co+ (2S )+0- (2PO) 

. r- Ca(3Sl+0 (
3

P) 
9' I__/ I 

~Co(3Pl+O( D) 
5:2:+ !S:l:- (2) s7T (2) . I /Co('P<1+0(3p) 

'1 ' I /Co(1Dl+0( 3Pl '- .£! I -·-Co (3Dl+O (3P) 
......._ - / . Co( 1Sl+0( 1pl 

3
:2:+, 

3
:2:-(2l

3
7T(2) 'l-==-- /~-- Co(3P0 l+O ( Pl 

c '2:- \ v-y/; / 
s '7T-\ \ I / 

\ \''-./ / 3 - 3 \ -....( :2:, 7T 
....,J'p/\../' 

Co( 1Sl+0(
3
P) 5 \ I ;-----.---

\._r~; 
A ':2:- 'f':l:\ 1:2:-(2l, 17T (2) 

I 
X ':2:- I 

I 
I 

2 1 '·3r + 1,3 7T 
' 

OL-------L---L-~L-~L---~---6~-----------~------~ 
2 . 3 4 ' 5 

Internuclear distance, r (I0- 8 cm) 

MU-36770 

Fig. 11 Low lying molecular states of CaO from 
atomic terms. 
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Table XI. Energies and terms of separated atoms and 
molecular states derived vlith Wigner-viitner rules 

Terms 

ca( 1s·. ) + o(5P) .., 

~ . Ca(3Po) + o( 3J?) 

ca( 1s ) + o( 1D) 
0 

Ca( 3D) + o(3P) 

Ca(
1
D) + o(3P) 

CA(~ 0 ) o(3P) 

cac3P o( 1
D). ," 

Caes) oeE) 

ca( 1s) o(3P) 

Total 
Energy 

0 

1.88 

1.97 

3.85 

3-91 

4.13 

ca( 1s) o( 1s) 4.19 

Ca( 3D) o(ID) 4.49 

Ca+( 2s) + 0-( 2P 0
). 4.64 

ca+( 2s) + o-( 4P) 5.6 

Molecular States 

2:+(2),2:-,IT(3),6.(2);¢ (sing, trip,quin) 

+ -2: , 2: , IT(3), 6.( 2) (trip) 

.J. -

2:',2: ,IT(3),6. (trip) 

2:+(2)_,2:-,IT(3),6.(2),¢ (trip) 

2:-,IT (sing, trip, quin) 

2:-,n (trip) 

2:+(sing) 

'·. 

+ - . . . 
2: (3),2: (2)_,IT(4),6.(3),<P(2),r (trip) 

+ 2: , IT (sing, trip) 

2:-,n (trip, quin) 
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A curve has also been d.rm-m to represent the colombie energy of );he lowest 

lying atomic ionic terms. Only the simple energy variation bet1veen hro 

point charges vras considered. 

A nw~ber of observations c&~. be made from Table XI and Fig. 11. 

First, that there are many possible electronic states that can arise 

from the atomic terms. Second~, that those states which arise. from 

the lowest ionic terms are very likely to be stable and low lying. Also 

~tates arising from excited ionic terms could.easily form stable states. 

It is interesting to note that lm.; lying 3n states are lik~ly to exist 

whether one considers CaO in terms of molecular orbital theory or as a 

completely ionic molecule. The knovm states of CaO have been put into 

Fig. ll so thai x1~ is indicated as being largely ionic and that the A1~ 

state correlates to Ca( 1s) a.nd o( 3P) separated atoms. 
. l . . . 

The X ~ states for 

SrO and BO have been found to be quite ionic so it is likely that this 

would also be so for Ca0.30 

Some questions might be asked about the Birge-Sponer extrapolation of 
l . 

the X~ state. This gives a value of 3.5 ev. If it were really ionic one 

might expect it to extrapolate to the ionic terms which are indicated as 
. l . 

lying 6.5 ev above the X ~ state. Hov;ever, if Birge-Sponer extrapolations 

are applied to other molecules >vhose states are known to be. ionic, erroneous 

values are also obtained. For instance, sodium fluoride extrapolates to 

60K cal (m and m x taken from Ref. 31) whereas the exceuted value is · e e e * 

. 32 
l51K cal. · 

B. Method for Determining v Numbering For 
. . l . 

States vlhich Perturb the A >-: State of CaO 

Siner one would like additional information on other stable states 
j 

of CaO and since it is not likely that this will be obtained readily by 

•"· 

.. 
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the analysis of the green and orange systems, other ways of determining 

the positions of states are needed. If perturbations are found in the 

spectra of transitions that have been analyzed one can sometimes predict 

the location and nature of the perturbing. states. A classic example of 

t:1is proceciure is provided by the work of Ballik and Ramsay i•Tho irrt erpreted 

a perturbation in the lm;est ll: state of c2 as being caused by the l01·1est 
g 

3n states ) 3 This analysis allowed them to definitely establish the ground 

i + 
state of c2 as ~g· 

In the analysis of the A1L:-X~ transition Lagerqvist found approxi-
1 

mately 30 perturbations in the A~Z state. By noting the periodicity of 
-4 

the perturbatio?s and by making use of the method of Schmid and Gero,) 

Lage:rqvist was--able to conclude that the perturbations were caused by 

six perturbing states. He was not, hov1ever, able to determine 'the vi-

brational numbering of the perturbing states because they all perturb 

the v 1 = 0 level of the A
1

L: state. The proposed meth~d for determining 

. 1 ·1 
the v numbering is to carry out a rotational analysis of the A 2::-X 2:: 

system for Cao
18 

and by doing this to locate t'lJ,e perturbations in the 

A~ state. Be2ause of the change in B values and ill values, the perture 

bations will occur at different J values than for Ca l60. It is known 

that the B anci ill values will change in a way which can be accurately e . 
. 18 . 16 . . 

·calculated. For instance, the ratio of B values for Ca 0 to C~ 0 w~ll 

so that the perturbations 

i 
= g_. as previously defined. Also'the ratio 

J.l . 
16 · G 

Ca 0 will be well represented by p = V ~, 
16 .. 

in the spectra of · Ca 0 will be related 

be given accurately by p2 

O'f ~ c 18o t f ill .Lor a . o ro or e e 

in a very definite way to the perturbations in ca18o with the re-

·lationship depending upon the actual v numbering in the interacting 

states. This vmuld also be a check on the interpretation of Lagerqvist 
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that the perturbations are due to six perturbing states. ~~ere is the 

possibility) hm.;ever, that there v-rould be some difficulty in correlating 

the proper perturbing levels from Ca16o to those of ca18o since for the 

six different perturbing states, three of them have Bv and 6Gv+l/2 values 

that are very close and t-vro of the other three also have similar values. 

So) a ~~i~ue correlation would depend on how accurately the 6Gv+l/2 

and B values are determined. However, even with these uncertainties 
v 

one could obtain good estimates of the v numbering. 

.. 
. ' 

-~ 
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FIGUP.E CAPTIONS 

..... 

-Fig. 1 .Arc used as a light source for CaO spectra .• 

Fig. 2 Spectrogram of 0-1 seq_uence, ~ 
- t 

a) ca
16o ) 

b) Ca18o. 

Fig. 3 Spectrogram of 0-2 seq_uence, 

c) 
16 Ca o, 

d) 
18 Ca 0. 

Fig. 4 Spectrograxn of ·0-3 seq_uence, 

e) ca16o, 

f) ca18o. 

Fig. 5 Plot of 6G;+l/2 (v+l/2) for 16 versus Ca. o. 

Fig, 6 Plot of 6G~+l/2 ·;rersus (v+l/2) for ca16o~ 
Fig. 7 Plot .P 6G 11 

O.J.. v+l/2 versus ( v+l/2) for Ca18o. 

Fig. 8 Plot of 6G~+l/2 versus ( v+l/2) for Ca18o. 

Fig. 9 Band heads of green system, 

a) 160 and 180 isotope mixed, 

I b) 160 isotope, l 
I c) 160 and 180 isotope mixed, I 
I 
i 

160 
I r 

d) isotope, I 
i e) 160 . d 18o . .... . d an ~sovope IDlXe • ·-i!· 
t: 
I Fig. 10 Band heads in orange system: from Ca in arc oxygen. 

Fig. 11 Low lying molecular states of CaO from atomic terms. 
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