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ABSTRACT 

Two band sequences of Ca016 and CaOlS in the region 0.94 IJ. t.o 1 •. 1 IJ. 

are shown to be 0-2. and' 0~3 tai'l band sequences ~of the AIr. - X1r. transition 

of CaO. Band origins and Band D values are given, from a rotational 
v v . 

analysis of four bands of the 0-2 sequence. Vibration constants ill and e 

ill X for the upper and lower states and ill y for the lower state are e e e e 

determined from extended sequencesof both Ca016 and CaOlS. Treatment 

of data on SiO from the literature show a band sequence in the region 

1. 09 J.1. to 1.12 IJ. to be a 0-3 sequence of .the AIr. .... Xl): transit ibn of SrO 

. Vibrational constants ill' and ill x are determined for the lower ·state. '. : 
e e e 

Isotope shifts are given for CaOH band heads. 
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:', ,INTRODUCTION ""': 
" : 

, , 

'" 
". 

"..,;. . ~ , ., .... ,. 

Bands iri the "v:lcihityof lj.l, were first observed and assigned to 
". l " . 

j ." 

CaO and' S~O by Meggers(l)~" HUlt~n and Lagerqvist(2 ) measured CaO 

.. ban~s from O.7j.l·toO.941.t'and gave a vibration and ' rotation analysis. 

, The. bands in this region were found to be a lZ_ ~ transition with the 

, . '.~' , .;1-
, . t '.~'. .' 

.. ~ .~ '.,~ . 
"'".;' . 

. ~:.' . -!~; ~ .' 
o ." '1 " " "~co''''':' . 

0-0 band at 8652A.: The'ir ,analysis show~d the upper L: state to be highly·.::· 

,'. '. 

, '. :.~.. . .~" ?". 
. .. -',.~.'" 

perturbed by other nearby electronic states. They concluded that the ;. } '.,' 

",'.' 

< '. add'itional bands. of, CaO reported by Meggers(l) to the 'red of their 

, systen; belonged toa different band system. 'Molecular orbital correla-':: ... /.'. , 
,.~.;'. " :' 

., 

, '';'':' 
tions (3) predict that a A1Z_1n transition iato be expected to the red' i,;-'· .. ;: 

, . __ I " ~ t 

.' 1 1 

.of the A Z-X:L; transition •. Our report presents an experimental investiga-
.~. ~ " ." 

' .. ~, ..... , ~:. 

' .. : ~'.: 
tion and analysis designed to, clarify the nature of· these bands in the '. ',', ..... . .: 

i' , •••• " , region 0.94j.l to .l~ lj.l. 
f • 1 ,. /-. ';.'~ : • :~,.» : 

Almkvist and Lagerqvist (4) examined the spectra of SrO from 0.75j..L , ... :.' i~, ." . . ,. -', . -. I ' • \ .~,:~,,;. ~ 

. 1 1 .' " 
.. ,,~.;'< ;,', '. ,to 1.1j..L. ,Bands i.n this region were analyzed as a Z- L: transition with 

{-, ';':, ~"' . ."~~~:';_; . o . 

.'...." the 0-0 band at 9l96A. 'Lagerqvist and Selin (5) published further rota- " 
.:. ~~.; :",: 1 • :" 

,; .,'." tional analysis of bands of the, 0-2 seq~ence, and also listed an unassigned 

band sequence in the region from ,1. 09j..L to 1.12j.l. .This sequence looks 

<,';.{ ,<:",~,;,,;t ': •. 'very.similar to the two seq~ences of CaO in the O.94j..L.tol.l~region and 
... : .... :" .. ·S'r.' .':" 

.' :, ~;;::,,' .. ; '~"', a vibrational analysis similar to the one, we have exPerimentally determined 
. " ;~ ;.t; .... :~· .;~~.~,: . . .' . -: ". , ,>' < /'\ , 

• ,"',.;,;/~;,}J~,':": for. C:: W::::h::~::. ~ :e:::::.ure ar~ between. Cametai .. e lee- .. ':' •. · ... ;v· .••• 
> .. ~~',,:.:.': ;/C::'-,.'·::,' trodes. ,'. It operated ina helium atmosphere of about 1 em pressure: with " ... 

'. <'f' _:;::{:~;~:}:.,;<;:. '. . . .', ' . ' . , . " " .. " 16 18 '. ' ' . 
,.,'):,'.'J":':':'\:':'~." small continuous flows of O2 and O2 introduced to the atc by me.ans of ':. " ...... :.,>:r~L 

:'~ ':: :::::: '.~>!:~'. 'a hole bored through theee nter of' a Ca Dletal .nod e. . Flow rate.'. were:· .. : .. '. : >f . 
'(.; ",":' ,,' .' ",' .. ' 

o. /:~ ~.,~(; , .:~. ',:. '. .i: '_' .~ -: '" . 

:'::-,'\.';/>::;:'.; ::>':::, ,; ':' 
.. "~ . :~.' ' . 

'. ,. , 
,.,' 

, . '{ 
," 

" 

, .. '" .' .. ~ . 
'~.' '~," 

, :'" 
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. such that about 100 ml. of 'oxygen at 1 atm were consum:ed per hour of. ' .. 

operation. ' 

Low resolution exposures were taken on a '1. 5 meter CzernY-Turner 

spectrometer. The grating is blazed at 111 and gives approximately' 
o . 

20 A/mtil. dispersion in first order. Hyper-sensitized I-M and I-Z emulsions" 

16 18 
required exposure times from 5 to 15 minutes. Both CaO andCaO 

spectra were 'photographed at this. dispersion. Argon, .. , calcium and oxygen' ' 

atomic lines were'used as wave length standards. 

High resolution exposures were taken on a 6.1 meter CzernY-Turner 

. spectrometer. The grating is blazed at 611 and was used in 6th order with' 
o 

a dispersion of about 1 A/~ Four bands were photographed at this 

dispersion with sensitized I-M emulsion and' exposure times of about seven 

16 hours. Only CaO' bands were photographed attM,s dispersion because 

of the need for approximately 1 liter of oxygen .at ·1 atm for each exposure. , 

RESULTS AND DISCUSSION 

We'have observed the bands previously reported by Meggers (1) and-

'in addition we also have observed weaker bands of each sequence. Tables. 

I and II give our measUJ:'ements and vibrational assignments for both 
. 16 ' 18 ' 

CaO andCaO 0 Our assignment indicates the bands belong to 0-1, 0-2, 

11· and 0-3 tail-band sequences of the A Z-X Z transition for which Hultin' 

and Lagerqvist (2) have previously analyzed the red degraded bands of the 

3-0, 2-0, 1-0, 0-0, 8,nd 0-1 sequences. The large (1) x for the lower state 
. e e 

results in a reversal of' 6G
V
+

l
/ 2 values between the 0-0 sequence and the 

O-v" sequences with. v"> 1& However, the order of'Bv values does not 

reverse. 'Ibis produces the unusual behavior of tail bands with vibrational', 

structure shading to the v:l.olet and rotational structure shading to the red, 

;" ;.' 
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wl;tich obscur'ed' the. 'relationship betw'eenthe tail bimds and' the previously' .. ' ,., 
',,', " 

analyzed bands~' ! 
, ' {. ': ;.~ : 

Proof of the assignment can be found in the comparison of calculated 

and observed isotopic 'shifts in Table III., The calculated isotopic shifts":' " :." 

were obtained by using constants taken from Hultin and Lagerqvist (2). 

Perturbations cause large differences between calculated and observed 
" . " 

" \ 

isotopic shifts for some bands, but for unperturbed lower members' of each" ,'." 
.,. 
:' " 

sequence the agreement is good'. Hultin and Lagerqvist' report perturbations 

of the AIL, state by six lower states."" Of the states predicted by molecular. .. 

,,;orbital ~orrelations (3) to lie b'elow' the A~ state, there are only six: .,,~;' 
.' possl'ble perturb~ng states 3L,~+-, ?L,~, lup 3n11 3nO+1 'and~o+ Thus'· " ',:.' 

. . . .' . . . 

every low~ lying state mst be. participating in the perturbation process .' . ' 
" . 

• ';' ': r .' 

with resulting complication in analysis of the spectra. 
. ... , 

~.' ~,' 

Additional proof of the nature of the ban~sis furnished by arota-. 

tional analysis of the 3-5, 4-6, 5-7, and 6-8 bands'. Each of. these. bands " 
' .. 

I, • " 

· has an upper, state in common with bands previously analyzed' by Hultin and 
,", ,,' 

. ". . 2 .. , 

. ~.~' < " ",.~ 

• Lagerqvist and a cOJJ;lpa.rison of their 6. F' values and ours show'S very' gOO9-,: " . , 
. .'" ~ .' . f.;: . .,', . , .. 

" : ,. , .. \ •• ~ ,> ';'" .. 

.. 
. . ~, 

Band·or:l.gins·and B" and D" values have.beendetermined from, v v 
· agreement~ 

our' analysis and are given in Table IV.'.' A .comPlet~ 1.isting of lin~ : . 

. ~ ..... , ~-

measurements used in oUr ·rotati.6nal analysis can be found in the Ph.D • 
. " 

',.; ,; ' .. ,:'i~.::,'><: >' .. thesis of R. ',Hauge .(6):, • The B~values in ,Table IV together with the values 

,;, ";',':- from Hultinand Lage~qvis~ for yll, ~ 0 to 3 yield B~ = 0.4444-0.0034 (v"+~) i':' 

',!, .-- : . .... ,: .... ;: with an. average deviation of 0'.0002 'em -,~, 

. The well developed 0-2 and 0-3 sequences provide an opportunity to . . , 
re~evaluate the vibrational constant ill and ill x given previously by e e· e 

':: ,.' .; .• , ;".. I _'~:~.' •• 

. . ' !; ~""-.' 

, ....... ..:; , ,Hultin and Lagerqvist (2) •. 
: • '. ,- , .• ·t,:.'" ~ '.'~ . 
;'. ,. ,,",t. 

To do this it is necessary to calculate band 

" ,;' 
; .. 

, .~ -, '.', -
.. . '.':i 

~ . " 

,;.;~>!- 1-·;·'··,' 'I 
." 

'. : .. ,',' , 
_' I'" 

," ,. , 
: ~: ~ 
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origins from our rnea'sured band heads and experimental or extrapolated B v 

values. For t,he lmler state, B values are experimentally known up to 
v 

vI!. == 8, for the upper state up to v' == 6 and a, is well enough determined 
e , 

to allow extrapolation of B to v" == 13 and v' = 11. D values as given 
v v 

by Hultin and Lagerqvist were included in the calculation of origins, but·· 

their effect is only noticeable for high v.bands with large J values at 

the head. J is 50 at the head of the 10-13 band and inclusion of.D 
·v 

1. -1 values raises the M12i valu.e by 1. Y', cll! • For 6G8~ the effect of D 
2 V 

. -1 
is calculated to be 0.1 em . From the band orjgins we obtain the 

6G ) listed in Table V. 
v+"2 

( 18) 
I:::J] 1 CaO values have been adjusted in'order to compare them v+"2 . 

16 . 16 
to the!:fl 1 (CaO ) values by converting to 6G 1 (CaO ) with the 

v+"2 '\ . '1+"2 
. 16 I 18 

isotopic relationship: 6G +1 (CaO )::: 6G'+1: ~CaO ) + (l-p) (l) 
'1."2 v"2 e 

. . 

""" 

-2 (l-p 2) m x (v+ 1) + (1_p3) (l) y' '( 13/4 + 6v + 3v2) where p is the square .. 
. e e e e 

16 18 . 
root of the ratiooi' the reduced masses of CaO to CaO and'(l) , (l) x e e e 

and (l) yare vibration constants 
e e of Ca016 as determined by an initial fit 

to M(Ca0
16

) values. 
1. ' 

The 6G"+ 1 values for X-.E agree very well particu-
. v "2 

larly since changing perturbations in the .1\\:;' state might introduce some 

error. The effect of changes in perturbations of AlL: are cl.early seen 

,in the lack of agreement for the upper state DoG' 1 values based on the . . v+"2 

two isotopic molecules. Our !:flv+~ value~ and those of Hultin and 

Lagerqvist (2) are shown plotted against v" in Fig. 1. and 2. Figure 1 

shows a line based on them, and (l) x. values of Hultin and Lagerqvist. e . e e . 

The fit is good for low v" numbers but a definite positive'deviation of' 

the experimental points is apparent at higher v ll1.unbers. A third order 

constant (l) y. has been determi.ned to account for the deviation such ·that 
e e. . 

> '. L 

; . 

<, 

." •. ,', 

" , \.: 
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Figure 2 demonstrates th~ scatter in' 6G~+1/2':alues for th~:'A1Z d"',, ,: ' ~" 
: .: ',. '; ;. 

, . 'f .. ~ • 

. ,.f ····t,. 
" .' .' ; 

sta'te • One notes, how'ever,that t,G 1/2 'for v"':::: 3 and4'seem particularly"', ": v+ " 
" .~ , 

--' ~ .. ':' :, . 
'r.. ,I", .• 

.. ; ... ,. 
, ....... : .. 

.-' ...... .... .. 

, well determined since the three independently determine,d values are, in 

good agreement. From this it would appear that perturbations are not . ~. '\ '.:i '. 
'! ," -' \ 

affecting 6.G
v
+

l
/ 2 for these two points and that the best straight line, 

, .; ~ ':. (t ". . • 

"fit of the data should pass threugh these points. This line is also ' ",'1}, . 
.... y:,.~. .< .. : .... :-

.: quite close to what one obtains from a simple least squares fit using 

'. '. :'<'; ~ . , 

;, 

, ~. ~;/" 

f ," 

.... ; 

..... 
. ~ .: 

data from Hultinand Lagerqvist and both isotopic molecules. It might 
. '?; '" 

be noted that an ave.raging~f l:::.G
v

+
l

/ 2 values from two isotopic molecules ';: ' 
, , , 

an apparent means 'Of remeving perturbatien effects in the deter': 

''''~:':::/': mination of l:::.Gv+
l

/ 2 , ~urveB. The equation 'Obtained from a least squares' 

" 

fit to the data of Figo 2 is,' i , 

'~. .' 4.23 V cm-l 
, , 

, ',' -1 
: Our melecular constants in cm are .as. fellew's t 

. ,'-

'. ; '., 

(J.)X 
e e 

.. ' ~ . 

, ':".": . '/. 

" , 

. . '. ~ .. "", 

"; <"'''::''t~:;>,(J.)eY e 

.... :. 

. I., 

~. ." 
,:" . 

.'~ -' 

_ . / ':., • • ,r • 
". .~ 

• r,' ';-

,,/ .' 

718.9, 2.11 . " 

',:'::',,:,~" ':, ,',' , ,~:' " 

. I.. ! " " ''i -I' • : "; ~ , ;. ~, ~"', : ' , ,.. , 

.( /"9r~~';' " :' ,', ~7 ,third ~rde~ '~onBt.nt (j) eYe o~ thO n :tat. 10' o~ oomeintere ~t' ',i ". 
, c;",j' \~:~:;;iX ' s 1n~~, in ,relation to ~ e and (j) eX e; , it appear B 'to be quite , large, ,!xi fact. :' )',\ 

,~,"')'<::};':<':_/" " its pesitive value requires additienal negative, terms 'Of higher ,power inv',i~, ,'," 

:" ,", "', ,:,..:t,; ,-_:J~,:.' 'Order that 6G
V

+l / 2' appreach, zereat high v. This behavier is tebe' "''.,' 

'~'';.:: a'ttrihuted te ienic craracter as indicated. by recent :calcUJldiions'on,the ,', ,', 

:? ' ~ 

• i._ .. ' ~: .; : 

, .... -'''', . ", '., .. -. ~ ~ . 
.' .' 

1. " 

"'1, 

'" .. ~. . , 
,~' . . 

.,' ,', i; " '.,,( ': 

, " 

"" , " 

;: ..... '. 
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analogous moleculesMgO (7) and BeO (8) as well as measurements of the 

ionic character of SrO and BaO· (9).. Ionic bonding would introduce a 

lower order dependence on l/T of the potential energy and as a result 

cause a less rapid convergence of 6.GV+l/2 at higher v numbering than 

one wo~ld expect from a Morse potential energy curve. Lagerqvist'and 

( ) 4 -1 Westoo 10 obtain amy value for BeO of +.022 cm • e e It should be 

noted that there is 'some uncertainty in our ill y value since it depends , e e 

critically on the extrapolated B values. Howev.er, as mentioned earlier· v 

. '-: 

the ex constants which predict the variation of B with v have been deter- .. ' , e v 

mined from a considerable number of experimental values and it is felt that 

the uncertainty is not large enough compared to the magnitude of the 

~GV+l/2 deviation from linearity. 

Lagerqvist and Selin (5 y, mention the' similarity of CaO spectra beyond 
0, . 0 0 

9700 A to the spectra of BrO from 10930 A to 11135. Ali Since ,the bands. 
1 -~ ,. 

of CaO have been shown to be 0-2 and 0-3 sequences of the A L:-X-L: transi- .... 

tion) one might expect this to be the case for the unassigned sequence 

of SrO as well~ ThLs can be shown by obtaining the .6.Gv+1/ 2 values from 

. the·head measurements of Almkvist and Lagerqvist (h) and/using them to 

calculate the origins of bands of theO-3:sequence. The extrapolated 

B values of Almkvist and. Lagerqvist were used to obtain an estimate of v 

the band head positions.' The calculated and measw.'ed band heads along 

'.' with our assignments ·are given in Table VI." One easily sees how' confusion 

might arise in any attempt at vibrational analysis of these bands since 
", 

perturbations cause considerable overlapping of the early members of the 

sequence. 

'It is possible to obtain values of 6G~+lj2 for' .BrO up to Y, '" 8 by,' 

; . .' 

',I' 

; . 

.... 
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, " :COmbining'6G~:~)2 ;,6f'low'er'v andapp~6prr~teband; head measu~emeIlts~::'.;:\:::!>,:~, 
: Table . 'VIIS~O,;,'s·the~?~i)2·,.vaiu!e s obtaine~ in' t~1H.mMnerand .also, 

. ~. 

,',..J 

.: , 

. . " . .' . . , , .' ;'. " '~" , " " , " ' , 

6Gv+ij2 values ~alculated from' an equation ,obtained from a least squares: 

fit, to, the ,ab~v~ 6dV+l./2.~,.·The eq~ation is '/ . ,," 

·t·;' 

':' .. 

~7.85 V cm ~l " .. : 
" 

'\,' : ..... , 

... ". ;;" ... 
~, . ."'.' . ,.' 
"., . .' .: ~;. ~ . , ." 

",,0, , The vibrati6n~1' constants for 'the 'lower' nstate are therefore t 

',':' ': 653.2, (J);x~ = 3.9~cm-l 
,~;',:!,' ... 

The isdtope shifts for green and orange systems of CaO and' CaOH were. :', ~ 

also examined. • Wet a~cs using ~O~nd D20gave violet degraded ba~ds with,::' 
... : ~ , 0 . 

. doublet heads,aboutlA 'apart in the green in agreement .wi th most of the 

'strong CaOH'ba~ds reported 9Y GaydO~ (12 )..Table VIII lists the wave .. 

nuinbers,wavelengths, and isotope shifts for five of the band headS for' 

which it is believed that the Ca0
16

H andca616D features can be matched. 
; 

, .' 2 '2 .,' .. : 
The sequence moves to the red and appears very similar to the 2;-.2; green ... "'.~' . 

. transi tioh of CaP. wi th 018 cont~inl~g some water, the Ca016H heads .'.' :~":> ,':',. 

:1iS~~d in Table VIII shifted to smaller wavenumbe~s ~~ 1.6 to 1.9 cm-
l 
•. i"':,).; 

,CaO H band heads betw'een 18001.47 and 17 992.14:cm ',' shifted to larger 
, " 

wavenuinbers by 1.04 to L3q cm-l ,upono18 substi~ution. Under high >1":,, ,'-
,~-~:.,~,.~ .. ~'.,'. 
. , • resolution, each of the doublet heads ~ppears to be split again.' Only 

'X, • i'~~'i~J;><. very diffuse band spectra appear in the orange region with the ,wet arc. 

'".(' .::'.:.i ',' '<':<':"';"~ The band str;rctures of, both the green and orange regions are quite 

~,. ,:'.'" ::'~;,:·i·\>:" ;" different when a dry arc is used. Many more bands appear particularly , 
" ~ .. - '. '., ",', • '.':.~"': '.~; /~~ ,.i . 

" 

,.,' .~""':.:. ,': in the orange' region. The orange 'bands ,did not seem to -show any isotope, .. 

" .,'::-';'.1 :~. ~:,": . ' ,'" shift when ois was used; : it may be n,ecessa;y-tb-ti;e drier oxygen' to 
' .. ' 

-: 1 ',',' J,':' .:,. ,": ':'.< . 

'~ .. , .::,.,' ,,' : .. ,', ':' eliminate obscuring hydroxide, features • 
. ,.1 " ,'. 

"',' ' 
. '.' ' . ,/ : ' 
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':,r,' 'r: 
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, '.-
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.;,", 
.' '." ,'. .~ TABLE I 

•.. " . '..... ..... .' . 16' ........ ' ... ' 
. '.'.Band Head Measurements for CaO . (A ~ .~ X~) . 

. in em -1, (X) and vibrational ass'ignment (VI -v") 

10119.8 
; (9878.9) 

10124.2 
.. (9874.6) 

. 1084804 .3-4 
(9215.4) .' 

10867.6 4':'5: . 10193.6 
(919901) '. (9807 .. 4) 

.10891.6 
(9178 .. 9) 

5-6. 10227.0 

.... , 

(9775. 4) 

.. ; 10262 .. 8 
(974l.3) 

.',.' . .... . . 10305.9 
, . ',I .. ' . (9700.5) 

.. " 

' .... (', . 
:.\ " .. ' 10346 .. 8 

(9662 .. 2) 
' .. , ' .. ' 

'; "10400 2 , .. 
.. "" . 

. ' (9612 .. 6), 
. , . 

0-2 9417.8 
(10615.3) 

1-3 9431.6 
i (10599.7) 

2-4 

3-5 9491.1 
(10533.3 ) 

4-6 9529.0 , , 
(10491.4) 

'.:.,'. ',' 

: 5-7 9571.6 
,," . 

' ..... : (10444.7) . 

'6-8 . 9615.9 
, (10396 .. 6) 

, 9668~O 
.' .' (1034000) 

. 8-10 '. '. ·9716 .. 4 
,. (10289.0) 

9-11' . 9780 .. 6 .' 
::' (1022105) 

".,. ',' 

• r" ••• ·• 

.... ':; 
- 'j ,.' r • • '10454.8 

";.' (9562 •4) .' 
10-12 ..... 9844.7·····. 

. ':(10154 .. 9) ,: 

• ')0' 

:: .. , 

10510 .. 0 
. '. (9512.1) 

1057105 
(9456.8) 

i .. ' 

11-13 

12-14 .. ' 

·0-3 

1-4 

2-5 

3-6 

4-7"' 

5-8 

'·6-9. 

7-10' 

8-11 . 

.' ';." 

; . ,'.:; ... 

. '. . . ' ' , . ' 

:'1':" 

, "'.: .,. 

9-12 
- .', .. ': . 

. ,", .;.' 

" .. 10-13 . " '., 

,". ' 

--~---.. -------...------......... -----~-----., ..... " 

, ", , 
, . ~, . ": . . :'.. '. .... , 

. ",. 
.' : 

, , ,I 

.; . ,.' 

.,' '~, . 

, ..... . 

. .. 
, . ..', ' . 

j • ..... 

. , 

'. " '. 
, ,. . . 



" 

";, .. ,' 

•. l!_ •. 

" '.' 

:'.;. 
....;..'.. ,. .~ • 'r 

.. .:., .... t ..... 

. ~. .') 

.' ..... . 

: .~.~~::;; .. :.. ~ .. ~'. ' 

-;-.- . 

... ..;~ . 

.,'/ .', 
", . ',' . ~. 

'-, t'.·;. ·f.: : 

;J ';. 
: . ~~. 

" ,,',.'., 

. , 

.', :-; 

':, , 

.. , '.' 
" I;.:·,.t 

• 1"-' • 

• -1.4'-

. ,~', .. ' 
: ,'~ '.'~' 

:~ " ". 'j ,'. .' •• 

,;:,;~f~~~cU: .,:~Am IT. ':'~8" 
. ·,::}t..~~d:}{ead M¢asuremen~s for CaO (Alz -. X~) 
:;;:~iri'·cm71.i "(1). and~ibrationa1 assignment; (V'~VI1) 

; .. 10176.8 
(9823.6) 

0-2 :' 

I'· 

".J- ' . 

0-3 
1 ,. .,." 

~. : :.' >. ~l • 

1-3 ". 1-4 " '. ' .. " . ",:, .... 
" : .. ', 

. ; 10863.6 "2,..3 ". :,' .. 10197 .. 4' 
. (9202.5)· ,:, '\' ":;; (9803 .. 7) 

·.10873 .. 4 
. (919462) 

10890 .. 7 
. :. ( 9179 .. 6) 

3-4";' ,,10215.5 
.,. ',; " (9786.4) 

' .. 

j 

. 1024106 
(976L.4) , 

. '~J~;' 

.. ' 

, .' ~ ,:, 
.. , . >" .• 

'3-5 

• I ~ 

, • ,.' '. f· ~~.,' 

9566 .. i 
". (10450~7) 

4-6 .:,', :':::' . 9601.4 
,: "'.:. :',.: (10412.3)" 

" . . ~ .' ';' 

2-5 

"",' 3 ... 6 

,4-7 

• 't' . 

, ," '::: '.:, ';' 10272.1 
'(9732 .. 4) 

;"~t . '., 
.,-, .. ( 

-~ ~: .~~ ~.t:~ '."" 
5-7 'I': .'., <.9639.9"·~"': .,.' 5-8 

~ .-:: (i0370 .. 7)~:,:. · ... -:f;-
,',' ...... ,' 

.; .. 

., 

• '. I" 

., ;' 

,t..' '. 

:·f_. 

. . 0;':: ~ . 
. J ~ -l ••.•• . 

. '/' 
~ , .. .. , ;- . 

..1, 

..... 
' .. !' . 

.~ " 

' .. f; 

" "":-:" 
" l'" , • i' 

•••• • •• I" t 

'" ; 

...•. ·10308 .. 5 .'.,,: 6~ .' ..... ;',..... 9683<>9 ,. 

.:~;:.' (9698 .. 1) '.~, ,.:'::~: '": (10323.6) ::': 

... 10342.8 . 
,: ,.' (9665.9) 

. )". 'I~" ." ~ ;..:; J 

'1" • 

"; 9727~6 
,<: (10277 ~2) ... , 

10386.2 '.: 8-10', :,:,}:,",''', 9778.6 
(9~,25.5)·';.:'· ;";-<;:,:' (10223.6) ", 

. " 

' .. ~" 10429.~ 
'(9585.6). " : 

, .[ 

9":,,11'. ',. .; .. ' 
.' ,,: 

, . '" 

9829.6 
(10170.0). 

.... :. ' ... :.' 
10479.4 .:, '10-12 

. (9539.9) : \:,':" 

~i " 
'. ' 

. 9888.9 

"'; . 

," 

c, 

i0530 .. 2 
(9493.9) 

10587.2 
(9442 .8) 

11-13 

12-14 
..... 

.~ > ~. 

:. : .;, (10109.6).: 

, .'," 
; " 

.. 1, 

"'. . , 

'" 'r,: 
.... -

'. 

',~6-9 
0'0 • 

7-10 
, '. 

. " 

9-12 
'.I 

,,' 

,',' 

. ~ : 

. .". '. 

. , 

, ' 

, .' 
v 

" . 

. '; 
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. ,.' ~ . 
. ~,' , ,', TABLE III 

',A ~ - X~ fun'd H~ad Differences in c~ ~i fO~"~~016 and ca018 
-

.-.'~,. 

fund 

0-1 
1-2 

2-j 
3-4 
L~-5 
5-6 

0-2 
1-3 " 
2-4 
3-5 
4-6 
5-7 

", 6-8' 
7-9' 

" 8-10 .. ' 
f' 9-11 

.. :, 10-12 
~·>.·,11-13 

: 12-14 

. ' .. ' 
28.5 ." 

.. 28.0' 
. . 

'. I: 

'26.9 . .;, ,'\.: ",: 

'::. ". 25.2 
. ' .. ' 

.. ":' .. 

, 23.0 
. 20.4 

"., .;" 

- .. ~ 

:." 

'. ',~ ... 

. . " 

. ,('.'. 

"56.7 
55.2 

" 53.4 
..... ,: 50 9 
","<' .. 47:2 '.' 

-; /;. i43. 7 • ': I 
.... 39.8" 
" 35.4 

'30.5 
, 25.1 
19.2 

'12.6 ' 
, 6.4 

., .... 
. /"" 

.. "., 

'" . 
." .. 

'0-1 Sequence 

0-2 Sequence 

.... , 

:. ", .~.;' , . ';' l~ .. 

. . ;' 
.... , ".', ... 

0-3 
,1-4 
2-5 

~:3-6'; 
: '," 4-7 

~ 5-8' 
6-9 
7-10 
8-11' 
9-12 

10-13; 

" .. ' ... ;', .. 

, . '.:" 

\' 

.... \' --

83~9 ' 
" 81.7 
. " 79.1 

75.9 
" 72.4 
" 68.2 
'. 63.4 

58.4 
52.6 

, 1~6.4 

39.4 

.... :". ' 0-3 Sequence 
, ' 

. ", ~ 
. ~ ... 

25.0 .,' 
23.1:", 

,J", 

"" 
, ~ ~ .'., 

, .. ' ," :,' ," 

,. " . .','," 

57.0 ' 

20.2 I.""'" 

15.7, 

.',' 

.' 
" 

',". " 

··f" .! 

\ \ ~ ... ': 

75.'0' 
72.4 
68.3 
68.0 
59.6 
620.2 
49.0 
44.2 

". \ 

, ,,' 

" i 

, " ',: ~ ~ . .'. .; . 

>"i; 

';-'" 

"', ;', 

.':' , 

.... '. 

., " 

+ .2· 
+ .1 

+, .4 
- .8 
-1.4 
-5.9 
.-1.5 . 
,-9.4 . 
~4.1 
-5.4 

". -7.6 
-9.3 . 

+ .9 
.,0 
.1 

-4.6 
-1.2 
-9.6 
-2.6 
-4.8 

/. 

::'" 

"'. " . 

.. ; . 

" 

. ,"" 
0< ,~'. ' 

• '-I ~ '. 

" 

, , 

.. :., •... ; 
' .. : 

" :.' 

. ;' 

", ..... ~ " 

... ~: , 

'. . , 



-', ~ . 

·.'i 

..•. " 

". 

;" 

" .~ 

" 
, ~'.: ... ; .:~~ .:. 

..... 

, , 
,. -:. 

..•.. 

-~ . 

" 

.', 

", ~. . 
:\.' 

~. " .' . . 

origin 
'I.' 

V" . 
, •..•... 1.. .. 

B"·' ' 
·V"'''::' 

" ~ .. ' -.,' 

", .. ~ . 

"."i 

" ~. 

,."', \ . 

. ' 
D" 'X 

V , . 
;'\" 

_o--___ ~..,--_:__~----~-----:-:-:...-_---.....;...------.....;...- .,'\ :', ,,' . 

4-6 
.... 

5-7 " , 
:~', 1 . -' . ' 

6-8 

. (,"" 

r" .,.i { .:', 

.... ; 

.~ " 

.j, .,-' 

:'r 1 

10256.7' 

: -1 
em 

., .... 

.-
1 !,' 

i";' , 

',' ~ ... , . ,<'; 

"."., 

-\.. 

'" 

,; ; ':. '", 
".' 
~ . ~ 

.. ' 

',1 

~ .. , I • 

5 

.8 
',' 

":', 

. '~. ' ,,' 
:;'., 

;~ . 
', . . 

.. " , .. 

-' 

"':<,; 

,"" 

.",,\,., 
'... ~, 

j ... 

',,' . :' 
.'0' .;: 

. ' '. ,.' 

'0.4267';·,,,' 

: .. ' 0 .. 4226 ; 

:'.:. . 
'; . 0.4156 

: , ~ 

, .. r ~. 

,',' 

-1 .em .. ' 

"" 
.' 

/';", -,",. 
:", 

i, 

, . 
", \"~. ' . ,', 
. '~'"'. 
: ~. :~, ! l'~ .. ' 

", 

.--
I'" 

" 
..... ~. 

'" 

~. : 

.:\ 

" 

0.64· 

\,0.59 

<, 
.,' , 

" .< 

:' 

, ' 

. .,~ .. -
.. ~ -,. -

,; 

.'~' ~'. 
J " 

.,-
.. 1" 

. " 

. :.; , 
.', 

': " 

:,,""-.', :} 
:." 

.... : 
'.' " 

.' " " 

.. .., I 

-','" 

" 

:l.. 

'.' 

t,.; 

\.'-;.,' 'T'. 

'" 
.,',' 

,' . 
. ~ 

J .... 
. :,1 

~,., .. 

v 

" .' 
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TABLE V' ..... , .... ;", 

".. . .... , '. 16 ...... "-1 
::;c:".va:~es<, of ~GV+l/2 (CaO ),:,cm ..... . ,':'.': 

.... ,,; , 

.... ,:.' 
Mil .' ".' ,,' '. . '," .. 

. .. :.-.' V+l/2 . M'v+l/2 
.'.,.., -----~;......------

'.+,' .' 

o 

1 

2 

3 

4 ... ;: 
........ ;'. 

a 
722.5:,> 

712 .9a 
, ":-" 

: a 
703.2 ' 

• "J 

702.7 
'" .. /. 

. 693.4 

684.2 .' 

Ca018* 

693.4i 
'" ',c 

68467 

Ca016 

',711.9a . 

706.8a 

·708.1a . 

702.9a ., 703.0 

..' '. 

, ".' .;.' 5' 675.0 

665.8 . 

675. 4 .. 

666.0 ., .', 

,.~"', . 

" • I 

6 

. ' " .. ,;' 657.0: 
,,/.1. _,' 

'.'.: 

, 649.0 
; " ;t 

9 '" '. ".640.5 . 

10' 634.0 

11 

12 

... ;. 

657.6 ",'>,' 

·640.4 

633.2 

626:4 

619.9· . 

...... 

,"'f", 

'.', ~' 

. ":'! 691 .. 0 
' . .' .. ~: .. 

. '680.1 ' . 

"'685.6. 

677.0 

'. " 

'. .' .~ .: ' 

* '16 ',' '; 
Values adjusted '.to. ~GV+l/2 (CaO ) as outlined in text.· 

·a .Values from Hultin and Lagerqvist.(2).· 

.b Value from data for C-X system. (11). 

.", ""'" 

,I.." , 

',' 

",.: 

.,'. 

",: 

18* CaO .. ' 

.704.5 

703.8 

699.0 

697.7 

686.7 

686.6 

678.8 

678.6' 

l ~". 

.': .'. ~ . 

.,".,', .' 

"',. 

! '.. ~ . ' 
,~: ' 

';,,: : 

' ... "', 

1 :. 

, ,'~ I 

. ; . 
'.'! 

:',' ' .. 



. ~. 

,.. : ~ ": ,~, ~ "" . 
'.:1-i" "! 

. ~'. ~~\. \ ~. 

'''. " 
:,.\,' 

' . 

'\', I' , 

.( .. 

" ~>"~/ J ~ .~ • < .\ II 

==:""':~':':' =M:e=a:s:":u:r:,:e:d=:"':;:'~::n:.,:,9-:":~:c:a=l:c=u:l::a:t:, :e:d:' :' :Ba=:n=d======================:, ~:'::==:' :: .•. :(,:,::'=j~i~:~'(~~'> 
,:~r;t,r~J Measured 

::'( incm-1) ",,',:,,.,.' -:i 

Vibrational 

Assignment 

.. / ' ,:'" 

''Calculated 
(in~'-l) --________________________________________________________ ~~ ________ ~ __________ w__________ 

8959.0 

,.,.' 

, 
\ 

'.:. '. 
:", 

0 .. 3 
"1':'4' 

..•. 

:;'3-6 

4':'7' 

.... ' 

",. 8-11 

,. 9-12," 

:10-1~ 

.~ ... ;';' 'j,' 
,;, 

',. ~ ., 
Measured 'values taken from' Lagerqvi~tand Selin. (~) ~ , 

. ..~' 

'. " 

,': 
" , , .. 

, I 

, :,\' 
. ~ ... 

" 

;, 

: ~';; '; ~"-' ~ 

' ... 

." 

",": ! • " 

.~"', - ~ . 

, , 

,,)\., ~. ~.' ' 

.. .: .... :. 

. ~ ~, 
~';..... .' \. 

" .' 

8959.7" '" 

8958.6 
, 8960.} 

8978~5' 

8978.8,',' 

',' 

".' , , 

:', 

, t.~r 
.,' 

" ... ~. ~\.~:-, 
'I' .... 

d • 
" .,1. 
,.,'i." 

" . 

.. ~' 

. .. . ..:~ 

, " 

~ '." , ". 

! ...... ~.' 

" 

-.' ~ ~ 
\"1 > 

.} . 

' .. y,' 

" 

".' 

" . 

~, 
. ' 

i, " 
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TABLE VII 

, (SrOlb);;' 
\;'1 

cm '" 

Observed 

" 

'. 
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o Taken from Ref. 2 
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This report was prepared as an account of Government 
sponsored worko Neither the United States, nor the Com­
m1SS1on, nor any person acting on behalf of the Commission: 

Ao Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

80 Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractoro 




