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ABSTRACT

Two band sequences of Ca0"® and Ca0*® in the region 0.94 pto 1.1 Mﬁ o
are shOwn to be 0-2 a,nd.O_.3 tailband Séqu_encés of the Alz - XlZ fransitiof}'

of Ca0. Band origins-and BV and Dv values are given-froﬁ a rotational

-analysis of four bands of tﬁe 0-2 sequence..:Vibration constants.we and -

:' wexe for the upper. and lower states and weyevfor the lower state‘are

determined from extended sequencesof both .Ca0*® and Ca0O*®. Treatment .

of data on SrO from the litéfaﬁure show a band sequence in the région ‘.

1.09 1 to 1.12 u to be a 0-3 sequence of the AlZ--jXIZ_tianSitibn of‘SrQ o
“ Vibrational constants wé and X, are determined for the'lower7stéte.ﬁ,”{?:;ff

Isotope shifts are giVen‘for CaOH band heads.
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iiNTRODUCTIONf“
Bands 1n the'v1c1n1ty of lu were first observed and ass1gned to
CaO and SrO by Meggers ( ) Hultin and Lagerqvist (2) measured Ca0

aﬂ‘bands from O 7u to O 9hu and gave a v1bration and rotation analysis.‘ ‘

Ti_‘The bands in this region were found to be a z-lz transition with the

,ﬁ 0-0 band at 86)2A. Their analys1s showed the upper 12 state to be highly
i Qisperturbed by other nearby electronic states.‘ They concluded that the y*;_}u
'7f;;additional bands of CaO reported by Meggers (1) to the red of their

;*;system belonged to a different band system. - Molecularborbital correlaés

4'Tt10nS (3) predict that a A Z—lﬂ transition is to be expected to the red .

:;;of the A Z X Z transitlon. Our report presents an experimental investiga-ifh

Sy

fption and analysis designed to. clarify the nature of. these bands in the i

f:region 0.94u to. 1. lu. iif o '*f' 1‘?7" . ;'V

~ Almkvist and Lagerqvist (h) examined the spectra of $r0 from O.75u
';f:to 1. lu. Bands in this region were analyzed as a lZ- b2 transition with
??the 0-0 band at 9l96A. Lagerqvist and Selin (5) published further rota-
tional analysis of bands of the 0-2 sequence, and also listed an unassigned .
"féiband sequence in the region from L. O9u to l.lQu. .This sequence looks | v |
Tivery s1milar to the two sequences of CaO in the O.9hu to l lu region and .
n;:;a Vibrational analysis similar to the one we have experimentally determined,

’ ',‘~- ~

:;hwfor CaO will show this to be the cases .

EXPERIMENTAL

s The light source was a reduced pressure arc between Ca metal eleca' E

i:trodes. It operated in a helium atmosphere of about l em pressure with

16 8 . L

small continuous flows of 02 and Ol introduced to the arc by means of

7ja hole bored through the center of a Ca metal anode.. Flow rates were
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~such that'eboutvlbo ml. of oxygen at 1 atm were'consumed,pej'hour‘of,_

operation.
Low resolution exposures were téken on a 1.5 meter Czerny-Turner

spectrometefa The grating is blazed at lu and gives approxlmately

l: 20 A/mm dlspersion in first orders Hyper sens*tized I-M and I-Z emulsions g

:‘requlred expooure times from 5 to 15 minutes, Both CaO 16 and CaOl

spectra'were“photographed at this,disper51on, Argonj,. .caleium and oxygen'flﬂf
atomic lines were used as wave length standardsc

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

ﬁllspeetrometer, The gxatlng is blazed at 6u and was used in 6th order with
s.lfila.dlspersion of about 1 A/hmuv Four bands were photographed at this
 dispersion with sensitizeq I-M emulsion and”exposure times of about seven‘
. houfs. Only Ca0l6 bands were photogra?hed et:this dispersion because

_df the need for approximately 1 liter of oxygen at 1l atm for each exposure..

RESULTS AND DISCUSSION

We have dbserved the bands previously reported by Meggers (l) and("_vﬂf

in addition we also have observed weaker bands of each sequence, Tables . -
T and II give our measurements and vibfational asslgnments for both

, 1 8- S
‘Caojﬁ and-CaOl « Our assignment indicates the ‘bands belong to O0-1, O~2,

and 0-3 tall-band sequences of the A Z»X Z transition +‘onr' which Hultin

'niand Lagerqvist (2) have previously analyzed the red degraded bands of the ;ﬁf"'

3-0, 2-0, 1-0, 0-0, 8nd O-1 sequences, The large WXy for the lower state '

results in a reversal of AGv+1/2 values between the 0-0 sequence and the

0-v" sequences with v" > 1. However, the order of B values does not

reverse, This produces the unusual behavior of tail ben&s with vibrational’

structure shading to the violet and rotational structure shading to the red,‘-"
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' which obscured the relationship between the tail bands and the previously

[

5'. ,analyzed bands.vj,t;fwéQf

Proof of the assignment can. be found in the comparison of calculated,yff

-and observed isotopic shifts in Table III._ The calculated isotopic shiftS'?”ﬁ“r'

L

- 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 fﬁfﬂ.

'f,Of»the A;Z state by six lower states.. Of the states predicted by molecular

,-gporbital correlations (5) to lie below the Alz state, there are only six

1gposs1ble perturblng states 52 52 lH 3H +, and yZ .' Thus
77§i£7?1f_'every low—lying state mist be participating in the perturbation process k
,i't?*”'with resulting complication in analysis of the spectra.

“Q_' ' Additlonal proof of the nature of the bands is furnished by a rota-_fff”'"“"'

tiomal analysis of " the 3-55 4-6, 5 -7, and 6 8 bands. Each of these bands }j};ziﬁgv=

. - . has an upper. state in common with bands- previously analyzed by Hultin and ;irf:}':‘

f'LLagerqv1st and a comparison of their A?F' values and ours shows very good

-'agreement. Band origins and B" and D" values have been determined from
.'*ffrourlanalysis and are given in Table IV., A complete listing of line
t.;measurements used in our rotational analysis can be found in the Ph, D.
.'~:‘thesis of R. | Hauge (6) The B" values in. ‘Table IV together with the values . 's

t

: f‘ylfrom Hultin and Lagerqvist for v"' =0 to 3 yield B" = O.hhhh 0. OOBM (v" 2)
, l _

7

.ﬂ
D 2
5[;_with an average dev1ation of 0. 0002 em” S

‘
v

* The well developed 0—2 and 0~3 sequences provide an opportunity to -
ﬂre-evaluate the vibrational constant we and ® X, -glven previously by

‘liHultin and Lagerqvist (2) To do this 1t is necessary to calculate band

i




' isotopic relatlonshlp: :AGV+A.(CaO
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origins from our measured band heads and experimental or extrapolated B,

values.. For the lower state,'B values are experimentally known up tb.,'

v

v'o= 8, for ﬂhe upper state up to v' =6 and o, ig well enough determined lfli'"”

to allow extrapolation of Bv to:v" =13 and v' = 11l. DV values as given

by Hultin and Lagerqgvist were included in the calculation of 6rigins, but e
. their effect is only noticeable for high v.bands with large J values aﬁ

-f: the head. J is 50 at the head of the lO~l3 band and inclusion’of'.Dv

values raises’ the Aﬁlgl velue by 1. h cm -1, For AGgy the effect of Dv
2

s calculated to be 0.1 cmjla From the band origins ﬁe obtain the

e 1 llsted in. Tdble V.

8 . B
: AGV+A_(CaO ) values ‘have been adjusted in'order to compare them
5 :

" to the AG L1 (CaO ) values by converting to 4G vl (Cal 6) with the

2
1) = a0,y (ca0™) + (1-0) @

2

u.lrooé of the ratib'of,the reduced masses of Caol6 to CaOl8 and @ , 0 X

e e e

‘l=‘andxweye are vibration constants of CaOl6 as determlned by an 1n1t1al fit fﬁﬁgk'l

. to AG(CaOl6)_values. The AG;+;_ Values for X Ly, agree very well particu-

2

" larly since changing pérturbations in the.A.Z state might introduce some.ififffw
"~ error. -The effect Of changes in ﬁertuibations'of AlZ are clearly seen

yf,in the lack of agreement for the upper state AG‘+l‘values based on the - -

2

Cotwo isotopié molecules. Our AG ) values and thoge of Hultln and

v+s

_ Lagerqvist (2) are shown plotted agalnst v" in Fig. 1 and 2, Flgure l

shows a llne based on the- w o? and w e values of. Hultin and, Lagerqvist.

‘The fit is‘good'for lqw v ’numbers but a deflnlte positlve'dev1atlon of -
the expérimental points is apparent at higher v mummbers. A éhird order

.constant SR has been determined to account for the deviation such that

e (l~02) WX, (v+1) + (1-p ) oY e Kl3/h + 6v + 3v2) where o is the sQuafe;:grlf. o
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| ‘7'4§V41/2‘for;xlz An em T dsr |
éG 1/2 -‘1',723‘_'_9 i '19-31" +(, 0.13 o

Figure 2 demonstrates the scatter in AG +l/e»values for the AlZ

i;istate. One notes, however, that AG +l/2 for v =3 and h seem particularly ‘fi

N . well determined 51nce the three independently determined values are. in-*ﬁ"

31,good agreement. From this 1t would appear that perturbations are not .

+1/é for these two points and that the best stralght line

L fit of the data should pass through these points. This line is also

f:?affecting AG

v}jﬁqulte close'to what one obtains from a simple least-squares fit using

}-data from Hultin and Lagerqvist and both isotopic molecules.' It mightv-

.',‘“
')

{::be noted that an averaging of‘AG “values from two isotopic molecules

+1/2
’:lprovides an apparent means of removing perturbation effects in the deter-_wf T
curves.» The equation obtained from a least squares :

'ffit to the data of Fig. 2 is.

SRR _AG' 1/'2 - T b3 ven

“Our molecular constants in cm l.are-as.follows!;ni~
- CYe

b A-z".*ﬁ‘f:, 718 9. ”ﬂfff;. ]nlf,-e.ll'-"

The third order constant R of the X;Z state is of some interest

“4?fsince, in relation to w% and W, X , it appears to be quite large. In fact

wits positive value requires additional negative terms of higher power inv

.. approach zero at high Ve, This behavicr is to be .‘;_ u-»' .
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"ffjfof Ca0 have been shown to be 0-2 and 0-3 sequences of the A 2 XlZ transi-
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analogous molecules MgO (7) and‘BeO (8) as well as'meésurements of the.

. ionic charecter'Of SrO-andrBaO'(9). Tonic bonding would introduce a

lower ordexr dependence»on l/r of the potential energy and as a result

A,cauee a less rapid convergence of NG 1/2 at higher v numbering than

one would‘expect from a Morse potential energy curve, Lageeristuand

Westoo (10) obtain a ¥y, value for BeO of +,0224% em™ . Tt should be

noted that therefisisome uncertalnty in‘our wéye value since it depends ly'ii”;f
criticeily on the extrapolated B values. However, as mentioned‘earlieris'f“f{“

~ the o constanﬁs uhich/predict the variation of B with v have been deter;:f_¥i~‘ 
:-]  mined from a. cons1derable number of experimental values and it ig felt that”

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

+1/2 deviation from linearity.

Lagerqvist and Selin (5)'mention the'similarify of Ca0 spectra beyond .

Vil 9700 A to the spectra of Sr0 from 10930 A to 11135 Aa Since the bands .

_Ltion, one might expect this to be the case for the unassigned sequence
l!"i.of.SrO as well, This can be shown by obtaining the AG +l/2 values from ;
,‘..the'head measurements of Almkvist and Lagergvist (4) and’using them to

. "calculate the‘origins of bands of the‘O-Bhsequencee The extrapolated
| ’;uBV relues-of‘A;mkvist andnLagerqvist were_used to ebfain an estimate‘of ~v5&
‘iZN1 the band head positions, The caiculated;end measured band,heads'along
f:with.our assignments-are givén_in Table.VIe“ One easily sees'hcw:confusion
, 4miéhﬁ'arise in anylattempt at vibretionei analysis of these bands since |
!';perturnations cause cbnsiderable'cverlapping of the early.members of the

gsequence,

Tt 1is possible to obtain values of AG"+1/2 for Sr0 up to v = 8 by[l:
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) '. . ._;lo_ :,'I.';,"_‘:

fwlower v and appropriate band head measurements.

{1combinlng AG»ll/E- 3

;.Table VII shows the AG' values obtained in this manner and also

_ 1/2 ol
f,AG§*i/2 values calculated from an equation obtained from a least squares’

"f,fit to the above AG 1/2 The equation is ii:”i':"ﬁviygff

AG" (SrO) = 6l+5.h - 7.85 v cm K

+l/2 ‘

[

'4i‘The v1brational constants for the lower X;Z state are thereforet wg =

il653 2, w" "" 3 92 em l;g"l

The isotope shifts for green and orange systems of CaO and' CaOH were

2

: also examined. Wet arcs using HéO and D, O gave violet degraded bands with '&;e«v
“doublet heads about 1A apart in the green in agreement with most of the Infjﬁfﬁﬂfld

'5strong CaOH bands reported by Gaydon 12) Table VIII lists the wave— i.
J;numbers, wavelengths, and isotope shifts for five of the band heads for
,;'which it is believed that the Ca0 6H and’ CaOl6D features can be matched.

" The sequence moves to the red and appears very similar to the 2--2 gree

'u»tranSition of CaF. With O18 containing some water, the Ca016H heads“fﬁ

plisted in Table VIII shifted to smaller wavenumbers by 1.6 to 1.9 cm l{t

i‘CaO 6H band heads between l8 OOl¢h7 and 17 992;lh cm-l shifted to larger

wavenumbers by l Oh to 1 36 cm -1 upon O18 substitution. Under high
resolution,-each of the doublet heads appears to be . split again. Only
;' very diffuse band spectra appear in the orange region w1th the wet arce.

. The band structures of both the green and orange regions are quite.;jt;ﬁplg?:

[

3 different when a dry arc is used. Many more bands appear particularly K nil

ﬂ'tin the orange region. The orange bands dia not seem to -show any isotope .

'hffshift when 018 was used; it may be necessary to use drier oxygen %o

‘

eliminate obscuring hydroxide features.
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- TABLE T

: Band Head MEasurements for CaO (AlZ X;Z)
i in crh” , (A) and. vibrational assignment (vtv" )
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. TABLE IIT .

18

'3_:. '{A%Z Xy Bahd ﬁe§d Differences in em™t férfdéo;6

,,,,,

and Cal

Band -.js':',Ca‘écuiétediq '_ %bseirved E 8 S
Sl 160 =L, 018y =Ly 016y o =L, 0 18y el -1
- ATH(ce0 ),. _'_>,» (ca0™) . A77(Ca0™) > ;(Ca\ov, ) ANy .

.

L ;g;‘:o;l Sequence

.0-2 Sequence

i . : -
HEWOVOIONm EwW o

LU
RGREEYS

R;F'O\O(DTJO\U1$TV‘N)F‘O B

if 0-3 Seéuence




Rotatlonal Constantsf or X
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"I‘ABLE v

of AGv+1/2

% T — | < W
C&Ol8 R CaOl6 g Caols ey

et
esd
,£;708olat.{. ‘_’, .7Oh.5: ;QEt7 o

702.’95,"5;:705.0' | 703.8 e
698 686 Coem0
;“.695_61.*8' 692°O iﬁ""_'.i' ‘.v‘6j97‘7. o
666 L
Coeme

“?Q 'j‘693 "
e
o
k0

z'::,.‘6u9..‘8 NN u
I' 6,-"00,4-

633.2 ..

.C‘ 626:4 S et
C619.9.

Values adausted to A 1/2 (CaO 6 as outlined in text.
‘a Values from Hultin and Lagerqvist (2)e | |

b Value from data for C-X system (ll)
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d Band Heads. of, §r0-

Vibrational

Assignment

_ MbaguredFYQiués:ﬁékeh‘fromiLagerqyiétlana Séliﬁ;(5>5¥f;




Ay (8r07T), em i L

: Obsér_ve.d . ‘ : -‘f"' : . ‘.  _Calcﬁlated »
L eussg 645 ‘ .
g 637.8% - 637.6 Do

619.7 621.9'“‘-. ‘ o
'1_606'-.0' 606.2 . - .
- 598.0 L 598.3 o
S osglz it 59005 ¢ -
U os82.3. - e
"__a;rid.'.-];:a;glerévistltvand Selin (S) :




. Wavenumber (Wavelengths) of Green:System of CaOH .

179919 .

. (5556.5) 11

(5547.5)

. 18025, -
< (55%6.2)

5§‘18037;43

18046.5
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' ‘O Taken from Ref. 2
O This work [CoO'G]
710 — ‘ A This work {aéicj;uoslged] 7
" 690 |-
£
o,
~ 670 |
+
‘>
&)
<] 650
630 —
610
0

W

XBLETT-3435

Figure 1. Plot of lower state AGV+L values agéinst vibrational -
. , 2 ' :

number, v",
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o Tok‘é_n:..fror'n”Ref. 2
O This w'o.rk [Caols]

A This work [ddjusted]
. o L Ca0'®

number, .v'.

 XBL677-3496

o '3Figure-25: Plbt of ﬁpper'sﬁate AGV+L values against vibrational
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sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. 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

B. 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 behalf 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 contractor.






