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The emissioll band Spectl'lllll of CaI is excited in a high frequency discharge and photo
gr.lphed ill the tirst order (reciprocal dispersion, 1.25 A/mm) of a 21 ft. concave grating 
~PCC!l'lll:ll;.ph. lIigh resolution spl!ctrogmms in tbe region 6100-6600 A, ob(,\ined for the Hrst 
lime, h<J~e "Iwwn tilt: existence of two doublet systems consisting of a number of weJl marked 
~C\!tlt!IH;CS ()f bunds degraded (0 shorter wavelengths. The systems of double headed bands 
.11 \! ribl';tlio!1;!lIy amllyscd and attributed to A 2J1_ X 2E+ and B 2lJ~' - X 2£-1' transitions 
analogpus III the iI-X and B-X systems of the other halides of calcium. The vibration.tl 
C\)fl~!lJ.[Its ~lf the ground and, excited statcs and the spin doublct intervals of analogous 
stutes of the isocleClmnic molecules arc compared. A brief discussion 'of the electronic 
blutes is given. 

1. introduction 

Thc band spectrum of Cal as investigated previously [1--4) was known to consist 
of' groups of blinds in three spectral regions: 6220-6690 A, 4110-4440 A, and 3075-
-3290 A. Murty et aL [5J, reinvestigated the bands in the visible region under high 
resolution (1.25 A/mm), They analysed and attributed the bands to a c2n-x2~+ 
transitioll \\it11 a doublet interval of about 428 em- i , The spectrum of Cal in the region 
6270-6690 A has been studied [6-8J, and the bands were analysed on the basis of two 
systems A 211_X2!+ and B2~+_X2~+. However, the band head assignments were at 
variance with each other, due probably to the low and medium resolutions employed. 
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Therefore, following the study of visible bands [5], it was felt desirable to reinvestigate 
the bands in the region 6200-6600 A under high resolution in order to provide 
a comprehensive vibrational analysis of these band systems. Furthcr, I he n:i.:Cnt 

spectroscopic studies of some of the C-S stars [9J, supported the purpllSC of this high 

resoluti.on study. 
In the present investigation, the bands in the red region have been photognlphed 

in the first order of a 2 [ ft. concave grati ng spectrograph. High reso1 ution spedrogmll1s 
obtained in the present work, have shown the existence of over 200 bands as against 
76 bands observed previously [8]. A new vibrational analysis of these Jot! ble headed 
bands is proposed. The bands are analysed and attributed to A 211-X 22,'1 with a srill 
doublet separation of 60.4 cm-1 and B 2 E+ -}{ 2 E+ systems analogous to the A - X anJ 
B-X systems ofCaF, CaCl, and CaBr molecules. The details of the experimental procedure 

and the ~l1alysis are discussed in the following sections. 

2. E.\jJerimclltal details 

The spectrum of Cal, in the red region was excited in a radio frequency discharge 
from a 500 watt oscillator working at 30-40 MHz. The discharge tube was un all quartz 
transparent tube of 30 em length with a central capillary part, 30 mm long and 3 111m 

diameter. Spectroscopically pure sample of Cal2 (supplied by E. Merck, Federal Rcpublk 
of Germany) was placed in the discharge tube which was then evacuated continuously. 
The characteristic colour of the discharge observed in the central capillary portion of the 
tube was intense crimson. To maintain this intense crimson colour, intermittent external 
heating by means of a special Bunsen burner was found necessary. 

The spectrum was first photographed under the low dispersion of a gluss Littrow 
spectrograph. An exposure time of 5 minutes was found sufficient to record the bands. 
The bands were thereafter photographed under high resolution. Exposures of 20--40 
minutes duration on Ilford HP3 photographic plates were found sufficient to obtain intcnsl! 
spectrograms of all the sequences. 

A DC iron arc was used for the comparison spectrum. Measurements of the band 
heads were made on a Hilger comparator using second order iron arc wavelengths taken 
from the MIT table~. Vacuum wavenumbers were calculated using a computer program 
which fits the dispersion curve to a cubic polynomial. The relative error in the WHve
numbers of the intense band heads is in general less than 0.15 em-I, 

3. Results and analysis 

The spectrum of the Cal molecule in the region 6100-6600 A photogruI~hed under 
low resolution of a glass Littrow spectrograph consists of several close groups of bands 
degraded to shorter wavelengths. From the high resolution spectrograms obtained, all 
the groups are seen to be well resolved and are identified as sequences of double headed 
bands of two systems designated as A 217 -}{2r+ and B2l;+-X2r+. We present below 

the experimental data and the vibrational analyses of the two band systel11$. 
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Fig. 1. The ~1L' == 0 sequence of the A-X and B-X system of Cal. a. The .::ILl = 0 sequence of 
A 2Jft/l- X2J:i. b. The Llv = 0 sequence of A lllJ/z-XlI:+. c. The !J!I = 0 sequence of Bzgl-Xzl:·'. 
(The Cal spectrum is photographed in the 1st order. The standard iron arc spectrum is in the 2nd order) 
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Fig, 2 The ,jv = -1 sequencc of the A-X and B-X system of Cal. n. The ;11' = -\ ~(;qll(;lll:e tlf 
A 2111/ 2 -X21,;+, b, TheLlv = -1 sequence of A 2II3 / z _X2.E~. c. Thedv = - \ sequence of J) "1.' I -- X 21.". 

(The Cal spectrum is photographed in the 1st order. The stan<.lard iroll arc spectrum is in the 2nd unler) 
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3.1. A 2fl_.\' system 

From intcll!>ity considerations the sequences' at 6413.4 A and 6389.4 A are easily 
identilied as ifl) =: 0 sequences of the two subsystems. Sequences Llv ~ ± I and ±2 arc 
also idcntilicJ. TIlt! ,dC(I') intervals of the common lower state of the two sub-systems 
"lgrce \'\:1') closdy \Nitb the corresponding intervals of the lower state of the C 2J1_X 2 Ii 
~ystl.:ll1 <lmtl;, ~cd by lv!uny et al. [5]. Ii is therefore concluded that the lower stutes an: 
the !lame, most pnlbably the ground state of the molecule. The double headed nature 
or the b.mds is ascribed to the spin-splitting of the A 2 n state. 

fbe high n:solution spectrograms of .do = 0 and -1 sequences of the A l1]:"X 2EI' 

systems an: shown in Figs. 1 and 2. From the nature of a 2[[ _2;[ transition, for bnnds 
d~graded tu shorter wavelengths, we expect the following head forming branches: 
1'12 and PI for "111/2 - X::!;[ and P2 and Qi. for zll3/Z-X2;[, assuming 2n as a regular 
state. Thus C(l.:h band with a particular value of L,I and VII is expected to consist of two 
heads in each sub~system. The detailed classification of band heads is shown in Figs. 1 
.. md 2. 

The vibrational constants of the upper and lower states of the system are obtained 
by plotting the mean values of the vibrational intervals .dG(v+ 1/2), against the corre
sponding /I-t- 1/2 values. From these plots, it is infeHed that in order to obtain a sntisfactory 
tit, thl! vibHltiona! terms G(ll) should be represented as 

The vibmtional quanta LlG(v+ 1/2) are represented by 

LlG(v+l/2) = G(v+.1)-G(v) = a-b(v+lj2)+c(v+lj2)z, (1) 

where 

a = (o.-w.x.+cv"Ye, b = 2cv.x.-3w.Ye and c = 3w.y •. 

Using the second order polynomial fit given ~y' equation (1), the values of the con::;tunts a, 
hand c for each of the electronic states of the A - X system are obtained. These values 
are then used to calculate the vibrational constants of the system. The following are the 
vibrational constants (in em-I) for the strong P 1 and Q2 heads of the two sub-syslems: 

PI: ve = 15585.2; w~ = 243.4; w~x~ = 0.81; 

W~I = 238.37; W~I X~I = 0.648; w~'y~1 = -0.0017. 

Qz: Ve = 15645.6; w~ = 241.31; w~x~ == 0.725; w;y~ = 0.0024; 

w~' = 238.37; (J.)~' x~ = 0.648; w~/y~1 = -0.0017. 

As it check on the calculations and the assignments of v' and VII, the wavcl1umbers 
of the bands are calculated by using the aqQve constants. The agreement between the 
observed and calculated values of the band heads .as seen from the last column of Tables I 
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TABLE I 

Band head data of the sub-system A 2Ill/a-X l £+ 

-==-=. . ..._-=- .r~r' 
-_ . ...,......" , •. ' .. ,-. .. " I' '1 l' '~ .!. .,~ ..t_""' •• ;, ...... ~ __ 

YQb.(cm-1) v', vn I jlob. -Peale ReI. int. a I Band head I 

I "'-,-_ .... _. 

15130.2 PI I ),4 I 1.3 m 
1 ! 

15135.8 m 1'1 I 3,5 0.3 
15141.2 w 1'1 4,6 -0.4 
15145.6 w 1'1 5,7 -Ul 
15350.8 w PI 0,1 0.2 

15356.5 m PI 1,2 -0.1 
15361.5 m 1'1 2,3 -0.7 
15349.9 ow PH 2.3 
15367.2 PI 3,4 -0.3 
15355.5 YW 1'12 3,4 
15371.7 PI 4,5 -0.7 
15360.3 IV 1'12 4,5 
15376.0 m PI 5,6 -0.9 
15365.0 w 1'12 5,6 
15380.3 In 1'1 6,7 -0.8 
15369.4 m 1'12 6,7 
15383.9 w PI 7,8 -0.9 
15373.6 m 1'1'.1. 7,8 
15387.4 w 1'1 8,9 -0.7 
15377.5 m 1'12 8,9 
15389.8 w 1'1 9,10 -1.2 
15380.5 w 1'12 9,10 
15384.3 w 1'1'.1. 10,11 
15587.8 VS PI 0,0 0.1 
15572.2 s 1'12 0,0 
15592.6 S PI 1,1 0.2 
15578.0 s 1'12 1, 1 
15396.5 8 PI 2,2 0.2 
15582.6 m 1'12 2,2 
15600.3 m 1'1 3,3 -0.4 
15586.9 w 1'12 3,3 
15603.0 m PI 4,4 -1.4 
15590.8 w 1'11. 4,4 
15594.4 w 1'12 . 5,5 
15597.4 vw 1'12 61 6 
15601.2 vw Pll 7,7 
15829.6 vw 1'1 1,0 O. ! 
15832.4 W PI 2,1 -0.1 

1'1 17,16 0.1 
15835.7 w PI 3,2 0.4 

PI 16.15 0.3 
15837.4 w PI 4,3 -0.3 

PI 15,14 -0.6 
15839.4 IV PI 5,4 -0.3 

PI 14,13 -0.7 
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TABLE I (continued) ...... ·~~~-~r-·--· ---.. =--- -= -
=-- -1 ...... -~ - 'liI"' ::.: __ ~ __ ._ ..... 

lIo",,(cm-1) . ReI. int. a l' Band hea: v', V" vobw-vQulc -----_._- i i 
! J -----

15841.8 m I PI 6,5 0.4 
I PI 13,12 0.0 

15842.9 m I PI 7,6 -0.3 

I PI 12,11 -0.1 
15843.2 m 

I 
PI 8, 7 -0.3 
PI 11,10 -0.5 

15844.4 m I PI 9,8 0.4 
PI 10,9 0.3 

16069.7 m I PI 2,0 0.1 
PI 11,9 0.0 

16071.4 m PI 3,1 0.3 
PI 10,8 0.2 

16072.5 m PI 4,2 0.4 
PI 9,7 0.1 

16073.2 w PI 5,3 -0.2 
16068.7 m PI 12,10 1.0 
16066.0 m PI 13,11 0.7 
16062.7 m PI 14,12 0.2 
16058.8 III PI 15,13 -0.4 
16054.7 m PI 16,14 -0.7 
16050.0 m PI 17~ 15 -1.2 
16046.0 m PI 18,16 -0.6 

19,17 -0.8 
20,18 -1.2 

'Y strong, strong, medium, weak, and v~ry weak, 

TABLE II 

Band head data of the sub-system A 2na!2-.X"J:+ 
t~'mT'·'7'M"!i,T;l"=· ........,.",. ='W-mr;""'tWT~ 

vobs(cm-l) Rei. into a Band head v', V" Vobs- Voale 

15184.1 m Ql 2,4 -0.5 
15189.2 m Ql 3,5 -0.5 
15195.8 m Q% 4,6 1.3 

Pa 7,9 
15199.6 m Q3 5,7 0.4 

P2 8,10 
15186.4 w p!}; 5,7 
15203.9 m Ql 6,8 0.1 
15l91.0 w P l 6,8 
15208.9 m Q3 7,9 0.7 
15212.7 m Q2 8,10 0.3 
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'fAilLE Ii (continucll) 
----------=-~- __ ~=_=_~~I~~' .. -~ ' ... ·c.'. 

~~---1----1 
'JIobs(crn-1) ReJ. int.· I Band head v', vN J'Obl:l-l-'caJc 

-----_ .... _---_ .. -,."--,~,'.~ ..... - <'-'- . 

I 
I 

15216.9 W Q2 I 91 ! 1 0.4 

J 5206.3 w P2 
1 

9, 1I 

15220.6 w Qz 10,12 0.1 

15210.8 w 1'2 I 10,12 

15224.6 w Q2 

I 
11,13 0.2 

.1 5214.7 w P2 11, 13 

15228.3 w Q2 I 12,14 0.2 
I 

15218.9 VW P2 12,14 

15231.8 w Q2 13,15 0.1 

15223.0 VW 1'2 13, 15 

15235.1 VW Q2 14,16 -0.1 
15410.0 s Q2 0,1 0.0 

P2 3,4 
15399.4 w P2 0, J 
15414.1 s Qz 1,2 '0.1 

]>2 4,5 

15401.5 w ]>2 1,2 
15418.1 s Q2 2,3 0.1 

P2 5,6 
1~406.1 rn ]>2 2,3 
15421.8 s Q2 3,4 -0.1 

P2 6,7 
15425.6 s Q2 4,.5 0.3 
15429.2 m, Qz' 5, ,6 0.4 
15432.5 rn Q2 6,7 0.4 
15435.8 m Q2 7,8. 0.5 
15425.2 w ]>2 7,8 
15438.6 m Q2 8.9 0.3 
15428.4 w 1'2 8,9 
15441.8 m Qz 9,10 0.5 
15431.6 w ]>z 9,10 
15444.4 m ' Q2 10,11 0.3 
15434.4 w 1'2 10,11 
15447.0 m Q2 H,12 0.3 
15437.2 vw 1'z 11,12 
15449.2 w Q2 12,13 -0.1 
15439.8 VW 1'2 12,13 
15452.1 w Q:/. 13,14 0.3 
15454,7 w Q:/. 14,15 0.6 
15456.5 w Q2 15,16 0.2 
15458.6 VW Q:/. 16,17 0.1 
15460.3 vw Q2 17.18 -0.2 
15646.7 vs Q2 0,0 -0.4 
15636.9 s 1'1- 0,0 
15649.7 vs Q2 1,1 -0.1 
15639.8 1'2 1,1 
15652.5 s Q:.I 2,2 0.0 
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151>55.2 
J S{;-I5. 7 
15657.7 
15b·!~.1 

156/'0.0 
1565(i.(.1 
15002.3 
15653. ! 
! SoH 7 
! 5(.,55.7 
15l'1~7.1 

l:511bS..i 
1511l)'.J.7 
151)1.10.-1 
15::>,1.3 
15S':I2.0 
1 tJ! 25.0 
1(,123.'.) 

m 
m 

m 
IV 

In 

VW 

IV 

vw 
W 

W 

w 
It! 

111 

m 
IV 

m 

a Sec '!"lole I for abbreviations used. 

Pl 

Q2 
P2 

Q:z 
P;z 
Q2 
Q2 
Q:z 
Q2 
Qz_ 
Q2 
Q:z 
Q2 

2,2 
3,3 
3,3 
4,4 
4,4 
5,5 
5,5 
6,6 
6,6 
7, 7 
7, 7 
1,'0 
2, 1 
3,2 
4,3 
5,4 
6,5 
2,0 
7,5 
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0.2 

(iA 

0.4 

0.7 

0.1 

0.2 
0.1 
0.2 

-0.2 
-0,3 

0.4 
-:0.3 

0.0 

nad 1£ can be regarded as satisfactory. For at least 93 % of the band heads of these two 
sub~systems, the differences VObS-V~lllc are -~ 1 cm-I • The vacuum wavellumbers of 
the band heads, their relative intensities, and the vibrational assignments are included 
in Tables I and II for the t','(o sub-systems of the A, 2JI - X 2I+ transition. 

3.2.Bl).'.;--x2r+ system 

The lntese sequence at 6361.0 A is identified as the Llv = 0 sequence of the system. 
Along with it, the LIt) :::::: ± 1 and ±2 sequences are also observed. The LlG(v) intervals 
of the lower state again agree with those of the X 2 r+ state of the Cal molecule. The double 
headed nature of the bands could be attributed to the transition B2I+-X2I+ analogous 
to the B 2 r-' - X 2 r+ transition of other alkaline earth halides. The double heads are taken 
us the PI and P2 heads. The separation of about 4.2 cm':' l between PI and P2 heads,. is 
due to the large spin splitting ill the upper state. 

The detailed classification of the band heads of LI v = 0 and -1 sequence is ulso 
shown in Figs. 1 and 2. The vacuum wavenumbers, relative intensities and vibmtional 
quantum numbers are included in Table Ill. The method of obtaining the vibruiiollal 
constants of the upper .md lower states of this system is essentially the same "as the one 
described for the A - X system. It is to be noted here that the ground state constants are 
chosen as the mean of the average LlG(v+ 1/2) values of the it -X and B-X systems. 
The following are the constants (in cm-1) for the Pi and P2 heads. 
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TABLE III 

Band head data of the system B 2,E+_X2£'f 

"-:(::~ -r-Ild, '01,' I ~.nd hoa-:-- r-:,,~ ,,: ~- ! ~tubs - '!'~"h: 

-_._-_._---- -_._---_._-----------_. ----- -- ---- .. ----'- -, 
I , 

15246.8 m 1'2 2,4 I -0.4 

15250.5 m Pl 3,5 -0.6 

]5252.7 w PI 2,4 I 1.3 

15254.3 m P2 4,6 --0.6 
15256.3 VW PI 3,5 

I 
1.0 

15257.6 m Pl 5,7 -I.U 
15259.5 vw 1't 4,6 

I 
0.4 

15261.2 w PJ 6, IS -0.7 

15262.9 VW PI 5, 7 

I 
0.1 

15264.3 w 1'2 I 7, i) -0.7 
15266.1 VW PI 6,8 0.0 
15267.9 VW. 1'2 8,10 0.1 
15475.0 m 1'2 0,1 0.1 
15480.4 m PI 0,1 U 
15477.6 m Pl 1,2 -0.1 
15483.0 In PI 1,2 1.1 
15480.2 m 1'2 2,3 -0.2 
154&5.2 m PI 2,3 0.6 
154~2.7 m 1'2 3,4 -O.·~ 

154&7.3 m P, 3,4 0.0 
1'2 5, 6 -0.7 

15484.9 s 1'2 4,5 -O.I! 
15489.4 m P. 4,5 -0.5 

1'2 6,7 -0.6 
15491.5 w PI 5,6 -O.!! 

P2 7, !t -0.7 
15493.1 w PI 6, 7 -1.4 

P2 8,9 -0.6 
15494.9 w PI 7. 8 -1.5 

Pz, 9,10 O.() 
15712.0 s 1'2 0,0 (l.U 
15716.2 S PI 0,0 0.0 

1'2 3,3 0.2 
15713.5 m P2 1, 1 0.0 
15717.8 m PI 1,1 0.1 
15715.0 m 1'2 ., ') -,- 0.0 
15719.6 W PI 2,2 0.4 

1'2 6,6 -O.:! 
15717.4' w 1'2 4,4 -0.3 
15718.8 w Pl 5,S -0.1 
15950.7 w 1'2 1,0 U.2 

1'2 4,3 -0.:1 
1':1. 5,4 -0.2 

15954.8 w PI 1.0 0.1 
»1 2, I -0.2 
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~";~=;"'''-=~=I 
TABLE III (continued) 

RI' a-r .. _- ~.---.-.-.-

-I Y~I,.·=~~~ilIC . 
vob.(cm- 1) i e. mt. . I Band head v', v" 
-~ __ . __ L .. _ ...... ___ ... ____ . 

15951.2 ! 
Pz r--'~':;"-w 

I 
2,1 

P2 3,2 
15955.3 w PI 3,2 

I 
0'" 

PI 4,3 O.! 
15949.8 vw Pz 6,5 -0.8 
1618!W w P2 2,0 I 0.1 

P j 5, 3 -0.4 
16186.1 w P2 3, I -0.6 

PI 6,4 -0.7 
16185.6 w PJ 4,2 0.1 
16Us9.7 w PI 4,2 0.0 
16184.5 w P2 5,3 OJ 

Pj 7,5 -0.5 
16182.8 OJ P2 6,4 0.2 

PI 8,6 -0.1 
16181.0 m P2 7,5 0.2 
J61711.6 m P2 8,6 -O.! 
16176.5 m P2 9,7 0,2 

" Sec T,lble I for abbreviations used. 

Pi' Pz: Ve = 15715.4 and 15711.2; 

w~ = 239.86; (j)~X~ = 0.62; w;y~ = -0.0065; 

w~ = 238.37; W~I:x~J = 0.648; .w~Jy~ = -0.0017. 

The close agreement between the observed and calculated values of the Pl' and Pz heads 
can be regarded as satisfactory as seen from the last column of Table lIT. It is seen that 
the dilferences V"b. - V.ale ' for at least 92 % of the band heads of this system, are ~ 1 em-I. 

4. Disclission 

The vibrational constants of the X 22;+, A 2n and B 2'};+ states of CaP, CaCI, CaBr 
and Cal molecules are compared in Table IV. The constants of the A 2H_x2r+ and 
B 21"/' - X 22;+ systems of the Cal molecule obtained in the present work, are entirely in 
line with those of the A 2n _X2 '};+ and B 2,};+_X2'};+ systems of the remaining molecules. 

Dissociation energies of the excited A 2n and B 2 '};+ states are estimated to be 
19077 cm-1 and 23199 cm-1 respectively, using the relation 

w2 
De = __ e_. 

4w.xe 

The estimated value of the ground state (X2£+) dissociation energy 21920 em",j (2.7 ev) 
is in reasonably good agreement with the values (2.5 ev) given by Gaydon [10]. However: 
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TABLE IV 

Comparison of the vibrational and spin-orbit coupling constants of the A 21/ and B 2;;::, stales of caldulll 
monohalidcs (in em-I) 

~ --:;"':=--' •. -~.';"':;:;::,=='= ,", ,~,,-", ----- t :~'.-

Molecule St\lte Jle I We A 

~--.-.- -.--- • -"- p -~ 

CaF B2}:;1- 18H44.4 566.7 
A 2JI 16557.2 

592.7* 
16482.1 

+75.1 

Xl}:;f 0.0 5!:!7.1 

Cae! B 2£+ 16P.SU.6 358.8 

Am 16162.8 
364.9· 

16093.3 
X2}:;.!" 0.0 369.H 

CaBr Bl}:;+ 16380.0 284.6 
A 2fl 15985.8 

288.1"' 
15922.5 

+03.3 

X 22J, 0.0 285.3 

Cal Bl~+ 15715.4 239.9 
A2fl 15645.6 

242.2'" 
\5585.2 

+60.4 

X 21:+ 0.0 238.4 

• Average value for the two 211 components. 

it is to be noted that the values obtained from B-S extrapolation arc not reliable in the 
case of ionic molecules. 

The 2E I' ground state configuration of the alkaline earth halides [II, 12] is 

... (zoV (yol (wn)4 xa. 

The first and second excited states (A and B) may be attributed to the following electronic 
configurations and term types respectively, 

... (zoy (ya)2 (Wn:)4 (vn)--- A2n 

... (zo-)2 (ya)2 (Wn:)4 (ua)---B ;!E+. 

The above electron configurations indicate that the promotion of an elect run fronl non 
bonding (xo) orbital to non bonding (1m) or (!fa), should result in small difference i i\ III;. 
values relative to (J)~' value, as judged from the derived vibrational frequencies. 

The regular (or inverted) nature of the A 2n state, can be established Dilly from u study 
of the rotational structure of the bands. In this connection it is of interest tt.) note the 
recent work (12] on the diatomic calcium fluoride, which established the advantage" or 
laser fluorescence studies, over the conventional experimental teclin iq ties, for the high 
resolution studies of the electronic spectra of heavy diatomic::;. 
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