
"BAND 	SPECTRA 

ASSOCIATED WITH 

T H E 

OF 
MOLECULES 

IRCONIUM" 

	0000o 	 

 

THESIS ,SUBialliTED FOR TBE 

D. I. C.  

fliSPECTIZOCCOPI-  (PITYSICS) 

NOVEMBER, 1949, 

M. 	AFAF. 



teLf2L,72=ris.vc 



124. The oricotrua of f.151  
a '0,NApertmutat urocedure 
b Obeervatteual data 

ntecues 

99.402 

1)2 
103.105' 

tittarritki IrrinIng 
Introit:44140U 

I!. -i'lvperttrientul procedure 

0 es 	 ogitoaw.1) 

107 
107.11% 
112.113 

I 1 Li 

ov, .trrmazor 

24Xs nftmilltr, WIPP. (1ntnntsutmor 7,0 • t(F."14.117n: 	4.45 
Fly 	II4PORT70 

72«It.,  nAm yurnin or ize 

f.- aurces used by the author ; 
t) 

a031 
Tntroduction to ezportmentel procedurov 	16.2t  

Cd) Mmervntional data 
-'escription of ilcotirogrems 	31. 

34  
(0) 	twayois of the row bands of 

1 	vystom ¢' of -te, at ?, 294o 	4104 
3yotoz E of!'.2.0 	44.4 
1,3'rglot system A of 70 	5^.6 
'ilattvolor of !gotta rk 	64.6 
e192 bend of 7r0 	67.69 

Infre.red system "I* of '11° 	4-73 
( 	t:rergy levels of s!rif, 

2) "'tanctod ground state of the oxides 
or M: 71 oub.groUp 

(11) niergy levels of 7110 
(41 Itreenium oxide ir stellar spectra 	92 

MeOTIM rignlIrtg 
3. 10 Irtroduetlen 	 94 

(a) The constants of the .1uoritto of the 

(b).  The spottrum or 7111 	
94.22 C sub.aroup 
5079 



GAAL 

The fourth group in the periodic table is distinguished in 

that the elements lying in it are extensively observed in stellar 

and solar spectra. In fact compounds of three of the elements of 

this group C2, TiO and Zr0 characterise three different spectral 

classes. Most of the el, ants within the group possess extensive 

band systems for their oxides, fluorides, hydrides etc. More 

systems are known for CO then for any other oxide. 

While an appreciable amount of date has been furnished for 

molecules like CO, CH, CU SiO, EiU, 6iN, Us3, 3110 etc. from 

laboratory work, very little is known for the corresponding moleeules 

of TiO, TLN, Tih, Ti?, Zr0 Zr? or Zrki. Complaints have been made 

from time to time about the extreme inadequacy of the experiments]. 

data for the compounds of Titanium and Zirconium. Both of these 

are important from the point of astrophysics. If spectra of 

various molecules of Titanium and Zirconium are obtained in the 

laboratory, possibly many of them may be identified in stellar 

spectra as well. Two very prominent band spectra observed in the 

stare are those due to TiO and ZrO. 1ven here the laboratory data 

are inadequate. Some of the bands already **signed remain, doubtful, 

while a great number of conspicuous bands have not been classified. 

Doubts have, recently, been raised about the nature of the energy 

levels involved in the systems already classified. There also 

appears to be some doubt about the accuracy of the evaluated 



molecular constants. 

This inadequacy in the analysis may partly be due to the 

complicated nature of the band spectra of the compounds of Titanium 

and Zirconium, but the spectra of CO, SiO, ('eO, SnO etc. have been 

worked out far more completely than those of TiO or ZrO,  although 

they hardly command any astrophysical importance. The demand fbr 

more experimental work for TiO and ZrO is thus understandable. 

Yoreover, there is complete absence of knowledge about the 

spectra of molecules other than TiO„ ZrO as Tice. Volecules like 

Tin, Zra and Ti?, Zr? may very possibly exist in stellar 

atmospheres. It is difficult to prove their existence or absence 

until we have produced their spectra in the laboratory. Also, 

this failure to produce the spectra of these molecules cannot all 

be attributed to experimental difficulty, but we have to admit that 

little effort has been directed in this direction, so far. 

inally, there are the spectra of Lift? and Th0. Both of these 

may be supposed to be very similar to TiO and ZrO. Though both 

of these molecular spectra ere known to exist, it is certain that 

almost no effort has been made to classify them.  

The author undertook the study of the spectre of the compounds 

of Zirconium. Three molecules ZrO„ Zr? and ZrH were subjected to 

extensive study. while previous data were available for ZrO, 

nothing was known about the spectra of Zr? and zra. The author 

succeeded in improving our information about the molecule of ZrO, 

and reported several new systems for it. Spectrum of Zr? has 



been obtained, but no ens 	has been possible; while ell 

efforts failed to produce the corresponding spectrum for Zrli, in 

spite of the use of a wide variety of sources. 
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Imentel data for Zr0 Ti0 already 
known from previous work). 

Perily work in this field was undertaken by The Astrophysicists. 

Prof. ?ostler
1 
in 1904 measured the band head' of Titanium Oxide, 

and identified them in M type stars. In 1922, Merrill
2 

photographed 

the spectrum of ZrO from a Carbon arc in air, on whose lower pole 

had been placed acme Zirconium compound. He also identified 

these bands in stellar absorption, and recognised a new class of 

stars, later designated as 3, wherein bands of ZrQ appeared in 

absorption. In 1926, A. S. King3 observed the band spectra of 

T10 and Zr0 in his furnace experiments. A small quantity of 

metallic powder was placed in a graphite tube, which was 

electrically heated, and through which a stream of Oxygen was con-

stantly passed. while TIO bands appeared at 1900%, and attained 

se max. intensity around 2550%, Zr0 showed up only at about 2400°01  

while the full spectrum of Zr0 could only be observed at 2550 a. 

sands of T10 and Zr0 have also been observed in spark spectra. 

Quite recently Johnson4  has also photographed and measured the 

bands of ZrO. However he only confirmed the work of his pre. 

decessor, Miss Lowater , who is the chief contributor in the field 

and whose work we will report in rather more detail. 

The ILO spectrum was the first to be analysed. Christy in 

1927 photographed the spectrum on • 10- ft. grating using • carbon 

are, on the lower pole of which had been placed a quantity of TiO. 
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An effort to produce the T 0 spectrum from a discharge tube filled 

with streaming vapour of Tice4  and Oxygen (method for SiO used by 

Jevons) was not very fruitful. Christy studied the boands of Tic) 

lying in the blue region and presented a vibrational analysis of 

these bands. Re also analysed the rotational structure of the 

(00), ( 1 0) and (oar ) bands. The numbering of branch lines could 

not be carried right down to the origin, as the bands remained 

unresolved to both at the origin and at the head. Using the 

combination principle he determined, 	0: g:',G7k for  , 	D: 
ad,  000  from rather large J valves. 

s Uristyls work had left many bands in the orange, the red 

and the infra red still unclassified, Miss lowater7 in 1927 analysed 

two more systems for the Tic) molecule in these regions. Where as 

the more extensive of these three systems (designated as 1) appeared 

to extend from red to infra-red, and was a triplet system like the 

one observed by Christy (now designated as 00, system consisted 

of a single (o0) sequence with single R end single a heads. 
(Since that time many fruitless efforts have been made to relate 

the bands in this system (3 to triplet levels). Miss Lowater came 

to the conclusion that system d.was due to a 31-1-# 3/1 transition 

and system 7 was due to a 3E--,3T1 trensitient the final 311 

level being common to both. She further concluded that system c3 

involved a In-',  '1 transition. ay postulating an analogy 

between the spectre of Ti© and Cs she came to the conclusion that 

the 1: level was likely to be the ground state of Tit). 
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In 1927, Wurm and Water8 reported more bands of TIO in the 

region 	8260.11250, and identified them in stellar spectra. In 

the same year 1)obranravin9 published the analysis of the above 
bands; and discovered one more triplet system involving a 3Z- 311 

transition in the tar infrared. Sy his work Dobranravin 'stab. 

lished the analogous nature of the spectra of TiO and Zr0; and 

showed that they both possessed three conspieuous triplet systems, 

the first two of them involving a 3 /:-P 311 transition and the 

third a 3T-t- 3T1 - 

System (3 of TiO remained doubtful, end was until recently con.. 

eidered to be related to unidentified triplet levels. The formulae 

lies Lowater furnished for it was as follows. 

V- IL- 17909.04.99.54 (v4) .. 0.302 ( 4) 

and va= 17890.06.99.58 (04) . 0.257 (v+i) 

liver the energy levels in systems 	c(71( and the one 

analysed by Lobranravin the following constants were determined. 

Levels 	ice  oie 	 °( e 	De 

)0311 	o 1009.07 4.75 0.53515 000276.6o4oxio-7  
WE 11234.2 908.8 2.3 

V3,Z 15037.7 8%1,24 3.32 

C 311 19349.49 837.86 4.55 0.49022 0.00372 .6.71:410-7  

The multiplet separations in the X 311 state were 	68.2 and 

74.8 Cm whiff in the C 311 state they were 64 and 66 c00. 
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spectra of 74reonium Oxide have been ad as early as 



1905, when Hgenba h end gamin11 observed them in the spark in air 
12 

between 'qrconium electrodes. Later on ?Aar,  Valente and 

3achem °' also puolished wavelength data of these bands. The last 

of these authors attributed to the same molecule (Zirconium Oxide) 

five other bands degrading to the shorter wavelength in the region 

X 3o go -t X ,,178 	Ally in 1922, 	photographed 

the bands of Zirconium Oxide in the visible from en arc, and ident- 

ified these bends in the spectra of some of the stars. His con. 

elusions regardieg the temperatures of these S type stars were 

later on confirmed by Kings experiments with his eleotric furnace. 

In 1931, L_Iss Lawater
s 
sphotographed the band spectrum of 

fr alum Oxide on larger dispersion. i4he extended the observations 

and the measurements both in the infra-red and the ultraviolet. 

The source used by her was a ?Pfund arc, with iron or copper poles, 

on the lower pole of which was placed a quantity at chemically pure 

Zirconium Oxide. A current of about 5 amps was necessary to 

maintain the hands from the iron arc, while 9 amps were required 

with that of copper. It appears that the best excitation condition 

of the Zirconium Oxide bands ware not attained, and impurities of 

the atomic spectrum of Zirconium and the pole material were fairly 

strong. To quote lase potato; 

iron linea appeared within the band spectrum, ana were 

standards; they enabled one to avoid errors thee might 

ass otherwise arise from a slight shift between the band aomparison 

strum 	The weveler; ;ths or the heade of the bands which were 

hidden by iron lines in the band spectrum were determined from 



spectograms taken. eith copper arc. The numerous atomic ":r lines 

included id the spectrum were identified by reference to the 

tables of the wavelengths of Zr lines published by King and by 

tass
15  

?row her analysis of these bends, giss Lowater proved that 

the emitter was the ZrG molecule. 	be established the identity ef, 

three syste4e. the one lyine in the red and extending to the 

infrared was a 	311 system. It was also the strongest 

three. The chief feature of this spsetrom qr was the 

preeerace of three separate sequenoes to each main sequences  cone 

siht pg of sharp and strong R heads, and comparatively weaker 

diffused Wheals to the longer wavelength. lass Lowater was not 

certain whether these X heads were in the a or in the ? branch. 

At the other end of the visiolo spectrum, in the blue, was a 

system, quite se conspicuous' though a little weaker, and 

distinguished by the absence of X heads. The three separate 

sequences had very small separations'  and each band had a sharp 

single head in the R branch. This system, 0( a  was postulated to 

be due to a 3114311transition sharing the final level with system 

n( 	Finally in the yellow region of the spectrum was another 

system s  p , partially superposed on system 	although 

system (o resembled system 1( very much in possessing as large 

triplet senarations and strong X heads attached to sharpen R heads, 

the transition responsible for this system was somewhat doubtful. 

however Miss Loweter came to the conclusion that it was also due to 
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a 32:-p311 tray Won, the final triplet level be 	the same 

es that in systems d and Y 	Leeignating the energy levels of 

Zr e) as identified by hiss Lowater, by the usual X, A, k3, C etc. 

rotation, the three systems # (3 and '1 involved the following 

'eyelet. 

Red system 	A 321-0011 

Yellow system (3 	3Z.--e A 3T1 

blue system d 	c 31-1 —p X 3T1 

The vibrational constants of these levels, as evaluated by 

7'las Lowater will be presented later on. At this stage it should 

be mentioned that in-spite of the classification of the 3r0 

apsatrum into three triplet systems, a large number of bands were 

left unidentified. 	any of these unclassified bands ars fairly 

conspicuous, and ere also observed in stellar absorption. The 

classification is most complete in the red and tua blue regions. 

iost of the unclassified bards were in, the ultra. violet and the 

yellow regions. 

sere we should mention that giss Lowater was not satisfied 

snout the discontinuities, and gaps in tha )eslsZdres table for 

the system 0( 	mot that this made the analysis douotful, but 

that explanation of the incompleteness of the table was not forth-

coming. On the next page we reproduce the Dealandres table for 

the system .< at constructed by Visa Lasater. The discontinuities 

ere eirey evident. 
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Less conspicuous bands in the ultre.violet could not be 

classified into a system, for the bands differed in general 

9Pnearance from systems a( (3 And I I  and the expected trirlets could 

not 08 recognised. 



a. 
23171•5 (930.9) 243461 e 

f7994.5) 

  

ritn3.5 
V3720 2 

I 02.4) 

2aa 
34,1 ( 922. 6) 

9i 

22919.1 
229r1 4 

0916• V; 211 .6 
.4111001ININMOOD 

12 

or TrfaAlrtg":17', 7.4.1 - 

23.6 8 931. 
b 	215 	9 A. 2 
(a 21' 	9304, 	 a21 
Ax A 	2• 

814.3 

a 	224if.5 .(930,5) 21 CM. 
223bU•b 
22357•4 

(608.9) 

404110101411404010,  

20513• 
241512. (914,8) 1957.6 

(8044,0 
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ctorame of the (1,o), (o,o) and (oll) bands of system 

*' rere obtained by giss Lowcter16 in The Third order of the ten ft. 

grating. In-spite of having resolved the lines down to 04412 

the bend heads remained unresolved. However she wee able to carry 

out the numbering of branches right down to the origin, although 

the presence or absence of low J lines could not be established 

with certainty, and consequently the avalues for different sub-

levels 0: 311 states could not be determined in this way. 

iiowever in a 3 1-4,3T1 transition the intensity in Q. branches is 

proportional to 112'.. The intensity of abranehes in 3112.--+ 3112, 

31-1 1 —)T1 1  end 3T1 0-÷ 5-flotrensitiona will be in Li, 1,0 ratio.iince 

61 branch could only be established with certainty in 3-not,--* 3TIce  

bands, it was concluded that s e  b and o sub.levels corresponded 

with S1 = 2, 1 and 0 respectively. The tentative diagram of 200 
e..4( 4. 	..e..4,1.9 aQfuuo1 

as previously constructed bypass Locator determined the rotational 

constants n the C 3T1 and X 31-1 states of Zr0 with great accuracy. 

Recently Tanaka and Horia/ , photographed the (o,o and (1,1) 
bands of -1" system in the first order of 20 ft. aatipg. Their 

present work inspires little confidences as it contradicts from 

place to place certain deductions by visa Locator. The X heads, 

which have been observed by Liss Locator and whose existence in 

biatem'Y has been evidenced by moo" on, Terrill, and finally the 

present author, were not observed at all by Tanaka and horie, who 

tried to explain the fact, by assuming that they originated from * 

level other than A 3E  (the initial level of spasm T ). They 



also tried to confirm this by showing that the levels in 	3Z 

state were perturbed, the perturbation being maximum for J.0 level 

and decreasing for higher levels sereptotically. iPurthermore, 

they were able to discover the A type doubling in the X 311 

around state of ZrO. 'They found that 	- (VI+ fi-t-k Kw-41 (111 

was about 1.5 	for 3n. level and sero for 311( 	Ind 311 2.  each. 

Isotopic lines due to 209.'"4")/6  end Zr94016  were discovered 

both by Wise towater and by Tanaka end Boris. Other bands of 

7rO„ in the infrared have been reported by Meager. and Mass1 , 

while lierbie ll  has tried to prove that 2\3682 bend of ZrO is due to 

a 	system. 
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ZrO. 

INT424,i  

the sources previously employed for the production of the band 

spectrum of Zr0 have usually omen various types of area. Aowever, 

in l924, h. S. King3 used a furnace to heat the met*llie Yaroonium, 

in a stream of Oxygen, and tbereby obtained the ?,r0 bands. The 

author has not tried this method, es such a furnace was not available. 

The only mires for the production of ZrO spectra, that has been 

employed for lerge.disperaion photography is the 'Zirconium arc in air. 

Visa Lowatcr used a ?fund are or a similar one with copper 

poles, pure r0 being put on the lower electrode. The current 

reluired to maintain the bends was 5 amps and 9 amps respectively 

with iron and copper electrodes. 

The best excitation conditions for Zr© bands were not obtained, 

since the atomic spectra of both Zr and the electrode materiel are 

very strong, end sometimes hide weak bands. The atomic spectrum of 

r is a very complicated one with many weak lines, sometimes closely 
grouped together. If weak lines fall on the bands; it becomes 

very difficult to assess the true position of the heeds, as the weak 

lines appear very similar to the band heeds on a strong background. 

iortunately, in the visible region, the atomic spectrum of 

Zirconium is not very strong, and the band systems are very strong. 

This makes it possiole to sort out the strong band heads, compute 

for the weaker ones belonging to the SAMS system and search them out. 

;tat even then the line spectrum sleeks many weak bands, as will 



be found for system 	. In the near ultra-violet region where Zr0 

band systems become very weak, a the corvespondini; atomic lines 

too numerous, it is not easy t locate the heads. 3ometimes weak 

lines grouped together give the eppenrance of n be 	at others the 

weak lines telling on the heed conceal it. The best example of 

thin is fUrnished by the 3r0 bend at 3571.9, which has now been 
essi46-ned to (1,0) band of the new singlet aystem A. This Mend is 

slightly more intense than the (t,4) bend of the some system at 

35394 A. The latter 4s* Lowntor has observed and measured, but 
overlooked the former completely. ghe head qf the band at 2+3571.9 

frills in a region where many atrong Zirconium lines re closely 

grouped, the on being virtually hidden by the strong r line at 

3572.5, Other weak bands were ignored altogether. It will be 

seen later on that many weak bands measured by Vies Loweter in the 

ultra-violet, have been identified with weak lines by the author. 

The author has tried to ascertain the origins of these lines 

without success. Unfortunately in harrisonisefleavelength Tables" 

these spurious bends have been included under the ception of 74.J. 

ividently their wavelengths have been taken from the published 

papers by Miss Lowater. 

The author succeeded in improving the technique and obtained 

*pictograms in which the intensity of the atomic lines was ter 

below the bands. In tact bands became the dominant feature in 

the ultra-violet region, and in the visible only a few weak lines 

ere visible on the band structure. 	►*his mede it possible to assess 

accurately the position of the heads, as well as to observe weaker 
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bands, and to study the characteristics of the bands and heads (to 

determine the multiplicity). In the table below, the wavelengths 

or the bands in the ultra-violet, reported by Visa Lowater, are 
compered with those thus observed. 

willkoomaispolll*OF 

) 

Author's 
remark I 

Author's 
remark 

Observed (3) 3515.79 2 Absent 

"absent 3539.81 3 Observed (6) 

04aerved (3) 359347 2 Absent 

Observed (3) 3593.92 2 Absent 

Absent 3682.43 6 Observed 

Absent 3726.31 3 bsent 

3472.43 5 

3491.84 5 

3491.97 6 

3506.22 5 
35

/
08.24 3 

511.9 3 2 

It will be seen that out of twelve bands measured by piss 

Lowater only five have been observed. The rest appear to be 

spUrious for one reason or the other. In the table below are re-

produced the wavelengths of these bands, an3 the reasons for their 

being mistaken for band heads. 
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Tab 	or 7 av lo the of seven Janda 

Season of their spuriousity. 

band heads as 
measured by 	on for being mistaken for band heads 
Miss Lowater. 
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3491. 	(5) 	A line 

35)3.24 ( ) 	A taint line . perhaps the edge of 
3509.32 Zr line 7 

3511.19 (2) 	A very faint broad line. 
35x5.79 Ca) 	eE  faint line. 

3593.07 () 	A faint line on strong band 

359342 (2) 	A faint line. 

3726.31 (3) 	A taint line. 
-0101111•11•11111110110 

Miss Lowater herself was doubtful about the bands in the 

ultra-violet of which she speaks as follow's-

in the ultra-violet region there is a system 

differing in general appearance from 47  (3 and 'Y for the bends 

*re much weaker and the triplets not easily recognisable. 

omparison of these less conspicuous bands with those of ritanium 
20 

and of Itium Oxide measured try naggers and King shows 

that they are not due to these oxides, which might be present as 

ities. U 

Saving discussed the difficulties in the production of 



reliable s‘ 	f* of the ZrO bands, we proceed to describe the 

methods emp yed in the present work. This is confined to the 

use of low and high Voltage arcs under various conditions. 

LO4 VOLTAtk he CS. 

In using the low voltage arcs, the only electrode material 

found suitable was copper. The possibility of the use of Carbon 

electrodes was ruled out, since the carbon arc gives the bands of 

c2  in the visible and of CN as well in the near ultraeviolet if 

the arc is run in air. This covers about the whole of the region 

In which occur the Zr0 bands. The iron arc on the other hand 

gives very strand atomic spectrum. The west conditions were 

obtained by manipulation of the copper arc. improved types of 

ores used are desorined below. 

(a) 	'rte arc in Air. 

The lower copper electrode was shaped into a cylindrical 

cup about 5.7 a.m. deep, with a diameter of 3N$ m.m. inside. The 

ells of this cup were very thin of the order of few hundredths of 

milimeters. The base of the cup was also very thin, and was 

supported on as copper rod of about 1 m.m. diameter at its centre. 

This rod was about 5.7 sum. in length, and acted as a neck between 

the cylindrical cup and the rest of the electrode. The idea was 

to decrease the conduction of heat along the length of  the electrode 

and maintain high temperature in the cup with lower currants. 

The upper electrode was also or Copper but with rather larger 

diameter (about 1.14604 to conduct the heat very rapidly. 

Having filled the cup on the lower electrode with 1r0, 
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making it the anode, and the upper as cathode the arc was struck. 

The 220 volts D.C. supply was used. As soon as the two electrodes 

touched each other, a current of 	6 amps was set up, with a 

small arc gap. The temperature rise was very quick and in a 

matter of seconds the copper walla of the cup vaporised entirely 

(Vaporisation temp. 2300°) leaving a hot teed of 2r0 on the rod 

(Vaporisation temp. about 4o3e)e The ere was finally maintained 

between the upper copper electrode, very thick in cross-section, 

and conducting heat rapidly, and the 74%0 bead on the copper rod of 

the lower electrode. The ZrO bead being white or red hot became 

sufficiently conducting to maintain the arc. The are gap was 

increased to 1.5.3 ci.as desired and the current fell to 4.2.$ amps 

accordingly as the resistance of the are increased with the increase 

in the gap. ,wean with this low current of a.8 amps the arc was 
very steady, running almost wholly in the 2r0 vapour, the upper 

electrode vaporising but very little due to rapid conduction. 

however a small quantity of Copper or. Copper oxide vapour was 

contributed from the rod supporting the hot ZrO bead. The elec-

trode material spectrum was not completely overcome, but even so 

the lines were very weak, the corresponding Zr spectrum being 

several times stronger. 

The chief characteristic of this type of arc was the low 

current, which meant smaller electron density but very high 

temperature of the anode bead due to conservation of heat, 

resulting in its vapoerisation slowly and gradually. The 

excitation was relatively more due to molecular bombardment than 



in ordinary arcs, ant the higher tetsperature contributed to 
htgher excitation. Very beautiful photogranhs were obtained 

with this source. It was however found that the line spectrum 

was not entirely suppressed,but the relative band intensity of 

the 74,0 spectrum had increased several times. ieurthermore, a 

few more elands were photographed in the infra.red, whose 

excitation had not been observed in any other source. They 

appeared fairly stro4gly, and were resdOly photographed. They were 

neither observed by Lowster nor by King and Ueggers, both of whom 

studied the Ir spectrum in this region, with ordinary arcs in air 

charged with 2r0 or metallic Zr,although the region 7600 - 	, 

or these new bends is almost wholly free from lines or other .1r0 

4ands. 

The Zr lines that appear in this source are presumably due to 

74.0, dissociated because of high temperature. This arc does not 

have any conspicuous flame, and is like a cylindrical beam of 

incandescent vapour rising from the hot bead and condensing on the 

cathode above. The line spectrum increases in intensity relative 

to the band speetrum ea one proceeds up from the hot bead to the 

eathode. 

(b) 	( Ift? impurity) arc in air. 

ow. 

A. K. 

photograph the 

ore stable arcs. 

described the use of ae?4 to 

nsteed of ;3e0 the former giving 

appears that he did not try to study 

or adjust the condition of the arc, neither did he try to find out 

the best condition of excitation. In the author's view the chief 



advantego in using the fltoride of materials like Zr and as etc. 4. 

instead of their oxides - lies in the fact that the former have 

relatively very low temperature of vaporisation. The present 

author proceeded quite independently to study the excitation 

conditions in fluoride arcs, end varied the conditions as desired. 

The electrodes were again of copper, the upper cathode being 

very much like the one mentioned above (for Zr0 arc), but the lower 

electrode was somewhat different in detail, the walls of the cup 

were much thicker of about 1 m.m., and the diameter of the cup 

little larger. The neck was thinner, and the cup was a little 

deeper to increase the capacity. Zr? (with impurities of E.? 

and water of hydration) was placed in the cup. Aoth 220 D.C. and 

110 D.C. were used for running the arc with such electrodes, but 

much the same results were obtained. It will be noted that once 

the arc is started the temperature in the anode cup begins to rise. 

At first the vapourising materiels are E,  and water vapour of 

dehydration. One hes to wait therefore until most of these 

impurities have been driven off, otherwise OA gives its own strong 

spectrum in the ultra-violet, and E interferes with vapoprinetion of 

7r1P4+ After this Utley the temperature in the anode cup %gain 

begins to rise until 7444  melts in the cup. As the temperature is 

further increased by increasing the current, more and more vapour of 

7.4,?4 rises above the cup. There is, however, a critical 

temperature, which if reached results in a "sudden vapotrisation 

and oxidisation" of ZrF4  just above the surfece of molten Zr?4 



Both the vapourisation and oxidation era so rapid that in a 

matter of 60.90 seas., nothing is left of the 7rF4  in the anode 

cup. Even then the copper walls of the cup vaporise but very 

little, as the temperature of liquid Zre4  must be below the 

vopourisation temperature of Cu • This critical temperature at 

which rapid vapottrization sets in must be the oxidisation temperature 

of 7144, the oxidisation resulting in production of heat, and 

greater vopoOriiation of Z04, further oxidisation, and farther 

increase in the rate of vaboArisstion, the cycle gradually working 

up until equilibrium conditions are reached. It will thus be soon 

that Zrr4 arc in air could be run in two conditions, firstly slow 

vapoOriazestion from the anode cup and slow oxidisation in the arc, 

secondly very rapid vapourisetion and strong oxidisation in a 

stormy arc. in both of these the electrode material vapourises 

very little, the cooling in the cathode being due to conduction 

along its length, end in the anode due to vepourisation of Lr/4  

helping to keep the temperature down. The two conditions will be 

discussed separately. 

(b) Is 	ARC 

Na has already been mentioned, this kind of are can only be 

maintained below the critical or the oxidising temperature of 

Zrr4. The steady conditions are rather critical, and air streams, 

or fluctuations in the current have to be avoided. It is always 

better to start with low current, when the arc is struck. The are 

is maintained between the thick upper cathode and the edges of the 



25_ 

walls of the anode cup. 	fairly good coeting of Zr94  over the 

cathode should be obtained by lettin; the vapours condense over it 

for some time. This is essential to overcome the copper vapour 

in the arc. 	If 00a coetieg is not obtained easily, it is 

better to increase the current, and consoluently the temperature 

or the anode cup, whereby a rapid vspoarisation and condensation 

on electrode surfaces is easily obtained. 4 new charge of 

(Zr?4 +Er) is then introduced in the cup; and the experiment 

started. The arc zap can now be drawn to 1.5.2.0 . with 110111.1. 

and 4.5 amps. Under these conditions the temperature in the anode 

cup remains fairly low. An the vapour of zr04 moves up, its 

temperature rises gradually, and a slow oxidisation of the vapour 

sets in. Tete is confirmed by observation; whereas bands of 

.r? ere quite strong just above the anode cup, they are absolutely 

absent just below the cathode, although the corresponding ZrO 

bands become very strong. 

This kind of arc in general appearance is like ordinary 

Iron arcs, with an intense esntral region and en envelope, develop-

ing into a flame on the upper side. Discussing the parts of the 

are separately we will consider the central regions of the arc 

above the anode cup, heir way between the cathode end the anode, 

just below the cathode, and finally the flame of the arc. 

Centro].  Ars..ebems..thsjinedsSees the spectrum of this 

region is very intense, showing strongly the bands of Zr? in blue 

and green, strong bands of ZrO, and very strong atomic spectrum of 

V. 	In fact the line spectrum is too strong for this source to 



be of 	Lally in the n3000 - 400L region where Zr line 

spectrum is very numerous an6 closely packed. however this is 

the only pert of the arc whets- Zrio bands appear with appreciable 

intensity and fortunately the line spectrum is not very trouble-

some in region of the spectrum where they appear. It is 

useful in photograpWr? ban4s. 

Central Arc Ealf-war between anode Cathode  t The line 

spectrum of r becomes very weak though not eliminated. r" bans  
also Cade oat and Zr0 sends increase in intensity. Out in the 

ultra-violet region of the spectrum Zr line apectrum is still too 

strong to show ttO bands clearly.  

Central Arc Cathode: The lin* spectrum of Zr becomes 

 

extremely weak, only a few lines becoming photographabls but 

copper vapour from cathode hot spot contribute some copper lines, 

which are also very weak. 	he bands of zro are relatively very 

strong, compared with the atomic spectrum, and the ultra-violet 

eystems of Zr0 seem t* have gained in intensity relative to the 

visible systems. As the region 3000- 4200A is' now shout 

completely free from lines, an! the bands are very conspicuous, 

this region of the arc is the best source for the excitation of 

4r0 bonus in the ultra-violet. This region of the 4r0 spectrum 

has been photographed and three new systems of ZrO discovered in 

the ultra-violet. 

T 	1Pmait In the flame the excitation temperature is low 

and consequently the ultra-violet Zr0 bands complotely fade out. 
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The visible triplet, ayate a of 1r0 are still strong, but the line 

spectrum gains very much in relative intensity. Purthermere bands 

of OH and 0, Ochumman Runge) systems become visible, the former 

being very strong. The appearance of 0 bands in the flame, but 

its absence from the central arc, is difficult to explain. These 

bands seem to accompany the Pluorides and the moisture, coming up 

only in the flame of the arc. However from our point of interest 

this region is of no value, es the bands of 74.0 became relatively 

week, end the spectral region superposed by foreign spectre. 

b) II: Tkit; UNL3TEX0Y, Zr? ARC. 

Slight increase in current is sufficient to increase the 

temperature of molten Zre4  to the oxidising temperature. As soon 

as this temperature is reached rapid oxidisation (perhaps in the 

anode cup itself) and vapourisation sets in. Instead of an 

ordinary arc, a vertical beam or incandescent vapour seams to up 

tend from the anode to the cathode, the vapours moving up very fast 

and condensing on the electrodes. There is no visible flame or 

envelope region of the arc. The spectral feature is about the 

same all along the length of the incandescent beam. Bands of Zr0 

become extremely strong and corresponding atomic spectrum almost 

completely suppressed. The bands of Zr? are not present even above 

the anode cup, confirming the hypothesis of rapid oxidisation. 

But in the ultra-violet a very strong continium extending from 

1.3000 to i4300 suppresses the bands in the ultra-violet, even 

though the line spectrum is very faint. As to what is the source 

of this continium is hard to say. It may likely be a fluoride 



forming after the oxidisation of ZrV;i0 However this continium 

prevents the use of this arc for photography in the ultra.violet, 

but it is about the best source to photograph the bands of 40 in 

the visible region. The bands in the visible region are very 

strong, with very few and weak atomic lines. This has made it 

possible to extend system 0( of Zra, and raise doubts about some of 

the bands observed and measured by Miss Lowater, but which do not 

appear on our spectrograms suggesting that perhaps they are lines. 

(c) 	MC 	T HYDRJ4LN 

This is the best source of the excitation of Zr0 bands both in 

the visible and the ultra-violets A copper anode provided with a 

cup as described for Arc (b) but with the anode cup much smaller in 

size, is used. Powdered Zr is put in the anode cup, and a thick 

copper electrode forms the upper eathods. The whole chamber is 

vacuum-tight, is evacuated and filled with hydrogen. A few drops 

of water ere left inside the chamber, or some provision made to 

keep the H moist. The chamber is kept immersed in water for 

cooling and the arc is struck using 110 D.C. with 5 - 8 sops. 
The anode and cathode are kept very near to each other, the arc 

gap being of the order of one or two millimeters. It is not 

poasiule to make the arc gap very wide lay. If the ere itself 

is photographed, it shows strong copper, Zirconium, and broad 

Ho, 0  H5  and kr  lines. However when, the anode cup gets red hot, 

yellow coloured flames shoot out horizontally from the anode cup 

and last fora matter of seconde, thou die out; and after some 

time new ones appear. These shooting flames are focussed on the 
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slit of the spectegraph, and the spectrum photographed. The  Zr0 

spectrum thus photographed is the purest that hes been obtained. 

The line spectrum of Zirconium is almost completely suppressed, and 

the bands of 11x0 are very strong. Further the intensity maxima in 

the bands move nearer to the heads, making the tails of the bands 

less intense, snd weaker bands falling in the tails become more 

conspicuous. This shows a smaller effective rotational temperature. 

The high price of metallic Zirconium is one disadvantage in 

the wide use of this method. The spectra obtained from Zr1f4 arcs 

are not very inferior, and they serve the purpose almost as well. 

appearance of strong %100 bands in the flame of the are in moist 

suggeets that moisture attacks metallic Zirconium suddenly, 

oxidiair it in the flame. 

.744. VOLXA 

Effort has been made to photograph the Zvi) spectrum from the 

gh  Voltage are between two Zirconium electrodes; and find out it 

this source was any improvement on the sources previously used, via. 

the law voltage arcs, It was hoped that the drastic change in the 

condition of excitation would alter the relative intensity of the 

systems, end thereby provide a clue to the analysis of unassigned 

bands. 

The experimental setup wras not complicated. Two Zr cylin. 

drical electrodes, a cm. long, and 3 man. in diameter were held in 

the jaws of the Crocodile clips, which were connected to the 

secondary of a 7 K4;;. A.C. Transformer capable of giving 2.8 amps 

at 2504 volts or 1.4 amps at 5300  volts. Suitable variation of 



. 30 . 

resistance in series with the primary of the transformer controlled 

the current in the secondary, and the arc. 	or larger are gaps 

50)0 volts were generally used drawing about 1 amp. current. 

liowever, once the arc was established and the Zr electrode tips 

biome hot enough the arc gap could easily be increased to 1 eve,. 

or even greater. The spectrum midway between the electrodes was 

chiefly dominated by the arc and spark lines of Zirconium; the 

bands of ZrO in the visible were conspicuous and fairly strong, 

but those in the ultraviolet were strongly superposed oy numerous 

zirconium liner,. A further disadvantage was the appearance of 

the bands of OU NO, and N2  etc. (intensity decreasing in order 

as written). 

To dearease the intensity of the arc and spark lines of 

Zirconium, the arc region was enveloped in a thin Bunson flame. 

This allowed the spark gap to be pulled even wider to 2.3 evia.; 

and the line spectrum did fall in intensity. The bands of Zr0 

in the visible, vie. the oil 	and 1' systems became much more 

conspicuous, but even though the ultraviolet region was freer of 

atomic spectrum, strong OW, N2  and ON bands developed in this 

region, making it entirely impossible to study the ZrO spectrum 

in this region. The OU and CU bends became very intense. 

finally a jet of Oxygen replaced the Bunsen flame, and 

played on the spark gap from below, lifting it up into an arch. 

The tip of the ardi was most free of impurities, and the spectrum 

as a whole showed improvement. The ZrO bands were much more 

conspicuous in the visible and in the ultraviolet. 	any band. 



in the ultra.violete were recognised to be the same as those 

obtained in the low voltage arcs. This difference however, was 

noted that the triplet system of Zr0 at )500A was several times 

stronger compared to the singlet system in the same region. Strong 

impurities at N2,02, weaker ones of NO, and OH raised considerable 

difficulties. The region 2600 - 3430A is full of fine rotational 

structure with many weak bands on it, which cannot be studied 

very well due to strong background. 

The high Voltage Arc was in no way an improvement on ordinsw 

arcs. Spectrograms taken on large dispersion of system ,,,‘/ 	show 

other faint bands, doubtful in their origin in the same region. 

The general result is one of complicating rather than simplifying 

the Zr0 spectrum. 

Sti41304aL4.  

Spectrograms of ZrO„ in the visible region were obtained on 

the Large Llthrow Spectrograph with a Dense alass prism. Photo. 

graphs were obtained in two regions, 04200 - 5600 and A24500.7000. 

The dispersion varied from 2.86 A/m.m. at A4200 to 22 A/m.m. at 

7000. The **nice of the spectrum was the steady Zr?4  arc, Wang 

exposed just below the cathode, end the Zr arc in moist H2. The (thief 

interest in this region was to attempt to observe missing bands in 

miss Lowateres system c( and fill the gaps in the )eslanires 

Table. Spectrograms ware also obtained in the first order of the 

ten ft. grating with 15000 lines/inch, and four inches of ruled 

surface, In the region 70Aa00 . 5900 with Zrr4  arc is unsteady and 

the unsteady condition (b) II. The region of the arc exposed was 



just above the anode cup. 

The infra-red region from ) 7600 'Apo° was photographed in 

the first order of the 10 ft. grating. The dispersion in this 

region was about 5.5 	The source of the spectrum was the 

74.0 arc in air (source (0)). Spectrograms were also obtained with 

nigh Voltage arcs Zer4  arcs etc. but failed to show any bands. 

Filters were used to cut oft the overlapping blue violet regions of 

the second order. 

The ultraviolet regions of the 	spectrum were photographed 

on the linger 	trograph, giving a dispersion of 4.6d A/m.m. 

at 72900 end 20.1 Aim.m, at ),4300. Many spectrograms were 

obtained in the region 2900 - 4900A with low voltage Zr?4  arcs in 

steady, as well as in unsteady conditions, from various regions of 

the arc. 	ith high voltage ores spectrograms were obtained in the 

region P12570 . 3680. Spectrograms were also obtained of the 

r0 spectrum in the ultra.violet from 2s2900 to 't3650 in the 

second order of tan ft. grating, with ZO4  steady arc. (b) I as 

the source, the central part of the arc above the anode cup being 

exposed+ 

In an unsuccessful effort to resolve the 2k3682 bend of WO, 

spectrograms were obtained in the second order of the 20 ft. 

grating with 11000 lines/inch, and six inches of ruled surface. 

zenith plates were used to decrease the effective time of exposure. 

Spectrograms were also obtained in the second order of a 

20 t. grating with 30000 lines/inch and six inches of ruled 

surface, in the region 7A3540 . 3800• The source was the high 



7+ 9000 7600 let Order 10 ft. 
Grating 

Zr0 arc (a) in 5.49 N/m.w. - 
air 
	5.50 A/m.m. 

-3 ..  
Zr0 arc in air. The dispersion was about 0.59 A/m.m. 

Ordinary, Special Rapid Ordinary, and Zenith Ilford plates 

were used in the Ultra-violet. Special Ra id Panchromatic, 

Antra izI, and A.P.3 were used in the visible, while I.R.E.R..todah 

were used in the W600 9000 region. 

The following table summarises the regions measured, the 

spectrograms, the source ani the dispersion used. 

Spectral ReL ions Spectrogrephs used Sources of the 
measured 	to prepare spectra- Spectrum 	Dispersions 

grass 

are (b)I 545A/m.m. 
(b)II Zr 5.50A/m.m. 

arc in moist 
Et a 

ZriP4  arc (b)II 4.68A/m.m 
20A/m.m. 

V4250 - 5300 

`))4903 4a00 

Ist Order 10 ft. 
Grating. Large 
Lithrow Glass 
Sp. 

tiger 'quarts 

On the next page a table of the wavelengths of the bands 

measured, with corresponding analysis, is given. 
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di. 40 
To the list #t the bands, measured by the author, it would 

be desirable to add the wavelengths or the bands of ZrO, observed 
Ke;s5 

by Meggers and Zing in the infra.red, as mast of the bands of the 
Ket s 

infra.red seem to be related to those observed by &loggers and ring. 

zro bands 
Otgera 

by w..53 
"141  V-110-c- 

Vibrational Classification 
:by the author.  

	

9299.56 	(5) 	10750.25 	1 (0,0)a 

	

9315.0 	(5) 	10731.43 	1 (0,0)b 

	

9329.93 	(5) 	10715.26 	I (0,0)* 

	

9343.39 	(4) 	10700.05 	I (0,0)d 

	

9356.12 	(3) 	10665.36 	1 (0,0), 

	

935E433 	(1) 10682.74 

	

9360.34 	(3) 10680.45 

	

9370.74 	(3) 	10668.59 	I (1,1)a 

	

9337.26 	(2) 	10649.82 	I (1,1)b 

	

9397.21 	(2) 10638.54 

	

9401.04 	(2) 	10634.15 	1 (1,1). 

	

9402.84 	(2) 10632.17 

	

9408.92 	(1) 10625.30 

	

9412.03 	(2) 	10621.79 	1 (10)6. 

	

9431.75 	(2) 	10599.58 	I (1,1). 

	

9438.24 	(1) 10592.29 

	

9443.93 	(1) 	10585.91 
	I (2,2)a 

	

9453.55 	(1) 	10575.14 

	

9476.65 	(1) 	10549.36 	i (2,2)41 

	

9431.55 	(2) 10541.69 



41. 

I W T UE4 BANDS OF ZzO. 

we wilt. start the description of our classification of the 

new bands of 22,0 from the ultra-violet side. The bands observed 

in this region are very conspicuous, and their classification seems 

to be correct beyond doubt. Furthermore no unassigned bands have 

been left in this region which may raise doubts as to the true 

analysis. Considering first the group of bands lying on the 

farthest ultra-violet side of 20 spectrum at ',3050, it will be 

noticed that we have classified them as system 0 

SUM 0 0 
	

AT \2940. 

This system comprises of a gr)up of six heads lying in complete 

isolation from the rest of the Zr0 bands. The nearest conspicuoui 

band of Zr0 is more than 3000 ter"' to the rod. The vibrational 

energy differences corresponding to 21%0 molecule are about one 

third of this. It therefore can easily be established that these 

bands, can in.  no way form a part of the system of the bands lying 

to their red wavelength side. the bands also differ very much in 

their general appearance. 

The system on the whole is very weak. Only th 	heads at 

9,2940.9, 'N2950.0 and \2967.8 have any appreciable intensity. 

The other heads are about one half as weak. The three strong 

heads appear to be the (0,0) band with three a branches 

(consequently three heads) end the weaker ones appear to be (0,1) 

band. The energy differences between them are as follows:. 
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!leads. Wave numbers of 
(0,0) bend'h"ds 

Wave numbers of.  
(0,1) band heads 

  

      

33993-7 
	

( 32.3) 	33061.4 

ab 	33888.4 
	

(932.7) 	32955.7 

Re 	33685.2 
	(932.9) 	32752.2 

rage 932.6  

The average value Si comes to about 932.6c,V, which is the 

same as in systems c,/,( and Ye ZrO. The system 6 of ZrO 

shares a common final level with 00 and 1( , via, the )0T1 

ground state of larOs 

alive three R heeds, and no Q heads appear for each band, it 

can at once be concluded that a 31 state is the only possible 

initial level for the 	system of ZrO. The only levels from 

which transitions can take place to a 311 state are 32E, 311 and 

3A states. The first and the last, if involved in a transition 

with another 3T1 state, give rise to three Q. branches about 

twice ea strong as the three R or three P branches, therefor* the 

transition for system 0 is E. Ill --?)( 311. We have denoted the 

initial triplet level as E. IT1. The wave number differences in 

the beads are* 

10543 cuw- 1 

204 twi-' 
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If Rs  heads originate from the lowest, and Ro  from the highest 

of E 3T1state the splitting n the upper E 311 level is as follows 

2 32 E 311, 4  110.1 c.4.--4 	(313.4 - 203.3) 

3fl0 	86.8 cm;•-' 
	

(292.1 . 105.3) 
Otherwises 

k4 3112 	3p 	= 418.7 cv.,-( 
	

(313.4 	105 3) 
& 	g 	s  495.4 c., 

	(292.1 203.3) 

It is difficult to decide be en the two sets of multiplet 

separations of I Y11 state, but the former one appears to be the 
more feasible one. The Ra  head appears to be stronger of either 

Rb and Re  and this demands that the initial level responsible for 

Ra  head should be the lowest in E -11 The argument that the 

multiplet separations in B Tri state cannot be about one half to 
one third as smell as in X 3T1  and C . 1.1 is not very appealing. 
Let us consider the ground state of 2r1. The multiplet 
separations in this state are 670.43 and 570.41 cm4respectively. 

A similar fir level at 37459.60 cw above the ground level, has 
multiplet separations of only 241.48 and 400.01 C - There are 

other 	states of WI which have multiplet separations of about 

100 cvvi" The present considerations seem to increase weight in 

favour of adopting 110.1 and 186.8 elz-1  as the multiplet 

separations in the R 411  level of ZrO. 

The three E 3T1 levels are therefore respectively at 33993.7, 

34180.5 and 34290.6 cw:' above the X 3loground level of zr0. 
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S SWUM 0? 4,0" 

This also Is another triplet system of Zr0 and on the whole 

!Wears to be a little more intense than the 5 system atA2940. 

This eystem is however not isolated from the rest of the systems, 

but its (0,0) band falls over the (2,0) sequence of the singlet A 

system, which we will describe later on. The (0,0) bend is the 

only one of the whole system which appears to have any appreciable 

intensity, others not having been observed In spite of a careful 

search. This does not make the assignment of the group of bands 

at 73490 to the (0,0) band of !iyatem S , doubtful. It is true 

that this group of bands falls on other bands, which do not have 

the same assignment. But the analysis of the singlet System A of 

Zr0 is beyond any doubt, and the constants for the system A have 

been established with great securacy. The singlet system "A" 

possesses a Harrow Condon Parabola of Intensity, and all the bands 

expected at )3490 (the region of System ) are accounted for. 

After examining the following table, no doubt is left that 

0  f)14stem" can in no way be a part of System A. 

3468.90 (1) :system A (a,0) 

	

3472.39 (3) 	System S 	R 

	

3473.62 (1) 	 System S (0,0) cia  

	

3486.71 (2) 	A (3,1) 

	

3491.80 (3) 	- System S (0, Nab 

	

3493.06 (1) 	system S (0,o) 
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3504.22 (1) A (4,2) 

3506.30 (3) . system 8 (0.0)no  
3507.56 (1) - System 	(0,0)Qc  

In all, six heads differing in general appearance from the 

heads of liystem A remain unassigned. Apile all the bands of 

System A occur as singlets, the six unassigned heads occur in pairs, 

with sharper and more intense heeds in front of fainter and more 

diffuse heads. The sharper and stronger beads ere evidently the 

R head*, and the weaker ones with diffused heads, the CI or X heeds. 

The latter are characteristic of the 0 and T system of WO. 

Thomgh in both cases identification of X heeds with Clheads is in 

doubt, it is certain that the faint heads in system 	correspond 

with X heads in System (;and 1' They may very well be the CI 

heads. 

The S. system, therefore, seems to consist of three R heads 

and three cl beads. These cannot be the three double heads of the 

sequence of a singlet system, e.g. ,21_ In This will demand very 

large values for x U in the lower level, as the wave-number 

differences between the three a heads ars 160.1 and 118.4 cuz(  

Sines such values of V(A-12.11  are not expected this possibility can• 

not be asserted with any confidence. 

To prove the point let us suppose that the six bands are the 

(0,0) sequence of a singlet systems 



3472.3/ (3) 479o.5 (Q,o)k  

3473.6 (1) 2573o.3 (0,0)Q 

3421,4o (3) 28630.4 (1,1)a 

34)3.06 (1) 462o.1 (10.).a. 

3506•30 (3) ;2185124 (2,2)R 

3507.56 (1) 285.1.7 (2 4 a 

Nnd let us suppose that the S system has the s 
	

final level 

as the singlet "A". The we and (X:ct,( values in the final 
level of System "A" are 973.07 and 5.04 earespectivaly. This will 

demand 	equal to 	so clzvin the initial level, and it is 

quite impossible. It on the other handl  the initial level of 

system S is supposed to be the same as System A, then the singlet 

system A should not be more intense than System ' 	Idrthermors, 

expected values tar 60: and icite coma out to be 1045.5 and 

24.0 cw,:'  respectively. auch large values of &Ja and 	"a4  

are not expected. it is therefore quite certain that system S 

does not shore any of the levels of system A, and it is also 

unlikely that it is due to transition involving levels independent 

of those giving rise to the system A. If there were any such 

levels, intarcambination should be very certain giving rise to 

singlet systems in the neighbourhood. No such systems era knout". 

Systems ( of TiO also consists of four double headed bands, 

representing a (0,0) sequence at Â55974,85, No bands of any 

other sequence are known. 	That system (of rio is due to a 

— 'fl transition is likely, as it is very difficult to relate 
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it to the triplet levels. The tour d3 uble headed bands of the 

p system of Tip are evidently the (0,0), (1,1), (2,2) and (313) 

R and g heeds. 
Hut an analogy between the system (3 of TiO and the S 

system of Zr0 will be misleading. 	3 ile in the (3 system of TIO 
the intensity fells regularly from (0,0) to about one third in 

(30) band, all the three double headed bands of system S have 

almost equal intensity. iurtnermsre, if they were the bands from 
different vibrational levels, other bands from higher vibrational 

levels would be expected before the sequence fades out. Hut 

there are only three double heads of equal intensity. All these 

considerations rule out the possibility of the system S of 

7.2.0 being a singlet system. That only three double heads appear 

has its own significance. There must be the three R beads (with 

three ot Made) of the (0,0) band of a triplet system, other 

bands being too faint to be photographed. The classification of 

bends in system 	is as follows s. 

3472.39 (3) 2879°4 	(00)Rs 
3473.62 (1) 28780.3 	(01,0)Qa  

3491.33 (3) 28630.4 	(ot4)Rb 
34931004 (1) 28620.1 	(ofo)ab  

3306.30 (3) 28512.0 	(0,011, 

354.56 (1) 20014 	(0,0)R4  

If these considerations are not wrong, deer question arises 

what gyre the levels responsible for this system 	The lower 

level is likely to be the X 3T1ground state or ZrO, but there is 
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siwsys the possibility that the final level of system S may 

be an excited state. if from any initial level transitions are 

possible to this final exalted state a  transitions from that level 

should also be possible to the X 511 grouground state, giving a 

system towards the ultra-violet. £he only system towards the 

ultra-violet of System S is the system 0 	It its initial 

level t; 311 is supposed to be the initial levels of both the 

system sand the system 0 (system 0 to K 311 ground state) 

then the maltiplet separations in the final level of system ' 

easily be evaluated. Foxy S system we know that 

Ra 	Rb t  360.1 clw4  

2 118.4 cl/' -̂1  

rresponding multiplet separations in supposed initial 1 -3-11 

levels are 

IT12:- 311 * lio'S 

anti 
	3-vil-3T1o  186.8 

then, multiplet separations in the final level of system 5-  should 

be 229.2 and 346.9 	. 49.3 and 68.4 c-=' the multiplat 

separations aecordia to former set of values scent a 3I1 state  

and according to the letter, a 3:E.  state, whtah should not possess  
negative separations, or *operations of such large magnitude. 

A 3;E. final level is not possible, therefore, for the reasons 

already described while the suggested 311 level with 229.2 and 

346.9 	separations is also not possible, because transitions 

between 3T1 	states do not give Qbranches. 



It to, tklerefore, rot .n7ond ranoon to , )reliAlde that the 

trt tul loVeI of cystm S to rot the sane ns that of the 

syetels 0; and It boomer, all t vort urlowly thet nny other 
levolc other thnn those1,14.rig vier to srotam 06 ire involved. 

poestAltty /eft*  is to conclude thnt 

syotv.:.1 S hoe the 1-1rANImme state tats !.r0 ea tts final lova, 

prmence of Q toads euj7zests thnt the umer govt In wither 

3Ntb 	lot toparattorn of 195A and 13114.1P141  or a 50 otatio 

• flattplot orTaratiom of 473.6and 41C*84pmepectIvely. 

Axca 3f states conmt poonetr ouch lame seporattore the 

upper Irivel sIx/agape the VA. state of -,1$04, TUB demote 
that tte three oub.lelltels or 036,  °tate chould be roughly at 

z39604 on. or ,1,730403, P5712.3, 2914 3 

the 3TI 0  &mond etute 
In too lettort  -t1n3 uyotwe or.rcorluotsIttde TrO) ti

t,
,the 

Illtramvieletni 	th,? antbary In 7'gture,244,772(29 	1949), 

tie ma12th ep in sip '1 36,  state Imre tottativrly tAlcuned to be 

413.6 4204,flam. rezpeetively, lovever th,5, vmaller cenorattore 
of 125,0 cm i 	nTrenst to b(= 

it should to note .i ti,;ot 	ti'ree 	11.r4 do of tilLe system 

t 114? 	elvervel 	vmnsered b Miev Loy:Aerie 



MOUT SYST $A* or ZrO. 



et,  51. 

This is the only singlet system which has been reasonably 

wall established for ZrO. In foot the existence of a singlet 

system for rO lends weight to the conclusion that system (3 of 

TiO is also a singlet system. 
Recently Herbig19  measured the rotational Linea in the band 

at 9 3682 (which has now been established to be the (0,0) band of 

the system), and after arranging all the measured lines in two 
R and P branches came to the conclusion that this band is due to 

& '1:- '2_ transition, which in the opinion of the author is 

quite like though not final. Since this system was also 

observed in absorption in stellar spectra, Merbig concluded that 

th 	state (or other singlet state involved in this system) 

could be the groand state of 11643 instead of X 111 • Our obJecw 

tions to his deductions have been expressed in the beaming, 

while considering the theoreticallyenergy levels of the oxides of 
Ti sub-group on the one hand, and of the oxides of the C subgroup 
on the other. Theoretically a singlet level can net  possibly be 

the ground state of Zr0 or TiO or the like; and thiJ absorption of 

;\ 3682 bend can easily be understood if its lower level be 

supposed to lie very little above the ground state a  Xn, of ZrO. 

The singlet levels involved in this system 	are likely to as 

excited states. 
Now triplet levels are known for molec 	like CO, theutih  the 

round state and most of the more prominent levels are singlets. 



The converse is true for the oxides of the Ti sub-group. Here 

the more prominent levels, including the ground state are triplets, 

while singlet levels also appear to exist. As the sillglet 

ystems are the main feature of the CO molecule, with weaker trip. 

t systems, so the triplet systems are the chief feature of TIO 

zr0 with weaker singlet systems. 

Returning to our description of the spectrum, it will be 

noted that iss Later measured two bands of this system at 

2\3682.43 (6) end at 2k 353941 (3). The former is the (0,0) 

and the latter the (2,1) band of System A. Another stror band 

of ystam A, via, the (1,0) band at 35il.96, might easily have 

been 'Nutted, it its head had not been concealed by the strong Zr 

line at)3572.47 in piss bolster's spectrograms. 

013SLitilPiTI(N94 DATI1/2,1  In the tabu on the next page  are shown  the  

wavelengths of the bands of System A. 	he first column gives the 

wavelength in air, the second the Intensity, the third wove. bees 

in vacuum, the fourth the vibrational clessificetion, and the 

fifth column gives the difference between the observed and the 

calculated wave.numbers of the band-heads as calculated tram the 

formulae developed.  

Consider the differences SCu's-q)end 

4 	The gradual variation in both of them in the 

same column or row suggests that e has an appreciable magnitude. 

Here 6 is a constant which enters tho formulae, when band.heeds 

instead of the band origins of a system ere represented. 

•0: 	 STt 
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40/..BH) 

fri.1.. 	c , 
or 	 1/- 	- - 	1-17(i-2.-1 

Here ,Yk, and & are tun#tiona at go 

The formulae representing the band origins is 

V, 	e + [we! cv-14-1i,) _ 	- 11-.J (Er' (-EA 1,-2) 	(1fij.pLri 

when the heads are taken in account, the formulae be es 
Vo +( &) 

Introducing V„, and Ves -V0  

* 
Ve‘  7  Ve  [43,2oo4v 	- 	-Vo (rtee - (9 

0.3:and -Kew: are slightly different from the 

corresponding we  0,,,d XaLle 

)air 
	 Vibrational Classifica o 	0 C 

Zystem 0/0 

3390.05 (1) 29489.7 A 	(4,1) 0.3 

3407,89 (0) 29335.3 A, (514 - 1,0  
3425.92 (0) 20160.9 All 	(6,3) . 2.9 

a" nines 	» s 0 4 	 "v-" ) ) 

3468.90(1) 

3486.71 (2) 

3504.22 (1) 

4 A, (2,0) 0.6 

2 , (3,1) 0.5 

.9 A, (4,2) 2.3 



,air v-vac, Vibrational Classification, 
System ',Au 

3571.96 	(8) 

3589.87 (6) 

3607.61 (2) 1.4 

NP 0.1 

1.6 

	

3682.07 Ala) 43.53,•0 
	

A (0,0) 
	 0.0 

370011 	(2) 2701806 
	

A, (1,1) 
	Oil 

375442 	(1) 2664.6 
	

A, (4,4) 
	0.5 

3772.9 	(0) 26497*4 
	

At 005) 
	

0.4 

3791.6 	(0) 263664 
	

A4  (6,6) 
	• 0.0. 

3818.32 	(4) 26182*2 
	A (0,1) 	 • 0.1 

	

3836.38 (1) 260594 
	

A (1,2) 	 0.9 

18 	(0) 25938.5 
	

Ai (20 ) 	 2.9 

	

1.45 	(3) 251 .4 	A, (1,3) 

	

2 	(0) 249884 
	

A, (210 
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SYSIS O1 ZrO 

A°1 Altf.  ,t1 4 

0 27151.0 (96S.P) 261e2..2 

2- (e36.9) ( z6.4) 
1 279P-17.9 (969.3) 270V'.6 (939.6) 26069. 949.6) 

A's (831.5) (A29.7) 
2 2PP19.4 (971.1) 27P4P.3 2593P.5 (9'50.1).249PP, 4 

A'S 023.9) 
3 2P672.2 (960.P) 27711.4 

Sy (817.5) 017.5) 
4 294P9,7 (960.8) 2.0;528.9 26625.6 

Ql a (P06.4) 
5 29:535.3 2 497.4 

29180.9 	 26366.7 



It will almost et ones Immo evident that Af(1,-q) 

de sae regularly with increasing 1°  and 66,60increass 

with increase in -0-1  in the same row end column or row 

respectively. Th tt, at once suggests an appreciable vales 

of e 	By usual evaluation, it was found that 	Was 

widely different values for different bands, though of 

appreciable magnitude and negative in all eases. An average 

value of 0 equal to 0.90 (.11;1  was adopted, as most suitable. 

After deducting the term e 	:tom the wave numbers of 

the band-heads the reconstructed table showed greater 

regularity, as shown in the table following. 



A" Al" " Z 2_ 
4 

0 27151.0 

-(836-9) 

1 4981.9 
Adl; (831.5) 
2 28819•4 

3 

2- 

4 

A:5  
2 

5  

6 	26182.2 

(837.3) 
08,4 270194 584) 26660.8(948.7)25112.1 

(83o.()) 	 (831.8) 

9. 	27650.1 	 25943.9 (948.3) 24995.6 
(824.8) 

28674.9 (953 	16.8 

(818.4) 	(819.3) 

29493.3 (957.2) 28536.1 

(80.2) 

29344.3 
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Prom the preetable it will rivers be noted that the 

evaluation of a vary coat reto vs U4 of 9 is impossible. Still 

the adopted average value of 0 via. -0.90 a has regularised 

the differences to a greet extent. the rest of the vibrational 

constants were calculated for the upper and lover state of the 

system by usual methods. 

tii`PLA _6;014. 	 AAK  

84345 c 4": 973.07 6„;:f 
xI2:'-'ef e 3915 1Ca'ci,42 5.04 

Xi 	YL",V1,1: 0.07k 's 0000 

ye_ z 27211.92 04'^' 

and e z - 0.90 
It should be worthwhile to note that the as 	of 0 is 

ep eatable so that 	,`S",71.' and vCwill also be appreciable. 

The latter ars,included in the vibrational constants, as corrections, 

when weve.numbers of band beads instead of the origins are used to 

construct the usual formulas for a system. The true L.-12. end 

14 10ill, however, not be very different from the 'Above. The 

formula for the band-heads of System A eventually is 

27217.94 	 (1Y 	(.1).44-a_ fi 

4i973 	OP+ 04004 ("V""--t 1 )2- +- 	-0'1 	APO 09 00)49 ( 	) 

The bends having a deviation of more then a cwil from this 

fort ulee are those, which are vary weak, and whose heads are 

dif'icult to assess accurately. The maximum deviation however doss 

t xceed more than 3cwcl except or theX400042 bend, which is 

overlapped by many weak lines. 
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The distribution of intensity amongst the various bands in 

the system is according to general expectations. There is a 

oontinuity, which inspires confidence, end there are no abrupt 

breaks or gaps such s$ are sh 	in the analysis whien has been put 

forwerd for other systems of 40 or Ti). The eendon parabola is a 

narrow one, with its vertex at the 30 bend but shifted slightly 

to (1,0) bard. There ere three bands et (4,4), 0,5) and (6,6) 

whose existence is beyond doubt. Undoubtedly, they fall on the 

axis of the secondary peraboLa. 
RIvu 	zut,- 	thy (16,10 bAii,t 	: 	4A4. 

alfforts hove been made by th‘ author to photoereph the 

(3,:.3) bend of aystem A at (N36$2, on larger dispersions with 

sufficient resolution to reveal the structure of the band near the 

origin and make passable the identification of the branches in the 

bend. This bend is very weak. In feet stem A itself is one 

tenth as strong es the strellioot 247otom lr  of ZrO• very long 

exposures sn careful control of temperature of the spectrograph 

were required. 

Photographs of the bend were obtained in the second order of 

the 20 ft. grating with 11000 lines/ineh and five inches of ruled 

surfece. The theoretical limit of resolution can be reached on 

the plates. .Exposures of five to six hours failed to obtain the 

spectrum with any intensity. The lines were tee feint at the 

origin to be identified, but sew from the origin, two branches 

could easily be tressed. Those were the 13  ona branches of the 



five hour easposure with the 1-0 are as tka,e so 	(by far 
the strongest source for Zr0 proved sut.fie ieent for photographing 

the 2k16$2 band in the second order of the ao ft. gusting with 
3000) inch/line giving a dispersion of 0.9A/m.m. Unfortunately 

a atror background and intense atomic speetrum reduced the 

definition very much. Still it is the beet large dispersion 

photograph of this band t of which the author is 34are, lines 

have been reeolved clearly down to 3632.2.A out the branches 

remain generally taint. 

while carrying out this rc rk,the author came across the 

E~ontributton by lierbig19 on the fine structure or \3682 band of 

In hie efforts to identify the absorption lines of the 

stellar absorption band at ?\3632, lierbig measured about 130 lines 

v the 11.0 bend at 	out showed that the stellar bend lines 

any 	a band.headi as measured by Merrill, agreed with the 

laboxrat.ory data for the 3632 band of ZrO. The spectrum of 4r0 
yea in his laboratory measurements, was obtained by Dr. A. S. 

l irk in the first order of a 20 ft. grating, giving a dispersion 

of 3.7 A/mim1.0 using the carbon arc in sir, charged with Zr0 as 

the source of the spectrum. 

!bout 130 lines of this bad were area ed into two branches 

by lierhig, a P and an R. Re therefore postulated that the )3 92 
band was the (0,0) band of a system arising from sa trensition''/_ • 

In the following table we reproduce the way...numbers of 

son 	of the lines meaeured and arranged by aerbig in "N3632 band. 

o 	 elastion of rotational constants is possible as the numbering 



i61444,I*  
1.4422g 

96.646 

=Lk 

31 

31 

2 

4  (4420) 2 

3 88,1,29 2 

3 0%1427 2 

3 	68.755 2 

3• S9.079 2 

3 09.399 2 
3 W.is741 2 

3 90*03 

2.9411 

3 

40, 60 

otunnot be carried dont to tie oxIgth. 

?shroud' z nsbrareh 	,,r,v4t1oh 

3012077 3 :)6I16. c67 

92089 4 w43*4 

83408 4 
	

Fi,6• 585 
31..357 3 B6.523 

S' 3.491 4 
	

87324 

03,644 
	

(17,41) 

83.811 3 87401 

93.9'$4 3 
	

1092 
04•158 3 i8,311 

cs4.34o 3 
	

f4'4Gail.  

04 1.5 3 
	

931 
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The molecular lines w 	vs been 

underlined hove been ident ed in Stellar speetral  el, ci. Ca-- 

end R 	 ae.  

AS 
	

levels 

involved in the 
	

**A* it will be noted that 	postulated 

that the A3682 bit of Zr0 was the (00) band, bevels* of failure 
to observe any I °Wile shift, and classified it a 	system, 

sines only one R and one P branch could be limited in the band 

structure. Bs did not *been% env other band belonging to this 

very (system in the laboratory, but in stellar spectra he noted that 

an absorption feature at a 3'71generallty accompanied the absorption 

of the 2,3692 band. Unfortunately he identified the former with 
the y fi  bend in the same wavelength, not being mare of the 
existe a at any 2r0 band at ?UM. From the present analysis by 

the author, it is apparent that the stealer absorption at 7k 3571 

is clearly the absorption, 	t*-- 0 in singlet system of  
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That the system A is due to a IL- lz tarans ition is quits 

plausible, though there is always the possibility that in weekly 

photographed speetra, the relatively faint gt branch in a 'Ti -'TI 

transition may not be observed. Both the spectre obtained by us, 

and the print of the spectrogrem published by xierbig, are so weak 

that they can hardly inspire confidenee in the conclusion that a 

g, branchis definitely absent. (At this point it should be 

mentioned that Use Lowster failed to observe a a branch for 

311 -31 1  band in system of of 7r1, though the relative intensity 

of a branch to GL branch ii11 be about the same as ins 'TV '111  

transition. in lass Lowater's photegraphs the branches are several 

times as intense as in ilerbials or ours) « This consideration makes 

the transition* lz --'21 ox' 'T1- 'TI squstly possible for the 

system A, though there is always a little greater probability of a 

'Z-'2: transition. rho upper and the lower levels of system A are 

either both 'L levels, or both '11 levels. 3ut tentatively, we 

will suppose thet the system A arises Crom a 	- 	transition, 

until the contrary is preyed to be the **se. 

Jecause the 9i3682 (0,0) band of system A was served in 

absorption *long with systems 44; and 9/  of mr0 whose lower 

level is X 311 Berbig raised the uestion as to which of the two 

levels X 3T1  and ' was the ground state of ZrO. In our 

opinion, there can be little doubt that X 3T1 is the ground state, 

and that ' ., is e low excited state. 411 the lower levels or the 

systems observed in absorption ere not necessarily the ground states 

of molecules 	At temperatures of 	5330  enough meleculea of 7,r0 
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may be thrown into tthe low *mated 	level to make a faint 

ebsorption possible. That the absorption z A 3682 is very weak 
compared with absorption in 0( 1 	and q' supports this hypothesis. 

To determine its position roughly, let us take into consideration 

the fact that the multiplet splitting in the 3y ground state of 
Zr-+÷  is 804.3 and 632.5 cli4respectively. Assuming that there is 

a correspondence between Zr0 levels and Zr'levels, the maltiplet 

separations in the Xffiground state of the former are 313.4 and 

292.1 01,0 • Thew are roughly in a ratio of 2.57 and 2.34 

respectively. 	xpectin this ratio to hold further, approximately, 

we note that three situlat levels IG, ID and IS fall next to 3? ground 

state of V ++  at 2534, 3392, 3835 c/14-1  If these levels correspond 

with I>: level of ZrO, the position of 'L level with respect to 

X 3T1 ground state of Zr0 will be between 

224 a 986c 

: 1639 cm,c1 

2.57 

3835 
2.34 

Taking an average position fOra)2: level of ZrO, it is found 

that the lower state of ystem A lies near about 1310 c'^^' above 

X no  ground state of 4160. Absorption is clearly possible from 

o- ¶ state. The upper 6-'i level of the system A is at (13104.  

27151.00) or roughly at 21461 

As has already been mentioned, 	rption 	the 	levels for 

the singlet system A is provisional. if it is proved that states 

other than "Z are involved, the levels 	should be altered 

accordingly.  
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In desarisaing the work of Miss Loweter, on the snelysis of Zr0 

bands in the visible, it has been mentioned that system c< was 

somewhat incomplete. The Deslandrela Table of System 04 produced 

on the pages previously, was constructed by hiss, Lowster. Though 

the analysis of the system wee no doubt correct, it was thought 

worthwhile to try to complete it, and to remove serious gaps end 

discontinuities if possible. 

Very satisfactory spectrograms of the triplet systems of ZrO, 

a(, (3 end y  in the visible were obtained both on the ten ft. 

gratin, and the Large Littrow. ;he bast source of the spectrum 
wee the flame shooting from the anode cup of the 4r Arc Lamaist 

hydrogen, but the ri'#  Unsteady, rapidly oxidising arc proved almost 

as satisfactory. in both these sources, the atomic spectrum of both 
the electrode materiel and Zirconium itself, was suppressed so much 

that comparative/7 few atomic lines could be traced in the spectra-

grams. This helped in deciding the shape And character of doubtful 

heads; and allowed weaker bands to become conspicuous. 

few bands found in front of (0,1) Ra  and (0,1) ao  

heads were classified by Miss Lowater es for (8,8)A,„ and (8,8)k 

heads respectively. We have also observed a few heads displaced 

roughly by the some amount. The theoretically expected displace. 

7 meats for the 2r94016  isotopic beads compared with the known 469°016  

heads are about 3.1 c,1'in (0,1) bande. it will be found that the 

order or the displacement or theee heads suggests that they in 



reality nre the isotopic hezde belonging to 3r94016  coleCuleo 

The reason thvt iSotoTilie be 	to other bands could not be 

discovered# to tkAt either the bands are too 'weak. or the 

displacements too small to become observdblo. or oleo t:;0,t 

V1(,, isotopic Lem, falls within the man bend** 

rurtborm o. t 4 have come to the co 1uo1oi Wit ell the 

bands ot system c)( classified ag (r,4) by Lies -ember do 

not belong to thts systez4 
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The band spectrum though fairly oontinuous in the infre.red is 

generally very week. As the 7  system of Zr0 fades out on the 

longer wavelength.si 	a few weaker bands become conspicuous in 

this near infra.red region; but none of these appears to fit in 

the 'Y system. This region of the band* is such that all the 

prominent end a very great majority of the weaker bands have been 

assigned to the Y system of ZrO. The weak bands at 	7426(0, 

N7434(3) sad 4541(e) are the only unassigned ones. Their 

general weakness makes it difficult to ascertain whether they are in 

reality three bands of the same sequence (with 2T— 
(1.A.00,49 	

104caV) 

Spectrograms of the region M7600.9000 were obtained in the 

first order of the 10 ft. grating with Zr0 *re in air as the source, 

in the hope of discovering other sequences of 2r0 bends related to 

the above bands, and thereby ascertaining the nature of the system 

and its constants. The experiment appeared to be hopeful, because 

the 'I system of Zr0 fades out completely in this region leaving 

• little complicated background* The author tailed to discover such 

bands, but instead observed the tins band structure to extend from 

?q600 to A7900 without trace of any conspicuous heeds. Finally 

there appeared a relatively strong band at A8192, which was fair]; 

well resolved in the spectrogram; and of which the band lines 

could easily be traced right to the heed. The band must be about 

one tenth as strong as the (0,0)R0  band of system 	though much 

stronger than the general 211,0 spectrum in the 	8,00.8900 region. 

In appearance this band seemed to be of very simple structure, 



apparently a P and an R branch psrposed on *soh other, making it im. 

possible to locate the origins, there being no a branch. As this 

band does not appear to belong to either system Y or 	the Infra* 

red system "In of ZrO, it should belong to a new system. If this 

is supposed to be a triplet system the remaining two heeds should 

be located within 603 and 1200 enVo Apparently there is no other 

band resembling in general features the band at A8192, within the 

regions mentioned. It is therefore unlikely that this band is due 

to a triplet system. The possibility of quintet systems is farther 

remote. The band can therefore be due to a singlet system. Tho 

presence of a P end an A branch and a definite absence of Q branch 

su eats a 'L-*'E. transition. The band may very well be the 

(0,0) band of this system. This is confirmed by the consideration 

of the isotopic displacements. Near the head, the branches within 

the bend are sharp, showing that the isotopic displacements due to 
92 16 	94 16 3r 0 and Zr 0 are small and unresolved from the main branohos. 

As one traces the branches forthsr towards the tail, it is noted that 

the branch-lines begin to become diffuse on the shorter wavelength-

side, and at a8350 they definitely split into throe components. 
The weaker two on the shorter wavelength side of the main and strong 

Zr92 	Zr branch line are due to 	016  and 91O16  respectively. The 
isotopic displacement due to the rotational term 	(64)t,240 	) 

should Demme considerable in this region and be strengthened by 

displacement in the vibrational term. Other bands of this system 

might have been expected in the regions 4600 and X3800; but 

as both these regions are occupied by other spectral features of 
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7,r0, it is likely that they would be masked by more conspicuous 

bend-features. within the sequence it is difficult to discover 

the far weaker (1,1) (2,2) bands ate., as they tall on the strong 

(0,0) bend. However, there appears to be a taint band-head at 

8210A. This mAy very 
	

be the (1,1) band of this system. 

"I"Tg 	01 Zr0. 

There is a fur or system, in the infra-red, of very compli-

cated structure. Though it has been possible to discover some 

relationships between the bends and construct what looks like the 

Deslandrete Table for the new system, the analysis remains extremely 

doubtful. 

Attention was first drawn to the bends of 1 in the infra rod, 
Kiss 

by La6gere and Xingss publication of the wavelengths of the bands of 

Zr0 in the infra red region ,k? 9200.95004, The bands had a very 

complicated structure, and were vary week. It was impossible to 

identify the triplets, which can be expected for Zr0 spectra. 

Vhotagrephe of the Zr0 spectrum in the region 2$4600 - 43000 

were obtained by the author in the first order of a ten ft. grating 

on I.a.E.R. plates, with zr0 era (a) in air, giving exposures of 

10-20 minutes. A faint and complicated system of bands was 

observed between ?0,8,00.8950, and it was assumed that this new 

group of bands formed a part of the system mentioned by Urrs and 
Keiss 
Una. Actually, it was possible to assign Meggers and King's 

group of bands in the region ?1 / 42% 92o0.9500, to the (0,0) sequence 

of the systems  and the new group of bands discovered by the author 

at 	7 3500-8950 to the (%,c1) sequence. It appears that there arc 
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five heads to each band. This does rot necessarily mean that the 

levels involved in this system are quintets, though they may exist 

for ZrO. However, some systems of CO, like the third positive are 

known to possess five heads, although the levels involved are only 

triplets. Much inference about the multiplicity of the levels 

involved in this system "I" of WO can hardly been drawn. 

With the observational data available, little can be postulated 

with confidence, except that these complicated bands of Zr() belong 

to a new system or systems of ZrO, perhaps involving more compli-

cated levels than hitherto observed for this molecule. Below, 

suggested 1)eslandre40 table for the ZrO system "I" is shown. Too 

much stress cannot be laid on the accuracy of the analysis at this 

stage. 
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11334.2  
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11272.2 

11256.6 

11242.5 

erved in the La ..red, remainunassigned. The 

f these unassigned bands are about as week, and fall in 
egiah  as  the system 	In general appearanoe, as well, 

they are like the bands that have been systematised 	$'urthsr those 

are bands in the same region, though somewhat weaker which degrade 

towards the shorter wavelength. (It will be not irrelevant to 

point out that there were similar weak bands, degrading to the 
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shorter wavele 	a.r'd 	system of TO, 

analysed by :Dobrener v 	All these facts make the analysis more 

uncertain. 	awever, as has already been suggeeted; present efforts 

haveborne fruit only in disc overing a relationship between various 

bands which can scarcely be said to be an analysis.  

The tentative formula representing the system 

( 107.90.8 ) 
I 	) 
( 10771.9 ) 

	

14.1%( 10756.8) 	(862.904 	. 8. 

( 10742.6 ) 

( 13727.8 ) 

t945.4(1C+.6(1,-11- 

ui e 6a 
10.)/e2 ° 8 S -r 

Cyvx. 

We m  945.4 
)cui:z  8.6 

C144, 
1  

- cwt'  

The values of )1i,toebere unreliable, though there Ls heater 

}Icy in the calculated values of 	we  • The former 

vary from 861.4 to 864.4cA,T.I and the latter from 942.5 to 948.1 047,1  

for the five sub.heade. The we,  in the final level of the 

iIetem "i" is very nearly the some as the value of We in the 

ground level x '3-ri of 74.0. Zut it does not prove that 	is 

involved in the System ois, due to the general unreliability at 

the calculated values for wehand 
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In the followini we moment a table showin6 the 

onto confit;urations ii the ground state 04 the elements 

at ;lineup IV oe the periodic table+ 

aementt 	A ; 	x 	'fix t state 

arloon 	6 	(a,,)2.  NZ 	 3 P6  

	

(3b)1  (313)1 	 3F6 

itani um 	22 	(30( )2  CLW2  

Qermanium 32 	(LI i)1 	vo2- 
zirconium 40 	Oa 	5;,)2 	 3 c2  

Tin 	50 	(5)))9-  (S17)9" 	sf,„. 

Hafnium 7 (5d (6)”1 	.1F2 

Leed 	c6,o2  C6 1)52- 
	

3,e)  

Thorium 	90 (6a )2  (7,3)2 	 3V2 

It will be evident from the above table that the elements 

C, Si, 0e, Sn and Pt+ can be grouped together while Ti, 2r, 

Kr and Th tell in a separate group 	for brevity's sake 

we will refer to the two groups is e C sub-igroup.and the Ti 

subgroup respectively: 

It will be observed that the rout d state of the oxides 

of the amb-group is "21 chile that for-the oxides of Ti 

sub-grog hes not been established with certainty. 5ince the 

eleotronlo ocla -uration in the two sub-groups is different, 

it can easily be Concluded that they say in all probability 
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not possess similar ground states. As we already know the 

combination of two atoms in 3IP and 3P states (Oxygen atom) is 

expected to give several possible energy levels*  such as 

`/, I A, 1 4), 	311 7 3A 7 3 (1) 	, 

etc. Ash of these could be the ground state of the oxides 

of the Titanium sub-group. Since, singlet and triplet levels 

have so far been identified for the Tio and ir0 molecules, from 

both of which absorption takes place in stellar atmospheres, 

considerable doubts have arisen as to the true nature of the 

ground state of these molecules. 

Before the energy levels of the Ti, Zr or Hf atoms had 

been observed and the electronic configuration determined*  

Miss Lowater analysed the (3 and 	system. of TiO. She 
found that while the c( and '1 systems of TiO were due to 

transitions 	C 311 --).)c 3iland 113:E -3),(,31-1 	the levels in- 

volved in system 	were presumably '\ and %2E.  . To 

establish which of these T1 ,, 21 	or x311 states was the 
ground state of the mole rule, she postulated an an analogy 

between TiO and Ca. Her reasons were as follows. The Oxygen 

atom requires two more electrons in (2p) states to complete 

the shell and make it inactive like Ike (with SiO and L:O). 

The Titanium atom in the oxide may be supposed to be deprived 

of the two least strongly held electrons* to complete the 

oxygen shell. An atom of Titanium deprived of the two 

electrons, was supposed to resemble Ca with two less electrons. 

know now that this is not true). As the energy levels in 
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Ce were in the order 	art 	$ and 3PI  the corresponding 

energy levels in the TiG in t# sacra order will be '2_ ,111, 1 T1, 

3z. ot.v.d. 3-0 as the Oxygen atom is inactive. Miss Lowater 

consequently constructed a diet;ra:4 of the energy levels of the 

Tie molecule, wherein a 	state was supposed to be the ground 

state of TiO. 

recently herb 9  has made si ear s 'Potion for 
the VO molecule. hitherto only triplet agitates were known 

for this molecule. Herbig studied the fine structure in the 

\3682 band of 4.r0 to establish tho identity of the absorption 

feature at the same wavelength in some of the $ and m type 
stars. Hs measured about 330 lines in this band s  whieh had 

been photographed in the first order of a 20 ft. grating, eying 

a dispersion of 3.7 A/m.m. Herbig arranged these into a P and 

an fl branch. Due to the absence of s Q. branch not proved 

conclusively . he came to the conclusion that the band was due 

to e 	transition. ka this band had already been ob. 

served in stellar absorptions  he was in, doubt, whether the new 

II 	or the old X31 (final level of system 0( , (3 	and 1' 

was the ground state of the Zr0 molecule. 

m, of the confusion in this field can perhaps be cleared 

by theoretieal considerations. reaping to the idea advanced 

by Miss Lowaters  that the shells of the Oxygen atom in TiO 

and similar molecules are closed by the inclusion of two more 

electrons in its (ap) shell, whereby it becomes inactive like 

lie ( a0 sO) a  and the Ti atom (or any other atom of the same 



group) resembles in eleetronie configurations its own doubly ion 
ised atom, we find that the ground state of the doubly Ionised 

atoms of the Ti subgroup is 3Fz  ; or the only contribution 

to )\)5 and 2:A of the T10 (and the like molecules) will be 

coming from the 3t term, oxygen atom being already inactive• 
This will demand that,  

Sal 	end 	L s 3, 

Therefor 3 s 1 	and 	'Ns 3, 2 1 and 0 

the only states possible for TiO (and the like molecules) from 

this angle ere *11 triplets, either 32:, 311 , 3Qand 3  

further, without changing the electronic confi4uration, 

but altering spin orientation of the electrons to obtain sing/et 

states for the doubly ionised TV"' atom, we observe that 

these state lie slightly *Dove the triplet ground state. 

may therefore assume that the sinilet states of the TiO and 

ZrO molecules will also Us slightly above their triplet ground 

state. we know that x 3T)Is the only triplet level, which has 

been identified to be the lower one in all the triplet systems 

of TiQ and Z200 molecules; and it should therefore be the 

ground state of these molecules. 

A further point of interest is the variation of constants 

of the oxides of Or IV in their ground state. whereas the 

variation for the oxides of the C sure-group is uniform, it 

does not appear to hold for those of the Ti subgroup. Here 

the VGJe  and 	90,a., 	decrease **cording to expectation from 

TiO to 0 (we may suppose that they will be further smeller 
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for Hf0 and 	but liA increase trmn ti0 to 

increase is very prominent. The author is not aware, where 

within * group, Wci and de, for similar molecules have shown 

tendencies ot variation in opposite directions. They are known 

to inertias* or decrease together. As (4 4  are aceurately known, 

it raises some doubts about the ah as evaluated for ttO and 

zrO. So tar as the g in the ground state of 2r3 is concerned, 

the author is convinced that it has been, accurately determined 

and also confirmed independently. This leaves some doubt about 

the true value of a for the TLO mo cule. /Urge and Christy 

bad analysed the system 0( due to C 311 	transition and 

obtained the 3,D and 0( constants in the X 91 and C 311 

states from rather large .1 values. Their work has not so tar 

been confirmed by any other worker. 

le we adopt the idea that the vibrational and rotational 

constants of flit and Zr0 have  both been determined with 

reasonable accuracy, we shall have to accept a striking athema- 

tic for the oxides of the Ti subgroup, and that is, B5 

and 635 very manifestly in opposite directions, the former in. 

crossing and the latter decreasing with increasing atomic 

weight. This phenomenon, if true, will be the only example 

of its kind. 
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!though has been sold about the groura level of 74'0. it 

is now clear that it is the X 5T1 final level of the 

and 	systems. This ie supported both by theoretical 

considerations and by observational data. Next above it is 

the 	or `11 lower level of the system A. The upper 

levels of systemic?, 	sndY have been proved to be C -11 

and POilevels respectively. Next come the upper levels at 

system a and system sh both of which share the X 311 

state as their final level. About the r:S system, there ere 

still some doubts it the mind or the author. Miss 1.owater5  

thought that the 	system arose from a 111 

transition. This demanded that the 53Z-  multiplet 
separations should be 36.7 and 44.9 tvv-° respectively, and 

these are very large indeed. Miss Looter was conscious of 

this detect in the disiram which she had constructed, for she 

said, nit would have boon more in conformity with other band 

spectra, had the separations in the upper 3T1 state (via. 

C 311)  been, more nearly equal to one another, and he those in 

the upper 0 3  ) *tete of system 1 been still smaller." 
systemC.) could oleo arise from an upper triplet level with 

5016 and 559,8 cam' separations ending on the X 311 ground 

state of 74.0. The upper sub-level of Ra  band of system 

lies about 1120.4 cAV and that of AI;  about 559.8 "^ above 

the lowest subislovel of the upper triplet state, from which 

ori thetas the 114  head. This will demand that the intensity 



in Rb heeds be much smaller teen in as  heads, while the in. 

tensity in Ra  head, sh'uld be scull arna lasr. If the sal. 

tiplet separations in the upper triplet laaevel of system 

were only 36.7 and 44.9 em"-,̀ the three Rs  Rio  end ai  heads 

should be of about equal intensity, thouzh R heed should be 

slightly weaker of the three. (This appears tobe the case 

with system Y o  A 17_ 	)q. But contrary to this, 

we find that the Re  heads are about half es intense, and Rb 
heeds about three quarters sa strong as the Re  beads in 

system () 	This supports the hypothesis that the multip-

let separations in the upper triplet level of system (3 are 

560.8 and $59.3 ctV respectively. 36. level; of Zr may be 

supposed to possess such large eplittings 	The appearance 

of X heeds behind the & heads in system /3 provides further 

support to the ides. If they are the Q heads, then they 

are in accordance with the theoretical dematends. The 

transition responsible for the System 	appears to be 

a 3 	X 3  II 	This is oleo supported by Johnson's4 

observations. He notes several weaker heads to Principle 

Ii heads, which nay be sattelites. 

A table of various molecular constants, for the 

identified energy levels of Zr0 is given below, in order of 

their occurrences On the next page is the Snergy level 

diegram. 



P.S; 

Since this manuscript has been written, the auther has 

come across a contribution by Richard, Barrow, and 

' 	
WIJ5ca - v  v ad 

Lagerqvist on a "NewA  Band system$ of GeQ1" 

where the splittings in the upper 2A state have been found 

to be one sixteenth of that in the 211 state. If it were 

assumed that Zr and Ti spectra show the same regularity 

as GE Ge, the upper B3A state of the 3 system of zro 

may very well possess splittings of 26.7 and 44.9 cm. 

Flo-dz , 	yo.s , 	22- 1. (1949) 

) 



UTATE, -143 	We 	)cac0,2, 	Be 	0(.2  

937.20 3.346 0.6189 0.004 1.413 x 10 

97.Q7 1.04 

856.97 3.373 0.5658 0.0077 1.477 z 10 

846.28 3.409 

820.58 3.306 0.5333 0.*1 3 1.521 x 10 

(.8461) 	843.75 3 ►15 

D3,64. 289124 
	

40•0011 

Z 3T1  33993.7 
	

41011111411 
	 ardor. 	01114.01 	 111.40.1. 

s These singlet levels 
	ell be m or eN instead of 

x YR 0 

&Zs (1310) 

A3y_ 16048.4 

s3A 17483.5 

311 21599'5 



34290.6 
34180.5 
33993.7 ,868  

:cc 36, 29 11 7. 5  
2.8912.5 
28790.5 

(2.8 A 6 I) 

195.0 

'837 

3n, 
3973 

203.31'. r.105:1  

8112 

8 36,? 

2 2 241.2 

21 243. 9 
539.5 

8 9 6 4.1 

8403.3 

17843.5 

1 6048.4 

560.8? 1,9 '620 

5592 

842 Wo- 
A 3z 

247.21 

85i 

313.4 r 292. 

6o5.5 
3k 	) c,4;:.7.933 

0- 11?  969 

313.4 

2'92 • 1  
311. 
33,  

3 92.1 

0.0 

ENERGY Lcv cLs OF Zr0 



Led 2100 in late type Stellar spectra, in 

the year 1022, by comparing the absorption features with 

laboratory spectrograms of Zirconium Oxide. The long period 

variables investigated by Merrill differed from the stars of 

Glass M t  *ince they did not ahow the characteristic TiG bands. 

iie thou gut that these stars formed 2 third branch of the giant 

sequence SAM, and were related to class M rather than to class 

There was a vary interesting analogy between the two. 

Urconium and Titanium both belong to the same group in the 

periodic tablet  while the Titanium Oxide bands predominsted in 

star* of class E, the bands of 7irconium Oxide appeared to be 

characteristic of the new elates of stars, later designated as 

Stare in which Merrill*covered conspicuous absorption 

by zirconium Oxide wore 

IA Andromeda., 

T Camelpardalis 

Litheis 

Ts ittari 

and R Cyan 

Merrill says 	siu many Sty 	*rissoles TiO bends are 

present during part or all of the light cycle. In the blue 

green portion of the spectrum they may become prominent, and 

eke the Zr0 wands difficult to recognise. Sometimes, as in 

Cygni the chief reminder of the press 	of WO is an 
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apparent deerease of about 'Win the tqa length of the TO 

band at 7464 caused by the 7.2.0 head et 141619. This might 

be overlooked in general examination of small deals spectra." 

The above shows clearly that. TiO is not exeluded from the 

$ type stars. Sven peculierly eheracteristio 3 typo stars 

show weak absorption in TiO, 

Systems I, 4 end (3  of 0 have been of sarvs& to cause 

strong absorption in $ type stars. 
sA;ec.1--ro9r C"14 

The author has examinsd a large dispersionAof k 
p.Andromedses  • typical & typo *ter. While the absorption in 

the o( system is mainly confined to the 1,".7- 0  progression 

(via absorption is xY*.- 0 )s  (0,0) Ras  (0,0)R and (0,0)R5  

bands appearing conspicuously, a weaker absorption from the 

level is also beyond doubts  the bands appearing most 

strongly being the (291)1I and (211)R0. This shows that 

the tempersture in type stars earsowspends to such magnitudes 

that luite an appreciable traction of Zr0 molecules are main• 

twined in the 'w",--1 levels  which is about 937 et^;--1  above the 
If 

o level of the ground state of WO. 

Many unclassified bands also appear in absorption. AA 

example is a single Ir0 band at 74/36.91  whose assignment has 

not yet been possible. The strong absorption in this band 

suggests that it arises from absorption by the ground state of 

O. That other bends of the triplet cannot be found in the 

neighbourhood of A4736.9 tmnd s  might be due to upper levels 

or the band being inverted, which will cause large separations 



. 66 . 
in Lhe 4— , ria3.z from 41.4"terent levels. This may provide 

a clue * 	-ill unlock the mystery of tAe unaseiined bands, 

and help ayttematioe them. 

in 14.$3, Richordmon 3 tried to provide a theoretical 

backgrounil tor understendina t46 differences in the 6 and the 

U type stars. "Icing akia1s equation for dissocistive 

equilibrium he tried to determine the relation between the 

temperature and pressure of the stellar atmosphere, and the 

ribsorptior. 4y the molecules or iio and VeNthe equation he 

used wee 	 , A r 
- 	LSI 	

g 121 + 	itots M (65. t i241 	VC-r- U e 	kov - 688 
LtOg t 	a 

(x fraction of dissociated molecules) 

N6at fit issociation 7. V or r0 and 6.55 
for TiO. 

MztN. 	lir \\\ • 0 ) 	 ' -";Tg r 	 I-I T.: o 
ci-zt 	 Trc „A  

c1/4-*0 

and 	)) s We_ c- 

i4hereas the moment of inert/0 of Di') ws known to 

Richardson ay Chriaty's work, no such data ware available to 

him for ZrO. 	se relation, vim 

e3 ~Q IN/ 	constant 

hale 	 irly well r %Ado variety of electronic states, 

0 of different molecules. aichardson computed values of 

h.) we tor nil the meta9lie oxides for which those 

t 

cav4.0 
: 	)-( e2 
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quantities wort known. Sy plat.tireae raatztts against 

the loiarithzs of the 	At. IA-- of tilt,  metall, a roughly 

linear Deletion was obteioed. This prooess gave for 

7,r0 
-21 -1 

5 X 10 CvL^  

,̂164 X 3X-1-11  

It 	 1 he found that this computed wily, for the moment 

of Ine i s of r0 in widely different from the exPerimentc14 

determined value of 01I" which is only 44.717 x 16"  ca"^ c'- 

Eowever the chief determining factor in tba equation of 

die ociative equilibrium is the energy of dissociation. 

The results obtained py Richardson may be summarised as 

folloeas- 

*The to sraturea oZ the V and 3 stars probably overlap. 

everal line& of inquiry i,ndioate that S type stars are probably 

lower in density than those or class M. 

For a constant pressure of 10-6  at roaphares, TiO is 

rapidly dissociated and diseppeers from the spectra at 3000 

while TrO is only 6os dissociated. similarly, TiO is found to 
be much more sensitive to pressure changes than Zr3, and eon 

not exist at a temperature of 500° if the pressure falls 

below 10
-8 atmospheres. 

The tact that TiO alone& is f 
	

n M tv stars can be 

fined If their density is greater than s 
	of Glass 

se indicated by observations. 

Somewhat enslcous results were obtained by Miss C 
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end losenfol 

Sobrovnikoff 
	

however shown the existence of 

Zirconium Oxide bowie in almost all the type eters with 

varied intensities. It to observed that the abundance of 

Oxygen, Titanium and Zirconium in the atmosphere of the sun is 

of the order of 100,000; 100s1; and that in most of k type 

stars the Ti lines of low excitation potential are among the 

strongest in the spectrum, whereas analogous 3r lines are hardly 

noticeable. This shows that the abundence of Zr in V type 

stars is very small indeed. Therefore the relative intensities 

of the Ti() and ZrO bands in red stars depend primIrily on the 

variation in the relative abundance of Ti and Zr, rather than 

on that of Oxygen. 

Search/a for t bons of theY system of 71%0 in the 

type stare, be definitely concluded that t its molecule was 

present in V type stare, though the absorption was very week 

compared with the corresponding absorption by TIO. Comparing 

the intensity of the Zr() 7\6473.7, (0,0)Re  head of Systcar( 

whose intensity on the laboratory speetrogram is (20), with 

the TO band ?4,483.6, "((4,2) 	whose intensity on 

laboratory spectrogram is only (2), the following relation is 

obtained. 



ItTEVOITY 

3TRS MAUS R(0=1) TiO Zr0 
TiO 

3200 	3QL 	2 	a 	1.0 
3100 kl 45C 	5 	1 0.2 

31 	X12 	40 	a 	10 	1.0 
250 115 	400 	10 	7 0.7 

114 
	

1.2 

4111.00.110 

•••111 

411.1111,411 

..11.4161.0-er 

LAS above table o that viristions in the strength of 

Zs.° *re not so much 4 rpen cat on the density (0(t  Her has seven 

tames the intensity of r0 absorption eampared with A Soo 

which has about the same density) or the temperature as on the 

relative abundance of Zireonium itself. To quote Sobrovnikoff, 

"it seems that the variation of the two parameters T and g 

does not explain the behaviour of Zr0 in stars. There seem 

to be 14 type stars,  especially rich in ZrO, among which 

Puma is the most remarkable...It appears that LI* is whol1y 

oxidised in the atmosphere of p Pegasi in contract to Ti in 

the same stores 

AASORkTION IN NA4 S 

Miss Lasater had measured a bend of 	of ?‘3682.4 

which is rather weak compered to other eminent bands of Zr0 

in the visible. This band was postulated to be the (0,0) band 

of a t'E. 	system by lierbis191  when he identified the 



band in and type stellar spectra. That existence of an 

unidentified band wee known for long in the stellar spectra at 

'X 3632. This band could not probably be identified with the 

4.0 band at the same wavelength, beano's* the wavelength of 

the band head of -r0 as given by Wise tweeter appeared to be 

half an angstrom to the longer wavelength. Unfortunately, due 

to some mistake, Vise Lowstor gave a wevelength for this band 

which was wrong by about the same *mount. It has now been 

established that the :and head is at 7\36(32.1 and not at 

0662.4A. Uerri11 6  was the first t* mention a well marked 

molecular band at )36t-44! in the spectra of S and late X type 

eters, in his description of t Andromedeal He later published 

the wavelengths of the band heads and shoat third► band lines. 

Obtaining some large dispersion stellar spectra, and a 

spectrogram of the 3682, Zr0 bend taken in the 1st order of e 

20 ft. grating, by Dr. A. S. King, lierbig identified all of 

the thirty aand lines published by Merrill *long with the 

band head, with the Zr0 bend at, N3611. 

He also observed an absorption feature at A3-571 

accompapyinu  the absorption of the X 68a band of Zr0 in 

stellar spectra. He identified this absorption with Oft, bat 

',quested that 3662 was perhaps the (0,0) hand or a T- %;E_ 

system of f4r34. This oyster:. has now been produced by the 

author in the Laboratory. It will be found that the 3$71. 

stellar absorption feature corresponds with 'A 35714 (193) band 

at "mod of the same system 	This seems preferable to the 
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a( air 
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0 ea- 

it Cas 

it Ser 

R Aqi 

R Ori 

R Los 

X Cyg 

R And 

*2 

S. 

Invisible 

weak 

Very weak 

OPIIIHNI0111010 

Weak 

Medium 

Weak. 

possibility of absorption of T. Both binds at 2\ 3682 and 

2t 3,71 are in the 	0 pr*raessien of the system A of ZrO. 

Dolour a table of stars in which \ 3682 and A 31 were 

observed by Rerbig is repreduesd. 

Type. 	Estimated 
A682  

Absent 

Wask 

weak 

Variable 

Medium 

Vary weak 

Very weak 

Very woo& 

Very strong 

strong 

The author has examined a large di, s 	ion spestrogram of 

R Andromsdse. ?\3662 (0,0)A, and )\3571 (1,0)A are quit* 

strong, as me►mtisned by klerbig. Other bands of the system A 

which also seem to be present ores 

	

35714 (8) 	(1.0)A Conspisuous absorption. 

	

3589.9 (6) 	(a 1)A 	absorption. 

	

?k 3682.1 10) 	(0,0)A Conspieusus absorption 

	

I)1700•1 (1) 	(1,1)A Less conspicuous absorption 

	

13818•3 (4) 	(0,1)A Less conspicuous absorption. 



tuns 	tha 	io 	3450.3 0 of the R And. 

pestrum is not avrilebis,and so it is not possiblo to details 

about absorption of system • IX absorption were observed, 

it would wimpy provide s alum to the lower level of System S. 
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Melting explored the 	aystems originat. 	from WO, 

an effort will Do mode to describe a band system due to WI  

whieh in its general appearance is so complisated that there is 

little hope of a sucesssful analysis. So far as the present 

author is aware, no band spectrum has hitherto been reported 

for 30. Before proceeding to deseribe the system, it will be 

relevant to survey the speetre of the correspendim fluorides 

in ar i. Since the only fluoride epsetra so far reported or 

analysed belong to those of the C sub group, we ere obliged to 

give a brief deseription of the *piastre of molecules like SLY, 

Se and FbF, although the sorresponding fluorides of the Ti 

sub-group will essentially be different 

?WORM=  T C SL OUP 
Several systems, many of them very extensive, are known 

for the fluorides of this sub-group, the only exeeption being 

C end ae, for whose fluorides no bend spectrum has been reported. 

For Sit three well developed systems have been observed and 

analysed by Asundi and 3smual27. Two of these Sit systems were 

rotationally onslysed by Z. H. Syster28. For SO six systems 

have been reported, of whisk two still rein unanalysed, while 

the rest have been analysed bbl Jenkins and Rochester29*  Below, 

we reproduce the table of vibrational constants in the ground 

stets of the fluorides of the C sub-group. 



TA:AA OF 17 113 MNAL COl4 

AO= LEVEL Or tS i FLUDEIDEZ. 
- 	4.imesrageVerAMMINOMilhalt 

PROMBIA 
STAIN 

u3.e. 
VAje CIA• 	ew7,1  

Be 
eu^ 1  

ne 

865.7 467 0.5795 l.599 

582.9 2.69 
587.6 2.65 
5074 2.30 

X .-T1 

4.004* 

brational constants in the fluorides of the Ti 

fellow the same relation it might be deduced 

ted masnitudes of we for Zrf will be between 

600-640 c,A;;I lind for Tit between 00.750 	* But there is no 

reason to eonelude that the relation holding good for the 

fluorides of the C sub-group will hold aceurately for the Ti 

sub-group. In the case at Oxides this relationship is very 

boss. 

TITANIUM 

The molsoules whi 
	

am expeeted to have a 

spectrum enalogous to that of Zr? are Ti?,, ILO and TV. No 

speetra have se far been reported for either of these. It 

will, be reasonable to assume that the halide spectra of the 

same element will exhibit similar eharacteristics, vie Tit in 

general characteristics will be very similar to Tice end so 

Ti cla will exhibit characteristic similar to Zr? as well. 
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This is the nearest molecule known whose spectrum quut be 

described to be of the same tips es Zr.f 

The spectrum of Ti C has bean known for a ng time. 

is r30  as early as 1907, reported three bands of this molecule 

at AA41994, 4192.7 and 4188.0. Lister Christy also ebseresd 

the spectrum in * discharge tube, under similar conditions. 

In 1937, Parker and More31  photograpood the spectrum of this 

molecule on large dispersion' The source they used was a high 

voltage low current arc, in a vesuum tight flask, in which was 

placed liquid Ti d14. The vapour pressare of Tic i4  in the flask 

corresponded with the room temperature. The other source was 

s discherge tubs of external electrode type, wherein the 

pressure of flowing Ti at., vapour could be adjusted according 

to requirements. 

Appapl ON Of Ti4 tinozaws  The region of the 
strongest bands was between 74150 and "42001 and it was 

found that six sequences of bando p  vita similar spacings 

between consecutive heads for sorresponding bands overlapped 

over each other in this region. The sequence lying to the 

extreme red was the weakest, and only one band could be traced 

for it. The next **guano* was the strongest Grains and  the 

bend heads in this sequence were supposed by Parker and More to 

form either in the r, or lathe pa  branch. (They supposed the 

transition involved was 271-- 2LS 	— 24) consequently 

two P branches)• 

All six sequences re supposed 	 originate 
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transitions, viz esab 	 b 	(0,0) SOWOU40 was 

supposed to have six 	Other aequencee of TicA ere 

extremely week. Bends du to -0-"="Q41  Cannot be traced, 

while only one band heed aseh is known for the (1,0) and (2,1) 

bend* (of twelve bans heads for two main bend*) . These wore 

supposed to belong to the P1.2  heads. 	any weak bends have 

been left unclassified in the region of the (1,0) and (2,1) 

bands, whose wavelengths or weve.numbers have not been 

reported. The assignment of the (1,0) and ( 1) bands was 

decided upon because they occupied positions eilereby the Lon  

for Tia sae to 456 	The expected magnitude according to 

Parker and Wore wee between 420 and 460 04;0" 

The formulae valet/ 	strongest sub.heads in pl  der i'2  

branches is givenby Park and rare ow follows* 



oda. y = 9. 3S3 .2 0.o [So 3 .110,- 	_ 2 .9 (ty-f- ti  )21 - 	cv-1- 	6 3 (1/- 

riri ce 

sr s 

truso 

as 81181,y/sod by 

PI  or P2_  

0,0 

1,1 

2,2 

3,3 
4,4 

595 

5.6 Cl) 0 24. (4) 

239 	(4) 
23983.4 (4) 
24057.4(b1) 
24136.3 (3) 

24225.2 (1) 

sn 3 (8) 

3o.8 (8) 

X3995.6 (7) 
24069.5 (5) 
24147.4 (2) 
24233.4 (0) 

 

23906.4 

39 5.4(3) o 
24033.7 (b1) 
24112.7 (1) 
24206.3 (0) 

 

23) 	(9) 

23961.3 (9) 
24o3o.1 (6) 
24106.3 (3) 
24191.7 (bi) 

24070.0(bl) 

24178.3 (1) 
24274.6 (0) 

1,0 
2,1 



Parker and More 	ai 	 this analysis 

conoiudsd that the strong segue 	:Ili** due to F branehes 

the weaker bends were due to head formation in Q, branches, 

while the taint 21805.6 ciVhsad was perhaps due to a sattelite 

brow*. They therefore postulated that the transition 

responsible for this system may well be a An- 2- A or 2- N-2  

both of which have not very strong Qbranches, but prominent 

settelites. Our objection is to the expeeted multiplioity cf 

the levels involved. Theoretical oonsiderstions demand 

usrtot levels. The complicated nature of the spectrum is 

perhaps due to this high auiti.plicity. 
pseTaum co Zit, 

EVER, TALI.  A 0 	d band structure in the region 

A)+ 49004100 was obeerl 	the Zr4 are which could not be 

attributed to 74004, 	nditions of excitation, and the 

nature of the spectrum ell suggested that the speetrun was due 

to Sri. The source of the spectrum was an are in air eon. 

toning Zrifii  running at 4 . 5 amps with 110 volts D.C. This 

arc has *llama been described under the head/ 	Bourse (b)Is 

The steady and colder Zril4  arc." The electrodes were of 

copper. The lower one hod been shaped into * cylindrical sup 

with walls or *bout Q. a.m. thickness, and 1 cot depth. The 

Cup was supported on the pole by a copper rod (forming a nook 

to reduce heat conduction) about hsU a can in length, and 

about a fe.m. in thickness. The upper electrode was rather 

thieker to facilitate rapid conduction of heat from it; and 



this formed thee eatbode. do cup was filled v th 

Zr?4 tf nn0 (meter present due to hydrate formation). 

The arc, initially struck between (topper surfaces, hosted this 

mixture in the anode cup, g 4 end FY were the first to 

vapouriss. Later when most of these had escaped, the 

temperature showed signs of increasing, end the solid material 

melted into a red hot liquid in the anode euP. This evidently 

was molten Zrfe As the temperature increased, more and mere 

voyeurs rose from the cup, end condensed on the anode-cup walls 

end on the cathode, forming a protective *outing of Zrf4  and 

Zr0 on the Copper surfaces. Being hot they remained con. 

duct re end maintained the arc. This suppressed the spectrum 

of the Copper vapours appreciably. At this stags the current 

in the are had to be adjusted very carefully. If the tem-

perature of molten 24,74  reached a eritieel talus a rapid 

oxidisation set up in the cup itself, burning the whale of 

the fluoride in a matter of 3040 sees., and raising the tom. 

immature very gristly. The critical temperature evidently was 

the 'Ignition temperature at 2104. 	The anode cup had to be 

kept below this temperature, *therrrts the exidisatien of 

arii4  left no trate, of the fluoride, and one failed to observe 

the compliested in bands in ,\ A49004100 region, lathe are. 

In the cold and ateedy arc the vapours of 7f4  rising above 

the molten zry4  were excited in the are, and were gradually 

oxidised on their journey upward. Consequently Zrf bands 

come up most strongly from the as el are above the anode sup, 



those due to Zr0 being much weaker; and as one photographs 

the spectrum higher and higher &Dove the anode cup, the Zr? 

become predominant until Just below the cathode, Zr? fades 

out leaving en almost pure spectrum of ZrO. 

The arc was also run in atmospheres of Hydrogen and 

Nitrogen. Unfortunately the arc could not be manipulated as 

before and the stool. spectrum, masked the spestra of both 

Zr? end ZrO. The latter were evidently due to impurities of 

Oxides in the ZrF4 mixture. 

Effort was also made to excite the Zr? epeetr in the 

di:seharge tube. For this purpose a small quantity of 204  
mixture was placed in * constricted quarts capillary, of a 

high current discharge tube, used by Prof. Pears* and Dr. 

0sydon32  to bring up the hydrides of heavy metals. The tube 

was evacuated end the discharge was run in atmosphere of R. 

It appears that Zrt4 attacks the quarts, because whereas Sit 

shows up at low temperatures, no trees of Zr? is round; at 

high temperatures vapourisation of quarts is evidenced by the 

presence of strong SiO bands. 

The spectrograms on which measurements have been taken, 

were obtained en a Large Littrow spectrograph with a 30' dense 

glass prism. The dispersion ranged from 5.01 A/m042. at ,+4850 

to 5.76 Visme at )‘5100. 

On the next page are tabulated the wavelengths and wave. 

numbers of the band heads, observed in a Zr t4  arc, end attri- 

buted to Zrt 	enectrogrem of the ZrIP spectrum will be found 
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in Table III et the and of the thesis. 

(0) 

OliSIAM ONAL Win 

SAND 0 	zo 

4397.4 0 
4897.88 (0) 20411.3 
4399.24 (0) 20404 
4,0648 (2) 20376.8 
4911.37 (2) 20355.2 
4914.76 (2)  20341.2 
4916.33 (3)  20334.7 

4920.22 (a) 20318.6 
4921.58 (5) 20313.0 

4926.88 (4)  20291.2 
4934.12 (5)  20269.6 
4933.38 (4)  20264.5 
4933.95 (4) 20262.1 

5026.15 (0) 19890.4 Doubtf 
5034.16 (0) 1/858.8 Doubtful 
5044.08 (1)  19819.7 Line like heeds  
5052.27 (2)  19787.6 Line like heads 
5061.18 (3)  197524 Line like heads, spurious 
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from the previous table it will be found that the bends are 
extremely difficult to analyse. This will also be evident from 

the nppearance of the bends, whose photograph can be examined on 

Piste III. In two or three cases where differences show some 

regularity, this appears to be due to chance rather than 

representing a sequence, beamss many strong bends cannot be 

related to these differences. The structure of this system may 

be revealed when spectrograms of better definition and free from 

overlapping ZrQ bands have been obtsined.  
Further, it is also possible that tuere are two overlapping 

systems in the same region. There are bands which are closely 

double headed with small separations, while other bands are 

sharp and single beaded. 

It is herd to guess the net 	the levels involved in 

this system. The complicated nature of both Zr? and Ti Cg 

spectrum suggests that transitions more complicated than 

-1— 2-6 or 	- tl) , as suggested by Parker end 1 ore31$  are 

involved. We can make some gueu about the nature of the 

ground state of 24q. The ground states or the two stems are 

P2  sue P. A combination of these atoms will make possible 

states whose multiplicity will be 2 and 4 like 

etc. This snows that the ground stets of 2$ could be either a 

doubletor a quer et 	further, it we suppose that one electron 

from the Zr atom goes over to close the Pluorine (2p) shell in 

the Zr? molecule to make it inactive (5110$  4/0) like Ne$  then 
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the term nature of the remaining electronic coriguration of 

the Zirconium *tom is determined by 4P 3/4  which is the deepest 

lying state of the (1h)2 
 

(2)2  (217)' 
(3))2  (so' (34° 

0'92 	(441t  (5A) configuration. The above con-

figuration of eleotrons of the Zirconium atom contributes with 

LIN3 and Sit Since the only effective oontribAtion towards 

comes from the eiactrona of the Zirconium atom those from the 

rluorine being eApposed to be balanoed, it is evident that A 

will be either 3, 4, 1 or 0, ainee 

As LI  11.1„ L02 ••• 

But ewe is supposed to preserve in the molecular state, 

tha deepest lying state will either be a 4Z )1-0-1,/iA or 

This shows that the ground state of Zrt will presumably be a 

quartet. The ewe should be true of TiO. The spectra of both 

these molecules are so complicated that it **ems reasonable to 

assume that they originate from quartet levels, as doublet levels 

will fail to explain the msny heads observed to each main band. 

This consideration appears to furnish a resift' explanation of the 

complex nature of the spectrum of Zr?. for suppose the tran-

sition involved is 'IL— 11 11 than eight heads to scab main 

band should be observed. U the sight (0,0) heads and eight 

(1,1) heeds fall over one another, it will become extremely 

difficult to discover any regular differences corresponding to 

different vibrational levels, and hens. the difficulty of 

cleseiticatione The complexity ill be all the more trouble. 

some if the different heads of the main band differ in their 



intensity es well. 	rtn oplr.on thot t 

bands whick have been observe 	n the re nanoa sys to a of 

this molecule involving quer t *vele. 
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MCCOLLUM 

atrANSILIN,  

Worts have been made from time to time to obtain the 

spectra of the hydrides of titanium and sirconium. If there 

are any systems corresponding to these molecules, it is very 

probable that they are also present in stellar spectra. 

Titanium and Zirconium show up strongly in most of the late type 

stars, both free and combined with Oxnen. it is not therefore 

unreasonable to expect that Till and UK will also occur in 

stellar atmospheres. Not until their spectra have been pro-

duced in the laboratory, will it be easy to discover eorrespon. 

ding absorption in stellar spectra, which can be attributed to 

either of these hydrides. These considerations demand efforts 

to produce ZR and TM spa tra in the laboratory. Many workers 

have tried to produce the spectrum of Tit', without success. 

Of the methods employed by them, the present author is ignorant, 

as no details seem to have been published. 

lu:creT.AL PROCUMitS. 

Three methods already proved to be very efficient in 

'mitt the hydrides of the heavy metals were used. These 

can be described as 

(1) Low voltage arcs in pdr en. 

() High voltage arcs in Hydrogen. 

(3) Heavy current discharge in Hydrogen. 

The experimental details of the first two hardly need any 

detailed description, as they era of the very usual types 



employed so frequently• The only thing worth beingsentioned 

is that the arc was run between pure Zirconium electrodes, as 

well as between copper and. carbon poles, the lower of which 

had been filled with Zirconium powder. Both the low and the 

high voltage arcs, fail o develop any conspicuous flame. With 

high voltage arcs the are appeared to be unaffected by variation 

in pressure of liydrogen. The pressure of hydrogen was varied 

from a few moo. to stews stria pressure. Higher pressures of 

Hydrogen could not be tried, though perhaps this might be Ow. 

Vatted to help the excitation of Trill. 

The arcs showed up strong stands lines, loth due to Zr and 

zrl.  with faint ?e0 bonds, which, could not be completely 

eliminated. There was no structure visible, which night be 

attributed to%rho 

(3) 4HCONItiu IN DIU  

Havik failed to excite irsronlu 	 acre arcs, 

attention was diverted to a heavy our 	tiara tub. That 
used was a slightly modified fog of 	current die.. 

charge tube (with constricted quarts capillary) used by 

Prof. Pears. and Dr. 0sydon3a  to vaporise metals like Ohronium 

and Nickel. The essential features being the some the 

modifications will be described briefly 

All rubber connections from the vacuum system were removed 

and replaced by glass and quarts 	The chief modificatIon was 

in the metal4ring support holdingthe constricted quarts 

capill*r in the middle of the discharge tube. At first these 
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metal rings were replacedby funnel 'shaped pyrex tubes, 

sealed together. The funnel shaped tubes were of such 

dimensions that they leeft little space between the walls of the 

tube and ttieir own external surface. They were however capable 

of smooth movement within the tube* The quarts willful  was 

held tightly between the funnel ends of these tubes, thus 

forcing the discharge to go through the capillary. It wee 

however found that the funnel ends of the pyrex tubes get red 

het and cracked after eaeh operation. Further to the dis.• 

advents's of the experiment, strong impurities of Na, Ng and Pb 

were contributed from these funnel ends of the pyrex pieces* 

Later on, considerable improvement was noted by the use of 

quarts rings, in plow* of the iron rings or the pyrex tubes. 

These rings were similar in their construction to the iron rings 

used by Prof. Pears* and Dr. Gaydon to hold the quarts capillary* 

Instead of being screwed together like iron-rings, the quarts 

rings used to be sealed together, after putting a new **pinery 

between them. 

The iimprowements noted could be described s follows* 

Whereas with the iron pies. in the dish 
	

e, it eve found 

that higher pressure of Hydrogen could not be used, as the 

discharge broke into two sections, no such difficulty was 

experienced when pyrex tubes or quarts rings wore used. In 

feet the pressure of the gee could eeeilty be increased ty 

severed, mem., once Um" querte eopillary hod become red hot. The 

rise in pre asare woo accompanied by lowering of the current in 



210 

the tube, but the letter could always he eadjuste by decreasing 

the resistance in the primary of the trans terse 	Currents of 

the order of 1.4 saps and 2.8 amps at 5000 and 2 
	

volte were 

passed through the quarts mills at relatively high pressures 

of Hydrogen, in tact so high that it vas impossible to re...tart 

the discharge in the tubs, once the quarts **pillory had been 

cooled down. As higher pressure of Hydrogen in the tube is 

known to assist the maintenance of higher temperatures in the 

quarts capillary, it is reasoneble to assume that the tempera-

tures reached were higher than those hitherto obtained. This 

must have been further assisted by the drop in the conduction at 

hoot along the quarts rings. However the limiting temperature 

should be determined by the vaporisation of the quarts capillary 

itself. This should keep the temperature down. 

With the above modifications in use, powdered 	sonium 

was originally placed in the constricted' Awtion of the quarts 

capillary. Sven with very high currents through the quarts 

capillary the author failed to find any trace of the Zirconium 

spectrum, 	showed that Zirconium was not vaporising at all. 

The spectra of Si, 610, 8i02  and SiOk  were manifestly very 

intense, showing that quarts was vaporising very rapidly. 

The boiling paint of Zirconium is *bout 1000°C above that of 

quarts, and consequently the failure at the author to vaporise 

Zirconium is quarts capillary. 

Prof. Pears, se; gested that instead of pat 	mime 

In the capillary a  it would be better if the metallic Powder 



were packed throug 	/nary, and * thin metallio 

wire drawn through this psi powder. This wouldwor ld give, for 

practisal purposes, a Zirconium powder espillsry of smell beret 

within the Quarts se Miry. As the besting is confined ti 

the inner surface of the *spills 	it was reasonable to assume 

that the inner surf**e of the Zirconium capillary might be 

bested above it* boiling point, as there was little earidustion of 

beat to the wells of the quarts capillary. 

Several sash **pillories were prepared; end the very first 

effort was crowned with success. The presence of the stroll 

Zr end Zr'" lines on the opectrum provided the evidence that 

Ummitut *as in feet vaporising. This spectrum of Zirconium 
could in fact be maintained with relatively swell currents 

through the 7irconium capillary. The impurities due to Si and 

SW were relatively weak. Very long exposures could not be 

obtained, as the Zireonium capillary we vaporised in 10 - 15 a. 
**pool= the surfaces of the quarts capillary, whence in-

purities of Si, 610 and si02 warred the spectrum. One such 

spectrogram is shown in Plats III. Zirconium are and spark 

lines have been cerksd by Zr end Zr1- respectively. The 

latter mppear to be more intense than the former. 

However, no evidence of any otrunture which could be 

~ttribut,d to IrE, vas found throvhout the visible and the 

LOAM. 

It sill therefore; be noted that all of these three 

foiled to exeite H. It is poseibie that the use et 



high presau 	Sydro en 	prove sore favourab  

This has no St been tried 
	

the author. 
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N r P44143. 

PIAT 

(1) System 	Source Zr/4 steady 

(2) and (3) Systems S and Ai Source r 4 stsa are.  
(4) 2r0 band at ?N3682, Source, Zr0 are in air.  

spectrum, systems plod / 
arc in moist Hydrogen* 

(2) System q of Zr0; Source, ZrY4  unsteedy arc* 

(3) System p; source, 74.4 unsteady arc. 

(4) \ 8192 band of 21,01 source Zr0 arc. 

(5) 74.0 bands in 8600.8900A region; source 

US 

in air. 

(1) 	aurae Zr/P4 steady arc* 

(a) 	r atomic nostrum as excited in a Ugh current 
discharge tube.  

 

     



On the pr000ding 	the author has made an attempt 

to describe the experimental work undertaken by him, sometimes 

with success, sometimes with negative results, in order to 

study some molecules important for understanding the 

equilibrium in stellar atmospheres. All this work has been 

pursued under the kind guidance of Prof. R.W.B. Pears., whose 

clear understanding of the subject, and a sympathetic 

disposition to help the author whenever in difficulty, has 

more then helped him. It has been an inspiration for which 

the author is deeply indebted, and expresses his deep sense 

of obligation towards him, whom he owes so much. 

The author, further, expresses his gratitude to the 

Central Board of Aalits, Lueknow, (India), who 

Sneed the present work by awarding a scholarship to the 

Aleftwarwila wwwwww ow.ow•awir. 
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