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GENERAL ENTAIUCTIVL .

The fourth group in the periodic table is dietinguished in
tiat the elements lying in it are extensively observed in stellar
and solar speetra. In faet compounds of three o the elements >f
thie group Cpy Ti0 and Zr0 characterize tures different apectral
clasces. Most of the elements within the group pésaens extenaive
band systems for their oxides, fluorides, hydrides etc. Nore
systems are known £or CO than for any other oxide.

while an sppreciable amount of dats has been furnished for
moleeules 1like 03, CH, CH, 510, 5iH, o9iN, JeQ, 5nl ete. from
laﬁaratary work, very little 1s known fbr the corresponding molecules
of T10, Tin, Tiu, 17, Z4r0, Zr? or Zrid. Complaints have Leen made
from time to time about the extreme insdequmoy of the experimental
data for the compounds of Titanfum and Zirconiume Both of thege
‘are important from the point of astrophysics. If apeetra of
various moleculse of Titsniun end Zirconium are obtained in the
lavoratory, possibly many of them may be identified in stellar
spectra as well. Two very proﬁinanx band spectra observed in the
stars are those due to TiO and Zrd. Hven here the laboratory data
are ingdequete. Some of the bands already essigned remain doubtful,
while a great number of conspicuous bands have not been classified.
Doubts have, recently, been railsed about the nature of the energy
levels involved in the systems already classified. There also

appears to be some doubt about ihe assuracy of the evaluated



moleculer constanta.

This inadequacy in the asnalyais mey partly be dus to the
complicated nature of the band spestra of the gompounds of Titanfum
and Zirgonium, but the speetra of CO, 510, Ge0, Snd etc. have been
vorked out far more completely than those of Ti0 or Zrd, although
they hardly command any astrophysical importance. The demand for
more expaerimental work for Ti0O snd Zrd is thus understandadle.

Foreover, there ies complete abaenee of knowledge about the
spectra of molecules other then Ti0, Zr0 end Ti. Molecules like
Tik, Zrd and 747, Zrf may very poesidly exist in stellar
atmospheres. It is difficult to prove their existance or absence
until we have produced their spectra in the laboratory. Also,
this failure to produce the spesetra of these molecules cannot all
be attributed to experimental difficulty, but we have to admit that
11£t1e effort has been directed in this direetion, so far.

#inslly, there are the spectra of HLD and ThO. Both of these
may be supposed to be very similar to T10 and ZrOQ. Though both
of thesge molecular spectra ere known to exist, it is certain that
almost no effort has been made to clesaify them.

The suthor undertook the study of the epsctra of the compounds
of Zirconium. Three molecules 2rd, Zrd# and irH were subjected to
extengive study. Whils previous dsta were available for Zr0,
nothing was known about the spectra of Zr# snd Zrd. The author
succeeded in improving our information about the molecule of Zrd,
and reported several new systems for it. Spectrum of Zr? has



3w
been obtaingd, but no snalysis has been poseibles while all
efforts failed to produce the corrssponding apectrum for ZrH, in

apite of the use of a wide variety of sources.
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{@nperim&ntal date for Z2r0 & Ti0 already
known from previous work).

Perly work in this £ie¢ld waz undertaken by The Astrophysicists.
Prof. ?avlerl in 1904 reasured iho band headg of Titenium {xids,
and identified them in ¥ type stars. 1In 1922, %crrilla photographed
the apsatrum of Zrd from a Carbon are in air, on vhoa§ lower pole
had been placed some Zirconium compound. He also identified
these bends in stellar absorption, and recognised a new classs of
stare, later deamignated as 3, wherein bands of Zrd appesred in
absorption. In 1926, A. 3. KtngB 9baarved thavbund spectra of
110 sand Zrd in his furnace experiments. A small gquantity of
metallic powder was placed in @ graphite tube, which was
eleotricelly heated, and through which & stresm of OXygen was cone
stantly passed. While T10 bands appearsd at 19&0°¢, and attained
& maxe intensity around 255&°¢, 2r0 showed up only at about 24909Q,
while the full spectrum of Zr0 could only be observed at 255000-

Sands of T40 and 2rd have also been observed in spark spectrae.
Zuite recently thnnoﬂ‘haa also photographed and measured the
bands of Zrd. However he only confirmed the work of his pree
decessor, iiss Lawaterg, who is the chiel contridbutor in the fileld
and whose work we will report in rather more detail.

The T10 spectrum was the first to be analysed. Qhristy6 in
1527 photographed the spectrum on & 10-ft. grating using s carbon
arc, on the lower pole of which had been plaged a quertity of Ti0.
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An effort to produge the Ti0 spectrum from a discharge tube filled
with streaming vapour of T1(¢, and Oxygen (method for 510 used by
Jevons) was not very fruiltful. <Ohristy etudied the bpands of T10
lying in the blue region and presented a vibrational analysie of
these bands. He also anslysed the rotational structurs of the
{0,0), (!,0) and (o, ) bands. The numbering of branch lines could
not be carried right down to the origin, =s t,huA dands remained
unresolved teo both at the origin and at the head. Using the
corbination prineiple he determineda, B, D, Bl",c(;' , B; . B:, D:
amd o, from rether largs J valves.

As Christy's work had left many bands in the orange, the red
end the infrsered still unclassified, Miss Lowater! in 1927 analysed
two more systems for the T10 molecule in these regions. Where as
tha more exteneive of these three systems (designated as YY) appeared
to extsnd from red to infra.red, and was a triplet system like the
one observed by Christy (now designated as L), syatem ?consisted
of a single (0,0) sequence with singls R ,nd single O heads.

(ﬁinea that time many fruitless efforts have been made to relate
the bands in this eystaem 3 to triplet levels). Miss Lowater came
to the conclusion that system A wag due to a 3ﬂ»¢ 31ﬂ transition
and system Y was dus to & °Z - °T]  transition, the final 3y
level veing common to Doth. She further concluded that system
involved & 'T1— 'Y transition. 8y pestulating an enalogy
between the spectra of Ti0 and Ca she came to the eonclusion that
the 'S level was likely to be the ground stete of TiO.
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In 1937, ¥urm and ﬁciatera reported more bands of Ti0 in the

region 2> 826011250, and identified them 1in stellsr speetra. In

? published the analysia of the sbove

the same year Dobranravin
bandsy =and discoverasd one more triplet aystem involving a 5 . °T)
transition in the far infrae-red. By his work Dodranravin estsde
lished the analogous nature of the epsotra of ﬁo and Zrdg and
showed that thay both possesssed three sonspiouous triplet systems,
the first tws of them involvinz a *Z - *T) transition snd the
third 2 31— °*T1.

System p of Ti0 remained doubtful, and was until recently cone
sidered to be related to unidentified triplet levels. The formulase
Yies Lowater furnished {or it was ag follows. |

U‘L-; 17909043954 (V*i) o 06302 ("""&,g

and Yy 17890.06299.58 (vrd) = 0.257 (v+3)”

For the energy levels in systems X,V and the one
analysed by Dobranravin the following constants were deterained.

©

X3qy 0 100907 4¢75 053515 0.00276-6.040K10 '

Br 11284.2 9088 203  eeer csse  eaue

B35 1503747 856028 34802 ewes  asee  acne

C3T] 19349429 8374356 4455 0.49022 000372 =6471X10 '

The multiplet separations in the X 3Tl gtate were £3.2 and

\ -\

78,8 ™' while in the C 3Tl ptate they were 64 and 66 cw

Levels ) W, %, e By L. Dy

THE SPECTRUM OF Zr0.

Band speetra of 7irconium Oxide have Deen reported a8 early as
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130%, when ﬁganbachlﬂ and tonnnll obaerved them in the epark in air

12 i §
between Zirconium electrodes. Later on Eder , Valeata 3 and
Bachem " also puclished wavelerngth data of these bands. The last

of these authors attributed to the smsme molecule (Zirconium Oxide)
£ive other bands degracing to the shorter wavelength in the region
A3090 1o A 2178 o+ #Mually in 1322, Herrill photographed
the bande of Zirconium Oxide in the visible from an arc, and ident.
ified these bands in the epeotra of some of the atars. His cone
clueions regarding the temperatures of these 5 type stars were
later on confirmed by Rings experiments with hls eleotric furnace.

In 1931, kiss Loweterspnatographad the band spectrum of
Zirconium Oxide on larger Aispersion. he extended the ovservations
and the measurements both in the infra~-red and the ultra-violet.
The sourcs used by her was s PPfund arc, with iron or copper poles,
on the lower pole of whieh was pluaced a quantity af‘chamically pure
Zirconium Oxide. A current of about 5 amps was negeassary to
maintain the bands from the iron are, while 9 amps were rejuired
with that of ecoppere. I¢ appesars that the best excitation condition
of the Zirconium Oxide bands were not attained, and Ampurities of
the atomic speetrum of Zireonlum snd the pole material were fairly
stronge 1o Quote iiss Lowateri

“Pany iron lines appsarcd withln the band spegtrum, and were
used as standaxrde; they enabled one Lo aveld arrors that might
otherwise szrise from a slight shift between the band éfaamparinan
speetrum +..se The wavelangths ol the heads of the Lands which were

nidden by iron lines in the band spectrum were determined from
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gpsctograme taken with eopper arc. The numerous atomic "r lines
included in the speetrum were identifiedé by reference ts the
tablea of the wavelengths of 2r lines pudlished by King and by
Kiasﬁls;“
from her snalysis of these bands, Wiss Lowater proved that
the emitter was the Zr0 molecuis. Jhe eatublished the 1éent1ty of
three gyaleas. ihe one lying in the red and extending to tae
infraered wae a 35> 37) eystem. It was also the strongest of
tie thret. e chiel feature of this aﬁ:ﬁ:;;m Y was the
presenae of tlree geparate gejuences t9o eaeklmain geguence, Con-
sisting of eharp and strong R heads, and comparatively wesker
diffused QX heads to the longer wavelengthe Uiss Lowater was not
certain whether these X heads were in the Q or in the © branch.
At the other end of the visinle speetrum, in the'blue, was a
syatem, quite s conspicuous, though a little wchknr, and
distinguished by the absence of X hesds. The three ssparate
sesuenees had very small aeparations, and eaeh band had a sharp
gingle nead in the R bresneh. Ihie system, « , was postulated to
be due to a 2T\ *Weransition sharing the final level with gystem
Y « Finally in the yellow region of tae spectrum was anothey
syetem, o partially superposed on system ¥ .  Although
gystem (® resembled system 7 wery much in posseseinz as large
triplet separations snd strong X heads attached to sherpes R Leads,
iha traneition responsible for this system wag somewhat doubtfule

However ¥iss Lowoter c¢ame to the sonclusion thal it was 2lso Jue to
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Q .32‘_.,31'( transition, the final triplet level being the same
as thet in systems o snd Y o Ulesignating the energy levels of
s as {dentified by kiss Lowater, Dy the usual X, A, 3, C etc.
rotation, the three systems o, 2 and 7 involved the following

levels i~
Red system 7Y 4 35 o X37)
Yellow aystem (3 B3y »3
glue aystem <« @ M —X7T

ihe vibrational constants 20 thesde levels, as evaiuated by
Vise Lowater will bLe presented later one At this stage it should
Lbe mentioned that in-spite of the elsssifiestion of the 2l
spectrun into three triplet systems, a lerge number of Lands wers
left unidentlified. FXany of these unclaessifled Lands are fairly
conepicuous, and are also observed in steller sosorption. The
elassification is most complete in the red and the Llue regisns.
tget of the unelamsified bande were in the ultra-violet and the
yellow regliona.

Here we should mention thst iiss Lowater was not satisfied
soout the diseontinuities, and gaps in the Deslandres table for
the system A o Not that thls made the analysls doudtful, but
taat explanation of the ineamglgtenesa_of the table was not forthe
cominge ©On the next page we reproduce the Deslandres tabla for
the system <« 88 construeted Dy Miss Lowater. The discontinuities

ara Lalrly avident.
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Lese conspicuous bands in the ultrs-violet oould not be
classified into = system, for the bande differed in general
aprearance from syatemaq, 3 and 7, ani the expacted trinlets could

not be recognieed.
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Tiths ROIATIOHAL STaUCIEL OF Ipl.

 Gpectograme of the (1,0}, (0,0) and (o,') bands of systea
« ware obtained oy Hles Lowat.erm in The Third order o the ten ft.
grating. Iin-apite of having resolved the lines down to 0.02 A |
the bend hesds remained unresolved, However ehe wae aovle to carry
out the nusbering of branehes rigzht down to the origin, although
the presence or abaemse of Jow J lines could not be estanliehed
wlth eertainty, and ecmmuﬁm Ly the O values for different sube
levels of 37| states eoculd not be determined in this waye.
sZowever in a *T\ — °T\ ¢pransition the intessity in Q branches ia
proportional to O '+ The intensity of Q bransbes in T\, T,
T, = T and T — *Tlgransitions will be in 4 | o ratio.Since
Q. branch could only be established with certainty imn T, - 3T,
bsnds, it was eoncluded that a, b and ¢ subelevels corresponded
with O =22, 1amd 0 ﬂﬁpf:ﬁf‘eﬁ'% &’m& tgﬂ:fdtaﬁm diagram of Zrd
ae previously constructed by)klass Lowater determined the rotational
constants in the C Tl and X T\ atates of ZrQ with great accuragy.
17» photographed the (0,0 and (1,1)
bands of ¥ gystem in ths firet order of 20 fi. gfating. Their

Recently Tanaka and mru

present work insplres little gonfidencaes as it contradicts from
place to place certaln deductlons by iiss Lowater. The X heads,
which have Dsen observed by liss Loweter and whose exlsgtancz in
syaten 7 has Déen avidenced by doungon, Yerrill, and finally the
present author, were not observed at all by Tanaks and h‘o'rie, who
tried to explain the fact, by assuming that they sriginated from &
level other than AJy (the initial level of system y ). They



7

slso tried to confirm thia by amwingttmt the levels in A >
state were perturbed, the perturbation being maximum for J-0 level
snd decreasing for higher levels asymptoticelly. Furthersore,
they were able to discover the A type doubling in the X 31},
ground state of Zr0. They found thet Y {Qm> - ¢ ifel g~}
was about 1.5 o for °TI, level and sere for T\, , and 3T, each.

Isotopic l1lines due to zrg'?ﬁlé and Zr%olé were diascovered
bath by ¥ise Lowater and by Tenska and lorie. Other bands of
Zr0, in the infra.red have been reported by Heggers and Eniuw,
while Herbiz '" has tried to prove that »3682 band of Zr0 is due to

a 'Z-'7 systenm.
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Wi BARO BYS¥irs OF Zp0e

AbEALMENEAL PROCELURES

ihe ssureces previously employved for the produetion of the band
speetrum of ZrD have usually baen varisus types of arcs. iiowever,
in 1924, Ae Se Kind’uaa& a furnsce to heet the metallie ‘ireonium,
in a stream of Oxygen, and thersby obteinsd the Yr( bands, The
author has not tried this method, as such a lurneece was not asvallable.
The only source fbr the produetion of Zr0 speotra, that hae been
employed for lerge-dliaspersion photography is the Zirconium arc in eir.

¥iss Lowater used a Pfund src or a similar one with eopper
palas; pure Zrd bDelng put on the lower eleaotrade. The current
raaired to maihtain the Dands was 5 amps and 9 amps respegtively
with iron and copper cleetrodes.

ihe best excitation conditions for Zr0 bsnds were not obtsined,
singe the atomic spestra of both Zr and the electrods material are
very strong, and sometimes hide weak Lands. The atomic apectrum of
Zr 18 & very ecomplieated one withu many weak linss, sometimes closaly
grouped together. If weak lines fall on the bandsg it becomes
very 4ifficult to assess the trus position of the heads, as the weak
lines appesr very simller to the band heads on a strong background.

Fortunstely, in the visivle region, the atomic spsetrum of
Zireonium is not very strorng, and the band systems are very atrong.
This makes it posesible to sort out the strong band heads, compute
for tue weaker ones belonging to the same system and search them out.

3ut even then the line spectrum masks many weak oands, as will
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be found for system 5 « In the near ultra-viclet region where Zrod
ban’ systems become very weak, ond the corrasponding stomic lines
too numerous, it is not sasy to locate the hesde. Sometimes weak
lines grouped togather give tne anpaarance of a band, at others the
weak lines felling on the head conceal it. The best sxampla of
this is furnished by the Zrd band at ) 3571.9, which has now been
asseigned to (1,9) band of tho new singlet ayatem A. This vand is
8lizhtly more intense than the (2,%) band of the same system at
35399 A. The latter Xlas Lowater hss observed and messured, but
overlooked the former completely. 7he head »f the band at N3571.9
fz11s in a reglon where many strong Zirgonium lirnes zre closely
grouped, the band being virtuslly bidden by the strong Zr line at
N 357245, Other weak bandg were ignored altogether. It will be
seen later on that pany weak bands messurad by Miss Loweter in the
ultra-violet, have been fdentified with wesk lines by the author.
The suthor hag tried to asaertain the origins of these lines
without suceess. Unfortunately in Herrison's “wavelength Tables"
these spurious bands have peen included under the esption of “ro.
ividently their wavelengths have been taken Ifrom the pudlighed
papers by i'lss Lowater.

ine author succeeded in improvinz the taehnicue and obtained
spectograms in which the intenaity of the atomle lines wae far
below the obsnds. In fact bsnds became the dominant festure in
the ultraeviolet region, end in the visible only » few weak lines
are visible on the band strueture. 1ibis mede it possivle to sasess

sccurately the position of the hesds, as well as to obeerve woaker



determine the multiplicity).
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compared with those thus observed.

bande, and to study the characteristics of the bandes and heads (to
In the table below, the wavelengths
of the bands in the ultra-violet, reported by Hise Lowater, are

Vom0 e
3472.43 5  Observed (3) 3515.79 2  Absent
3491.84 § Absent 3539.81 3 Observed (%)
349197 6 Ouserved (3) 3593.07 2 Absent
3906632 % Obeserved (2) 3593.92 2 Absent
3503.24 5 Abgent 3482443 6 Observed (10)
3511.93 2 Absent 3726431 3 Abgent

It will be seen that outl of twelve bands measured by liiss

Lowater only five have been observed.

epurious for one reason or the other.

beirg mistaken for band hesds.

The rest sppear to be

in the table below are re-

produeed the wavelengths of these Dands, and the reasons for their
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Iable of ¥ wavelengths of Seven idands and

Reason of their spuriousity.

sand hesds as ,
measured by Reagon for delng mistsken for band heads
‘¥ise Lowater.

3491.54 (5) A line

39553.24  (5) % faint 1line - perhaps the edgze of
4 3509.32 Zr line 7
3512.9% (2) A wery faint broad line.
351575 (2) 4 Laint line.
3593407  (2) 4 falnt line on strong band
3159392 (2) 4 faint line.

3726431 (3) A faint line,

kiss Lowater hergell was doubtful avout the bands in the
ultra-viclet of which she speaks as followst~

"eessed in the ultro-viclet region there is a aystem
differing in.ganerél appearance from 47(6 and 7 , for the bands
Are much wesker and the triplets not essily raquniaable.
Compariaon of these less conspiouous vands with those of Titanium
oxide and of g%hium Oxide messured by M¥eggers ami Kingag ghows
that they are not due to these oxides, which might be present as

impurities.”
Having discussed the Aifficulties in the produection of
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relisble spectfa of the Zr0 bands, we proceed to deseribe the
methods emplsayed in the present work. This 1a'confinaﬁ to the
use of low and Hizh Voltage ares under various conditions.

LO VOLTAGE ARCS,

In uaing the low voltage arcs, the only elesctrode material
found suitable was eopper. The posaibility of the use of Carbon
electrodes was ruled out, since the carbon are gives the bands of
€, in the vieible, and of CN as well in the near ultra-violet if
the are is run in sir. This covers sbout the whole of the region
in whieh onour the Zr0 bands. The iron are on the other hand
Zives very stiron; atomic spectrum. The nest ¢onditions were
obtained by manipulation of the copper arce. Improved types of
arces used are desoribed below.

(a) zZrd are in Alr.

The lower gopper ¢lectrode was shaped into a eylindrieal
cup about 5.7 me.m. deep, with 8 Jlameter of 38§ mem. inside. The
walls ol this cup wers very thin of ths order of few hundredths of
wilimeters. fho bese of the cup was also very thin, and was
supported on a copper rod of about 1l m.me diameter at its centre.
Ihis rod visas about -7 mems in length, and acted as a neck between
the eylindrienl eup and the rest of the eleotrodes. The idea was
to deeresse the conduction of heat slong the length of the electrode
and maintain high tempsrature in the eup with lower currents.

The upper electrode was also of Copper but with rather larger
diameter (about lele3 c») to condugt the heat very rapidly.

Having filled the cup on the lower electrode with 7roQ,
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making it the anode, and the upper as agathode the arc was strucke.
The 220 volte ['eCe Supply was used. As soon as the two electrodes
touched ¢mch other, a current of ~ 6 amps was set up, with a
small are gape ihe tam;erature rise waa very qulek and in a
matter of saconds the coprer walla of the cup vaporised entirely
{Vaporisation temp. 2303°) leaving s hot bead of Zrd on the rod
{(Vaporigation temp. about 4000%)e  1The arc was finally msintained
between the uppsr copper eleetrode, very thick in erosseseation,
and eonducting heat rapidly, snd the Zr0 bead on the copper red of
the lower elsetrode., The 2r0 bead being white or red hot bLecame
suffieciently condueting to malntain the arc. The are gep wae
increased to leje3 «w.88 desired and the gurrent fell to 4-2.3 amps
aceordingly as the resistsnce of the are incrensed with the increass
in the gap. kven with thls low current of 2.8 ampe the arc was
very steady, running slmost wholly in the ZrQ vapour, the upper
elaotrode vaporising but wvery little due to rapid conduction.
iowever a small quentity of Copper or Copper oxide vapour was
contriouted from the rod supporting the hot Zrd bead. The elesce
trode materisl speetrum was not compleétely overcome, but even so
the lines were very weak, the corresponding Zr speotrum dbeing
geveral times atronger.

The chief chiaracteristie of this type of arc was the low
current, whieh meant emaller electron density, but very high
temperature of the anode besd due to conservation of heat,
resulting in its vapodrimation slowly and gratuallys The
excitation was relatively more due to molegular bombardment than
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in ordinsry ares, and the higher tespersturs contributed to
nigher excltation. Very besutiful photograrhs wers obtained
with this source. It was however found that the line spasctrum
was not entirely suppressed, but the relative band intensity of
the Yrd speetrum had ineraseed geveral times. Jfurthermore, a
few more bands were photographed In the infrae.rad, whose |
exeltation had not Leen obeerved in any other sources, They
appeared Lalrly strongly, and were reedlly photographed. They were
neither observed Ly Lowater aor Oy Eing and Heggers, both of whom
studied the ur spsetrum in this region, with ordinary ares in air
eharged with 2r0 or metsllic “r, although the reglon 7600 - 9000 A
of these new Dands 1s mlmost wholly free fron lines or other Zrd
bande.

Ihe 7r lines that appesar in thie source are presunsbly due io
Zr0, dissocinted begsuse of high temperature. This arc does mot
have any conspicusus flazo, and fs like a oylindrical beas of
ineandescent vapour rising from the hot bead and gondensing on the
ecathode absve. Ihe line apeqtrum inereases iu intensity relstive
10 the band spegtirus ag one praceeds upy from the hot Dead vo tue
cathodas

(p) ¥, nﬁg { E? tampurity) are in air.

A Ko Sen Gupta® has deseribded the use of JeF, to
photograph the 30 spactrum, instead of Je0, the former giving
more stable sros. 1€ however sppears that he 4id nst try to study
or adjust the condition of tha are, neither did he try to find out
the beat eondition of excitstion. In the suthor's vies the ghlef
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advantage in using the fluoride of materiasle like Zr and Ge etCe =
ingtead of their oxides - lies in the faet that the former have
ralatively very low tempersture of vaporimations The present
suthor proceeded gquite independently to study the exaitation
- eonditions in fluoride ares, and varied the conditions as desired,

The electrodes Qere sgain of eopper, the upper cathode being
very much lilke the one mentloned above (rbr Zr0 are), but the lower
electrode was somewhat different in detsll, the walls of the gup
ware much thiektrléf about 1 me.m., and the dianeter of the cup a
1ittle larger. The neck was thinner, and the cup was a little
desper to increase the capscitye. Iriy (with fmpurities of EF
and water of hydration) was placed in the cupe Both 220 D.C. and
110 Dele were used for running ths are with such electrodes, but
mueh the same results wers obtalned. It wlll be noted that once
the are is started the temperature in the énode cup begins to rise.
st first the vapourieinz materisls are K, and water vapour of
dehydration. One hes to wait therefore until most of these
impurities have been driven off, otherwise 0i gives its own strong
spectrum in the ultrs-violet, and K interferes with vapourigation of
Trige After this delay the temperature in the anode cup sgain
begins to rise until 2r#, melte in the cup. As the temperature is
further ineressed by ineressing the current, more and more vapour of
Zrf, rises above the cup. There is, however, a eritical
temperature, which if reached results in a “sudden vapourisation

and oxidisation® of ZrF, Just abave the surface of moltun,zr?“
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Both the vapourisstiion and oxidation erc so rapid that in s
matter of 6090 secs., nothing is left of the ZrF‘ in the anode
cup. %ven then the copper walls of the cup vaporise but very
1ittle, as the tomperature of liquid Zr?, must be below the
vapourisation temperature of Cu « This eritlesl temperature at
whieh rapi@ vapsdrization sete in must bLe the oxidisation temparature
of Zris, the oxidisation resulting in production of heat, and
greater vapourigation of 2rPy, further oxidisation, and further
inerease in the rate of vapourimation, the eyele gradually working
up until equilibrium econdlitions ere reached. It will thus be seen
that Zrfy are in air could 0e run in two conditions, firstly slow
vapourigzagtion from the anode cup and slow oxidisation in the are,
secondly very rapld vapourisation smd strong oxidisation in a
atormy erce In both of these the electrode material vapourimes
very little, the cooling in the cathode belng dus to conduection
slong {ts length, snd in the anods due to vapourimstion of 2
helping to keep the temperature down. The two conditions will be
diseusaed separately.

| (v) Is THE SIEADY 2pP, ARC

e has already been mentioned, thie kind of are ean only be
malnteined below the eriticel aor the oxidising temparature of

ZrP4e The steady conditlons are rather eritical, and air stresms,
or fluetuations in the current have to be avoided. It i3 always

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

ie maintained between the thiek upper cathode and the edgea of the
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walle of the anode cup. & falrly z00d coating of ﬁrﬁ‘ over the
eathode ehould ba obtesined by letting the vapours condense over it
for some time. Thia 1s easential to overcome the copper vapour
in the srce. If zood coating is not obtained easlily, it is
better to inoresse¢ the current, and consojuently the temperature
of the anocde cup, whereby a rapid vaponriszation and condensation
on electrode surfasces is easlly obtained. A4 new ehan@e of
(zr9‘4-z?} is then introduced in the cup; and the expesriment
started. The are zar can now be drawn 1o le5-2.0 .« with 110 D.2.
snd 45 ampa. Under these conditions the temperature in the anode
eup remains fairly low. 48 the vapour of Ir¥, moves up, itas
temperature rises graduslly, snd a slow oxidicatxoavar the wvapour
sets in. This is confirmed by observationj wheress bandas of |
ZeFP are quite strong just above the anode cup, they are absolutely
abgent Just Lelow the cathode, although the corresponding 7D
bands beecome very strong.

This kind of are in general appearance is like ordinsry
Iron sres, with an intenge central region and en envelope, develope
ing into & flame on the upper side. Disecussing the parts of the
are separstely we will consider the gentral regions of the sre
above the anode cup, half wey Detwaeen the eathode and the anods,
just below the eathode, and finally the flame of the arce

anpt The spsetrum of thie

region 18 very intense, showing strongly the Dands of /r® in blue
and green, strong bands of Ird, and very sirong atomice spectrum of

7p. In fact the line spectrum is too strong for this source to
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be of use, especlally in the M3IV00 « 4000 region where Zr line
apeetrum is very nuuercus and clogely pecked. iowever this 1s
the only pert of the arc where Zr# bands appear with apprecisble
intensity and fortumately the line spactrum ls not very troublee
some in reglon of the spestrum where they appear. It s
useful i{n photograpbyyZr? bands.

Central Are Half-way between Anode & Csthode! The 1ine

gpectrum of Ur becomes very weak though not eliminated. 7 bands
algo fade osut and Zrld LDends increase in intensitye 3ut in the
ultra-vislet region of the spectrum Zr line spectrum is atill too
strong to show Zr0 bands clearly.

Central Arc below Cathode: fThg line spegtrum of Zr Decomes

extremely weak, only a few lines becoming photographable but
copper vapour from cathode hot spot contribute some copper lines,
which are also very weake The bDands of 200 ars relatively vary
strong, compared with the atomic speetrum, and the ulira-violet
sroteme of 4r0 sesm 1o havs gained In intensity relative o the
visible systams. As the region 3000« 42004 is now about
completely free from lines, an? the bands are wvery conspicuous,
this region of the are ie the bist sourcae for the exeitation of
4rd bonds in the ulira-violet. 7Thls region of the iry npectrub
has been photographed and taree now syetems of 20 discovered in
the ultra-violet.

The Flsme: In the flame the exsitation temperature is low

and consesuently the ultra.violet Ird bands complk taly fade oute
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The visible triplet systems of Zr0 are still strong, but the line
ppectrun gains very much in reletive intensity. Ffurthermore bands
of O and o, {ehumman Runge) syatems become vigivle, the former
being very strong. The appearance of O, bands in the flame, but
its absence from the central erc, is difficult to explain. These
bande seem to accompany the Fluoridec end the moisturs, coming up
only in the flame of the srec. However from our point of interest
thie reglon 1s of no value, ns the bande of Zrod becoms relatively
waak, 2nd the spectral region superposed by foreign gpsetra.

(b) II1 THE UNSTHADY, ZrP, ARC.

§2ight inerease in surrent {s sufficient to increase the
temperature of molten ﬁr?4 to the oxidisinz temperature. As soon
as this temperature is reachsd repid oxidisation (perhape in the
anode cup itself) and vapourimation sety in. Instesd of an
ordinary arc, a vertical beam of incandescent vVapour geams Lo exe
tond from the anode Lo the cathode, the vaepours moving up very fast |
and gondensing on the slectrodes. Thers is no visible flame or
envelope region of the arce The gpectral féature is about the
same all along the length of the incandescent beam. Bands of Zr0
beqome extremely stirang and corresponding atomle speetrum almost
completely suppressed. The bande of Zr# are not present even above
the anode eup, confirming the hypothesis of rapid oxidisation.

But in the ultraeviolet 2 very strong continium extending from
N 3000 to /4300 suppresses the bands in the ultra-violet, even
though the line spestrum is very faint. As to what is ine source

af this continium is hard to say. It may likely be a fluoride
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forming after the oxidisation of zr@; However this continium
prevents the use of thim are for photography in the ultraeviolet,
but it ie about the best aouree to photograph the bands of 2r0 in
the visivle region. The bands in the vieible region are very
strong, with very few and weak atomie lines. This has made it
possible to extend system « of Ird, and ralse doubis about some of
the bands observed and measured bDy Mies Lowater, but whieh 4o not
appesr on our spectrograms asuggestiing that perhaps they ere lines.
(o) p ARC IN BOLST HYDROGLN.

This is the best source of the exclitation of Zrd bands both in
tne visible and the ultra.violet. A copper anode provided with a
cup as deserived for Are (b), but with the anode cup much sualler in
eize, is used. PFowderad Zr is put in the anode cup, end a thick
coppar eleetrode forms the upper eathode. The whole chambder is
vacuum-tight, is evacusted and filled with hydrogen. A few drops
of water sre left inside the schamber, or some provision made to
keep the H. molst. The chember is kept immersed in water for
cooling and the are 18 etruck using 110 D.Ce with 5 « 8 ampse
The anode and cathode eare kept very near to each other, the arc
Zap dedng of the order of one or two millimeters. It is not
possivle to make the sre gap very wide in H,Ge If the ere itself
ie photogrsphed, it shows atrong copper, Zireonium, snd broad

H,

yeéllow coloursd flames shoot out horizontally from the anode sup

s B, and H_ lines. However when the anode cup gets red hot,
I

and 1sst for s matter of seconds, then die outj and after some

time new ones appear. These shooting flames are fooussed on the
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slit of the spectograph, and the'spuetrum photographed. The Zrd
spectrum thus photographed is the purest that hes been obtainad.
The line spectrum of Zireonium ie slmost completely auppfesaed. and
the bands of Zr0 are very stronge. iurther the intensity maxima in
the bands move nearer Lo the heads, making the talls of the bands
less intense, ani weaker bands falling in the tsils become more
conapicuous. This shows a smaller affegtive rotational temperature.

The high price of metallic Zirconium is one disadvantage in
the wide use of this method. The spactra obtained from IrFg arce
are not very inferior, and they serve the purpose almost as well.
The appearance of strong Zrd bands in the flame of the arc in moist
Hp suggests that moisture attacks metallie Zireonium suddenly,
oxidising it in the flame.

niGh VOLIAGE ARGH.

Effart has been male to photograph the Zrd spectrum from the
Hiigh voltsge are between two Zireconium electrodesy and find out if
this source was any improvement on the sources previoualy used, vis.
the low voltage arca, It was hoped that the drastie change in the
condition of excitation would alter the relative intensity of the
systems, and thereby provide s clue Lo the analysis of unassigned
bsnds.

The sxperimental set-up was not complisated. Iwo Zr eyline
drical eleotrodes, &8 <m. long, and 3 m.m. in diometer were held in
the jaws of the Crocodile clipe, which were econnsgted to the
sacondary of a 7 Kdiie AeCe Transformer eapable of giving 2.3 amps
at 2500 volte or l.4 amps at 5000 volis. Suiteble variation of
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resistanae in seriee with the primary of the tranasformer eontrolled
the eurrent ia the seoondary, and the are. #or larger are gaps
5000 volts were generally used drawing about 1 amp. current.
iigwever, once the arg was established and the Ir slsetrode tips
beeare hot enough the are gap eould easily be ingreased to 1 cw.
or even greater. The spectruz midway batween the elestrodea was
chierly dominated by the are snd epark linse of Zirconiumj the
bands of Zrd in the viasible wera-eonspicnaus and falrly strong,
but those in the ultra-violet were strongly superposed by numerous
Zireonium lines., A further disadvantaze was the appearance of
the banda of OH, N0, and Ky ¢tce (intensity decreasing in order
as written).

To decressase the intensity of the are amd spark lines of
sirconium, the arc region was enveloped in & thin Bunson flame.
This allowed the sgpark gap to be pulled even wider to 2«3 cn}
and the line speatrum did fall in intensity. The bands of Zr0
in the visible, viz. the o , ( and 7 systems became mugh more
eonspicuoug, but even though the ultrasviolet region was freer of
atomic speetrum, strong CN¥, N, and QH bands developed in thie
region, making it entirely impossible to study the Zrd spectrum
in this region. The Cd and CH bends became very intense.

Pinelly a Jet of Oxygen replaced ths Bunsen flams, and
played on the aperk gep frém below, lifting it up into an arch.
The tip of the arch was most free of impurities, and the spectrum
28 a whole showed improvement. The Zr0 bands were much more

conspicuous in the vieible and in the ultra-violet. iany bands
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in the ulira.violet were reeognised to be the same as those
obtalined in the low voltage arecs. Thie difference however, wae
noted that the triplet aystem of Zr0 at 3500A was several times
stronger compared to the singlet system in the same region. Strong
impurities of K,,0,, weaker ones of K0, and OH raised eonsiderable
difficulties. The region 2500 = 35804 ie full of fine rotational
structure with many weak bands on it, whieh cannst be studied
very well due to strong background.

The High Voltage Are was in no way an improvement on ordinsxy
arecs. GHpectrograms taken on large dispersion of syatem =y Show
other faint bands, doubtful in their origin in the same region.

The general result 1s one of complicating rather than simplifying
the Zrd spegtrum,

Speetrograms of Zrd, in the visible region were obtained on
the Large lLithrow Speotrogreph with a Dense 3lass prism. Fhotoe
graphs were obtained in two regions, /4200 - 5600 and M 4500-7000.
The disperaion varied from 2.86 A/m.ne. at )4200 to 22 A/mem. at

N7000.  The swiree of the speetrum was the steady Zr?4 are, mina
exposed Just below the cathode, and the Zr are in modet Hye The ehief
interest in this region was to attempt to observe missing bands in
#iss Lowater's system o , and £111 the gaps in the Deslamres
Table. Spectrograms were also obtained in the first order of the
ten ft. grating with 15000 lines/inch, and four inches of ruled
surface, in the reglon )) 4300 « 5900 with Zr?, arc in unsteady and
the unsteady condition (b) II. The region of the are oxpoud' was
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Just above the anode cupe

The infrae-red region from N7600 -« A\9000 was photographed in
the firet order of the 10 £t. grating. The dlepersion in this
region was about 5.5 A/me.ms The source of the spectrum wss the
7200 are in oir (source (a)). GSpectrograms were also obtained with
iigh Voltage ares, Zrf, erce stc. but failed to show any bande.
#ilters were used to cut off the overlapping blue violet regions of
the second ordere.

The ultra-violet regions of the Zrl spectrum were photographed
on the Hilger £ 6 speetrograph, giving a dispersion of 4.68 #/m.m.
at )>2900 and 20.1 Mm.ce at N4800.  Meny spectragrama'wnrc
obtained in the region 2900 « 4900A& with low voltsge Zr?4 arcs in
ateady, as well as in unsteady conditions, from various regions of
the are. with high voltage ares speatrograms were obtsined in the
reglon 22570 - 3680. Spectrograms were algo obtained of the
ZrD speotrun in the ultraeviolet from 12900 to 23650 in the
second order of ten ft. grating, with Zrfy steady arc. (b) I as
the sourge, the central part of the arc above the anode cup beirg
exposed.

In an unaucgessful effort to resolve the ) 3632 band of ZrD,
spectrograms were obtained in the second order of ihn 20 fr. |
grating with 11G00 lines/inch, and aix inches of ruled surface.
Zenith platén were used to decreape the affegtive time of exposurs.

Speetrograms were also obtained in the second order of a
20 fte grating with 30000 lines/inch and six inchee of ruled
surface, in the region M 3540 - 3800, The snuree was the high
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700 are in air. The dispersion was about Q.55 A/me.m.

ordinary, Special kapid Ordinary, and Zenith Ilford plates
Iuere used in the Ultraeviolet. Speelal Hapld Panechromatie,
Astra I1I, and HeFe3l wers used in the visible, while I.R.E.R. Kodak
were used in the )\7600 « 9000 region.

The following tsble summarises the regions measured, the

spectrograms, the source ani the dlepersion uged.

Spectral Regions Spectrographs used Sources of the

measured t0 prepare spsctro- Spectrum Dispersions
-  grams |

ANGO00 - 7600  Ist Order 10 £ft.  2r0 are (a) in 3.49 A/mum. =
Srating. air 5050 A/MemD e

M4250 - 5300 Ist Order 10 ft. Zrf, are (b)I  5.55A/R.me -
Grating. Large atd (D)II Zr 5.50M/meme
Lithrow 3lass are in moist
Spo H 2

M2900 « 4300 Hilger 2 Juarts ZoF, arc (B)II 4.680/mem -

20A/meme

s—

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

measured, with eorresponding analysis, is given.
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To the list of the banda; measured by the suthor, it would
ne desirable to add the wavelengths of the bands of Zr0, observed
Kevss (@
by Meggers and z:é%‘xn the infra.red, as most of the bands of the

Keiss

{infra-red seem to be related to those observed by Meggers and Eing.

(20D bands BY «ess 1 Vibrational Classification

Heggers & Eing) Ve _by the suthor,
929956 (5)  10750.25 I (0,0)a
931587 (5)  10731.43 1 (0,000
9329493 (5)  10715.26 I (0,0
9343419 (4)  10700.05 I (0,004
9356412 (3)  10685.36 1 (0,0)8
9358.33 (1) 1068274 |
9360434 (3)  10680.45

937074 (3)  10668.59 I (1,1)a
9387.26 (2)  10549.82 I(1,1»
9397.21 (2)  10638.54

940104 (2)  10634.15 I (1,1)e
9402484 () 10632417

9408492 (1)  10625.30

9412403 C(2)  0821.79 I (1,108
9431.75 (2) 1059958 I(1,0)e
9438.24 (1) 1059229

944393 (1)  10985.91 I (2,2)a
9453455 (1) WE75.14

9476465 (1) 10549.36 I (2,2)e

945355

(2)

10541.69
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ANALYEIS OF THE HEW BARDS OF Zp0.

we will start the deseription of our elastifieatlon of the
new bande of Zrd trém the ultra-violet sides The bands observed
in this region are very conspieuous, snd their classification seems
%0 be correct beyond doubt. Furthermore no unannigned bands have
been left in this region whioh may raise doubts ai to the true
analysis. Considering Cirst the group of bands lying on the
farthest ultra-violet side of Zr0 speetrum at > 3050, it will be
noticed that we have classified them as sysetam 0

SYSIEM 0 OF Zn0 AT 12940,

This system comprises of a grup of six heads lying in complete
isoletion from the rest of the Zrd bands. The nniruut conspicuous
bard of 2r0 is more than 3000 < tp the red. The vibrational
energy differences corresponding to Zr0 moleculs are about one
third of this. It therefore csn easily be establiahed that these
bands, ¢an in no way form a part of the system of the‘bénda lying
 to their red wsvelength side. The bands also differ very much in
their general appearanse.

The system on the whnln'ia very weak. Only three heads at
7294049, N2950.0 and ) 2967.8 have any appreciable intensity.

The otﬁar heads are about one half as weake The three strong
heads sppear to be the (0,0) banﬁ with three R branches
{consequently three heads) and the weaker ones appear Lo be (0,1)
bend. The energy differences between them are as £ollowsia



- 42 -

lieads. Wave numbers of Wave numbers of

—m " (0,0) band-heads A (0,1) band-heads
Ry 33993.7 (932:3) 33061.4
ab 338330‘ (932'7) 32955'7

Re 33685.2 - (93249) , 3a752.2
' Avdrage 93206

The average value A% comes to about 932.6 ©»', which is the
save es in systems o,(> and 7 of Zr0. The system O of Zro
shares a common final level with o (> and o , vig, the X371}
ground state of Zr. |

gEince three R hendn. and no @ heads appear for esch band, it
ean at once be concluded that a Il state is the only possible
initisl level for the (b system of ZrO. The only levels from
which transitions can take plage to & T\ state are 3>, 3T| and

3A  stetes. The first and the last, if involved {n a transition
with snother 3T state, give riss to three (| Dbranches about
tuice ms strong ss the three R or thrae P branches, therefore the
transition for system ¢ 18 € Tl —X 3Tl . we have denoted the
initisl triplet level as E “[l. The wave number differences in
the Leads ares .
Ry = By = 1053 cw'

Rb - Rc - 20303 CW-\-l
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If Rq hesds originate from the lowest, and R, from the highest
of £ 3Tl state, the splitting in the upper £ >T| level ia =8 follows

EN, «8°T, 2 10 owd (313+4 = 203.3)

E°T, < 52T, «186.8 o' (2921 = 105.3)
therwises

B0, e B0, = 418.7 o (31344 105.3)
& BN, w8 T, gz 475.4 v (292.1  203.3)

It is aifficult to decide between the two sets of multiplet
separations of E >Tl state, but the former one appears to be the
more feasible one. The Ry head appears to ba stronger of either
Rp and Re and this demends that the initial level respousivle fur
Rg head should be the lowest in & *T\ The argument that the
multiplet separations in & 3T\ state cannot be about one half to
one third as small as in X >T! and ¢ >T\ is not very appealing.
Let us consider the ground state of Zrl. The multiplet
separations in this state are 670.43 and §70.41 <~ pespeatively.
A similer 3F level at 37459.60 «v' above the ground level, has
multiplet separations of only 241.48 and 400.01 <»' There are
other 3’5’ states ‘af Zrl whieh have multiplet separations of about
100 '  The present considerations seem to inerease weight in
favour of adopting 110.1 and 1856.8 cv' as the multiplet
separations in the & T lavel of Zro.

The three E 3T| levels are therefore respectively at 33993.7,
34180.5 and 34290.6 cw' avove the X T ground level of Zrd.
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"5 SYSTER QF ZpOw

This also is another triplet system of Zr0 and on the whole
 appears to be a little more intense than the @ gystem at)2940.
This pystem 1is however not ilsolated 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 deseribe later on. The (0,0) band 1s the
only one of the whole system which appears to have any appreciable
intensity, others not having been observed in spite of a careful
searche This does not make the assignment of the group of bands
at N\3450 to the (0,0) band of System O , doubtful. It i{s 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
7rd 1s beyond any doubt, and the constants for the system A have
been established with great ascuraey. The singlet system "aA"
possesses a Narrow Condon Parabola of Intensity, and all the bands
expected at }\349(3 {the region of System © ) are accounted for.
After examining the following table, no doubt is left that
4 D System" gan {n no way be a part of System A.

34568.90 (1) system & (2,0)

3472.39 (3) - System® (0,0) By
3473.62 (1) - System © (0,01Q,
3486.71 (2) A (3,1)

3431.80 (3) - System © (3,0)R)y

3433.06 (1) System > (0,030,
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3504422 (1) A (4,2)
3506430 (3) - System © (0,0)R,
1507.56 (1) - System © (0,008,

In all, eix hends differing in general éppc'arance from the
heads of System A remain unaseigned. “hile all the bands of |
System A ocecur as singlets, the six unassigned heads occur in pairs,
with sharper and more intense heads in fromt of fainter and more
diffuse heeds. The sharper and stronger heads are evidently the
R heads, and the wesker ones with diffused heads, the Q or X heads.
The latter are characteristic of the (3and 7 aystem of Zrd.

Though in both eamses i1dentifieation of X heads with Qheads 18 in
doubt, it is certain that the faint heads in system © eorrespond
with X heads in System (Bmd ~  They may very well be the Q
heada.

The © system, therefore, seema to consist of three R heads
and thres (O heads. These cannot be the three doudble heads of the
sequence of a singlst system, e«gs 'S _ 1| This will demand very
large values for x;w';_ in the lower level, as the wave-number
differences between the three R heads ars 160.1 and 118.4 cwdt
Since such values of %“<.” are not expeated this possibility cane
not be asserted with any eonfidence.

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

(0,0) sequence of a singlet system:
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dan T Veac
3472.37 () 28790.5  (0,0)R
3473.62 (1) 2378043 (0,0)Q
345180 (3)  28630.4 (1,L)R
3453406 (1)  23820.1 (1,1)Q
3506.30 (3)  28512.0 {(2,2)R
3507.56 (1)  28501.7 (2,2)Q

And let us suppose thst the O system has the same final level
as the singlet "A's The (w; amd ) «w. wvalues in the final
lavel of ystem “AY are 378.07 and 5.08 ¢virempectively. This will
demand  Xiv, equal to 530 < 'in the initial level, and it 1s
quite impossible. If on the other hand, the initial level of
gystem © 1s suppesed to be the sese as System A, then the singlet
system A should not be more intense than System 3 . Furthermors,
expeoted values for we  and oce”’wé'mma out to be 1045.9 and
24,0 o' pespagtively. Such large values of . amd %o <%’
are not expegted. It la therefore gquite gertain that systes B
does not share any of the levels of system A, and it is also
unlikely that it is due to transition involving levels independent
of thomse giving rise to the system A. If wex‘-é 'iire any sueh
levels, intercumbination should be véry sertain, giving rise to
singlet systems in the neighbourhood. Ho such systems are knoin.
| Systems (3 of T10 also consists of four doudle headed bands,
representing a (0,0) sequence at )\ 559785 No bands of any
sther sequence ars known. That system [9 of Tio is due to &

'S — 'T] transition is 1likely, as it 1s very difficult to relate
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it to the triplet lewelas. The four &uble headed bands of the

[ system of T10 are evidently the (0,0), (1,13, (2,2) ana (3,3)
R and S heads.

But an analogy between the system {3 of T40 and the S
systen of Zr0d will be misleadinge while in the P system of T10
the {intensity falls regularly from (0,0) to about one third in
(343) band, all the three double headed bands of eystem & have
almost equal intensity. Furthermors, if they were the bands f{rom
different vibrational levels, other bands from higher vicrational

| lavels would be expeocted before the sequence fades out. But
there are only three double heeds of equal intensity. All these
econgiderations rule out the possibility of the system O of
That only three doukle heads appear
bas its own significance. Thera must be the three R heads (with
thres Q heads) of the (0,0) band of a triplet system, othsr
bands being too faint to be phatographade The classification of
bands in aystem

- Zr0 being a ainglst systenm,

is as Lollowss-

3472.39 (3)  28790.5 (0,0)Ry
3473.62 (1) 2878043 (0,0)04
3491.30 (3)  28630.4 (0,0)Ry,
3493.06 (1)  28620.1 (0,039,
3506430 (3) 28512.0 (9,0)R4
350756 (1) 235017 (240)8

If thess considerations are not wrong, the question arises
what are the levels responsible for this system © . The lower
level is likely to be the X°>Tlground state of Ard, but there is
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always the possibility that the final lesvel of system S nmay

be on exeited states I from any initiael level transitions are
possible to this final exgited state, transitions from thet level
should also be possibls to the X >T] ground state, giving a
system towards the ultraeviolet. I[he only system Lowards the
| ultrze-violet of System O 4is the system @ o It its initisl
level & 3T) 4e supposed to be the initial levels of bLoth the
systez O and the system (O (system @ to X 3T ground state)
then the multiplet separations in the final level of syetez © ean i
sasily be evaluateds For © system we know that

Ry » By 2 160ed  cow

snd eorrssponding multiplet separations in supposed initisl B 37)
levels are ‘
2M,- 21, 2 11048 e

and *1 |-3ﬂ0= 18648 cw!
then multiplet separations in the £inal level of system & should
be 229+2 and 346¢9 o« = 493 and 68.4 o' the multiplat
separations asgordiig to formsy eel of valuus suggest a >1) state
and according to the latter, a > Z state, which should not pocaess
negative sepsrations, or separations of such lwg‘e magnitude.
A 32 f£inal level ias not possiple, therefore, for the reasons
slready deseribed while the suggested °TI level with 229.2 and
34649 e”' geparations is also not possible, Degsuse transitions

petwean T and 3T\ ststes do not give Q branches.
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It io, ‘%i@ﬁmfﬁw, rird beyord pespor §5 concivde that the
inisial level of oystem O 1o ot the mone se Shot of the
pyoten  Pp ond 46 Docowne oll She vove uplilkely thes ony other
ioveln sther than fhose zw%m rine $o poplon & ses involyad.

Che orly loglesl posoitiiity left, ie to conclude thot
eyoben © hop $he Y37 ground otobe of Y20 oo fto fined level.
“ha peopence of & heads suggente Simd the upper level io poither
*G1tn rulbipled seporations of 195.0 and 13869 or a 34 etste
with celtiplet seporatiorn of 4736 and 430,05 crlrapnootlvely.

tines 35 ptaten m&mﬁ sonpenn cudh iavge sepnratiore the
me the DA state of Tet, This derovde
$hat She three pulwlovele of DA peate ctonld be poughly ot
F512.0, 95228, 27396.4 o, or TUF.3, 2501243, 201073 o
eron the % 271, geound ctste of ol |

In the lottor, “Vond systess of Tirooniun Oxide {220) in the
13 trawviolet®, by the outhor, In Toture,i08,792(20 Oob. 19493,
the splittivgs in ke 7 30 state wees bentaslvely socumed t6 be

uopnr Lovel o porh

473,06 410,07 ome. reopectively. Towever the posllor seporotions
ef 19%.0 end 130.0 ome sppeny S0 e vore lihely.
It phould bo mobed thet the three T heande of thde cyeten

wope slog clsooved ond mespured by Hiso Lownteg.



SINGLET SYSTEM "A® OF 20,
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Inis is the only ainglet system which has heen reasonably
well established for Zrde In faot the existange of a singlet
systes Lfor “r0 lends woight to the concluaion that system (3 of
140 12 also & singlet system. |

Regently Earbmw measured the rotational lines in the band

@t 3582 (which has now been established to be tie (0,0) band of

: ths system), and after arranging all the measured lines in two
i and P Dranches gamé¢ to the conclusion that this band is due to
& '>-'S transition, which in the opinion of the author is
quite likely though not final. Since this system was also
observed in abeorption in stellar spegtra, Herbig conoluded that
the ‘> state (or other singlet state, involved in this aystem)
eould be the ground state of Zrd instesd of X 21| .o Our objege
tions to his deduotions have been expr¢ssed in the %ﬂg.
while considering the theoreticalbenergy lavels of the oxides of
T4 subegroup on the one hand, end of the oxidez of the C subgroup
on the other. Theoretically s singlet lewvel ean not possibly de
the ground state of Zrd or T1i0 or the likey and the absorption of
A 3682 bend gan easily be understood if its lower level be
supposed to lie very little above the ground state, X7, of ird.
The singlet levels invoived in this system "a" are llkely to ve
exgited statas. ,

Now triplet levels are known for moleculss like CO, though the

ground state and most of the more prominent levels ars ainglets.
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The converse ie trus for the oxides of the T1 subegroup. Here
the more prominent levels, including the ground atate are triplsts,
while singlat lavels aleo appesr Lo nxint; A8 the alrnglat
systems are the main feature of the CO moleculs, with wasker tripe
let systems, so the triplet systems are the chiefl feature of T10
and Zrd with weaker singlet sysatemd.

Returning to our desoription of the spectrum, it will be

noted that Miss Lowater sessured two bands of this system at

O\ 3682443 (6) and at A 3589.81 (3).  The former is the (0,0)
and the latter the (2,1) bani of Syastem Ae  Another strong band
of System A, viz. the (1,0) band at )3571.96, might sasily have
bean logated, i its head had not been concealed by the strong Zr
line at )3572.47 in Kiss Lowater's spegtrograms.
UBSERVATIONAL DATAS In the table on the next page are shown the
wavelengths of the bandas of Eystem As The first colunn gives the
wavelength in air, the asegond the intenaity, the third wave-nuuzbers
in vseuum, the fourth the vibrational olassificetion, and the
£ifth column gives the difference bDetween the observed and the
esloulated wave-numbers of the band-heads as calculated Lrom the
formulae davﬁloped.

The VISRATIONAL CONSTANIS ' oonsider the differences 2 (Uil )end
A Gt £) » 1The gradual variation in both of them in the
ssme ecolumn or row, suggests that © has an sppreciable magnitude.

Here © 1s a constant which enters tho formulae, when bandeheads

ingtead of the band origins of a system ars represented.
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. .B%8’ @ +8)) - (Mr»fd'b"))
ince ) - v
& ° 4(3-3) * ‘RB'-Q)-#(“’V “Xy)
: ) % . ‘ “Z v
or ‘~“,%{EV§‘ {t—'”“"t"’*'} S S
e "2

Here S .» and O are funetions of B] , B, and o' A"
The formulee representing the band origins is

V, - Y, + Eogcv’ufy) - ’X,éue'(vl*'aﬂ -[‘:’¢"(U~"4 L) =% we (%) 1) ]

when the heads sre taken in ascount, the formulae becomes
)Je\: vo —\-(v&- V,
Introdueing V. anmd ), -V,

o/ 't)
%’ [:w o L) —’nge(w'.)] [’ coxl) o 1) y 1-Ov'v”

Here ‘*%z* and &wf are slightly diZferent from the
corresponding we awd X e

Xair N Vibnuenﬂ. Chnuifioauon, 0«C
ve dystem "A®

3390405 (1) 29489.7 Ay (4,1) 0.8
3407489 (D) 293353 Ay (5,2) - 1,0
34592 (9) &918049 Ag (5.3) - 29
3‘53-90 (1) ﬁ331904 Ay (2,6) 0eb
3485.71 (2) aB867z.2 Ly (341) Qe
35@4:32 (1) 235&?309 Ay (4’3) 2e8
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-

DS

b

A

vibrational Classification, O « ¢

Aaty
‘ Vo System “A® |
1571.96  (8) 27987.9 A, (1,0) % |
3539.87 (&) 27848-3 Ay (2,1) Ded
3607461  (2) 27711.4 Ay (342) 16
3682.07 (10) 27151.0 Ay (0,0) 040
3700.11  (2) 27018.6 Ay (1,1) Osld
3754472 (1) 26625.6 Ay (4y4) - 0.5
3772.9  (0) 264974 Ay (5,5) Ot
37916 (0) 2536647 Ay (646) e DeaDe
3818.32 (4) 26182.2 hy (0,1) -0ud
3836438 (1) 26059.0 A, (1,2) Q49
385418 (0) 2593845 4, (2,3) 249
3981.45  (3) 25109.4 Ay (1,3) 1.8
Wt?ﬁ (0) 3‘9880" A' (2’4‘) - 303

.



N 2 o WTT T R TN T T T S W N T
DESLATIDREE TADLS POH SYRISL

- H5 -

AT OF Zr0

O T R .k -
0  27161.0 (968.8) 26102.2
AL (£36.9) (956.4)
1 27977.9 (969.3) 270176 (959.6) 26059.0 (949.6) 25109 .4
At (831.5) (829.7) | (828.1) .
2 20019.4 (971.1) 27R4R.3 2593P.5 (950.1) 24907.4
Ay | (025.9) |
- | 2P6%72.2 (960.F) 27711.4
~Z (£17.5) {P17.5)
4 29489,7 (960.8) 22528.9 26625,6
Al {206.4) |
5 - 2985545 26497.4
6

20190.9

2636647
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It will alsost at once become evident that A'(Uil)
deeresse regularly with ineressing '’ amd A (v} ) increass
with increasse in <’ 4in the same row and eolumn or row
respectively. This, at once suggests an aspprseiable value
of © By usual evalustion, it was found thet | has
widely different valuss for different bands, though of
spprecisble magnitude and negative in all ¢ases. An average
value of O equal to 0490 ¢w' wes adopted, as most suitsble.
After deducting the term O v 'U'' from the wave numbers of
the band<heads the reconstructed table showad greater
regulsrity, as shown {n the table following.



i

O "]

AN o AL 1 DY 2 A 3 NG 4
0 27151.0 (968.8) 26182.2
NI (83649) (837.3)
1 27987.9 (968.4) 27019.5 (958.7) 26050.8 (948.7) 25112.1
A% (8312.5) {839.6) (831.8)
2  28819.4 (969.3) 27850.1 25943.9 (9748.3) 24995.6
Az (824.8)
3 28874.9 (553.1) 27716.8
A'Z (813.4) (819.3)
4 294933 (9957.2) 28536.1
A2 (808.2)
5 29344.3

-V -
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From the preesding teble it will perbaps be noted tiat the
evaluation of a very ascurate vslue of O {s mpouswlt.’ i
the adopted average value of O wiEe =090 cw' has regularised
the differences Lo a grost extente The reat of the vivrational
canstante wera ealeulatad for the upper and lower state of the
syster by uausl methods.

Wz B43.75 o’ W'e 97307 ot
'xa ,‘“’e' z 3415 Y RN 5,04 Y
%‘%l - Qe000 Ye ' B D072 ¢

Y, 3 27217492 <
and O = ~— 090 o

It should be worth while to note that the msgnitude of O 1s
awraaiamei 8o that G .57 . M' and " 'will slso be sppreciable.
The latter srs included in the vibrational constante, as corrections,
when wave-numbers of band heads instead of the origins are used to
sonstruet the usual formulas for a systems The true «2+ and
% <2 Aeill, however, not be very differsni from the sbove. ihe
formula for the bandeheads of System A sventually is,

e 217492 « {B3.T5(vy )e3425 (viy T

~{9?8.D?(1"'*'3\)-5-@4(«*”)«;)2*-@72(1’"*‘;3%-»0-90(‘)55)( UL )

ine bands heving » deviation of more than & c¢m' from this
formulas are those, whilsh are very weak, snd shose heads ars
difricult to sssess ageurstely. The maximuws deviation howaver does
not exceed more than J o' exgept for the)A0U0.72 bend, whieh is

overlapped oy many weak lines.
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THE INIRESITY UISTRISGUIION Ik SYSTEY "Aa™,

The distrivution of intensity amongst the varisus bands in
the syster is mocordliog to gensrsl expegtationss There is @
gontinuity, whioh inspires eoufidence, and there are no abrupt
breaks or gaps such 8¢ are shown in the analyals whien has besn put
forward for ather eysteme of r»d or Ti0. The oondon perabola is a
parrow ons, with its wvertex at the 2,0 bend But shifted alightly
to (1,0) bande. There are thres bands at (4,4), (5,%) ana (6,6)
whose exigtance i¢ beyond doubt, Undoubtedly, they fall on the
axis of the genondary parabola.

RTATIONAL BTAUCTUR. o Tik (8,0} sk
Ef0orts have been made by the suthor to plotoxraph the

(3,) band of fyetem A at )\ 3682, on larger diepersions with
sufficiont reselution to revesl the strusturs of the band nesr the
origin and make possidle the ldentification 5 the b&anehul in the
bands This Dand is very wesk. In faet Syatem A iteell fs one
tenth =2 sirang as the strongest System Y of Zpd. Very long
sxposures snd gareful control of temperature of the spectrograph
wore required.

Photographa of thae band were odlainaed in ths a&éaaﬁ arder of
the 20 £t. grating with 11000 lines/ingh and five inches of ruled
surface. The theorstical limit of resolution can be resched on
tue plates. Exposures of five to eix bours Liiled to abtaln the
speetruz with any intessitye The lines were too faint at the
origin to be identified, but awsy from the arigls, two branches

could essily be traged. These wers the ¥ end R wranghes of the
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band.

4 five hour exposure with the “r0 are as the ssuree (by far
the strongest source for D) proved sufficient for photogrsphing
the 23682 band in the second order of the Jaé £te grating with
30000 d{nab/lne giving a dlapersion of Ge59A/mez. Unfortumtely
a strong bsckground and intense atomie speotrum reduced the
definition very muehe. St4811 1t ie the best large disperelon
photograph of this bend, of whioh the author is awarej linee
have veen resolved clearly down to  3682.2.A Hut the branches
resain genorally fsint, ’

while ecarrying out this work, the suthor eame seross the
eontribution by Herbigl? en the fine structure of 13682 band of
e In hies afforts to identifly the absorption linesg of the
stellar absorption band at )\ 3582, lertlg measured about 130 lines
of the 7r0 bsnd at 13632, eni showed that the stellar band lines
and the band<head, ms measured by Lerrill, agreed with the .
leboratory dete for the )\ 3682 band of Zrd. The spectrum of Ipd
employed in his laboratory messurements, was obtained by Ore Ae 3e
king in the firat order of & 20 ft. grating, glving e diepersion
o0f 37 Afmeney using the carvon arg in eir, charged with Zr0 as
the ssuree of the apegtrum.

sbout 130 lines of this band wers arranzed into two branches
by terblg, a  and an Re He therefore postulated thst the 3532
band was the (0,0) band of s system arising from e trsnsition'>-'Z .

In the following table we reprodues the waveepnunmbers of
sone of the lines messured and arrsnged by Herdig in N\36832 band.
Ko eveluation of rotationsl eonstsnts 1s possivle as the nuabering
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a.bmnah X a.bmnah I ?.bnmh I Redbranch I Pebranech I‘

O4.82¢ 5 O4e824 3

2 05.430 6  0%.430 6

2
22'6;% 2 3 3'_‘, e &
93039 3 934151 2
934457 3 93.968 2
93.880 3 94,014 2

Bracketted 1ines are computed wavelengtus, the region being
overlappsd by atomie line, The molsoular lines whiech have been
underlined heve been mmuﬁm in Stellar speatra, 'a«; , O ek,
and R Andromedas.

To continue the duauuim on the naturs of W levels
involved in the eystem “A%, it will be noted that Kﬂ*biﬂ postulated
that the 23682 dband of Zrd was the (0,0) band, beesuse of failure
to obeerve sny isotopile shift, snd classified {t u 'Y '  system,
singe only one R and one P btranch sould be lsgated in the band
etructure. He &¢id not observe any other band belanging to this
very systesm in the laboratory, but in atellar upaam he noted that
an absorption rnmru at 13571 generally agoompanied the absorption
of the /3682 band. Unfortunately he identified the former with
the 0H" band in the ssme wavelsrgth, mot being sware of the
sxistanca of any 2r0 band at N\ 3971. From the present analysis by
the author, it is apparent that the stsllar absorption st ) 3571
18 clesrly the absorption 1< O in singlet system A of Zr0.
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That the system A is due to 2 'S -~ 'S transition is quite
plaugible, though there is slways the possibility that in weskly
photographed speetra, the relatively falnt Q branch in & '11—'Tl
tranaition may not be observed. 2Both the sg:eeira obtained by us,
and the print of the apsatrogram published by ierdlg, are so weak
that they esn herdly inspire cmﬂ@éme in the conelusion that a
Q braseh is definitely absent. (At this point it should be
mentioned that Ylse Lowater £3ilsd to observe a Q  braneh for
TH -V band in system o of 7rd, though the relative intensity
of R branch to @ braneh will be about the same ae tna 'M-'M,
transitions In Hise Law#t.er'a photagraphs the Lranches are several
times a8 intense as in Hervig's or ours)e This considerstion makes
the transitions 'S — 'S  or 'TI-'Tl egually posaible for the
system A, thaugn'mera is always 2 little greater probablility of @
'5-'s transition. The upper and the lower levele of aystem 5 are
either both 'Z  levels, or both 'T\ levels. 3ut tentatively, we
will suppsse that the system 2 arises frog a 'Y — 'S transition,
until the contrary is proved Lo be the case.

Beeause the N3582 (0,0) vand of system A was suserved in
absorption along with systems «, (> end 7 of 2r0, whose lowar |
level is X >T| Herbig raised the question 28 to which of the two
levels X 2Tl and 'S was the ground state of Zede. In our
oplnion, there gan e litile doubt that X 2Tl 1a the ground state,
and that ‘7. 48 a low exclted atate. All the lower levels of the
systens ovserved ln absorption are not nscessarily the groand states

, o , -
of maolesules. At temperatures of 2500 enough molscules of "0
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may be thrown into the low exelted 'S lewvel to make a laint
absorption possible. That the shsorption in ) 3632 is very weak
compsred with sbsorption in  «, > and 7 supports this hypothesis.
To determine its poszition roughly, let us taks iﬁta consideration
the fact that the multiplet splitiing in the 3? ground gtate of
%" 1s 804.3 and 68245 o respectively. Assuming that thers is
a correspondence between Zr0 levels and Zr T levels, the multiplet
gevarations in the X°T| ground state of the former are 313.4 and
292.1 i, These are roughly in o ratio of 2.57 ani 2.34
respectively. Bxpecting this ratio to hold further, approximately,
we note that three singlst lavels *G, 'D and *5 fall next to 37 ground
state of "7 at 2534, 3392, 3835 cni' If these lavals correspond
with 'S level of Zr0, the positfon of 'S lavel with respect to
X 3T] ground state of Zro will be between
5222
2457
w3
2434
Taking an average position fora'> level of 2r0, it is found

s 986 CW\-!

s 1639 ow'

that the lower state of System A 1ie¢s near about 1310 < gbove
X T ground state of Zr0s Absorption is clearly possivle from
& ‘S state. The upper (-7 level of the system 4 is at (1310+
27151.00) or roughly st 28481 ',

A8 hes already been mentioned, adoption of the 'S levels for
the singlet system A is provisionals If It is proved thsat states
ather than 'S ars involved, the lsvels ‘Zv should be altered

acoordingly.
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BXTENSLION oF SYSTEM

In deseribing the work of Wiss Lowater, on the mnalysis of 7r0
bands in the vieible, it haa been mentioned that system < was
somewhat incompletes The Deslandre's Table of HSystem o produced
on the pages previously, wea conatructed by Eiss Lowster. Though
the snalysis of the system was no doubt gorrset, it was thought
worthwhile to try to complete it, and to remove serious gaps and
discontinuities if pogsible. |

Very satisfactory speetrograms of the triplet aystema of 20,
«,p end 7 4n the visible were obtained, Doth on the ten ft.
grating, and the Large Littrow. ITus best source of the spectrum
wae the flame !hoening from the anode gcup of the Zr Are in malst
iydrogen, but the Irf, unsteady, rapidly oxidisling arc proved aluost
ag satisfectory. In both these ssurces, the ztomie spectrunm of doth
tha electrode material and Zirconium itself, was suppreased so much
thst comparstively fow atomic lines could be traced in the speetroe
grongse This helped in deeidlng the ahape and gharscter of doubtful
heade$ and allowed weaker bands > Decome conspicuous.

% few bands found in front of {0,1) Ry snd {(0,1) 2,
heads wers elessificd by Miss Lowatsr as for (3,5)R , amd (8,8)R,
heads respsetively. e have also observed a few heads diaplsced
roughly by the same mmount. The theoretically expected displaces
meate for the 2r7%10 1sotopic hesds compared with the known 2?0015
neads are abeut 3.1 ¢ in (0,1) bande. It will be found that the

order of the disnlacement of these hesds suggests that they in
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venlity are the isotopic besds belonging to 2x™0i6 rmlecule,
The wesson thot motoplc hesds t0 other bamde could not be
dincovered, {0 that eidher She bunde ere tou wenk, or &he
displocenente t00 small o bacoma obaervable, or slve thsd
toe isotople bend falle within the maln bands,
Partbereoves ue hove cone to the comclusion that all the
bunds of nyotem o elaseified sp (0.4) by lHies jownter do
vot belong to this system, |
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A 8192 SAHD OF _ZpQ.
ihe band speatruz though fairly ecntinuous in the infra.red is

generally very weak. As the 7 asystem of Zr0 fades out on the
longer wavelengtheside, a few wesker bande becore conspiecuous in
this nesr infrae-red regiony but none of these appsars to fit in
the 7 aystem. This ragion of the bands is such that all the
prominant and a very great majority of the weaker bands have been
assigned to the Y gystem of Zr0. 7The wesk bands at 2 7426(2),

A 7494(3) and )\7541(4) are the only unasaigned ones. Their
general weskness makes it Sifficult to ascertain whether they are in
reality three banda of the sace sequence (with Y wh)wnf”: 104 <)

Speatrograms of the region /) 7600«9000 were obtained in the
first order of the 10 ft. grating with Zr0 arg in air as the source,
in the hope of Alscovering other sequences of 20 bands related to
the above bands, and thereby sscertsining the neture of the systea
and ite constants. The experiment appeared to be hopeful, besause
the 7 asystem of Zr0 fades out completsly in this mtoxi leaving
1ittls compliested bagkground. The author failed to discover such
bande, but instesd observed the fine band strusture ts extend from
A7600 to A\7900 without trace of any consplouous heads. Pinally
there appesred a relatively strong band at N8192, which was fairly
well resolved in the spectrogramg end of whigh the banfi lines
could essily be traced right to the heads The band must be about
one tenth as strong as the (0,0)Re band of system 7 , though mueh
stronger than the general Zr0 spectrum in the )\ 8500-8900 region.
In appearance this band seemed to be of very simple structure,
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epparently a F and an R Lranch supsrposed on each other, making it ime
possible to losate the arigm,‘thum being no O branche As this
band does not appear to delong to either systen ¥ or the infrae-
red syatem "I* of Zr0, it should belong to & new system. I1If this
is supposed to be a triplet system the remaining two heads should
be located within 600 and 1200 <w'y  Apparently there is no other
band pesenvling in genersl festures the bsnd at 238192, within the
reglons mentioned. It le therefore unlikely that this band is due
to a triplat aystem. The possibility of quintet systems is farther
remotes The bDand cen thersfors be due to a singlet system. The
presence of a P and an & bransh and a definite absence of &) bLranch
suzgests & ' — '~ transition. The band may very well be the
(0,0) band of this eysteme This is confirmed by the consideration
of the isotopic displacements. Near the head, the branches within
the band are sharp, showing that the isotopic displacements due to
ES*%QJ'S and ZP%QM are amall and unresolved from the main branches.
As one traces the branches farther towards m tail, it is noted that
the braneh-lines begin to become diffuse on the shorter wavelengthe
side, and at 28350 they definitely split into three gomponents.
The weaker two on the shorter wavelength side of the main and strong
branch 1line are due to Zr?20%% ana 2 94p16 respectively. The
isotopic displacement due to the rotstional term . . (A%:130 ew )
ahould become considerabls in this region and be strengthened by
displacement in the vibrationsl term. Other bands of this system
mizht have been expected in the reglons )\7600 and AJ3003 but
as both these ragions ere occupied Ly other apectral features of
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70, it 1s likely that they would be masked by mors conspicuous
band-festurese Within the sequence it is difficult to disecover
the far weaker (1,1) (2,2) bands ete., as they fall on the strong
(0,9 band. However, there appears to be a faint band-hesd at
8210A« This may very well be the (1,1) band of this system.
IRPRARED SYSTEM I OF ZpQ.

There is a further system, in ths infra.red, of very complie
cated structure., Though it has been possible to discover some
relationehips between the bande end construet what looks 1like the
Deslandrals Table for theé new system, the analysis remains extremely
doubtfule.

Attention ::: é’irst. drawn to the banda of Zr0 in the infra-red,
by Yeggere end Elng's publication of the wavelengths of the bands of
Zrd in the infraered region AA 9200-9500. The bands had a very
complicated struetura, and were very weake. It was impossibls to
ident{fy the triplets, which can be expected for Zrd speetra.

Photographs of the Zr0 spectrus in the region AMA7600 - G000
were obtained by the author im the first order of a ten ft. grating
on I.i.E.He plates, with Zr0d are (s) in air, giving exposures of
1020 minutes. A faint and complicated systesm of LDands was
observed between H\)3500~3950, and it was sssumed that this new
group of bands formed a part of the system meationed by m&gan and
&‘ieﬁu?. Agtually, it was possible to assign Meggers' and K—i—as'n
group of bands in the region M) 92009500, to the (O0) sequence
of the system, and the new group of bande discovered by the author

at  \85008950 to the {(),4) sequences It sppears that there are
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five heads to each baﬁd. This does not nece*seax?ily mean that thi_ :
levels involved in this system are quintets, thougi they may exigt
for Zr0. Howeve:;, some gyateme of €0, like the thifd positive afc
known to possess five heads, although the levels involved are only
triplets. Fuch inference about the mwltiplicity of the levels
involved in thie systam "I" of Zr0 can hardly been drewi. |

“ith the bbservational data available, little can be postulated
with confidence, exeept that these compllicated bends of Zr0 'bolohg
to a new system opr systems of Zr0, perhaps involving more complie
cated levele, than hitherto observed for this molecule. Below,
suggested Deplandredé teble for the 2r0 system "IM is shown. Too
much streeés cannot be lald on the accuraey of thae snalysis at this

‘ glage.
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o 1 NE 1
a 1075043
B 10731.4
e 10715.3
d 107001
@ 1058543
2
& 10668.6
] 10649 .8
e 1063242
a 10621.8
8 1059746
a (B28.8)
b B2740)
e (830.8)
da (834.6)
(833.5)

114974 (311.5) 10985.9
1147648 (eanee) wemceee
11463.0 (913.6) 10549.4
1144648 (ewsaw) cececas
1143341 (mmuwe) =cocvas

continued.ss.
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8 (814.5)
5 (mam==)
IR (muams)

| d (wmamm)
¢ ()
a 1143044
b 11180.0
e  eese-- -
& mavman
a 11334.2

& S

b 11236.9

4 o 11272.2

d 1125506

e 11242.5

Fany bands observed in the Infra.red, remain unassigned. 7The |
mejority of these unsesigned bsnde are about as wesk, and fall in
the some region as the system "I, In general appearance, as well,
they are like the bands that havé been systmtiseﬁf Farther thege
are vends in the ssme region, though somewhat weaker, which degrade
towerds the shorter wavelength. (;t. will be not irrelevant to
point out that there were similer weak bands, degrading to the



.73 -
‘shorter wavelength, in the Infra-réd. system of T10,
analysed by Dobroneravin). All these facts make the analysis more
uncertain. However, as has .alreeay.bean #uggaated,' pregent alforts
haveborna fruit only in discovering a relationship between variosus
bands which can scarcely be sald to be an snalysis.

The tentative formula representing the mystem is te

{ 10790.8 }
§ 177149 3

7"
v ;

)
)ézg 1@75&.3-;
( 10742.6 )
{ )
( 10727.8 )

v {862.9(% §) = B.8(v+ 37 )

- {945.80v"B) - B.6(0% 31 )

we’ s 362.9 i’ ‘*Jé( s 945.4 cwd!

Xy 3 8.8 o' %4z 86 cwd
, The values of xu,5are unrelfable, though there is {reater
mccuracy in the ealoulated values of «' and «” . The Zormer
vary from 861.4 to 864.4 i and the latter from 242.5 to 948.1 oW
for the five subehesds, Ths ' 4in the Linal lavel of the
dystem "I is very nearly the ssme 38 the value of «. in the
ground level X °T of Zr0. 3ut it does not prove that x U s
involved in the System "I", due to the genersl unreliability of

the calculated values for w,rand Xl
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SHEAGY LuVilo OF Zr0

In the [ollowing we present s tsble suowing the
electronic configurstions in the ground state of the elenents

of uroup IV o the periodie tobic.

Llement A R ouie gonfigurstion IThe Stase
carbon 6 (2»)* (2p)? 3P
silieon 14 e GpY 30,
Titentum 22  @d)T(am? >t
Ggermanium 32 CYS N \:)1 P
zireontum 40 (Ld)* (s»? 36

7in 50 GM (SPHT 3¢,
afnium 72 BT (6T 3F,

;‘“g 82 G»? (69 3¢,
Thorium 90 (&d)> (787 %

It will be evident fram the sbove teble that the slements
¢, Bi, Ge, 6n and Fb ean be grouped together while Ti, v,

HE andt Th £all {n a separste group. #or brevity's aske
we will refar to the two groups as the ¢ sub«-group and the T4
subegroup respectively.

It will ba observed that the ground state of the axides
of the 7 pubegroup 18 'S while that for the oxides of Ti
sub-group hes not besn gstadblishadé with sertainty. Glucs the
elaatronis asnllsuration in the two subegroups ig dififerent,
it oan easily be concluded thet they may in all probability
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not possess similar ground states. As we already know the
combination of two atoms 1n 37 and 3? states (Oxygen atom) is
expected to give several possible energy levels, such as

‘M,'E, A, '8, 35, 3T, a3 LS ST
etce Amy of these could be the ground state of the oxides
of the Titanium sub-group. Since, singlet and triplet lsvels
have 80 far been identified for the Tio and Zr0 molescules, from
both of which absorption takes place in stellar atmospheres,
considerable doubts have arisen as to the true nature of the
ground etste of these moleculea.

Before the ensrgy lsvels of the Ti, Zr or Hf atoms had

been observed and the electronic configuration determined,
Migs Lowater analysed the (> end 7 systems of T10. She
found that while the X and 7 systems of Ti0 were due to
transitions C 2T] »>Xx3Tlanda ©3Z - %37] , the levels in-
volved in system (> were presumably '\ amd 'S . To
establish which of these ‘Tl 'S or %x>1states was the
ground state of the molsoule, she postulated an an analogy
between Ti0 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 Ne (with S20 and Lz0).
The Titsnium atom in the oxide may be supposed to be deprived
of the two least etrongly 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.
(We know now that this is not true). As the energy levels in
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Ca were in the order 'H, 3?, ‘Py 3§ and 319, the eorresponding
energy levels in the Ti0 in the same order will be 'S 3T\, 'M,
33 awnd 311 as the Osygen atom is inesctive. Xies Lowater
consequently constructed a disgrarn of the eneryy levels of the
110 molecule, whersin & ' state was supposed to be the ground
state of TiO. ,

7ulte regently &‘iurb;l.g19 has mede similar suggestion for
the 20 molesule, Hitherto only triplet states were known
for this wolecule. Herbig studied the fine strusoture in the

23682 band of 7r0 to establish the iGentity of the absorption
fmmra at the same wavelength in some of the 5 snd B type
ptares, He measured asbout 130 lines in this band, whieh had
been photographed in the firat order of a 20 ft. grating, giving
a dispersion of 3.7 A/m.ms Herbig arranged these into a P and
an R branch. Due to the absenge of & Q) branch - not proved
conclusively - he game to the gongluslon that the Dand wae due
to @ '\Z - 'S trangition. As this bsnd had already Leen obe
ssrved in stellar sbeorption, he was in dcubt, whether the naw
IS ar the old X>3T| (final level of system « ( end¥ )
was the ground state of the Zrd molagule.

Some of the confusion in this £ielld gan perhapes de ¢leared
by theorstieal considerations. Keeping to the idea advanced
by Nies Lowater, thet the shells of the Oxygen atom in T10
and similer molecules are closed by the inclusion of two more
electrons in its (2p) shell, whereby it begomes inactive like
Ne (580, Le0), anl the T1 atom (or sny other atom of the same
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group) resembles in eleetronie configurations itz own doubly ion
fsed atom, we £ind that the ground state of the doubly ionised
atoms of the T1 subegroup 48 °F, § or the only contribution
t0 N»s and Z 5 of the T40 (an2 the like molesules) will de
eominy from the 3?2 term, oxygen atem being slresdy insctive.
This will demand that,

S =1l and L=3,
Therefore & 2 1 snd A2 3, 2, 1and0
The only stetss poesible for 40 (end the like molecules) f{ronm
this angle are al) triplats; either 37, 371  *A amd *

Further, without changing the eleotronle confizuration,
but altering spin orlentation of the electrons to obtain singlet
states for the doubly fonised T4** atom, we observe that
these state lie zlichtly sbove the triplet ground atate. e
may therafore sssume thet the singlet states of the TLO snd
290 molecules will also lies slightly ebove their triplet ground
state, e know that X°T) is the only triplet level, which has
been identified to be the lower ons in all the triplet systems
of T10 and 2xrd molsculssy and it should therefore bde the
ground atate of these molecules.

A further polnt of Lnterest is the variation of constants
of the oxides of Gr.lV in their ground state. Whereas the
variation for the oxides of the C subegroup is uniform, it
does not sppesr to hold for thome of the Ti subegroup. Here
the ¥u, and e decresse azgeording to expectation from
710 to 00 (we may suppose that they will be further smaller
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for HED amd ThO), but B s ingrease from T10 to “rO0. This
incresse is very prominent. The author is not awere, where
within » group, ¥«w and 8, for similar molecules have shown
tendencies of varietion in oppesite direstions. They sre known
to inerease or decrasse together. As ) s are ageurately known,
it raises some Goubts about the 5, 88 evaluated for T40 end
2r0. Go far ss the 3 in the ground state of 7r0 {s concermsd,
the author iz convinced that it has been agcurately dastermined
and also eonfirmed independently. This leaves some doudt about
the true value of B for the T1i0 molacule., Birge and Christy
hed anslysed the system o« due to ( 37| —»x37| tronsition and
obtained the 3, D and o eonstants in the X 3T\ and € 37T)
states from rather large J values. Their work has not so far
been gonfirmed by any other worker.

If we adopt the {dea that the vibrationsl ani rotationsl
constants of TL0 and X0 have both beea determined with |
resgonable sceurasy, we shall have to accept a striking charage
teristic for the oxides of the TL subegroup, and that is, Bs
and «: vary manifestly in epposite directions, the former ine
aressing and the latter decreasing with inereasing atomie
weight. This phenomenon, if true, will be the only example
of 1ts kind,



S=IY vy cw! A°
12 o 5 2167.4  12.7 1.85 ® — 1.15 %
28 a0 'z 1240.5 5435 G.7215 0305 1.505
48 o il 1008.1 4.52 2.5352 0.0028 1.618
74  Ge0 b2 985.7 4.30 04704 040029 1.647
90 >0 3 1937.20 3435 0.6189 0.0038  l.422
18 sB B21.9 3.6 0.3488 ——-  1.832
" I . e — o
208 MO s 7223 3.73 03973 0.0019 1.90
232 o N7 e - J— N J—

K Forc0 Beand . are B, and . respectively.
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HNERIY LEVLLS OF ZpQ.

Snsugh has baen 2ald sbout the ground level of Zpd.e It
is now clear that £t is the X >T| final lsvel of the <«
and 7 weystems. This is supported both by theoretical
considerations and by observationsl data. Next above it is
the 'T or 'T1 lower lewvel of the system A. The upper
levels of systems o and Y have been proved to be (C >T\
and A 3Zlevels respectively. Next come the upper levels of
aystem O and a&ttem ¢ both af which share the X >T\
state ss their finsl level., About the (5 systam, there are
8t111 eome doubte in the mind of the suthor. Jiiss Loﬁat.ors
thought that the (> system arose from & 3 T — x2TM)
transition. This demanded that the %°7 multiplet
sepnrations should be 36;? and 44.9 ¢w' prespsetively, and
these are very large indeed. Hiss Lowater was conscious of
this defeet in the diegran which she had construeted, for she
asid, "It would have besn more in conformity with other band
speetra, had the separations in thd up#ﬁr 3T\ state (viz.
¢ >T\) been mors nearly equal to one another, and had those in
the upper (B 3T ) state of asystem ﬁ* been atill smaller.”
Systen (5 eould ezie»a arige from an upper triplet level with
50606 and 59948 ' geparations ending on the X T ground
state of “rO. The upper subelevsl of R, bdand of syetem
lies sbout 1120.4 <% and that of Ry about 559.8 cw’ acove
the lowest subelevel of the upper triplet state, from which
originates the Ry hesd. This will demand that the intensity
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in Ry heeds be muoh ewsller than in Ry heads, whils the in.
tensity in iy heads should be still smaller. I the mule
tiplet separstions in the upper triplet level of system
ware only 36.7 snd 44.9 cws the three By, Ry and R, heads
should be of about equal intensity, thoughk R, hesd should be
sligutly wesaker of the three. (Thie abpurn to be the cose
with eystam 7, &4 22 — X>T\ ), But econtrary to this,
weé £ind that the Ry heads srez about Lalf as intense, and Ry
heads about threes quarters ss strong as the Ry heads in
systen B e Thie aupports the hypothesis that the multipe
lst geparations in the upper triplet level of system ﬂ are
560.3 and 553.3 ¢+ respactively. °>A lavels of Zr0 may be
suppossd to possess such large splituings. The appesrance
of X heuds Behlnd the R heads in syatem /3 provides further
support to the ideas If they are the 2 heads, then they
are in accordance wim the theorstieal demands. The
transition responsible for the Systen (5 appears to be
B 2D —> X 3Tl « %his is 2lso supported by Jahnson's‘
observations. He notes seversl weaker heads to Prineiple
R hesds, which may be ssttelites, |

A table of various molegular constants, for the
identified snergy levels of IrC is given below, in order of
their ogceurrenea. On the next page is the Inergy levsl

dlsgrame
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Since this manuscript has been written, the auther has

come across a contribution by Richard, Barrow, and
» T PR N

Lagerqvist on a "New, Band systemg of Geclt (2B — 2Tl ),
where the splittings in the upper 2\ state have been Found
to be one sixteenth of that in the ZT] state., If it were
assumed that Zr and Ti spectra show the same regularity
as 88 Ce, the upper B3/ state of the }3 system of ZrQ

may very well possess splittings of 26.7 and 44.9 em7t

% : |
Arvmh For F\p\fi, Qamd Y, w3, \)-12\- (l‘(qq;)
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M 0 937420 34346 046133 0.0045 14413 x 10
0T (1310) 975407  F.04 - wve | eee
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eI 21599+5 820,58 303086  ©0.5333 0.0123 1.521 x 10
Crm (48461) 843,75 3415 - ——— ———
DA 2862285  ee- cem wme -
B2 3399367  wee S ee

= These singlet levels may well de 'l or 'A instesd of
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200 Ain STELLAR SPUCIRA,

Mﬂrriliiidﬁﬁtifi&ﬁ ZIr0 in late type Itellar speotra, in
the year 1322, by eomparing the absorption features with
laboratory spectrograms of “irconium Oxide. The long period
variavles investigated oy Rerrill differed Irom the atars of
elags i, oinee they 4id not show the charaeteristie T410 bandas.
He thought that these atars formed a third braneb of the giant
seguenge BAFG, and were relsted to class E rather than to class
He There was s very interesting analsgy bLetwesn the two.
Zirconium and Titanium Doth belong to tue same group in the
periodic table, while the Titanium Oxide bands predomingted in
stars of class K, the bends of Zirconium Uxide appearsd to be
chsracteristie of the new class of atars, later designeted as
Se

Stare in whieh derrill discovered conspiguous absorption

by Zirconiusz Oxide were

R Andromedas

T Cacelpardalis

R lyneis

T Sagitiari
and R Cygni

derxild sqysﬁz "Li many 8 type variables Ti0 bands ere
present. during partvar all of the 1ligat cyule. In the blue
green portion of the speetrum they may becoms prominsnt, and
make the ¢ry uands diffiecult Lo recognise. ﬁqmatimnn, as in
X Cygni, the ehief reminder of the presenge of Zrd is an
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apparent deorsase of shout 7A  in the wavelength of the T10
band st N\4626 eaused by the ZrD heed at 24613, This night
be overlooked in general examination of small aeale spectra.”

The ebave showa clearly that TLD is not exeluded frox the
5 type stars. Even pocullerly simracteristic 3 type stars
show weak sbsorption in TiQ. |

systems ¥ o end > of Zrd have been observed to cauae
strong abgorption in 8 type stars.

The suthor hag examinsd s large Memrﬁ,ﬁni;}h&qrm
Andromedne, » typlesl 5 type stare ¥#hile the ebasorption in
the o system is mainly confined to the v'= O progression
(viz sbsorption 1a U'e- 0 ), (0,0) Ry, (0,0)Ry and (0,0)Ry
bande appearing sonepicuously, a weaker absorption from the
Uz ' level is also beyond doubt, the bands appeering most
strongly being the (2,1)R, end  (2,1)Rge This shows that
the temperature in § type sters eurrdaponds to suveh magnitudes
that quite an appregiadle f{raction of 7r{ molecules are main.
tained in the V=| level, which is about 937 ' sbove the
Uz 0 level of the ground state of Zro.

Bany unclassified bands also szppear in absorption An
exanple 1s a single 7r0 band st )\4736.9, whose assignment Las
not yet been poeaidis. The strong am:'puan in this band
suggests that it srises from absorption by the ground state of
or0. ‘That other bsnde of the triplet gannot be found in the
nelghbourhood of ) 473649 band, might be due to upper levels
of the band being laverted, whieh will csuse large separations
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in Lhe bande srialng from dilferent levels. This may provide
& ciue wiloh will unlock the smystery of tue unsscizned bands,
and help systematise them,

in 1533, ﬁicharﬁaunﬂs tried to provide a theoretical
backgrourd for understenilng the diffurenges in the & and the
% type stare. Using Zoha's squstion tor dissocietive
ecullibrium he tried to determine the relation betwesn the
Lempersture and pregsurd of the stellar stmosphere, and the
aesorptior by the molegules of {10 and ZrOjthe sjuation he
usel wes 6y |, 5
o K 52D 3T g hogMrlop Qe Bog (- i) -Rog -2t 6f
| P x>
where £ 2 Tz (x frastion of dissociated molscules)

i % Hest of dizsseiation 75 V for Ird ané £.59

for T10.
Mz M. B - M_ﬁ

Bs Mz-rO ’ © M0

w Fze Yo on fiﬁigﬁl
%2., Po) %Ti O

I 2 M re?

4
]

and Y s U, C

vhereas the moment of ineriie of 710 was known %o
riotardseon oy Christy's work, no such dats ware avellable to
nim for Zrd. Morse relation, vim

n3 W, v  constant
holés frirly well for a wide varlety ol elsetronic states,
even of diffarcnt molegules. wlchardeon computed values of

n3 W, for nll the metaliie oxides for wbich these
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gquantitics were known. By plovilng thess resulis against
the logarithus of the At. Wh 5 the metnls, s roughly
lineer reletion was ohbtained. Thie progess zave for
Zr0
rewn fe¥ X 162"*“:'»
Tnéd x 20 9w o

It will pe found that this computed velve for the monent
of Inartis of 10 1o videly different from the exverimentelly
deternined value of *I® whicek is only 44.717 x,léjdo g e

Egwewer, the chief deterzining f{actor in the equation of
dlgsoclative equilivrium s the energy sf dimscclation.

The results osbtsined oy Riehardson may be gummaeriscd as
followite

*fhe tomperatures of the ¥ and 5 stars probably overlap.
several lines of inquiry indigate that 5 typs etars are probably
lower 1in density than those ol class Me

For o eonstent pressure of 16°° atmospheraes, Ti0 is
rapidly ¢issoeieted ani disappears from the spectra at 3000°
while 7rs is only 608 dissociated. Similarly, T10 is found to
be mueh more sensitive to pressure changes than Ir0, and ean

not exist st & tsmperature of a$5ﬂ° 42 the preszure falls

below  10°  astaospheres.
The fact that Ti0 =lone is found infﬁ‘typc stars can be

expleined 1f thelr density is grester than stare of elass &,

ag indicated by obgervations.™ |

Somewhat analcgous resulte were obtained by Miss Combresier |
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and Tosenfela 2

agﬁravnikartas hag however ghown the exlistenge of
Zireonium Oxide bende in almost all the ¥ type aters, with
varisd intensities. It is observed that the abundance of
Oxygen, Titanium and Zircontium in the atmosphers of the sun is
of the order of 100,2003 100113 and that Iin most of E type
sters the T4 lines of low excitation potentinl ere smong the
strongest in the spsetrum, whereas anslogous 3 lines are hardly
noticaable. This ehows that the abundsnge of Zr in ¥ iype
atars is very small indeoad. Therefors the relstive intensities
of the T10 snd Zr0 bands in red stars depend primarily on the
variation in the relstive abundance of T4 and Zr, rather then
on that of Oxygen.

Sesrching for the bonds of the v system of 7rD in the
¥ type atars, be definitely coneludad that thils zolacule was
present in ¥ typs atars, though the absorption was very weak
pompared with the corresponding sbsarption by T10. Comparing
the intensity of the Zrd )\5473.7, (0,0)Rg hesd of System?
whoae intensity on the laporatory speetrogram is (20), with
the 740 band AN648345, (4,2) Q. whose intensity on
laboratory speetrogram is only (2), the following relation is

obtained.
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The above table ahows f.hat vspriations in the strength of

Zrd ere not so much dependcnt on the density ( o, Her hae seven
times the intensity of Zrd absorption eempared with o Seo
whioh hae about the ssme deneity) or the temperature ss on the
relative abundence of Zireonium f{tself. To quote Zobrovnikeff,
it seems that the variation ol the two perameters T and g
does not explain the behaviour of Zr0 in stars. There seem
to be ¥ type stars espeeclally rieh in 200, among which

(z?ugau is the most remarkable.weeeessit appears that Zr is wholly
oxidised in the atsosphera of [b Pagesi, in qontraet to T4 in |
the ssme atare”

ABSORPIION IN Hid SYSTEUS OF ZrQ.

¥ise Lowater had messured & band of Zr0 at ) 3682.4
whieh is rather weak acmpsred to other prominent bands of Zpd

in the visibvle. This band wes postulated to be the (0,0) tand
of a 'Y — 'S system by ﬂarbizm, whers ha {dentified the
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band in ¥ and £ typs stellar apectra. Ths #xhtmxm of an
unldentified band waa kunowa for long in the stellar apagtra et

N 35632. This Land eould not probably be identified with the
3rY Land et the same wavelengih, becamuse the wavelength of
the band heed of 7rd g8 given By Kiss Lowater apreared to bde
half an sngetros to the longer wavelength. Unfortunstely, due
to some smistake, Miss Lowater gave a wavelength for this band
which wae wrong by &bout the same amount. It has naw bHeen
estabilished Lhat the Land Lesd i st ) 3682.1 and not at
7\36%.4.&. mr::'iu% was the first tO pantion & well marked
molecular bend at )3482 in the speotra of § and late X type
sters, in his desoription of R Andromedsel He later published
the wevelengths of the band Leads and about thirty band lines,

Jotedning some large dispersion stellsr speeirs, and a
spegtrogras of the 35844 &rd band taken in the lat order of &
@) Tte grating, by Dre 4o o Ring, Hervly identified sll Qz‘
the thirty oand lines published Ly MHerrill slony with the \
vend head, with the Zrd bapd st )\ 3532,

He also oheserved sn absorption feature st N 3571
ascompunying the ssesrption of the A3682 band of 2r0 in
stellar spectra. He identified this abzorption with 53!3 y but
suggeated that 3652 was perhaps the (C,0) bans of a2 - '
system of “rd. This syster has now been proluced by the
suthor in the Leboratory. It will be found that the A 3571
stellar sbsorption feature gorresponds with A 3571.% (1,0) band
of 700 of the same system he This seens praferable Lo the
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possibility of sbsorption of OH .

Both bands at )\ 3682 end

A 3571 are in the U '- o progressien of the system A of Zr0.
Below & table of stars in whieh ) 3682 and )\ 3571 were
observed by Herbig is reproedused.

Stare.

[ Peg
A Her
R Hyas
o cet
R Can
R Ser
R AQl
R Ord
R Leo
X Cyg
R And

Type.

A

M2
u3
Kbe
¥be
Kje
¥7e
¥7e
¥Be
¥Be
M6e Se
Be

iaz
Absent
Weak

. Weak
Variable
Nedium
Hedium
Very weak
Very weak
Very weak
Very strong
Strong

Strength of
A3571.

Invisible
deaak

Very weak
Yeak
Kedium
Teak.

AR

The suthor has examined a large dispersion spegtrogran of

R Andromedas.

strong, a6 mentioned by Herbig.

whigh aleo seexm to be present aret

A 35719
A 35899
%\ 3682.1
N3700.1
\ 381843

(8) (1,008
(6) (2,2)A
(1)  (0,0)A
(1) (1,1
(4) (G, 1)A

N 3682 (0,004, and (3571 (1,0)A are quite
Other Lands of the syatem A "

Conspiouous absorption.
Faint absorption.
Conspleusus absorption

Leas conspicusus absorption
Less conspicusus absorption.
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Unfortunstely the region A) 34503520 of the R And.
spsetrun 1s not aveilable, and so it ia not possible to decide
about absorpiion of system © + I ebsorption were observed,
1t would perhape provide s clue to the lower level of Eystem d.



SIRCORBRILUE FLUORIDE
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ZIRCONIUN  PLUORIDE.

Introduetions

Havinz explored the warious systems originating fream 2r0,
an effort will be made to deagribe a band systan due to ArfF,
whieh in its general appsarange is so compligated that there is
1i{ttle hops of » suceessful analysis. So far ss the present

suthor is aware, no bend spegtrum has hitherto been reported
for ZrP. Before procesding to deseribe the system, it will be
relevent to survey the spsetrs of the correspending fluorides
in Gy IVe Einee the only fluoride speetra so far reported or
snalysed belong to those of the C subegroup, we ars obliged to
give a brief ceseriptiocn of the spestrs of molsoules 1like 51P,
EnF and POF, although the gcorresponding fluorides of the T4
sub-group will essentially be different.

FIUORIDES OF THE C SUBGROUP.

Several systeczs, many of them very extensive, are known
for the fluorides of this sub-group, the only exeeption being
C and Ge, for whose fluorides no band speetrum has been reported.
For 34F¥ three well developed systems hava been observed and
saalysed by Asundi and swalﬂ o Two of these SiF systems ware
rotationally enslysed by E. He ﬁystnﬂ. For Saf six systens
hawvs been reported, of whieh two still remain unanalysed, whils
the rest have been analysed by Jenkins and ﬂoahutorzg * Below,
we reproduge the table of vibraticnsl constants in the ground
stats of the fluoridez of the € subegroup.
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TABLE OF Tie VIBRATIONAL COMBTANIS IN THE

WOLECULE  PROBABLE we
STATE et s Rao i
8ipP X 27 B65.7 4.7 0.5795 1.599
oy i 58249 2469 -~- e
%27l
( | 5876 265 ~ee —ae
PoF e 50702 2430 = ———

If the vibrational constants in the Fluorides of the T4
sub-group alse follow the same relation it might bs deduced
that the esxpected magnitudes of w. Lor Zrf will be betwesn
600640 cw'and for TAF between 700750 ¢~  But there is no
reason to conelude that the relation holding good for the
fluorides of the C subegroup will hold agourately for the T4
sub=group. In the case of Oxides this relationship is very

looses

TLITANIUE CHLORIDE SPECTRUM.

The molecules which misht have bean expacied to have a
apectrum analogous to that of Zrf are TiF, HIF and Thie Ke
speetra have 86 far been reported for either of thess. It
will be reasonable to assume that the halide spectra of the
saze element will exhibit similar charecteristics, vis TiF in

general gharacteristics will be very similar to i and po
T4 c? will exhibit ehsracteristie similar to Zr? ss well.
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This 18 the nearest molecule known whoss spegtrum could be
desaribed to be of the same type &s ZrF.

The apsetrum of T1 (2 has besen known for a long time.
FowlarsC as early as 1907, reported three bands of this moleculs
at 41395, 4192.7 and 4138.0. Latar chrutyé also observed
the speetrum in s digcharge tube,; under similsr conditions,

In 1937, Parker and More3l photographed the opsetrum of this
molecule on large dispsrsion: The ssurce they used was a high
valtege low eurrent sre, in & vesuua tight flask, in which was
plased liquid 'ﬂ.c&L\. The vapour pressirs of Ti A, in the flask
gorresponded with the room temperature. The other source was
s discharge tube of external elestrode type, wharein the
pressure of flowing Y1 , wapour eould be adjusted acoording

to rejuirements.

The region of the
strongest bands was Detween 4150 and H42003 and it wes
found that six sejuences of bande, with similar spacings
between ¢onsecutive hesds for corrsspondin: bands overlapped
aver ssoh other in this region. The segusnse lying to the
extraze red was the wezkest, and only one band ¢ould be traced
Zor 4t. The naxt ssjuenge was the strongest of all, and the
band heads in this sejuense ware supposed by Parker gnd More to
form either in the P or in the Pz branch. (They suppesed the
transition involved was 2T\ — 20 i\ = 2Q eonsequently
two P branches).

Ali aix sequences wors supposed to originate from v :v"
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transitions, vis eagh main band of the (0,0) sequence was
supposed to have alx sub<heads. Other reguencea of T4 2 are
extresely wesk. Benda due to O=U'r! gannot Be traged,
while only enc bond heed saeh is knosn for thae (1,2) wud (2,1)
bende (of twelve Dand hesds for two zain bends)s. These ware
supposed to belong to the Py . heads. Many wesk bands have
been laft uncleseified in the region of the (1,0) and (2,1)
bands, whose waﬂlﬁﬁym or wave.numbers have not been
reported. The assignment of the (1,0) «and (2,1) bands was
decided upen bsgruse they scoupied positicns waereby the W’
for T4 (! geme to 456 <wi's  The expeetsd magnitude according to
Parker snd ¥ore war Detween 420 and 480 <

The formulae relsting the strongest subeheads in Py or P,
branches is given by Perker avi Kore as followsie

’
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for ?1 or Pa band heads.) - 23820.0+ ES‘OBHC’U-Q—LQ_)- 2.5 Lv'+12-)2'] _E,s‘é.q(vmi),_e_g@'“,zf]

TiCL Spestrum

as ms@yaﬁ by Farksy ;“,“3 Hore.

3 tr
O o4

2

P or P,

0,0 23505.6 (1) 23844.5 (10)

1,1
2,2
3.3
4,4
55

1,0
2,1

23333.1 (9)
23361.3 ()
24030.1 (6)
24106.8 (1)
24191.7 (ol)

24342.8 (3)
243%2.3 (2)

23864.3 (4)
23322.5 (&)
23983+4 (4)
24057 .4(bl)
241356.3 (3)
24225.2 (1)

23871.3 (8)
23330.8 (8)
23995.6 ()
24969.5 (5)
24147 .4 (D)
24233.4 (0)

23890.8 ()
239463 (5)
24013.2 (5)
24079.0(bl)
24178.3 (1)
2427446 ()

23505.4 (5)
23965.4 (3) ¢
, )
24033.7 fhx}?'
24112.7 Q)
24206.3 (O)
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Parker and More, after carrying out this snalysis
concluded thet the strong sejuence was perhaps due to P branches
the wesker bends were due to hesd formation in Q branches,
while the faint 23805.6 o head was perhaps due to s sattelite
brameh. They therefore postulated that the transition
responsible for this system may well be a 2T1—*A op 2\ 23 ,
Both of whieh have not very strong < braaches, but prominent
sattelites. Jur objection ls to the expsated multiplicity of
the levels involved. Theoretical considerastions demand
gquartet levels. The compliostad nature of the spegtrum is
periiaps due to this high multiplicity.
EPECTRUM OF Zo¥,

EXPERIMENTALt« A complicated band strueture in the regien

A1) 4500-5100 was observed in ths Zr#, arc whieh gould not be
sttributed to 2r0s The conditions of excitation, and the
nsture of the speetrus ¢ll suggeated that the aspeatrum was due
to Zxfe The source of the specetruxz was an are in sir gon-
taining 2e¥, Tunning ot 4 - S amps with 110 volts D.C. Thia
are has alresdy been deseribed under the heading "sSeuree (b)Is
The stealy and colder Zr?, are.” <The electrodes were of
coppere. The lower one hed been shaped into & ¢ylindrieal eup
with walls of about (.5 Sere. thicknsss, and 1 cwof depth. The
cup was supported on the pole by a eopper rod (forming a neek
to reduce heat eondugtion) ebout half a cw in length, and

about 8 men. tn thickness. The upper elsgtrode was rather
thieker to facilitste rapid coniuction of Leat from ity aemd
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this formed the eathode. The anode cup was £1lled with
2P, + EF » nH0 (water present dus to hydrste formstion).
The are, initislly etruck detueen copper surfaces, heated this
~ mixture in the snode cup, H,0 and EF wers the first to
vapourise. Later wien most of these had escuped, the
temperature showed signs of inereasing, end the s0lid material
melted into a red hot liquid in the anode eup. This evidently
was molten ZrP a* Ag the temparature increassd, mors end mere |
vapours rose from the cup, and condensed on the anode«cup walls
and on the aathode, forming a proteetive coating of ﬁ'?‘ and
Zrl, on the Copper surfsces. Being hot they remained gone
dueting and saintained the arce. This supprsssed the speetrus
of the Coppsr vapours appreciably. At this stage the current
in the are had to be adjusted very cerefully. If the tem-
peraturs of molten ZrF, resched = eritical valus a rapid
oxidisation set up in the cup itselfl, burning the wholes of
the fluoride in & matter of 30-50 sees., and raising the teme
parature very greatlye The oritical temperature evidently was
the "Ignition temperature of ZpFy." The anyde gup had to be
kept below this temperaturs, oW&u the oxidisation of
ar¥ . lefy no tracé of the fluoride, and one fallsd to sbserve
thes complicated Zr¥ bands in )\ ) 4900-5100 region, in the are.
In the gold and stesdy arc the vapours of mu rising abeve
ths molten Zr?, were sxcited in the are, snd wers gradually
oxidised en thelr journey upward. Consequently Zr# bands
gome up most strongly from the gentral ars above the ancde eup,
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thoee due to Zr0 being much weaker; asnd as ox‘m\ photagraphs
the speotrum higher and higher above the anode gup, the &P
become predominant until Just below the esthods, ZrF fades
out lesving an slmost pure speetrum of ZrO.

The arc¢ was slgo run in atsmospheres of Hydrogen and
Nitrogen. Unfortunately the are eould nast be manipulated as
before an? the atomie speetrum, masked the speatra of both
ZeF end Zr0. The latter were evidently due to impurities of
Oxides in the Zr¥y mixturs.

Effort was also made to exeite the ZrF spesatrum in the
discharge tube. For this purposs a amall quantity of ZeFf,
mixture wes placed in a constricted quarts capillary, of a
high eurrent discharge tube, used by Frof. Fearse and Dr.
aaydon32 to bring up the hydrides of heavy metals. The tube
was evaguated and the discharyge was ruﬁ in atmosphere of Hjye
It appears that ZrP, attacks the quarts, because whereas SiF
shows up at low temperatures, no trace of ZrP is found; at
high temperatures vapwriuuun of guarts is evidenced dy the
prasence of strong Si0 bands. |

The speatrograms on whigh measurements have been taken,
were obtained on a Large lLittrow spegtrograph with a 30' dense
glass prism. The dlspersion rangsd from 5.01 A/m.m. at ) 4850
to 5.76 A/m.m. at ) 5100.

On the next page are tabulated the wavelengths and wavee
numbers of the band hesds, observed in a Zrf 4 0% and attri-

buted to ZrPs - spectrogram of the 7rF speotrum will be found
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in Table I1I at the end of the thesis.

QBSERVATIOHNAL DATA

BARKDSE OOF ZIp¥

4357.25 (0 20414.0

4897.88 () 20411.3

4335.24 (0) 204057

A306.38 (2) 20376.8

4911.37 {2) 203552

4914.76 (2)  20341.2

4316.33  (3)  20334.7

4320422 {2) 20318.6

4921.58 (%)  20313.0

4326.398 (4) 20291.2

4932.,12 (%) 20269 .6

4933.38 () a&a&d.s

4933495 (4)  20262.1

5026.15 {(0)  19890.4  Doubtful
5034.16 {0) 13858.8  Doubtful
5044.08 (1)  19819.7  lLine like heads
5052027 (2)  19787.6  Line like heads
5061.18 (3) 1976248 Line like heads, spuriocus
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DISCUSBILON

from the previous table it will be found that the Dands are
extrezely atfficult to analyse. Thie will also be evident from
the appesrance of the bands, whose photograph csn be examined on
Plste III. In two or three ¢ases whore differences show gome
regularity, this sppesrs to be due to chance rather than |
representing a sequence, Degauss many elrong baenis ¢annot be :
related to thess Aifferences. The strusture of this systemtmiy
be revealed when speetrograms of better definition and free from

ovaerlapping Zrd Ganda heve been obtained. |

Further, it is also possitla that there are two overlapping
syetems ln the same region. There sre vands which sre closely
double headed with small separations, while other bands are
sharp aﬁﬂ single hesded.

It ie hard to guess the nature of the levels involved in
this system. The compliceted nature of both iri and T4
spectrum suzgests that irannitianu more complicated than

AT~ *N or A - 23 , ss suggested by Parker and uarc”. are
involved. Ve can make some gueas about the nature of the
ground state of Zr®. The ground states of the two atoms are

r, and? P, A combination of these atoms will make possibdle
gitotes whose nmultiplicity will be 2 and 4 like 1y 271 42 um
eto. This shows that the ground state of P gould be either a
doublet or s quertet. #Further, if we suppose that one elsctron
from the Zr atom goes over to closs the Pluorine (2p) shell in
the Zr? molscule to make it insetive (850, LgO) like Ne, then
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the term nature of the remaining eleetronie configuration of
the Zirconium stom 1s determined by 4F ;  whiech is the deepest
lying stete of the () (2)* (:0)° (32)* (s¥)° (2d)"
(429*  (ap)> (2d)  (5») eonflgurstion. The above gone
fizuration of elastrans of the Zirgonjum aton coatributes with
L=} and 5'3. Sinoge tha only effegtive aontribution towards A,
comes from the slectrona of the Ziresnium atom those from the
Fluorine being supposed to be balanced, it is avident that /\
will be either 3, 2, 1 or 0, iince
ANg L, 1Lel, LeZ 440 0

But since £ ie¢ supposed to preserve in tha molecular state,
the deepest lying state will aither bé aRZ 4Tl yA or 4 ¢
This showse that the ground state of ZrP will presumably bLe a
gquartets The same should be true of T4, Tie epectra of both
thase molecules sre so complicated that il seems reszsonable to
assuma that they origlnate from jusrtet lavels, as doublet levels
will £ail to explain the wsny hesda cbserved to each main band.
This consideration appears to furnish a yeady sxplanation of the
gomplex nature of the speetrum of Zrf. For suppose the tran-
sition involved 18 "> — “T| then eight hesds to sach main
band should be cbserved. If the eight (U,0) heads and eight

{1,1) heads fall over one snother, it will becoms extiremely

d4ifficult to discover sny regular differences corresponiing to
different vibrational levels, and hense the difficulty of
elaggification. The complexity will be all tha more troublee
soms if the different heads of the main band differ in their
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intengity ae welle It is the author's opinion thet the Zrd
bands whigh have been suserved ere in the resonance gystem at'

this molecule involving quartet levels.
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ZIBRCONIUM BYDRIDE.
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ZIRCONIUK HYODRIDE.
Efforts have been made from time to time to obtain the
speetrs of the hydrides of titenium and sireonium. If there

are any systems corresponding to these molscules, it is wvery
probable that they srs also prasent in stellar spagtira.
Titenium and Zireconium show up atrongly in most of the late-type
stars, both free and condined with Oxygenms It i8 not therefore
unreasonable to expeet that TiH and Zrd will slso ceour in
stellor atmospheres. Not until their speqtra have been proe
duced i{n the laboratory, will it be easy to diseover eorrespone
ding ebsorption in stellar epectra, which can be attributed te
either of thege hydrides. These considerstions cdamand efforts
to0 produge ZrH and TiH speetrs in the laboratory. Meny workers |
have tried to produge the speetrum of TiH, without success.
0f the methods employed Ly them, the present author is ignorant,
&8 no details seem to have been published.

EAPERIMRNTAL FEQC§BHR§.

Three methods, already proved to be wery efficient in
exciting the hydrides of the heavy metals, were used. These
ecan be described as

(1) Low voltage sres in Hydrogen.
(2) Bigh voltege ares in Hydrogen.
(3) iHeavy current discherge in Hydrogen.

The experimental details of the first two hardly need sny
deteiled description, as they are aof the very usual iypcs
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employed so frejuently. The only thing worth being mentioned
is that the arc was run between pure Zireconium eleetrodes, as
well as between copper and garbon poles, the lower of whieh
had been filled with 7ireonium powder. Both the low and the
nigh voltege srcs, fail to develop any conspieusus flsme., With
high voltage arcs the sre appesred to be unaffeeted by varistion
in pressure of Hydrogen. The pressure of liydrogen was variad
from a few m.m. Lo atmospheric pressure. Higher pressires of
Hydrogen csuld not be tried, though perhaps thia might be ex-
pected to help the exeitation of TrH.
The ares showed up strong atomie lines, both due to Zr and
with faint 2r0 bands, which could not be completely
eliminatad. There was no strusturs visible, whieh might be
sttributed to Zri.

(3) ZIRCONIUM IN DISCHARGE TUBK.

“

ir

Having falled to exaite miréoniw Hydride in these ares,
sttention was diverted to a heavy current discharge tubs. That
used was a2 slightly modified form of the heavy current dise
csharge tube (with constricted quarts eapillary) used by
Prof. Fearse and Dr. aayémm to vaporize metals like | Chronium
and Hickel. 7The essentisl features being the same, the
modifications will be deseribed briefly.

A1l rubber conneetions from the vacuum systsi: were removed
end replaced by glass and quarts. The chief modification was
in the metalering support holding the cinstricted quarts
eapillsry in the middle of the discharge tube. At first these
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metal ringe were replaced by funnal sheped pyrex tubes,
sealed together. The funnel shaped tubes were of such
dimensions that they left little space batum the walls of the
tube znd thelr oswn externsl surfsee. They were however eapsble
of smooth movement within the tube. The quarts gcapillary was
held tightly between the funnel ends of thase tubes, thus
foreing the Adischarge to go through the capillary. It was
however found that the funnel ends of the pyrex tubas got red
hot and oracked after each operation. Further to the dise-
advantage of the experiment, strong ilmpurities of Na, ¥z and Pb
were contrivuted Lrom these funnel snds of the pyrex pieges.

Later on, eonsiderable improvement wes noted by the use of
guarts rings, in plmzé of the fvon ringe or the pyrex tubes.
These rings were similar in their gonstruetion to the iron rings
used by Praf. Pearse and Dr. Gaydon to hold the quarts eapillary.
Instead of being sarewed together like irasn-ringe, the quarts
ringes used to be sealed together, after putting a new eaplillsry
between them.

The improvements noted could be deseribed as follows.
“hereas with the iron pieee in the discherge tube, it waa found

that higher pressures of Hydrogen eould not be used, as the
discharge broke into two seotions, no such Aifficulty was
experienced when pyrex tubes or quarts rings were used. In

fast the pressure of the goe could easily be increzsed ty

uﬁr&l Wagte, ¢ho8 the Juarts eepillery hud Desome ved hot. The

rige in pressure wes aceompanied by lewring af the ecurrent in
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the tude, but the latter eould always be adjusted by decreasing
the resistenge in the primary of the trana former. (furrents of
the order of 1.4 smps and 2.8 amps at 5000 and 2500 volts were
passed through the quarts eapillary at relstively high pressures
of Hydrogen, in fact a0 high that it was impossible to re-start
the discharge in the tube, onus the Juarts eapillery hed been
eooled down. As higher pressurs of Rydrogen in the tube 1is
known to sssist the maintenanee of higher temperatures in the
quarts eapillary, it is ressonable to assume that the temperase.
tures reasched were higher than those hitherto obtained. This
must have been further assisted by the drop in the conduetion of
heat along the quaris rings. However the limiting temperature
should be determined by the %mﬂntien of the Guarts ¢apillary
itself. This should keep the temperaturs down.

#ith the above modifications in use, powdersd Zirconium
was originally plaged in the eonstricted DPortiom of the quarts
eapillary. Even with very high currents through the quarts
capillary, the author fsiled to £ind any trace of the Zireconium
spegtrum, which showed that Zirconium was not vaporising at all.
The speetra of 81, 510, 510, and §10° were manifestly very
intense, showing that quarts wes vaporising very rapidly.

The boiling point of Zireonium is sbout 1000°C abovs that of
quarts, and consequently the failure of the suthor to vaperiss
Zirconium im querts oapillsry.

Prof. Pearse suggested tbat instead of putting Zirconium

in the espillery, it would bDe better if the metalliec powder
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wers packed through the quarts eaplllary, snd & thin metallie
wire drawn through thie packed powder. This would give, for
practieal purposes, a Zirconium powder gapillary of amsll bers,
within the quarts eapillary. As the heating is confined to
the inner surface of the eaplllary, it wes reasconable to assume
that the inner surface of the Zireonium esapillsry might be
bested above its beiling point, as there wae little eonduation of
beat to the walls of the gquarts espillary.

Ssversl euch eapilleries were prapareds end the very first
effort was orowned with sucesss. The presense of the strong
7r and Zr" lines on the spectrum, previded the evidensce that
Ziveonium ¥as in Csot vaporizing. This spestrum of Zircenium
eould in faet be maintained with relatively ssall gurrents
through the Tireonium eapillary. The impurities due to 84 and
810 were relatively weake Very lnng exposuree could not be
obtoined, as the Zireoniun easpillary v@c vaporised in 10 - 15 m.
exposin: the surfaces of the quarts eapillary, whence im-
purities of 54, 510 end swa marred the spectrum. One such
speetroyran is shown in Plate IIJ. Zireonium arc and spark
linee have baen msrked by 2r snd Zr' respectively. The
latter appear to be more intense than the former.

Howavar, no avidenee of sny struciure, which could be
 attributed to 7rfl, was found throughout the visible and the
ultra-violet.

Tt will, therefore, be noted that all of these three
methods falled to sxoite ZrS. It is possible that the use of
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high pressures of Bydrogen might prove more Lfavourablas.
This has not yet bLeen tried by the author.
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DESCRIPTION OF PLATAS.

PLATE L
(1) system © 3 Source ZIr¥, steady are

(2) and (3) Systems O snd A3 Source Zrf, stesdy arc.
{4) Zr0 band at ) 3682, Hource,Zrd are in air.

PLATE Il

(1) 2r0 speoctrum, systems >and 7 § Source, Zireonium
arc in moist lydrogen.

(2) System 5 of Zr0s Source, Irf, unsteedy sra.

(3) System >} source, Erf" unsteady arce

(4) )\ Bl92 band of Zr0j source Zr0 arc.

(5) 7r0 bands in 8600-8900A regions sourece Zre are in air.

PLATE 111

(1) 2rF bendsj Source ZIrfy stesdy ara.
{(2) 2r stomiec spectrum as exsited in a High current
discharge tubs.




. 115 =

On the preceding peges, the author has made an attempt
to deseribe the experimsntal work undertaken by him, sometimes
with success, sometimes with negative results, in order to
study some molecules important for understanding the
ejuilibrium in stellar atmospheres. All this work has been
pursued under the kind guidance of Frof. Re¥.d« Foarse, whosse
clear understanding of the sublect, and e sympathetic
disposition to help the suthor whenever in difficulty, has
more than helped hime It has besn an inspiration for which
the autﬁhr is deeply indebted, and expresses his deep sense
of otligation towards ilm, whom he owes 80 auch.

The suthor, further, expresses his gratitude to the
*Zunni Central Bosrd of Wagfs, Lusknow, (India), who
finaneed the present work by swarding a sebolarship to the
author.
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