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XII—Rotational Analysis of the Band Spectrum of
Zirconium Oxide

By F. LowaATEr, Ph.D., F.R.A.S.

(Communicated by A. FowLER, F.R.S.—Received September 28—Revised November 29, 1934—Read
' January 24, 1935)

[PLATE 5]

INTRODUCTION

A previous paper by the authorf contains an account of the analysis of the most
characteristic bands of ZrO into three triplet systems, «, 8, and v, and the vibrational
analysis of those systems. It also gives an account of the occurrence of ZrO bands
in the S-type stars and of the previous work of other investigators on the subject.
Plates 1 and 2 in that paper illustrate the spectrum from a 4300 to A 7700 A and
show the very complicated nature of its structure. They are reproductions of
spectrograms taken with a dense prism from A 6200 to A 7700 A and with the 10-foot
grating in the first order from A 4300 to A 6585 A.

ExXPERIMENTAL PROCEDURE FOR ROTATIONAL ANALYSIS

The source of the spectrum was chemically pure zirconium oxide on the positive
pole of a Pfund arc, in which a current of five amperes was found to be the most
effective in maintaining well-defined bands. Spectrograms of system « (the blue-
violet region) were taken in the third order of the 10-foot grating, a solution of
potassium ferrocyanide being used to filter out overlapping orders. Iron lines
appeared within the band spectrum and served as standards ; where these iron lines
were not sufficiently strong, those of the adjacent comparison spectrum were used,
any shift being checked and corrected by means of the iron lines which appeared in
both band and comparison spectra. Eight-fold enlargements were made of the
spectrograms of bands 1,0 ; 0,0 ; and 0, 1, and are reproduced on a reduced scale
on Plate 5.

A small portion of the 0,0 band, consisting of well-spaced lines, served as the
starting place of the rotational analysis of that band and the two adjacent bands,
1,0 and 0, 1. As the 0,0 and 0, 1 bands have a common initial vibrational state
and the 0, 0 and 1, 0 a common final vibrational state, the analysis could be tested
by application of the combination principle, in consequence of which

R(J)~P(J)=F’(J+1)—F’(J—1>EA2F’(J)} "
R(J—1)—P(J4+1)=F (J+1)—F' (J—D=aF" Q)

T ¢ Proc. Phys. Soc. Lond.,” vol. 44, p. 51 (1932).

and
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356 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

Thus, if the analysis is correct, we get from the bands 0, 0 and 0, 1 equal differences
between two upper levels, and from bands 0, 0 and 1, 0 equal differences between
two lower levels. From these equal differences, as is shown below, we obtain the
molecular constants for the upper and lower states respectively. The present paper
contains the rotational analysis of these three bands due to the most abundant
molecule Zr**O and the isotope of next abundance Zr**O.

STRUCTURE, MULTIPLICITY, AND INTENSITY

It has already been shown that system « arises from a transition *II - 3II ; the
separations in the lower substates, obtained from those of system y, which are common
to both systems, are 31T, — 311, = 292-1, 3II, — 311, = 313-4 cm~* ; the separa-
tions in the upper substates are 31T, — 3II, = 304-4, 3II, — *II, = 397-3 cm~'.
See fig. 1.

The dispersion of the 10-foot grating in the third order is 1-7 A per mm ; the
definition is so fine that lines are resolved down to 0-03 A, its theoretical limit for
an infinitely narrow slit at A 4600 A. Nevertheless, none of the bands is completely
resolved in the neighbourhood of the head, nor of the origin. Thus it is not possible
to determine the number of ““ missing ” lines, and hence the Q-values of the substates
cannot be determined thereby. However, in the 0, 1 band a Q branch has been
found in substates previously designated as ®II, ; hence in system « ®II,is 3II,.  (The
discussion on this point will be found below.)

In regard to intensity it will be observed from the plate that in the three bands
1,0; 0,0 and O, 1 the sub-bands (a) are the weakest, the (a) of the 1, 0 band being
too weak for satisfactory analysis. With the exception of sub-band (a) of the 1,0
band, the 0, 1 band is much weaker than the other two ; the difference is greater
than shown in Plate 5, as the exposure for the 0, 0 band was three hours, while
that for the 0, 1 band was five hours. Within the bands the relative intensities of the
lines show insufficient regular differences to give much aid in the analysis ; this
may be due to the true intensities being masked by the overlapping of sub-bands and
of other bands in the sequence. Little significance may be attached to the intensities
of lines recorded in the tables, as they are eye-estimates and merely relative to those
of lines within a comparatively small range. In the 0, 1 band, Plate 5, it will be
observed that there are weaker heads of wave numbers about 3 cm~* higher than
those of the main heads due to Zr*®O ; these weaker heads, as will be shown later,
are the heads due to the isotopic molecule Zr**O.

OBSERVATIONAL DaATA -

Measurements were made in the usual manner on over 2400 lines lying in the
regions A 4452 to a 4737 and A 4827 to % 4914 A ; these regions include the chief
members of the sequences 0, + 1 and — 1. The wave-lengths of the lines were
determined by reference to standard iron lines, those recommended by the I.A.U.
(1932) being employed wherever available ; otherwise, reference was made to the
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BAND SPECTRUM OF ZIRCONIUM OXIDE 357

wave-lengths of lines determined by Burns and WALTERs.T From the wave-lengths
the wave numbers were obtained from Kavser’s table.] About one-half of the
lines measured are assigned to the bands 1,0 ; 0, 0 and 0, 1 of the molecules Zr**O
and Zr**O ; the remainder belong to the other bands of the sequences not considered
in the analysis. For the sake of economy in printing, the tables contain only the
data appertaining to the lines included in the analysis and after the first fifteen lines,
the data of only every fifth line.

In Tables Ia, 15, I¢ are recorded the rotational quantum numbers, the wave
numbers, the estimated intensities enclosed in brackets, and the differences, O — C,
between the observed and calculated wave numbers of the lines forming the R and P
branches of the 0, 0 band in all three substates of the molecules Zr®*®O and Zr*O.
Tables Ila, . . . III¢ contain the corresponding data for the 0,1 and 1,0 bands
respectively, excepting the data for the substate 31I, of the 1, 0 band, which has not
been analysed. Table I1d contains the corresponding data of the Q branch of the
0, 1 band in the 3II, substate for both molecules. Many lines are blends ; when a
line has more than one assignment in the analysis, the number of them is indicated
by a superscript to the brackets enclosing the intensity. The wave numbers are
recorded to the second place of decimals, although in many cases they are probably
not correct beyond the first place on account of the hazy character or close packing
of the lines ; the second place is, however, retained in order to avoid inaccuracy,
occasioned by the addition of the errors of two lines between which differences are
taken.

Due to lack of resolution there is doubtless some uncertainty in the identification
of the lines of very low J-values ; they have, nevertheless, been included in the
tables, the uncertainty being indicated by the differences between the observed and
calculated wave numbers (O — C).

ROTATIONAL ANALYSIS

It has been shown by HiLL and VAN V0LEck§ that in a molecular state classed
by Hunp as case a and comprised of three substates, the energy due to nuclear
rotation and electronic spin is given (using present-day notation) by the equations :

W=+ AAZ+AB[J(J+ 1) — A (A £2)]
+ CEBYAA) [JJ+ 1) —AA£D]+DJ(J+1)*+...
when £ = 4 1, and
W =1B,[J(J+ 1) — A + 2] + 4h*BYA + D, J* (J+ 1)* + . ..
when = = 0.

A is the quantum number for the component, along the internuclear axis, of the
resultant of the electronic orbital momentum and is unity for II states.

T ¢ Publ. Allegheny Obs.,” vol. 8, No. 4 (1931).
1 KavseRr, ¢ Tabelle d. Schwingungszahlen ** (1925).
§ * Phys. Rev.,” vol. 32, p. 261 (1928).

3A2
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358 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

The spin quantum number, S, is unity for all triple states.

T is the axial component of V'S (S -+ 1), taking the values — S, — S +- 1,
— S + 2 and equalling — 1, 0, + 1 for the three substates 311, 311;, 311,, where the
subscripts are the values of Q@ = A + X,

A is the coefficient of magnetic interaction of resultant electronic orbital and spin
momenta.

AA X represents the energy of magnetic interaction of A and %, A A the separa-
tion of the electronic sub-levels.

B is an abbreviation for 4/8r2cur? = 27-66 X 1074/pr?,

where r = the internuclear distance,
p. = the reduced or effective mass,
= 22-41 X 1072 gm.
D is the coeflicient of a term required for the expansibility of the molecule under

4B}

2

centrifugal force ; KraTzER has shown that D, = —
The subscript v is the quantum number which designates the vibrational state and
B.—B,—u(v+}) =B -
D, =D, + 8 (v + %) =D, + B,

where the subscript e refers to the state of equilibrium, and « and ¢ are small positive
constants much smaller than B, and D, respectively.

For the total energy term} we must to W/k add T,, the main electronic energy
term, and G (v) the vibrational energy term. If then we substitute for the II state,
A = 1 we obtain,

for ¥ = — 1,

T(J) = T.+G () —A+B,+B, (1—2B/A) J (J+ 1) +D.J* (J + 1)* +...
~ T, 4G () —A+B,+BJ(J+ ) +DJ (J+H 12+ . .5

for & = 0,
T(J)=T.+G @) +B+4BYALB] (JHD)+DJ (J+) +.05 \ o
for & = + 1,

T(J) = T+ G () + A—3B,— 4BYA+B*J (J+ 1) +DJ* (J + 1) +...,

where for convenience in printing we may write

B,* = B, (1 4+ 2B,/A) accordingas X = 4 1.

1 Jevons, Réport on Band Spectra of Diatomic Molecules,” p. 25.
1 JEvons, p. 121 et seq.
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BAND SPECTRUM OF ZIRCONIUM OXIDE 359

Thus in dealing with the rotation of a molecule in a given substate the only
variable is J. The lines of a band which arise from a transition from one rotational
state, J’, to another, J”, constitute different branches R, Q, P, according as
J —J'=+4+1,0o0r — 1, where " and " refer to the upper and lower vibrational
states respectively. The lines of the R branches of the three substates 3T, — 31I,,
311, — 2II,, 3I1, - 3II, are denoted by R,, R,;, R; and are expressed by the equations
obtained by the application of the transition from J' (= J"” 4 1) to J”’ to equations
(2). Thus, letting vo = T, + G (v),

in Y= — 1, 3Ho:

R, (J) =vo— A+ (B —B") + (B™* + B"*) (J+ 1)
+ (B/* . BI/* + Dl . D//) (J + 1)2
+2(D D) (JH1P (D =D (J+ Dt .,
in ¥ =0,3I,:
R2(J) =vo+ (B —B") + 4 (B2 —B"2)/A
+ (B +B) (J + 1) + (B — B+ D' — D) (J + 1)t
+2D4+D)(J+134+ D —=D")(J+1D*+...,
inT = 1 1,%0,:
R (J) =vo+A—3(B"—B"') —4 (B2 —B"2)/A
+ (B + B%) (J+ 1) + (B* — B"* + D' —D")(J + 1)°
+2(D D) (JH4 1P+ (D =D (J+ 1D+ ...,

where for ease in printing J is used for J”, B for B, and D for D,.

Similarly the equations for the three Q and three P branches are obtained by
applying to equations (2) the transitions from J' (= J"') toJ” and from J' (= ]J" — 1)
to J”, respectively. Thus we obtain :

in¥ = —1,3%0,:
Q. (J)=v%—A+ B —B")+ B*—B"*) ]+ (B—B"+ D' —D")J*
+2(D =D J + (D' =D J 4 ... (4)
inX=—1,3I,:
P,(J)=v%w—A+ (B —B')— (B*+B"*)J+4+ B*—-B"*+D —D")J?
—2(D' D)+ (D —D)JF+..., (5)

With similar equations for Q, (J), Qs (J), P: (J) and P; (J), having the term
independent of J the same as those of the corresponding R, and R, branches.

This modification of the B coefficients from B to B (1 + 2 B/A) in the II, and II,
substates is due to some uncoupling of the spin momenta from the internuclear axis,
as the rotational momenta increase.
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360 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

Q BRANCHES AND IDENTIFICATION OF SUBSTATES

It is well known that the Q) branches in a 3II —» 3II band are very much weaker
than the R and P branches, and are only of appreciable intensity at comparatively
low J-values. Further, in HunD’s case a,T to which the 3II states of ZrO are a fair
approximation, the intensity factors of the Q) lines for a given J-value in the three
sub-bands, 81T, - 311,, 311, - 3IT,, 311, - 3II,, are in the ratio of the squares of the
subscripts, namely, 0 : 1 : 4 ; that is to say, that the first should have no Q) branch,
the second a weak one, and the third a rather stronger one, and even in this case
only the earlier lines, such as Q (2) and Q (3), will be comparable in intensity with
the corresponding R and P lines.

The wave numbers of the lines in possible Q branches in each of the three sub-
states of the three bands 1,0; 0,0 and 0,1 were calculated by substituting in
equations (4) the values of vs, B, B, D’ and D", previously determined from the
R and P branches. The result of a comparison of these wave numbers with those in
the catalogue of measured lines led to the conclusion that the only Q branch reason-
ably well established is that of the 0, 1 band in substate3II, - 311, for both molecules,
Zr*°0 and Zr**O. Hence the 811, substate is 31T, and therefore 311, is 21I,.

Fig. 1 is an energy-level diagram for the three investigated bands and for the 0, 0
band of system y. It shows that the separations of the substates due to electronic
spin are greater in the upper than in the lower levels and that those in the upper
states instead of being approximately equal to one another are roughly in the ratio
of 3:4. This energy-level diagram differs from the fentative one in the author’s

PHILOSOPHICAL
TRANSACTIONS
OF

23056 —r=2
996567 1/:1{ 2231}317
298537 ' ) 9 220
22241-2 , 397.9 3
21843-9 =0 30%1 = ledll
215395 ' v
160484 v=0 0ot "o "o
(T o
Blue Blue
Red, | | & «
Yool
1537-4 ” V 31:1-62 3
12228 V=1{ il
930-8 4 2920
605’5 3034 2}3
2921 /=0 . 10w
v { N 2921 0

0

Fic. 1—Energy-level diagram for ZrO

T Jevons, ¢ Report,” p. 134.
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BAND SPECTRUM OF ZIRCONIUM OXIDE 361

earlier paper, in that the 311, substates in the latter were provisionally assumed to be
311, and the spin separations were consequently smaller in the upper than in the
lower levels. Since the presence of a Q branch in the 2II, substate has shown
311, to be 31II,, the only alternative arrangement to that of fig. 1 would be one in
which the upper and lower levels were inverted, the spin separations would be
smaller in the upper than in the lower levels, but A would be negative and hence the
lowest level for " = 0 could not be that of zero energy.

APPLICATION OF COMBINATION PrINCIPLE AND CALCULATION OF MOLEGULAR
CONSTANTS

From the well-known equations :

R(J)—P ()= @] +2) B + 2D (J+J+ D= aF () ... )
R(J—1)—P(J+1) = (4] + 2) {B” +2D" (J* +J + 1} =AF" (J)... |’

we obtain to a first approximation :

ag+2 7 | aJ+2

The B’s were calculated by application of equations (7) to lines selected for their
comparatively good definition, and of which the J-values were sufficiently low, so that
errors greater than those due to measurement were not introduced by omission of
the term in D in equations (6). The values of B thus obtained with J lying between
11 and 26 differed irregularly from one another by about 0-001. It was considered
justifiable to ignore the term in D, because the second differences of the terms,

ly, -
e A (J) — A (J + 1),
AL F" (J) — AF" (] + 1) 5

were too irregular to indicate any reliable value of the D’s.  From the average of the
B”s from a given sub-band, and the value of o’ determined in the vibrational
analysis, the D”’s were calculated from KrATZER’s equation given on p. 358 ; the
D’”s were similarly calculated. Substituting in equations (3) and (5) the average
value of the B”’s and B'”’s and the values of the D’s therefrom, the v,’s were calculated
from selected lines and the mean taken. Then substituting these three constants for
each sub-band in the appropriate equations (3) and (5), the wave numbers of the
lines of the R and P branches were calculated from equations (84) to (10c), given
below. If any line employed in calculating the constants gave a large difference
(O — C) between its observed and calculated values, that value of the constant was
discarded and the process repeated until suitable values of (O — C) were obtained
for all lines involved in determining the constants. The columns (O — C) in
Tables I to III provide a test of the reliability of the method.

(6)

(7)

and
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362 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

TasLe Ia—R;, P;, R;* AND P, Brancues oF THE 0,0 BanDp

Branches due to molecule Zr?O Branches due to molecule Zr®*4O

Substates : 3[T, = 311, 3[1,¢ — o118

Apead — 4619-823 A, vo* = 21635-70 cm~!

J Rs(J) Oo-—-G Py (J) Oo-—-GC R4 (J) O0-—-C Py (J) O0-C
2 2163855 (3) 40-12 — — 2163855 (3) —0-01

3 (639-02) — 2163152 (2) —0-04  (639-18) —

4  639:36 (16): —0-09  629-84 (3) —0-02  639-57 (16)* 40-05 v
5  639-81 (16)5 10-08  627-97 (2) —0-03  639:81 (16)° —0-16 :
6 63981 (16)° —0-03 62598 (2) —0-01  (639-97) —

7 639-81 (16)5s 10-01  623-81 (3) —0-01  (639-97) —

8  639:57 (16)* —0-03  621-46 (2) —0-03  639:81 (16)5 40-08

9  639-36(16): +0-11  618:96 (2) —0-04  639:57 (16)* 0-05

10 (638-74) — 616-29 (3) —0-06  (638-91) —

11 (638-06) — 613-48 (3) —0-07  638-22 (3) —0-01

12 637-32 (2) 1+0-09  610-50 (4) —0-09
13 63629 (2) +0-05 60741 (3) —0-07
14 635-15 (2) +0-06  604-13 (4) —0:07
15  633-84 (1) +0-05  600-70 (4) —0-07
20  624-88 (3) —0.02  581-22 (4) —0-03
25  612:06 (4) +0-01  557-83 (4) 40-02
30  595-26 (4) —0-01  530-35 (6)* —0-11 531-38 (6)* 4017
35  574-57 (5) 0-00  (499-22) — 500-28 (6)z —0-02
40  550-00 (5) -0-04  464-12 (Zr)? -+0-03  550-55 (3)* —0-19  465:30 (3) —0-11
45 52133 (3)® —0-09  424-97 (ft) —0-14  522:30 (4)* +40-05  (426-51) —

- Blended with P, . . .

— Blended with R; «

50  (489-01) — 382-25 (1) —0-05  (490-14) — 384-11 (2) —0-05
55  452.76 (3) +0-03  335:62 (4) —0-04  (454-12) — (337-73) —
60  412:76 (2) +0-16  285-46 (5) —0-2I — — 288-02 (2) +40-12
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TasrLe 1)—R,, P,, R, AND P’ Brancues or THE 0, 0 Banp

Branches due to molecule Zr?°O Branches due to molecule Zr**O
Substates : s[T, — oI, 81,2~ 31 ¢
~
Ahead = 4637-888 A, vo* = 21551-84 cm™!

J R, (J) Oo-—-C P, (J) O0-C R, (J) O0—-C P.¢(J) Oo-aG

1 (21 553-78) |

2 554-42 (5)® —0-06 21549-13 (4)¢ —0-05 (21 554-59) — (21 549-33)

3 555-10 (8)2 4-0-10 547-59 (5)2 —0-02 555-30 (8)® +4-0-03 ut

4 555-30 (8)5 —0-06 545-76 (3): —0-08 555-32 (10)* +0-05 ut

5 555-52 (10)* —0-01 543-80 (4)2 —0-10 555-80 (12)2 40-12 ut

6 555-52 (10)4 0-00 541-67 (6)* —0-11 555-80 (12)2 +40-12 541-93 (8)t 4-0-01
7 555-30 (8)> —0-04 539-56 (5) 4-0-07 555-52 (10)* +40-05 539-84 (3)2 +0-01
8 555-10 (8)2 +40-12 536-90 (5)¢ —0-12 555-30 (8)5 +0-03 (537-18)

9 554-42 (5)2 —0-03 534-47 (6) 4-0-10 (554 -59) — (534 -77)
10 (553-74) — 531-67 (6)® 40-13 553-98 (3) +0-07 531-87 (6) —0-12
11 553-00 (4) 4-0-15 528-62 (5)% +0-08 ut — 529-10 (2)2 4-0-14
12 551-90 (3) 4-0-12 525-49 (6)t +40-12 ut — 525-84 (2)2 —0-01
13 550-55 (3)2 +4-0-01 521-94 (3)2 —0-08 ut — 522-30 (4)* —0-02
14 549-13 (4)¢ +4-0-01 518-51 (5)* +0-02 ut —_ 518-94 (5) 40-03
15 547-59 (5)2 +0-07 (514-78) — ut — 515-09 (5)* —0-12
20 536-90 (5)¢ +0-01 493-49 (2)2 —0-13 (537-18) - 493-97 (4)3 —0-08

25  521-94 (3)* 40-08  468-05 (3)2 —0-02  522-30 (5)* —0-02  468-89 (1)* -0-11

30  502:40 (6)* —0-03  438-09 (ft)® —0-06  (502-91) — —
35  478-67 (7)* +0-04  (403-88) — 479-30 (4)* —0-03 —
40  (450-46) — 365-19 ()2 —0-11  451-21 (2) —0-09 —
45  417-89 (1) —0-06  (322-41) (Zr) — — — —
50  381-01 (1)® —0-10  275-30 (2) -+0-04 — — —
55 (340-00) — — — — — —

VOL. COXXXIV.—A 3B
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364 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

TasLe Ie—R,, P;, R, aAND P, BRancues or THE 0, 0 BAND

Branches due to molecule Zr*°O Branches due to molecule Zr*O
Substates : [T, — 3I, 8TT4¢ — 311,
Ahead = 4640-636 A, vo* = 21539-54 cm™?

J R, (J) O0-—-GC P.(J) O—-C R, (J) O -G P (J)

0 21540-64 (4)® +40-08 — — 21 540-64 (4)2 —0-09 -

1 (541-42) — 21 538-35 (4) +0-04 541-67 (6)* +0-06 ut

2 (542-086) — 536-90 (5)¢ +-0-02 (542-23) _ ut

3 (542-50) — 535-30 (3) +4-0-06 542-76 (20)¢ -+0-08 ul

4 542-76 (20)¢ +0-01 . 533-40 (4) —0-02 543- 11 (15)2  40-18 ut

5 542-76 (20)* —0-04 531-38 (6)* —0-01 543-11 (15)2 4-0-18 21 531-67 (6)®

6 542-76 (20)¢ +4-0-11 529-10 (2)¢ —0-07 542-76 (20)¢ —0-17 529-42 (1)

7 (542-30) — 526-77 (4) +40-03 (542-47) — 527-06 (4)

8 541-67 (6)* —0-09 524-04 (4) —0-08 541-93 (8)t +0-09 (524 -33)

9 541-13 (2) +0-11 521-33 (3)2 +40-02 541-13 (2)2 —0-18 (521-64)

10 540-18 (2)* -+4-0-10 518-31 (5)2 +-0-01 540-18 (2)2 —0-18 518-51 (5)3
11 539-07 (5)2 -+0-13 515-09 (5)3 0-00 539-31 (5)2 +0-05 515-44 (5)*
12 537-62 (2) +40-02 511-73 (8) --0-05 (537-82) — 512-16 (2)2
13 536-12 (4) +4-0-05 508-07 (4) —0-01 536-43 (2) +0-10 (508-46)

14 534-27 (6)* —0-07 504-25 (5) —0-02 534-47 (6)2 —0-12 504-59 (3)
15 '532-43 (2) 4-0-02 500-28 (6) +0-01 (532-66) —_ (500-72)

20 519-78 (5) —0-02 477-30 (3) —0-03 520-14 (1) +0-05 477-97 (2)
25 502-40 (8)® -+0-12 449-34 (5) —0-14 502-56 (5)* —0-26 450-03 (ft)
30 479-78 (4)* —0-06 416-70 (5)2 —0-05 (480-35) — 417-62 (1)
35 452-40 (4) —0-12 (879-16) — 45297 (1) —0-18 380-53 (3)
40 420-37 (6) +40-06 (336-73) —_ 421-47 (1)3  40-15 338-08 (1)
45 383-40 (3) +0-13 289-56 (2) 4005 384-59 (1) 0-00 291-40 (3)
50 (341-43) — (237-50) (Fe) — — — 239-44 (1)
55 294-65 (1) —0-13 (180-78) — — — —

60 _— — 119-39 (1) +0-04 — — —
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BAND SPECTRUM OF ZIRCONIUM OXIDE 365

TasLe IIae—R,, P,;, R;* AND P, BRancues or THE 0, 1 Banp

Branches due to molecule Zr*°O Branches due to molecule Zr?4O
Substates : o[, — 311, JIREI I
, Ahead = 4827:525 A, vo* = 20703-82 cm—?
J R (J) O—-C Py (J) Oo-—-C Ry (J) O0—-C Pyt (J) O0-—-C
2 20 706-52(12)3(Zr) —0-05 — — 2070979 (3) +0-13 —_— —
3 (707 -20) — 20 699-83 (1) +0-08 (710-34) — 20 703-10 (1) +40-08
4 707-77 (1)2  +0-09 698-16 (1) 40-07 (710-90) — 701-28 (1) —0-08
5 (708-01) — 696-20 (1) —0-09 711-16 (2)2 —0-02 699-27 (1) —0-14
6 708-27 (2)3 -+0-08 694-26 (1)2 —0-09 711-37 (2)2 —0-03 (697 -48) —
7 708-27 (2)® +0-04 692-23 (1)* —0-02 711-37 (2)2 —0-03 695-32 (1)3 —0-14
8 (708-12) — 690-03 (1) -0-02 71116 (2)2 —0-12 693-30 (1)3 +0-02
9 707-77 (1) —0-09 687-63 (2) 0-00 (710-90) — 691-05 (1) 40-16
10 (707-45) — 685-09 (2) 0-00  (710-59) — (688-37) —
11 706-84 (1) —0:07 682-38 (2) —0-03 710-04 (1) +0-06 685-71 (ft) +40-03
12 706-07 (1)  —0-13  679-57 (2) —0-02  709-39 (3) +0-18  682:90 (f) +0-02
13 705-24 (1)2 —0-11 676-64 (1) 40-03 708-27 (4)* —0-12 680-04 (1) +40-07
14 (704 -36) —_ 673-50 (1) +0-01 (707 -52) e (676-85) —
15 703-35 (1) +0-13 670-30 (1)  +0-07 706-52 (12)* 4-0-01 673-50 (1)2 —0-17
(zr)

20  695-32 (1)> 4+0-02 651-64 (4) —0-06  698-56 (1)> -40-03  655-15 (1) -0-02
25 683-72 (2)* —0-01 629-61 (1) -0-08  687-00 (f)z —0-01  633-26 (1) -+0-01
30  668-64 (1) +0-14 603-67 (1)* —0-14  671-89 (1)> —0-14  607-44 (1) —0-03

35 64951 (1) —0-08 574-23 (1) —0-06  653-01 (1) —0-01  578-14 (1) —0-08
40 62716 (1)  +0-11  541-33 (2) +0-07  630-88 (1)> --0-07  545-39 (3)® —0-14
45 601-01 (2)* -+0-13 (504-64) — 604-74 (1) —0-09  508-97 (1) —0-11
50  (571-01) (Fe)  — 464-26 (1) —0-19  575-11 (3) 0-00  468-84 (1)2 —0-12
55  537-70 (4) 0-00 — — — — — —

60  500-91 (3)* +0-19 — — — — _ _
65  460-15 (1)* —0-14 — — — — — _

382


http://rsta.royalsocietypublishing.org/

a4
I\

A A

I ¥

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

%

S

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

366

Downloaded from rsta.royalsocietypublishing.org

F. LOWATER ON ROTATIONAL ANALYSIS OF THE

TasrLe I1)—R,, P,, R,’ aAND P,’ BRancuEs oF THE 0, 1 BAnD

Branches due to molecule Zr®*°O

Substates :

—

—
S © 0N O YR W -

11

12
13
14

15
20
25
30
35
40
45
50
55

31—[1 ad 1 Y

Mnead = 4847182 A,

R, (J)

20 622-97 (1)2
(623-70)
(624-23)
(624 -60)
624-80 (4)*
624-80 (4)
(624 -65)
(624 -32)
(623-82)
622-97 (1)
622-25 (1)t
(621-29)
620-10 (1)®
618-64 (1)2
617-24 (1)
606-99 (Zr)
59263 (3)®
573-50 (1)®
(550-51)
(523-15) (Fe)
491-56 (2)
456-00 (1)
415-97 (1)

O—-0aC
—0-02

~
vo¥ = 20621-06 cm—!

P, (J)

20 618-49 (1)®

617-01 (1)
(615-13)

613-30 (1)
610-99 (1)
608-89 (1)
(606-45)

603-87 (2)
601-01 (1)®
(598-13)
595-21 (1)4
591-73

588-08 (1)
58457 (1)
(563-91)

538-94 (1)
509-92 (4)®
476-19 (2)

0o-C
40-05
40-14
+40-08
—0-14
40-01
40-02
—0-06
40-20
—0-19
—0-07
40-02
+0-26
+0-02

Branches due to molecule Zr**O

3H1i_>3ﬂli
R (J) O0-C Py (J)

(20 626-12) — —
(626-84) —  20621-72 (1)
(627-37) — 620-10 (1)®
627-83 (1)® +0-09  618:49 (1)
628-04 (2)* +0-10  (616-51)
628-04 (2)* -+0-10  614-45 (1)
627-83 (1)2 +0-04  612:15 (5)°
(627 -46) — (609-71)
(626 -96) — (607 -15) (Zr)
62612 — 604-49 (1)
(625 -40) — 601-31 (1)
(624 -44) — 598-49 (2)®
623-38 (1)> +0-11 595-21 (3)
621-72 ()2 —0-10  591-36 (3)*
620-52 (1) -+0-09  588-08 (1)®
(610-24) — 567-53 (2)
596-05 (1)> +0-08 542-77 (4)
(576-96) — (513-80)
554-32 (2) +0-20  480-26 (2)
526-93 (3)* —0-01 —
(495-55) — —


http://rsta.royalsocietypublishing.org/

a
s \
A

ma \

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

JA \

Y 4

o
/i \

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

Downloaded from rsta.royalsocietypublishing.org

BAND SPECTRUM OF ZIRCONIUM OXIDE 367

TasLe IIc—R,, P;, R, aAND P, BRaANcHES OF THE 0, 1 BAnD

A A

Branches due to molecule Zr?0O Branches due to molecule Zr*tO
Substates : 811, — 311, 3IT,¢ — 3112
~ AN
Ahead = 4850-114 A, vo* = 2060873 cm™!
J R, (J) O0-GC P, (J) O0—-C R (J) O0-C P (J) O0—-C
1 20610-67 (2) +0-05 — — 20 613-85 (1) -+0-03 — —
2 611-36 (1)®> +0-05 20606-14 (1)3 -40-02 614-45 (1)2 —0-05 20609-29 (2)* —0-03
3 (611-79) — 604-49 (1)* —0-05 (614-93) — 607-72 (1) +40-04
4 612-15 (5)3 -0-04 602-76 (1) —0-02 615-33 (2)¢ +40-04 606-14 (2)3 +40-18
5 612-33 (5)2 +40-09 (600-84) —_ 615-33 (2)¢t —-0-14 604-12 (1) +0-07
6 612-15 (5)% —0-05 598-62 (2)2 —0-11 615-33 (2)* 40-04 601-83 (2)5 —0-02
7 (611-98) — 596-42 (1) 0-00 (615-12) — 599-60 (2) —0-07
8 611-54 (1) —0-03 594-00 (2) +0-08 614-64 (1)2 —0-04 597-23 (2) —0-03
9 610-99 (1) +40-01 591-36 (3)2 -+0-07 (614-14) _— 594-73 (1) +0-10
10 610-02 (1)* —0-19 (588-45) — 613-30 (1) 40-13 591-78 (1) +40-04
11 609-29 (2)* +0-02 585-49 (1)* +40-06 612-33 (52 —0-12 588:66 (2) —0-14
5 12 608-12 (2) —0-02 582-31 (38) +40-07 611-36 (1)* -+40-06 585-49 (1)* —0-15
13 606-83 (Zr) - 578-84 (2) —0-01 610-02 (1)* 40-08 582-05 (2) —0-14
14 605-35 (2) +0-01 = 575-31 (3) +40-01 608-41 (1) —0-12 57864 (3) —0-04
15 603-67 (2) 0-00 (571-57) (Fe) — 606-99 (Zr) +40-13 574-76 (3)2 —0-11
20 592-63 (3)2 —0-01 550-25 (3) +40-06 596-05 (1)® +40-16 553-70 (1) —0-09
25 577-11 (1)® +0-01 524-22 (2)* —0-13 580-46 (3)3 —0-01 528-01 (2) +0-09
30 557-10 (6) 0-00 494-20 (1) +40-14 560-55 (1) —0-04 497-94 (2) —0-16
35 532-49 (4)2 —0-14 459-20 (1) -—0-13 536-05 (2) —0-09 —_ —
40 (503-71) — — — (507 -55) —- — —
45 470-33 (1) —0-15 — — 474-37 (2) —0-01 — —
| .
i TasLE IId—Q ; AND Q4 BrancHEs oF THE 0, 1 Banp 311, — 311,
M Branch due to molecule Branch due to molecule
<
Zr%0 Zr*tO Zxr*°O Zr**O
[ — — A — A
J Qs (J) O0-G Qs (J) o-C ] Qs (J) O0-C Qs*(J) O0-C
2 20703-35 (1)2 —0-03(20706-51) (Zr) — 10 20695-92 (2) +0-18 20699-27 (1)2 +0-14
3 702-80 (1)2 —0-14 705-94 (1) +40-02 11 694-02 (1) —0-10 697-26 (1) +40-02
4 (702-35) —_ 705-65 (1) +0-14 12 692-23 (1)®» —0-13 695-32 (1)3 +0-14
5 701-49 (1) —0-13 704-59 (1) —0-07 13 690-31 (1) —0-14 (693-55) —
6 700-84 (1) +0-11 704-04 (1) +40-02 14 (688-39) —_ (691-65) —
5 7 699-69 (1) —0-01 702-80 (1)z —0-08 15 686-31 (2)2 +40-12 689-53 (ft)2 —0-05
8 698-56 (1)2 40-03 (701-75) — 20 672-82 (1) —0-15 (676-18) —
9 697-26 (1)3 4-0-05 700-56 (1)* —+40-10 25 656-03 (1)2 —0-07 659-33 (1)2 —0-17
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368 F. LOWATER ON ROTATIONAL ANALYSIS OF THE

Tasre I11)—R,, P,, R,, P,/ BrancHESs oF THE 1, 0 BAND

Branches due to molecule Zr?°O Branches due to molecule Zr?tO
Substates : [T, — =II, S[1 % — 311,
Aheaq = 4469-491 A, vo* = 22364 -58 cm—!
J R, (J) O—-C P, (J) O0-C Ry (J) O—-C P, (J)
1 22366-44 (3)? 0-00 — — (22 364-02) — —
2 367-17 (4)2 +0-11 (22361-92) — (864 -65) —  (22359-53)
3 (367-49) — (360-28) — 365-12 (3)2 +0-08 (357-90)
4 367-66 (4)z —0-05 (358-45) — (365-23) — 356-05 (4)®
5 36766 (4)2 —0-07 356-51 (2)* +40-09 (365-23) — 354-12 (5)¢
6 (367-55) — 354-12 (3)5 —0-04 365-12 (1)2 0-00 (351-82)
7 367-17 (4)® 0-00 (351-72) — (364 -74) — (349-39)
8 366-44 (3)2 —0-14 (349-08) —_— (364-02) — 346-91 (3)8
9 365-88 (3) +0-09 (346-24) — 363-53 (6) (Zr) 4+-0-07 (343-95)
10 (864 -80) — 343-15 (4)* —0-04 362-32(12)(Zr) —0-07 340-74 (4)3

11 363-53 (6)2 —0-08  339-90 (3) —0-04  361-16 (2) -+0-03  337-76 (3)®
12 362-82(12)(Zr)4+0-10  336-39 (4)* —0-10  359-92 (1) —0-01  (334-16) (Fe)
13 360-81 (2) +40-18 33273 (3) -—0-12 35833 (1) —0-10  330-51 (2)

14 (358-84) — 328-98 (1) —0-02  356-51 (5)% -+0-04  326-84 (4)
15 356-84 (5)> 0-00  324-99 (3) +0-04  354-33 (4)* —0-15  322.83 (4)®
20  (343-84) — 301-69 (2) +0-01  341-44 (3) —0-12  (299-68)
95  325.92 (1)® 40-11  273-25 (2) —0-16  (323-67) — (271-43)
30  302:71 (3) —0-05  (240-15) — 300-90 (1) -+0-20  238-16 (3)
35  274-70 (1)* —0-03  202:20 (4) +0-27  (272-87) — (200-83)
40 (241-72) — 158-88 (3) 40-11  (240-10) — —
45  203-96 (2) +0-19  110-62 (5) —0-09  202:69 (4) +0-11 —
50  160-83 (4): —0-07  (057-77) — (159-73) — —

55  113-40 (3) 40-25  000-08 (3) -40-08  112-58 (1)* —0-03 —
60  060-85 (4) +0-31 21937-22 (2) —0-22 — — —
65  002-87 (4)* —0-26 — — — — —
70 21940-70 (2) —0-25 — — — - —
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BAND SPECTRUM OF ZIRCONIUM OXIDE 369
TasLe I1Ic—R,, P,, R, AND P,? BRANCHES OF THE 1, 0 BAND
Branches due to molecule Zr?°O Branches due to molecule Zr**O
Substates : 31Ty — 311, 3Tyt — 311,
P
Ahead = 4471-652 A, vo* = 22353-73 cm—1!
J R.(J) O0-¢C P (J) 0-—-C Ry (J) 0—-C P (J) 0-C
0 22354.78 (3)* +0-02 — — (22 352-36) — — —
4 1 (355-57) . (22352-49) — (353-15) (22 350-09) —
’ 2 356-05 (4)* —0-12  (351-03) — 353-52 (4)* —0-10  348-81 (4) 10-17
3 356-51 (2)¢ —0-04 (349-36) e 354-12 (5)* -+0-04 346-91 (3)* —0-07
4 356-84 (5)* 1013  347-57 (3): +0-10  354-33 (4)* —0-08  (345-20) —
5  356-84 (5)° +0-18  345-50 (3) 10-13  354-33 (4)* —0-08  343-15 (4)* +0-01
6  356-51 (5)¢ 40-12  343-15 (4)% 40-10  354-12 (5)¢ +0-04  340-74 (3)* —0-07
7 356-05 (4)° +10-14  (340-52) — 353-52 (4)* —0-11  3837-27 (f) 10-07
8  355-12 (4) —0-09  337-76 (3)* —0-01  352-70 (3) 0-00  (335-45) (Fe)  —
9  354-12 (5)¢ —0-18  (334-81) (Fe) — (351-71) — 33237 (3) —0-15
10 (353-17) — 331-71 (3) 4-0-08  (350-76) — (329-44) —
11 352-03 (3) 10-21  328-29 (3) --0-06  349-61 (3): —0-02  325-92 (1)* —0-12
12 350-33 (4) +0-07  324-65 (3) -0-03  (347-94) — 32239 —0-03
n 13 348-27 (2) —0-21  320-78 (3)* —0-02  345-87 (4) —0-02  318-64 (3)* 10-06
0 14 346-50 (2) L0-01  316-74 (3): —0-02  (344-13) — 314-57 (3):  0-00
15  344-38 (3) 10-09  312:59 (3)® +0-08  341-96 (3)* —0-06  310-28 (3)2 —0-17
20  329-96 (1) —0-08  288-03 (4) —0-01  327-63 (2)* —0-07  286-10 (3) +0-08
25 310-28 (3)2 —0-15 25824 (3) +40-03 308-11 (3)2 —0-04 (256-44) —
30  285-27 (2)* —0-20  222.96 (3) —0-12  283-53 (2)* 4+0-09  221-66 (4) —0-16
35  (255-19) — 182:55 (3) —0-09  (253-41) — (181-24) (Zr)  —
40 (219-60) — 136-87 (3) —0-07 217-96 (3)2 —0-09 — —
45 178-90 (3)* +40-16 — — 177-32 (3) +0-15 — _
50  (132-64) — — — — — — —
Symbol ¢ indicates that the line is unresolved from the corresponding line of Zr*O ; (Fe), (Zr) that the line is
hidden by iron or zirconium lines respectively. Superscripts to brackets enclosing intensities, ¢.g., (4)2, indicate the
number of assignments of a line. Wave numbers enclosed in brackets are calculated values. v * = v, + (terms in
A and B’s not coeflicients of J).
ol This method of determining the constants is more suitable to this very complex
{ and dense spectrum than one which requires a large number of consecutive lines,
to all of which equal weight is given. '
Table IV contains examples of the combination differences and the resulting
values of B’y* or B', for the three upper substates from bands 0, 0 and 0, 1 ; Table V
contains similar data for the three lower substates from bands 0, 0 and 1, 0 ; Table VI
gives similar data for the upper substates from band 1, 0 and Table VII for the lower
substates from band 0, 1. The data in these latter two tables seem to lack con-
firmation by comparison with those from a second band ; however, the combination
differences [R (J) — P (J)] in band 1,0 and [R (J — 1) — R (J + 1)] in band 0,1
! are indirectly confirmed, as the former are derived from the same branches as
0 [R(J—1)—P(J+ 1)] in Table V and the latter from the same branches as
[R (J) — P (J)] in Table IV. Table VIII contains a summary of the molecular
constants for the upper and lower states.
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372 F. LOWATER ON ROTATIONAL ANALYSIS OF THE
TaBLE VIII-—MoreEcur.AR CoONSTANTS FOR Zr?°0
Upper State Lower State

—

Band s[I, IT, 811, Band [, 8T, T,
Bet 0,0 0-53296 0-52853 0-51854 0,0 0-61198 0-61696 0-61745
B, 0,1 0-53254 0-52570 0-51828 1,0 — 0-61570 0-62078
Mean B, — 0-53275 0-52711 0-51841 — — 0-61633 0-61911
B, 1,0 — 0-51479 0-51302 0,1 0-60604 0-61186 0-60844
o — e 0-01232 0-00539 — 0-00594 0-00447 0-01067
B, — — 0-53327 0-52110 — 0-61495 0-61856 0-62444

Mean D, x 107 -—  —9-055 —8-771 —8-346 — —10-513 —10-754 —10-885

D, x 107 — — —9-009 —8-406 — —10-590 —10-778 —11-088

I, x 10%0 — — 51-869 53-080 — 44-979 44-717 44 -296

r, X 108 - — 1-521 1-539 — 1-417 1-413 1:406

T For substates ?I1, and 3I1,, the B’s are strictly B*.

The comparatively good agreement in the combination differences, illustrated
in Tables IV and V, confirms the correctness of the analysis of bands 0,0 and 0,1
into three R and three P branches ; that is, one R and one P branch for each sub-
state 3II,, 3II; and 2II, ; also of one R and one P branch for each of the substates
311, and *II, of the 1, 0 band ; as mentioned above, the analysis of substate I, has
not been accomplished.

The equations from which the wave numbers were calculated follow :

Band 0, 0,

Q=2

Q=0:

: R, (J) = 21635-70 + 1-1449 (J + 1) — 0-07902 (J + 1)

—89-479 X 107 (J 4 1)3 4 1-609 x 10-7 (J + 1)*. ..

P; (J) = 21635-70 — 1-1449 ] — 0-07902 J?
+39-156 x 10 7 J* 4 1-448 x 107 J* 4 . ..

: Py (J) = 21551-84 — 1-1455 ] — 0-08843 J2

+ 89255 x 107 J* + 1-946 x 10-7 J* -

P, (J) = 21539-54 — 1-1360 J — 0-09891 J*
+ 88-3514 x 10-7J* 4 2-463 x 10-7J* -

L, (8a)

(88)

(8c)
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BAND SPECTRUM OF ZIRCONIUM OXIDE 373

Band 0, 1,
Q=2:P,(]) =20703-82 — 1-1386 ] — 0-0735 J*
+ 38-845 x 10-7J3 + 1-335 x 10-7 J*. ..

, (9a)
Q, (J) = 20703-82 — 0-0735 (J + J*)
4+ 1-335 % 107 (25 + J1) . . .
Q =1:P, (J) = 20621-06 — 1-1414 ] — 0-0900 J*
1 38:763 x 10-7J5 4 1-980 x 10-7J¢ . . . . . . (98)
Q=0: P, (]J) = 20608-73 — 1-1391 J — 0-1025 J?
4+ 37-679 x 107 J3 4 2-166 x 10-7J¢ . . . . . . (9c)
Band 1, 0, |
Q —1:P,(J) = 22364-58 — 1-1305 ] — 0-1009 J°
4 38-047 X 1077 J° 4 2-418 x 10-7J* . . . . . . (108)
Q—=0:P, (J) = 22353-71 — 1-1338 ] — 0-10776 J?
1 89-411 X 10-7J¢ + 2:770 X 10-7J¢ . . . . . . (10c)

The corresponding equations for the R branches are obvious. Columns headed
(O — C) in Tables I to III contain the differences between the observed and these
calculated values of the wave numbers and provide a criterion for the analysis.
The calculated wave numbers for high values of J may have comparatively large
errors due to small inaccuracies in the measurement of the lines used in determining
the constants B and D. One effect of such errors is some uncertainty in regard to
the end of some of the branches. For example, in the 0, 0 band the calculated
wave number of P; (34) is 21387-07 ; this may contain an error of 0-24 cm~* due
to small inaccuracies in the constants; the nearest observed wave number is
21387-34 cm™1, giving a difference of + 0-27 ; so if an error of about 0-004 A
(0-02 cm~1!) were made in measuring that line, it would be uncertain whether or
not the wave number 21387 -34 should be assigned to P! (34). A similar uncertainty
applies to several other lines of this branch and to lines near the termination of other
branches. In these ambiguous cases the calculated wave numbers are given in
Tables I to III, and to distinguish them from the observed values are enclosed in
brackets. To settle these questions by finding other assignments for the observed
lines of approximately the same wave-length, would require an extensive analysis
of other bands of the 0, + 1 and — 1 sequences.

3c2
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374 F. LOWATER ON ROTATIONAL ANALYSIS OI THE

Isororic BANDS

It is well knownt that the total isotopic displacement, that is, the wave number
difference, v\ — v, of corresponding lines in corresponding bands of two isotopic
molecules, such as Zr**O and Zr*O is the algebraic sum of a vibrational displace-
ment,

v, — v, == (P - 1) Ves

and a rotational displacement,

v i—v, = (2 — D v,

where v, is the interval between the system-origin and the band-origin of the more
abundant molecule, in this case Zr?*O and v, the interval between the band-origin
and the line in question ; v, and v, are the corresponding intervals for the less
abundant molecule, Zr**O ; also p is the square root of the ratio of the reduced
masses, that is 4/p/p’.  In the present case obtaining p from the atomic weights, A,
by means of the expression :

po=1-649 x 10-2¢ & 2 "2

we have p = 0-99678. Using the previously determined { values of the vibrational
coeflicients for Zr*°O, namely,

o, =820-58 ; %,0,=3306 ,
0, =937-20 ; %', w”,=3-346 ,

for the calculation of v,, we derive v,/ — v, = -+ 3:160, - 0-187 and — 2-410 for
the 0, 1; 0,0; and 1, 0 bands respectively. For the rotational part v, of the wave
number of the line in question, we have the expression following v, in the appropriate
equations on pp. 363 and 372 and 373. Thus for the line P; (J) of the 0, 1 band, we
can readily calculate v, which is (P; (J) — v ) from the first equation in (9a)
and hence derive the rotational displacement,

Py (J)' — Py (J) == (* — 1) [Py (J) — w5

and similarly for a line of any of the other branches, which have been analysed in the
previous section.

The wave numbers of the lines of the isotopic branches were calculated by adding
the algebraic sum of the vibrational and rotational displacements to the observed
wave number of the corresponding line in the branch of the more abundant molecule;

T Jevons,  Report,” p. 209 et seq.
1 LowATER, loc. cit.
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hence they include errors in those wave numbers. In cases where the line of Zr*O
was not identified, its calculated wave number was used to find the corresponding
line of Zr**O. The wave numbers of RY, Qf and P¥ branches of Zr**O are tabulated
with the R, Q) and P branches in Tables Ia to IIIc.

UNASSIGNED LINES

In the region between the R; heads of the 0,0 and 1, 1 bands there are at most
nine lines which have not been assigned to a branch and only two of these, namely,
v 21546-66 (7) and v 21533-00 (3) are at all well defined ; the non-assignment of
these can scarcely detract from the analysis. Between the R, heads of the 0, 1 and
1, 2 bands there are forty-one unassigned lines, none of which is well defined and
only three of which have intensities greater than one ; these three are v 20654-05 (2),
v 2063736 (2) and v 20628-23 (3). These forty-one unassigned lines may probably
belong to a group of bands which lie in the region between bands 3, 3 and 0, 1, but
which do not belong to system «. Finally between the R4 heads of the 1, 0 and 2, 1
bands, there are seven unassigned lines, all of which are ill defined and may belong
to the unanalysed 311, - 3II, substate of the 1, 0 band.

There are numerous unassigned lines in the regions occupied by members of the
sequences of higher vibrational quantum numbers, regions into which the un-
analysed bands extend ; it is fair to suppose that these unassigned lines belong to
these unanalysed bands. In the 1,1 band, the 3II, -~ 3II, sub-band has been
analysed and a few lines of low J-values in the other two sub-bands have been
identified ; in cases where these lines are blended with those of the 0, 0 band, they
are included in the superscript, used in Tables I to I1I, which indicates the number
of assignments of a line. These additional assignments from the 1, 1 band account
for the abnormal intensity of some of the lines of the less abundant molecule with
which they are blended.

A-TyPE DOUBLING

In Hunp’s case a in a 211 - 3II band if A doubling were large enough to be
detected, every line in 3II, and 3II, substates would be doubled, but the doubling
would be negligibly small in the ®IT, substate.t The R and P branches of all the
bands show no doubling that can be attributed to A doubling of the II levels.

It is with much gratitude that the author acknowledges her indebtedness to the
helpful suggestions and criticisms of Professor A. FowLer, Dr. W. Jevons and
Dr. R. W. B. PEARSE.

SUMMARY

Bands 1,0 ; 0,0 ; and 0, 1 of system « of the spectrum of molecule Zr**O and its
isotope of next abundance Zr'O have been analysed.

T JEvons, ““ Report,” pp. 128 and 188.
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376 F. LOWATER

The 0, 0 band consists of R, R, P and P’ branches in each of the substates 3II,,
311, and 3II,, the presence of possible Q) and () branches in substate 3II, being
indecisive.

The 0, 1 band has the same R, R, P and P’ branches as the 0, 0 band ; it has
also Q and Q) branches in substate ®II,.

The 1, 0 band has been analysed into R, R, P and P’ branches in each of the
substates 311, and 3II,, but the analysis in the substate 2IT, has not been accomplished.

In none of the bands has A-type doubling been found.

The origins of the bands could not be observed directly on account of the crowding
together of lines in their proximity.

For the upper and lower 311 states respectively the mean values of B, are 0-5256
and 0:6158, of « about 0-009 and 0-007 cm-! and of r, 1-521 X 10-% and
1-413 x 10-% cm.

DzscripTioN oF PLATE 5

This consists of reproductions on a reduced scale of eight-fold enlargements of spectrograms
taken in the third order of the 10-foot grating. Identified lines due to Zr®O are indicated in strips
above the photographs by full vertical lines ; lines for which (O — C) is large for J have their calcu-
lated locations indicated by broken lines. Dots - and double dots : indicate, with the same distinction,
lines due to Zr*O. A wave number scale is beneath each strip, also the wave-length of a line close
to the ends of each strip.
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