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ROTATIONAL ANALYSIS OF THE FIRST NEGATIVE
BAND SPECTRUM OF OXYGEN

By THOMAS E. NEVIN
University College, Dublin

(Communicated by A. W. Conway, F.R.S.—Received 6 April 1938)

[Plates 7, 8]

INTRODUCTION

The first negative bands of oxygen, 16856, (0, 2), 16419, (0, 1), 16026, (0, 0),
15632, (1, 0) and A 5295, (2, 0) appear in the negative glow when a discharge is passed
through oxygen at low pressure. Under low dispersion the bands appear very diffuse,
but each exhibits on the long-wave side a well-defined head degraded to the violet, to
which the wave-lengths given above refer, accompanied by a less well-defined head
about 30 cm.~! towards shorter wave-lengths. Though they have no state in common
with the ultra-violet negative bands they are generally attributed to the Of molecule.

References to earlier work are given by Frerichs (1926), who excited the spectrum
with high intensity in a hollow-cathode discharge in oxygen and photographed it in
the first order of a 21 ft. grating. In each band he found two branches, one of which
formed the sharp head referred to above. On the basis of a combination relation
between the branches he assigned vibrational quantum numbers to the bands. Bands
additional to those given above have been discovered by Mulliken and Stevens (1933)
and Bozoky and Schmid (1935). It was found by the latter workers that the bands given
above, with the exception of 16856, were not single but formed the first band in each
of the progressions v'—v"" = —1, 0, 41, + 2, respectively. They excited the spectrum
by a high-frequency discharge which seemed to have a lower effective temperature
than the hollow-cathode discharge, so that the rotational structure was not well de-
veloped and the later bands in each progression were not masked by the overlapping
rotational structure of the first band.

Very little is known about the rotational structure of the bands. From a study of
the probable electronic configurations of the Of molecule, Mulliken (1932) considered
that they might be due to a X' *I7 transition. Bozoky and Schmid (1935) considered
their observations on the Zeeman effect consistent with a doublet or quartet structure.
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472 THOMAS E. NEVIN ON ROTATIONAL ANALYSIS OF THE

ExXPERIMENTAL

The spectrum was excited by a discharge through helium mixed with a small
amount of oxygen in the pyrex discharge tube shown in fig. 1. The electrodes were of
aluminium, 25 cm. long, external diameter 3 cm. The capillary was 50 cm. long with
an internal diameter of 7 mm. The oxygen prepared by heating potassium perman-
ganate in a side tube was stored at a pressure of a few cm. of mercury in contact with
phosphorus pentoxide in the bulb 4, attached to one limb of the discharge tube with
an internal seal which prevented the gas from entering the discharge tube except
through the needle valve V. The tap 7 allowed the oxygen supply to be cut off without
altering the adjustment of the valve. The tube was kept cool by immersing it up to the
level of the bulb in a tank of running water.

| R

9 U

Fie. 1. The discharge tube.

It was found that the oxygen introduced into the discharge tube disappeared fairly
rapidly, presumably combining with the electrodes. By proper adjustment of the
valve, the rate of inflow could be adjusted so that the total amount in the tube remained
very nearly constant, and the tube would run for about 2 hr. without attention. The
pressure of helium in the tube was 3—4 mm. No attempt was made to measure the
pressure of the oxygen, but it was probably about 0-1 mm. The amount was adjusted
until the bands appeared with maximum intensity, judged by visual observation with
a hand spectroscope. Under these conditions the discharge had a greyish yellow colour.
The exciting current was between 0-8 and 1-2 amp., obtained from a 10 kVA trans-
former. With a current of 1-2 amp. the power dissipated in the tube was about 1-8 kW.
The helium was pumped away about every 2 hr. during an exposure.

The bands were photographed in the second order of a 21 ft. grating in an Eagle
mounting, which in the region in question has a dispersion of about 1-22 A/mm.
The bands 16419, 6026, 5632 and 5295 were photographed, though the analysis of
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FIRST NEGATIVE BAND SPECTRUM OF OXYGEN 473

45295 is not given in the present paper. With a plate-holder 75 cm. long two bands
could be photographed at one time. The plates used were Ilford Astra III for the green
and Ilford Special Rapid Panchromatic for the red, the latter hypersensitized in the
usual manner by bathing in dilute ammonia. In the bright second order of the grating
the exposures ranged from 5 to 12 hr. A resolving power of 180,000 for suitable lines
was actually reached, slightly exceeding the theoretical resolving power of the grating
(173,000). No unresolved groups of lines appeared on the plates.

An iron comparison spectrum was used and the international standard lines were
used as far as possible in measuring the plates. However, it was found impossible to
avoid small shifts of the order 0-02 A between the two spectra. Owing to the great
difference between the two sources it was very difficult to be sure the grating was
illuminated in exactly the same manner for the two spectra. A single plate of the
16026 and A 6419 bands was taken with a neon comparison produced by a small trace
of neon in the tube during the exposure, so that there was no possibility of a shift
between the two spectra. The wave-lengths were calculated from this plate by a cubic
formula. The wave-lengths obtained from the iron plates were reduced to agree with
those obtained from the neon plate by adding or subtracting a small constant amount.
When this had been done there remained no systematic difference between the wave-
lengths deduced from the various plates. In the case of the 15632 band, a plate was
obtained on which a couple of neon lines appeared, the wave-lengths of which agreed
with the accepted values to 0-005 A. The remaining plates were reduced to agree with
this. Most of the lines have been measured on three plates, and it is considered that
the absolute values of the wave-lengths are correct to at least 0-01 A, while the accuracy
of the relative values in the case of sharp lines should be a good deal higher. The inten-
sities were estimated from the plates during measurement and checked from large-
scale enlargements of the bands.

On account of the enormous over-exposure of the line, He 15876, there was con-
siderable blackening of the plates of the 16026 band, sufficient to obscure faint lines
below 15910 and making it impossible to follow the band at all below A 5890, though
it certainly extends below this point. Some lines in this region too may be obscured by
ghosts.

STRUCTURE OF %2 — 4I] BANDS

The analysis shows that the bands are due to a transition X' —*I1. As this appears
to be the first time this type of transition has been observed it seems advisable to con-
sider briefly the structure the bands may be expected to show.

In X states the component, 4, of the electronic angular momentum along the inter-
nuclear axis is zero, and the resultant electron spin, S, is coupled loosely to the rota-
tional axis of the molecule. In a 4X state §'= £, and each rotational level consists of
four closely spaced components corresponding to J = K+3, J=K+4, J=K—1,

59-2
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474  THOMAS E. NEVIN ON ROTATIONAL ANALYSIS OF THE

J = K—3$, where J is the quantum number corresponding to the total angular momen-
tum of the molecule and K is the quantum number corresponding to the angular
momentum exclusive of spin. These four components are denoted respectively
F(K+3), Fo(K+3), F3(K—3), Fy(K—3). The energy levels are given by the ex-
pression

F(J) = F,+ G(0) + B,K(K+ 1)+ D,K*(K+1)2+fi(K, T~ K). (1)

For a given vibrational level F,+G(v) is constant. The term f,(K, J—K) takes four
values corresponding to the four values of J for a given K and consists of two parts,
the first arising from the interaction of K and §' and the second from the mutual inter-
action of the individual electron spins. The values calculated by Budé (1937) by a
method due to Kramers are as follows:

3 3
Si(K) = —56(1 T9K13

Ji(K) = —ge(l +§K—3__—1-)—37(K+ 1)

When 4>0 we get Hund’s case @ when § is coupled to the internuclear axis and
case b when it is coupled to the rotational axis. In case a the energy is given by the
expression '

F(J)=F,+G@)+A44X+B{S(S+1)—2>—- X3+ B J(J+1)+D,J*(J+1)%. (3)

Here X is the component of § along the internuclear axis and 2 = | 4+ 2X'|. J takes
the values 2,2+ 1,2+2, .... Foragiven vibrational level A4X+ B {S(S+1) —Q2—2?%}
represents the variable part of the electronic energy. In a 4//state, 4 = 1 and X takes
the values +32, +1, so the molecular multiplet consists of four components denoted

41y, 411y, 411, *IT;, where the suffix denotes 4+ 2.

In practice it is often found that the observed terms approximate to case a for the
lower rotational levels and gradually approach case 4 for the higher levels. In case &
we denote the levels corresponding to a given K as Fi(K+$%), Fy(K-+3), Fy(K—3%),
F,(K—$) as in the X state.

In the intermediate case the notation of either case a or case b can be used. If the
state is normal F, corresponds to */1; and F) to */1_,, while if the state is inverted the
correspondence is reversed. The energy expressions for an intermediate *I7 state have
been worked out by Brandt (1936) and slightly less accurate expressions have been

given by Budé (1937). To a sufficiently high degree of approximation for the present
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purpose Brandt’s expressions may be written as follows, omitting a common constant
term:

F4(J)=BU[J(J+1)+ {y1+4J(J+1)+23+28} 2??;2—%3[%] |

+ DI+ (T

yo—2J(J+1)

Fy(J) B[J (J+1) +%{y1+4J(J+1) 5— 20} RISy ()
+D,(J+%)* (J+3)%
. iy Yo—2J(J+1)

Fy(J) = B[ J(J+1) —Hy,+4J(J+1) — 5—23} T2 4TI
+D(J—1)2(J+3)?,

F/(J)=B|J(J+1)— {y1+4J(J+1)+23+28 Z,liﬁjﬂﬂ

) DT,

6Y(Y+4)
%, +8J(J+1)+56"

where g, = ¥(Y—4) with ¥ = 4, y, = ¥(Y—1) and 4 =

To each of the above expressions it is necessary to add a term @,(2, J) or 9,(%, J)
which arises from the interaction between the magnetic field due to the rotation of the
molecule and the field along the internuclear axis. This causes each of the rotational
levels to become double, one level of the doublet being classified as a ¢ level and the
other as a d level. This doubling of the rotational levels is spoken of as A-type doubling.

In a homonuclear molecule, on account of its symmetry properties, alternate levels
have different statistical weights. When, asin O or O*, the nuclear angular momentum
is zero, alternate rotational levels are missing in the %X state and alternate ¢ and d
levels in the 417 state. Fig. 2 shows a diagram of the transition X'~ 417 for Of. In case a
the branches are given by the selection principle 4J = 0, +1, so that altogether 48
branches are to be expected. In case b, in addition, 4K = 0, 41, so that the total
number of branches is reduced to 27. No attempt has been made to illustrate the
differing intensities of the branches on the diagram. The combination relations which
give certain term differences in the initial and final states can be read off from the heads
of the columns in Tables XIII-XIX. Owing to the fact that alternate lines are missing
in each branch only alternate values of these differences can be derived from the analysis.

ANALYSIS OF THE BANDS

The appearance of the bands under high dispersion can be seen from Plates 7, 8,
which show an enlargement of part of the (0, 0) band. Examination of the spectrum
on large-scale enlargements showed that of the two branches found by Frerichs, each
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476  THOMAS E. NEVIN ON ROTATIONAL ANALYSIS OF THE

line of the one which did not form the head was accompanied on the low-frequency
side by a fainter line at a distance of about 0-45 cm.~!. It was also noticed that the
second head was formed by two branches, corresponding members of which had this
same separation. In the (0, 0) and (0, 1) bands the lines running up to the head coin-
cided exactly with the returning lines. This blending did not occur in the (1, 0) band
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Fic. 2. Structure of the rotational levels in the initial ¥ state and final 4/T state of the first
negative bands of oxygen. The diagram shows the transitions to be expected in case a. The
lightly drawn horizontal lines correspond to the missing levels.

which enabled the distance between the origins of the two components to be estimated
at approximately 50 cm.~!. To find additional branches it was necessary to adopt the
tedious procedure of marking off on the enlargements lines which satisfied the con-
dition that the second wave number difference between consecutive lines should be
approximately constant. With so many lines close together the possibility that this
procedure might give rise to spurious branches could not be ignored. On this account
the existence of a branch could not be regarded as definitely established till it had been
found in all three bands. In this way two branches with a separation of 0-45 cm.™!


http://rsta.royalsocietypublishing.org/

A A

A\

/ y

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

AL A

1~

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

FIRST NEGATIVE BAND SPECTRUM OF OXYGEN 477

were found starting from the same sub-origin as Frerichs’ two and additional branches
starting from the second sub-origin. A search next showed a number of branches
commencing at a point 50 cm.~! above the second sub-origin and five strong branches
commencing at a point 50 cm.™! higher still. In a number of cases the branches seemed
to be in pairs with the separation already noticed.

The existence of four components established the quartet structure of the band, and
it seemed reasonable to assume, in accordance with Mulliken’s suggestion, that the
transition was 2’ 4//. The separation of 0-45 cm.™! should then be connected with the
spin fine structure of the X state. From this point a search for additional branches
and an attempt to identify those already found by means of the combination relations
were carried on simultaneously. Fortunately, in many cases the probable J values of
the lines could be established directly from the fact that the branches could be followed
close up to the origin. When the analysis had been partly completed Budé’s paper (1937)
appeared confirming tentative conclusions on the structure of the X state. With the
confidence thus inspired it did not take long to identify the remaining branches found
empirically and to calculate the positions of the lines of the weak branches with the
aid of the combination relations.

The observed structure of the bands agrees with that to be expected for a *X'—4IT
transition with alternate lines missing in each branch. It will be shown in the next
section that the initial level F(K) is blended with F;(K) and F;(K) with F;(K). The
effect of this is to reduce the total number of branches from 48 to 40, all of which have
been observed in the (1, 0) and (0, 1) bands. The absolute J values of the lines of the
branches were checked in the usual manner.

The wave number and intensities for the lines of the (0, 0), (1, 0) and (0, 1) bands
are given in Tables I-XII. The assignment of the wave numbers to the branches is
checked by the combination relations given in Tables XIII-XIX. To save space the
A, F"(J+%) values are given for the (0, 0) band only. On account of the complex
structure of the bands blends of two lines and of more than two lines in some cases are
common. The superscript following the wave number indicates the number of times
the particular line has been used in the analysis.

For the observed branches, which, owing to the coincidence of F;(K) with Fj(K),
are really blends of two branches, the lines are counted as having been used once on
thataccount. Inafew cases the exact end-point of the branches could not be established,
as strong lines of other branches fell in the calculated position. Up to the point at
which the second band commences in each of the sequences of which the three analysed
bands form the first members the analysis includes all but a very few lines of low in-
tensity. Beyond this point unassigned lines nearly all of low intensity become more
numerous. It seems reasonable to assume that these lines belong to the later bands in the
sequences. The intensities of some of the lines in the analysed bands may be affected
by blending with lines of these faint bands. In the (0, 0) band the intensities of some
lines below A 5920 may be affected by blending with faint ghosts of He 1 5876.
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498 THOMAS E. NEVIN ON ROTATIONAL ANALYSIS OF THE

The letters which appear in some cases after the intensity figure have the following
meanings: b, blend of two or more lines which appears comparatively sharp; 4, diffuse
line; ¢, line confused with another line which may affect both the wave-length and the
intensity; v, line shaded towards the violet.

THE INITIAL 4 STATE

The combination differences for the initial state derived from equations 1 and 2
are as follows:

18¢ )
’ — ’ 1 ’ 1\3__
A, F{(K) = AB/(K+3) + 8DYK+ 1) — o 1% ooy,

(2K 1) (2K +5)

) , , 18¢
Ao F5(K) = 4B (K+3) + 8Dy (K43 + gy (og =5y~ 2

18¢ 6
(@2K+1)(2K—3) """

A, Fy(K) = 4B, (K +3) +8D (K+-4)* +

It is shown later that ¢ = 0-1487 cm.™! and y = —0-00033 cm.™!, so that, except for
the very lowest values of K, the sum of the third and fourth terms in these expressions
can be neglected. Inspection of Tables XIII-XV shows that the four values of 4, F} (J)
which correspond to the same value of K are in fact equal when K is greater than four.
Accordingly we can write

A, F'(K) = 4B,(K+4-3) +8D (K +4)° (6)

Taking as 4, F' (K) the average of the four values of 4, I/ (K) the graph of 4, F'(K) |[K+ 4
against (K+ })?is plotted. Itis a straight line from the slope of which D is found. Bj is
found by the method of Biittenbender and Herzberg (1935). Taking an approximate
value of B which we call B, the correction to give the true value of Bis 4B. A graph of
the expression .

A, F'(K)—8D(K+%) —4B(K+ %) = 44B(K+1%)
against K- is a straight line passing through the origin with slope 448 from which

B! = B!+ AB..
From equations (2) we get

Af 1 (K) = F3(K) —F{(K) = 3¢—3y — 37K,

9¢(2K+1)
(2K+-3) (2K—1

Af 54(K) = F3(K) —Fy(K) = 3¢ —y+2yK. J

Af 55(K) = Fy(K) —F3(K) = REARZASY (7)
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Af51(K) and A4f},(K) are derived from the following relations between the lines of
the branches

Af5 (K" =J —§) =Py, (J) —@,(J) = RQ21(J—1)—R1(J—1) = B(J) —*Qxu(J)
= Qy(J—1) =R ,(J—1) = OPy3(J) —°Q13(V)
=PQyy(J—1) ="Ry3(J—1) = "Fy(J) ="Q (V)
= 9Qp(J—1) =R, (J 1),

Af (K’ =J+3) = "Ry (J) = "Qu(J) = $Qs1(J+1) =P, (J+1)
= SRyy(J) —5Qua(J) = Q3o (J+1) —FPpp(J+1)
= Ry(J) —*Qys(J) = Q5(J+1) ~‘QP43(J+“1)
= Ry (J) = Qy(J) = FQsy(J+1) =P (J+1).
The average values of Afy,(K) and 4f;,(K) derived from the initial levels " = 0 and
v" = 1 are shown in fig. 3. The lines drawn through the points represent the theoretical

curves with ¢ = 0-1487 and y = —0-00033. Bearing in mind the number of blends in
the observed branches the agreement is as good as can be expected.

1

cm. T T T T T T T T
0:5r o ° 1
Af34(K) ° P00 645 04,0 o o
&5 — 90— i
04} _
0.5_ © .
[©) E——Gi 0] o) [6) ©
Afn(K) 5 00 0 0o © O ° © o ©
0-4f :

0 5 10 B 20 25 30 3 40

F1c. 3. Graphs showing the structure of the X state. The points represent the average of the
observed values of Af,;(K) and Af;4(K) for the levels v" = 0 and v” = 1. The curves represent the
theoretical values given by equations (7) where ¢ = 0-1487 cm.~! and y = —0-00033 cm. 1.

Examination of the expression for Af,;(K) shows that the separation of the levels
Fj(K) and Fj(K) decreases rapidly with increasing K. Substitution of the values of
¢ and y gives for the separation 0-81 cm.™!, 0-21 cm.”! and 0-13 cm.™! for K’ =1, 3,
and 5 respectively. For values of K’ greater than 5 the branches which start from the
levels F5(K) and F}(K) and which are listed together at the head of a single column
in Tables I—XII should be blended together so that only one line results. This is
confirmed by the manner in which the lines in the column are used in forming the
combination relations in Tables XIII—XIX. For example, the lines in column seven
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of Table I are treated in column nine of Table XIII as belonging to the 7R, branch
and in column thirteen of Table XIX (cont.) as belonging to the 7@, branch. The
branches should be separated from one another, however, for K’ =1 and 3 and in
favourable cases for K’ = 5. In no case, however, has a doubling of the lines been
observed for these values of K and the footnotes to the tables indicate the branch to
which the observed lines have been assigned. It seems that the corresponding lines
of the other branch involved are too faint to observe. It can readily be seen from
equations (2) that Af/,(K) = Afy3(K) so that the initial levels #{(K) and Fj(K) are
blended together for K’ > 5.

TaE FINAL 4] STATE

In the (1, 0) and (0, 0) bands the first line in the 7),, branch corresponds to J = }
and the first line in the ?R;, branch to J = §. In the (1, 0) band the first lines in the
0Q),, and @, branches correspond to J = §. These are the values of J at which these
branches should begin if the */7 state is inverted. None of the lines should be observed
for a normal */7 state the 7@, branch beginning with J = § and the °Q,,, @, and “R,,
branches with J = Z. As all the lines in question have been used only once in the
analysis we conclude that the #// level is inverted. The four components of each band
are assigned to the transitions ‘X417, 12> 41, ‘X~ *[l}, *X'—*I] ; as shown in
Tables I-XII.

The expressions for the combination differences derived from equations (4) are very
complicated. It can be shown however that 4, F)(J), the average of the four values of
A,F(J), is given by

Ay, (J) = 4B (J +4) +8D(J +5)°. (8)

It can be seen from Tables XVI-XVIII that if 4, F, (J) is present for a particular value
of J, 4, F,,(J) is missing and vice versa. The missing values in both cases are obtained
by interpolation and a complete table of values of 4,F,(J) and 4, F,(J) is formed for
each of the four substates. The average of the eight values of 4,F(J) is taken as
A,F,(J). The graph of A4, F, (J)/J+4% against (J+-4)? is a straight line for each of the
levels v” = 0 and v” = 1. Bj and D, are evaluated by the method described in the
previous section.

To determine the constant ¥ = 4/B we use a method similar to that used by Budé
(19354) for triplet states. From equations (4)

23 20\
AFL(I) = Fy(J)~ Fi(J) = 3Bify+ 4J(J+1) + 75 + g | +12DI(T+3)%  (9a)

AF(J) = F5(J)—F/(J) = B){y, +4J(J+1) —5—-20}: 44D (J + )3 (9b)
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The analysis gives

AFy () = Fi(J) = F{y(J) = B(J) =YPy(J) = B, (J) =R 1y(J) = FQ2 () —Q2(J)
= RP31(J) _0P34(J) = TRsl(J) _QR34(J) = TQ41(J) —Q4(J),
AF 14 () = Fi(J) —F{(J) = Qi) —2Quy(J) = WPy (J) — ¥Ppy(J) =Ry, () — PRy (J)
— 5Q() —~Quu(J) = SPy(J) — Pu(J) = VR,,(J) — Ry(J),
(10)
AF55,(J) = F3(J) —F3(J) = By(J) =Pp(J) = PQ15(J) —%Qu3(J) = Ry(J) —URyy(J)
- RQ32(J) _Q3(J) = RP42(J) _QP43(J) = TR42(J) _SR43(J):
AF554,(J) = F3,(J) = F35,(J) = OPy(J) —"Pyy(J) = Qy(J) ="Qg3(J) = Pp3(J) — By(J)
= QRlz(J) _—PR13(J) = SR32(J) _R3(J) - SQ42(J) —RQ43(J)~ ( )
11

From the expressions (10) a complete table of values of AF,, (J) and 4F,;,(J) can be
calculated with the aid of the results for the A-type doubling which are given later
using relations of the type

AF(T) = Fio () = Fiy(J) + [F(I) = F ()]

The average of AF}, (J) and 4F7,,(J) is taken as AF};(J). By a similar method 4F;,(J)
is obtained from equations (11). The value of § which in the present case is very small
can be calculated with an approximate value of 4 obtained from the overall width of
the band. From the values of y, given by equations (94) and (95) 4 can be calculated
since y; = Y(Y—4) and Y = A4/B. There are two values of 4 for the one value of y,,
one positive and one negative, the latter corresponding to an inverted */7 state. The
results obtained for 4 are shown in fig. 4. For the level »” = 0 the value of 4 obtained
from AFj,(J) is fairly constant and somewhat larger than the value obtained from
AF;,(J) which seems to increase almost linearly with J. The results for »” =1 are
similar though there seems to be a slow increase in the value of 4 obtained from 4F73,(J).
From equations (4) we get

AF; (J) = AF(J) = () —F{(J) = [F5(J) = F5(J)]

Y, —2J(J+1 .

_ st%Hj%ﬁI%—mDvJ(ﬁr 1). (12)
AFy (J) and AFj3(J) can be calculated from the branches by the method used for
AF; (J). The observed values of the left-hand side of equation (11) completely fail to
agree with the values calculated from the right-hand side. In Table XX are given the
observed values of AF},(J), AF},(J) and AFj;(J) for the level »” = 0. The calculated
values are derived from equations (4), the value of y; used in the calculations being
the average of all the values derived from AF3,(J) and AF},(J). Itisclear that equations
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(4) fail to represent the observed structure of the */7 state in OJ. Roughly the interval
Fy(J)—F{(J) is less than and the interval F}(J)—F(J3) greater than the calculated

Y2 —2J(J+1)
value by 4:va
of AF3,(J) and 4F3,(J) agree with one another and with the higher values of AF};(J)
almost exactly. Exactly the same result holds good for the level »” = 1. Incidentally
it may be mentioned that the combination differences 4,F;(J) are represented very
—2J(J+1)

. It can be seen from Table XX that the observed values

. v Ys . .
2B~ .
well by equations (4) when the term 25 g AT 1) is omitted
cni!
o]
48.2 - o] 04
00
48-0r I} o] ° %
47-8t LS
()
47+6
2t ° o
482 o o o e °
% o Y00 %0 00 [3) 1)
48'0‘ o) X X oo
(] /n/
%
47.8+ . o * (H)
S
476 T L L 1 1 I 1
0 5 10 15 20 25 30 35
J

Fic. 4. Variation of 4 with J for the levels (¢) 0" =1 and (b) v" = 0. The circles are values
from AF,,(J) and the crosses are values derived from AF, (J).

A-TYPE DOUBLING IN THE */7 STATE

The A-type doubling is given by the expression
vy (J) = Fy(J) = F

ic

(/). (13)

What is derived from the analysis, however, is the average of the doublings for two
successive levels given by

W Eg(T+3) = A Fpy(J+3) = F(S+1) = E(J + 1) + () — Fie(J)
= 24v,y,(J+14)-
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Since the doubling is generally small this is practically the same as the value given by
equation (13). The values of 4, F,, (J+1%) which are given by the analysis correspond
to the missing values of 4, F, ,(J+%) and vice versa. In both cases the missing values

a
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A \
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TaBLE XX. OBSERVED AND CALCULATED VALUES OF
AF},(J), AF3,(J) an AFjy(J)

AF;(J) AFg(J) AF(J)

J+3% Obs. cm.~! | Calc. cm.™! | Obs. cm.~! | Calc. cm.=! | Obs. cm.~! | Calc. cm.™!
2 — — — — 49-35 46-29
3 — — 50-42 50-42 49-86 46-60
4 50-61 54-87 50-74 50-75 50-12 47-03
5 51-28 55-19 51-34 51-18 50-60 47-55
6 51-78 55-58 51-82 51-69 51-12 48-17
7 52-42 56-04 52-40 52:32 5178 48-88
8 53-11 56-58 53-11 52-97 52:45 49-74
9 53-86 57-18 53-83 5373 5328 50-65

10 54-68 57-85 54-70 54-56 54-14 51-64
11 55-63 58-58 55-63 5547 55-08 52-74
12 56-57 59-37 56-55 56-46 56-12 53-88
13 57:63 60-25 57-62 57-51 57-20 55-10
14 5871 61-24 58-72 58-67 58:31 56-38
15 59-87 62-17 59-87 59-78 59-55 57-71
16 61-09 63-20 61-11 61-00 60-81 59-11
17 62-36 64-29 62-39 62-27 62-11 60-55
18 63-68 65-40 63-71 63-56 63-47 62-02
19 65-07 66-65 65-03 64-95 64-93 63-55
20 66-46 67-90 66-45 66-36 66-31 65-11
21 67-89 69-17 67-88 67-79 67-78 66-71
22 69-41 70-52 69-39 69-28 69-31 68-33
23 70-86 71-86 70-91 70-79 70-87 69-98
24 72-47 73-24 72-46 72-31 72-41 71-63
25 74-01 74-70 74-00 73-91 73-97 73-31
26 75-61 76-17 75-59 75:50 75-60 75-06
27 77-19 77-69 77-23 77-12 77-19 76-75
28 78-:90 79-21 78-88 - 78-76 78-84 78:52
29 80-55 80-78 80-49 80-43 80-54 80-32
30 82-25 82-34 82-16 82-11 82-36 82-26
31 83-92 83-96 83-96 83-81 - —

32 85-66 85-60 85-62 85-54 — —

33 87-21 87-25 87-28 87-27 — —

34 89-01 88-93 89-20 89-03 — —

35 90-88 90-56 90-94 90-79 — —

36 92-77 92-26 92-63 92-55 — —

37 — — 94-56 94-34 — —
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had to be interpolated before Av,,,(J+1) could be calculated. The results obtained for
the width of the 4-doublet can be regarded as those which would actually be found if
both the ¢ and d levels corresponding to a particular value of J were physically present.
The results for the levels v” = 0-and v” = 1 are shown in fig. 5. The general trend of the
observations are indicated by the lines drawn through the points. The doubling is very
small in the */I; and *I7; states. It appears to increase linearly with J in the */7; state.

Vor. CCXXXVII. A. 63
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In the *I7_; state it increases at first and finally decreases for the highest values of J.
There is a systematic difference between the results for the doubling for »” = 0 and
V" = 1.

There are no theoretical expressions available with which to compare the obser-
vations. They resemble, however, the results for 2/7 and 3/7 states in so far as the com-
ponent of lowest 4— X has the largest doubling.

cmit T T ' T T ! cmit
+O.2 - é\?
+0:2
0
ag*yi" xX 0
._O 2 - /d ’
0 -0:2

Fic. 5. A-type doubling in the *IT state. The circles refer to the level »” = 0, the doubling being
read off from the left-hand side of the graph. The crosses refer to the level v” = 1, the doubling
being read off from the right-hand side of the graph.

MOLECULAR CONSTANTS

The constants of the O} molecule in the initial X and final 4/7 states obtained from
the analysis are given in Table XXI. The values of B,, «,, D, and f, are determined
with the aid of the relations

Be:Bv_l_ae(v_!_%f)’ De:Dv*ﬂ(vv{_%)'
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The values of I, and 7, are determined from the expressions

h

e =1 = grep,
e

where 4 stands for the effective mass of the molecule which is equal to M/2, where M
is the mass of the oxygen atom. In the calculation the values given by von Friesen
(1937) for k, ¢ and the mass of the hydrogen atom were used.

TaBLE XXI. MOLECULAR CONSTANTS
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4X state 4T state

B;=1:2763 cm.™! By =1-0967 cm.~! Y~43-8
Dj=—592%x10-6 cm.™! Dy =—476 x 10-¢ cm.~! A~48-0
B;=1-2546 cm.™! B =1-0811 cm."1 Y~44-4
D;=—6-30x10"% cm."! D] = —475x10-% cm.~! A~48-0
B, =1:2871 cm.™! B, =1-1046 cm."!

D, = —-573x10% cm.™! D] = —476 x10-¢ cm.!

o, = 00217 cm. ! ar = 00157 cm.™!

f.=—0-38x 106 cm."!
I; =21-70 x 10~ g.cm.?
r,=12732 A

€ =0-1487 cm.™1

v = —0-00033 cm.~!

f, very small
I] = 25-28 x 1040 g.cm.?
rs =1-3743 A

Discussion

The analysis shows that in the initial state of the first negative bands of oxygen the
levels with even values of K are missing. As the complete wave function of the molecule
must be symmetrical the transition must be either 4X; — 41, or *2F —*I1,. Mulliken
(1932) considers that the electron configuration of O, in the normal state is

1sa? 2pa? 2502 3po? 3do? 2pm* 3dn?.

By removal of a 3dm clectron we get the normal state of Oy ...3do?2pm* 3dm 21, the
lower state of the second negative bands. By removal of a 2pm electron we get
...3do? 2pm3 3dn? 411, or 211, the former of which is identified with the lower state of the
first negative bands and the latter with the upper state of the second negative bands.
By removal of a 3do electron we get ...3do 2pm* 2dn®*X; which is identified with the
upper state of the first negative bands. According to Mulliken, then, the transition is
1241,

The failure of equations (4) to represent the observed structure of the 4/7 state is very
surprising especially as the corresponding equations for 3/7 states are in excellent agree-
ment with observation (Budé 19354, b). It appears probable that in the present case

63-2


http://rsta.royalsocietypublishing.org/

A A

A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

%

A B

JA \

A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

506 THOMAS E. NEVIN ON ROTATIONAL ANALYSIS OF THE

the */1 state is perturbed, the rotational levels undergoing a displacement which varies
with J in a regular manner. The interval F,(J) — F(J) is approximately three times
as great as the interval F,(J)—F,(J) as it should be according to equations (4). The
main effect of the perturbation is to displace the F, levels away from the £ levels and
the F, levels towards the F| levels by an amount which can be easily calculated from
Table XX. Anomalous separations of the 2//; and 2/7; components of the 4 /1 state
of CO* have been observed by Bulthuis and Coster (1935), the band lines behaving
apparently quite normally. They have been explained on the basis of Kronig’s theory
(1928) as a perturbation produced by the X 2X state, this type of perturbation occurring
when the vibrational levels of the two states do not approach each other too closely.
From the rules given by Kronig the perturbing state in the present case must be either
‘X, 41, or *4,. With the exception of 2 the known states of the O molecule dis-
sociate into O in the 3P ground state and O" in the 4S° ground state X dissociates
into O in the first excited state 'D which lies about 15,700 cm.~! above the 3P ground
state and O* (4S°). If we consider the possible molecular states which can dissociate
into O 3P and O+ in the first excited state 2D° which lies 26,800 cm.~! above the ground
state we find one *X, three 471, states and two *4, states. Presumably it is one of these
states which causes the perturbation. Inthe hope of throwing furtherlight on the matter
an analysis of the (0, 2) and (0, 3) bands is at present being attempted.

It will be observed from Tables 11, ITI, VI, VII, X and XI, that the intensity of the
R, and P, branches is very low. This is in accordance with the theoretical intensity
factors given by Budé (1937). In general it may be said that the observed intensities
of the various branches agree with the intensities to be expected theoretically when
one assumes that the */7 state is intermediate between case ¢ and case b.

In conclusion I should like to express my thanks to Professor J. J. Nolan for his
interest in this work.

SUMMARY

The (1, 0), (0, 0) and (0, 1) bands of the first negative system of Oj have been
photographed in the second order of a 21 ft. grating.

Each of the bands has been analysed into forty branches, the transition involved
being X' —411.

The fine structure of the *X level agrees with the theoretical structure predicted by
Budé.

The *I7 level is inverted. The structure of the level does not agree with that to be
expected on theoretical grounds from formulae given by Brandt and Budé. It is
suggested that this disagreement is caused by a perturbation similar to that observed
by Bulthuis and Coster in the 4 2/7 level of CO*.

The constants of O in the X and */7 states are tabulated.
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DescripTiON OF PLATES 78

Plate 7 (a, b) and Plate 8 (¢, d) show an enlargement of part of the (0, 0) band. The scale
is given in wave numbers. The key shows the assignment of the band lines to the various
branches. Owing to lack of space all the branches are not represented on the key, the very
weak ones being omitted. The branches which do not form heads are indicated on the key by
lines drawn opposite the appropriate band lines on the picture. For the branches which form
heads the lines running up to the head are represented by short lines depending from the hori-
zontal lines and the lines returning from the head by short lines standing on the horizontal
lines in the region where the two sets overlap. Beyond the region of overlap the lines are
represented in the same manner as they are for the branches which do not form heads.
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