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Reinvestigation of the second mnegative (437, — X?II)
band system of O} '
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Abstract, The A2, state of O,* was earlier established as an inverted state contrary
to previous assumptions. The rotational analysis of a few more bands of the A-X
system of O,* has now been completed. These studies show that the spin-orbit
coupling constant A in the 4%II, state gradually varies with the vibrational quantum
number ¥ and is found to be positive for V> 6. It has also been observed that the
spia-rotation interaction is not negligible in the A42II, state. The spin splitting
constant v is reported for various vibrational levels of this electronic state.
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1. Introduction

The second negative bands of Oyt involve the transition A2II, — X2[T,, Stevens
(1931) first analysed the rotational structure of these bands and showed that the
AIT, state was regular with 4 =+ 8-2cm™. His conclusion was based on
the identifications of first lines in the 0-8 and 1-7 bands. Later Bozoky (1937)
analysed several other bands of this system but did not report any value for the
spin-orbit or the spin-rotation coupling constant.

A close look at the intensities of rotational lines, especially those involving low
J values, however, does not seem to favour a regular 4217, state. At low values
of J, the rotational lines involving F, <> F, transitions (i.e., SRy;, 2Py, 9Rs, 2Py,
branches) are more intense than the lines involving either F, <> F, or F, <> Fs
transitions (i.e., Ry, Py, Ry and P, branches). Since the lower state X217, is
known to be a regular state (4 = 195 cm™), the obsetved intensity pattern
can be explained only in terms of an inverted A2, state. Similar considerations
led Merer et al (1966) to establish the nature of the 42A state of CCl.

2. Experimental techniques

For these studies the 1-7 and 0-8 bands (lying at 34929 A and 38295 A respec-
tively) were chosen because they suffer from a minimum overlap from neighbouring
bands. These were photographed in the third order of a 34 meter Ebert grating
spectrograph at an inverse dispersion of 0°55 A/mm. Exposures of 30-40 minutes
were tequired on Kodak SA-1 plates. O.* spectrum was excited in oxygen at
a pressure of 0'1 torr by microwaves of 2450 MHz. Thorium atomic lines were
used as the reference spectrum. The plates were measured on a photoelectric
comparator. Other bands of this system whose rotational analysis was done are
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5-3, 6-3, 7-2 and 8-2. Out of these, the 5-3 and 6-3 bands were photographed
in the fourth order while the 7-2 and 8-2 bands were recorded in the second order.

3. Analysis and discussion

3.1. Determination of A

The rotational constants B, and D, were obtained by the usual graphical methods.
- In the present section the determination of the spin-orbit coupling constant is
discussed.

The rotational terms of the 2[1 state are given by the well-known formula
of Hill and Van Vleck (1928)

B0 =B U+ ) —1 =4 VI =G F 40T —D, ()

F() =B+ P —1+3IVYY—4H+40U+ P =D+ D' (2

F,(J)—F 2
where Y= A4/B,. A plot of {_1§_)E m%(i)} against (J+ 1/2)® gives a

v

straight line whose intercept on the ordinate is equal to ¥ (¥ —4). The solution
of the quadratic equation in Y gives two values for Y, symmetric about ¥ =2,
and from the experimental evidence it is decided which of these is correct. For
this purpose, position of the level J = 1/2 offers the clue. This is the only J level
which is single, other J levels occur in pairs, one of them going with the F; and
the other with the F; series of rotational terms. It can be seen from Herzberg
(1950) that if ¥ > 2, the J' = 1/2 level goes with the F; series, and if ¥ < 2, the
J' = 1/2 level goes with the F, series. In the present cass, depending upon the
position of the J = 1/2 level, fellowing first lines result in the P branches: for ¥ > 2,
these are Py (1'5), ©Py, (1°5), 9Py, (2°5) and Py (2°5); and for ¥ < 2, these are
P, (2°5), P13 (2°5), Py (1°5) and Py (1°5).

3.2. Identification of the first lines

Stevens (1931) noted that the spin-orbit coupling constant for the » = 0 and 1
levels of the A% IT, state could be either + 8'2 or —4'0 cm™. To support his
choice for A’ = + 82 cmr™?, he cited the identification of P, (1°5) in the 0-8 and
1-8 bands, the identification of P, (1*5) in the 1-8 band and definite absence
of P, (1°5) in the 1-7 band.

The first few members of the main branches P, and P, are weak even on over-
exposed plate the lines below Py (4'5) and P, (4°5) arc not observed. Hence it
is not possible to make any positive comment on Stevens’ observation, as his con-
clusion is mostly based on the presence or absence of the low J members of Py
and P, branches. However, we find that the satellite branches QP,, and 9Py,
are fairly intense even at very low J values. In figure I, which shows the I, sut«
band of the 1-7 band, the lines of the @P,, branch are identified right up to the
first member @Py (1°5), marked with an arrow. The unambiguous identificza
tion of the @Py (1 5) in the present case, as well as in case of the 0-8 band (Bhale
1972), clzarly shows that the J = 1/2 level goes to the F, series in the upper state
which, therefore, is an inverted state.

i



326 G L Bhale and N A Narasimham

N0
~—
ot
2

S
-

P

| |
3493.0A 3499.3A

Figure 1. A*Il, — X*ITy, sub-band of the 1-7 bznd of O,

3.3. Intensity distribution in various branches

The second factor favouring the above interpretation is the intensity pattern of
the rotational lines, Figure 1 shows that the rotational lines of the SR,; and
QP,, branches involving J” = 4°5, 55, 6° 5, ztc., are more intense than the corres-
ponding R, and P, lines. Similarly in the IT,, sub-band, which is not shown in
figure 1, the ®R;, and ©Py; lines of low J values are more intense than the R, and
P, lines. The former involve F, © F, whereas the latter Fy < F,, or F, <> F,
transitions. Thesz intensities can be qualitatively explained using the argu-
ments of Merer et al (1966) according to which

if branches involving F, € F,
transitions are more intense at
low wvalues of J

either Y <2 and YY" > 2
orY >2and Y'<2

and
if branches involving F, € F, } either Y’ > 2 and Y" > 2

and F, € F, transitions are ,
2 % orY<2and Y'< 2

more intense at low values of J
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In case of the second negative bands of O,", the former situation holds and
hence ¥” will be less than 2, sinc: it is well established that ¥ > 2 (4" ~ 195 cm™),

3.4. Quantitative studies of the intensity distribution

As a further confirmation of the inverted nature of the A%II, state a quantitative
estimation of the intensities was carried out. For this purpose, after photographing
the O,* bands, an Fe arc spectrum was recorded through a 2 : I rotating step sector
kept in front of the slit of the spectrograph. From this the plate emulsion was
calibrated. The densities of various rotational lines were read on a microphoto-
meter and following the procedure of respectra (Anderson 1956), intensity ratios
between different pairs of lines were obtained.

The experimentally observed intensity ratios werz compared with thz theo-
retically calculated ones, the latter having been obtained using the two alternate
values of' Y in question. The results of these studies are depicted in figure 2 where
it is clearly seen that the observed intensities are explained only if the A%, state
is taken to be inverted. Theoretical intensity ratios shown in figure 2 are the ratios
of the line strengths computed from Kovacs’ intensity formulae (Kovacs 1969).

3.5. Determination of A and vy for different vibrational levels

Having established that the spin-orbit coupling constant is negative for the » =0
and 1 levels of the 4211, state, its value was calculated for other vibrational levels
too. The graphical method described in the previous section for the determi-
nation of A could not be used successfully for the vibrational levels 5, 6, 7 and 8
for the following reason. Because of the low values of A, involved, the inter-
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Figure 2. [Intensity of SR, {J)/Intensity of R, (/)}in the 0-8 band of the A*II,—
X*II, band system of O,
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ception the ordinate, which gives 4, (4, —4B,) is usually too small to be read
accurately. A small error in its reading causes a large swing in the value of A4,
In fact for v = 6, it is difficult to decide whether the intercept is positive or nega-
tive, and so the sign of A4, itself remains uncertain. Hence the expressions of

Hill and Van Vleck’s (1928) written in the case (b) approximation were used.
These are:

Fl(N):——B,[N(N—l—l)—-l—'r %%H—l—...]—{—%yN, (3)
Fz(N)=B,,[N(N+1)—1——Y—(—Y8;A7—4—)—+ ] (VD) (4

In the above expressions the terms in D, have been neglected. Additional terms

- ->
1y N and 1y (W4 1) take into account the magnetic interaction of N and §
(Mulliken 1930).

Subtracting (3) from (4) we get

— L1
B —R@=2TT=2 WA vt p ©)
y is usually quite small, and hence the splitting of N doublets is predominantly due
to the term in Y, except for large values of V. However, for values of Y near O
or 4, it is the term in y which predominates. A graph between [Fy (N) — Fy (V)1/
[(N 4+ )] against 1/[N (N + 1)] would be a straight line with slope [B, Y (¥ — 4)]/4
and its intercept on the ordinate the spin-splitting constant y. The quantity
Fy(N) — Fy (N) was obtained for the vibrational levels v =0, 1, 5, 6, 7 and 8 and
from this 4, and y were obtained using the relation (5).

3.6. Calculation of F,(N) — F; (N)

Since the second negative bands involve the transition 4211, — X211, the Q branches
which are expected to be very weak are not observed and as such, a direct deter-
mination of F, (N) —F;(N) cannot be made. For getting these differences, @

procedure first adopted by Stevens (1931) has been followed which, with slight
modifications, is given below: .

It is clear from eq. (5) that if the contribution due to the térm in y is small,
Fa(N) —F; (N) is positive if 0 > ¥ > 4
and

F, (N)— F, (N) is negative if 0 < ¥ < 4

so that F_ (&) lies above Fy (N) if Y is less than zero or greater than 4, whereas
Fy (N) lies below Fy (V) if Y is between O and 4 (Herzberg 1950). The two pbssi-
bilities are shown in figure 3.

In order to calculate | F, (N) —F, (N) |, which we will desienate b |
following procedure is adopted: © Y €n, the

(i) The Fy (.{) — F1(J) differences for the upper state are calculated. These
are obtained from the combination relations,




Rotational analysis of the second negative bands of Oyt 329
J N
F 15
Fy 85

Fn(15) BsF(75)

F, 65 METS)
F 5 7 (@)
F(6.5)
282 6
0>Y>b
J
F, 85
Fp. 15 8
Ex (15) DF(15)
‘ AFA(75)
—_—
P ot 7 )
Fz'll(B.S)
F.
. 22 6
0<Y <4 |

Figure 3. Calculation of F,{N)— F,(N) n the A®II, state of O;*.

Fu()=F(J)—FJ) =Ry (J—1)—R, (J —1)
=Ry (J—1) =Ry (J—1) =Py (J+ 1) —P,(J+ ])
= Py(J+ 1) —OPy, (J+ 1),

(i) AFL(J) and A,F; (J) for the upper state are calculated from the usual
combination relations, e.g.,

Ay Fy(J) = Ry (J) — Py (J) = Ry (J) —OPy, (J)
and
JAVY (J) =Ry (J) —9Py (J) = Ry (J) — Py (J)

It can be verified from figure 3 (a) that |
Fu (D) + Fu(J+ D)= AF(J+ 1) + eympiziz + en-rane (6)
Fy (J) + Iy (J+ 1) = Aok, (J) + EN=J-112 T EN=gi1s2: (7)
Adding (6) and (7) we get
2{Fu (J) + Fu (V4 D} = AR, (T4 1) + AeFo (V) + degagiaa. (8)

In writing the above expression, it has been assumed that ey is_a slowly varying
function of N, so that to a first approximation
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€n—1 1+ ex:1 = 2ey.

ey values are calculated using the relation (8). Figure 3 (b) depicts the case when
Y lies between 0 and 4. Calculation of ey still remains the same, but for the
difference that in eqs (6) and (7) the terms of ey now carry a negative sign. Follow-
ing this procedure the N-doublet separation ¢y has been calculated for the vibrational
levels v =0, 1, 5, 6, 7and 8. A plotof ey/(N -+ 1/2) vs 1/N (N -+ 1) was used
to get the values of 4, and v for various vibrational levels [see eq. (5)]. The slopes
obtained for the vibrational levels » = 5 and 6 were 1'6 cm™ and 0 3 e~ respec-

tively ; these values excluded the possibility of A, being positive for v = 5 and nega-
tive for v = 6.

4. Conclusions

Thus we found 4, to be negative for v = 0, 1 and 5 and positive for v = 6, 7 and
8. The same conclusion was also drawn by Albritton ef @/ (1973) but their values
of 4, for v = 5, 6, 7 and 8§ are slightly different from the present values, as can be
seen from table 2. This could possibly be due to the omission of the constant
v, which is observed to assume significant values for higher » values. The agree-
ment between the observed and the calculated N-doublet splittings using the
present A4, and y values is quite good as can be seenfrom table 1. The N- doublet
splittings for various vibrational levels are shown graphically in figure 4.

A comparative study can be made with the constants obtained from the present
analysis and those reported by Bozoky (1937) and Albritton es a/ (1973). It can
be seen from table 2 that the constant obtained from the analysis of the 0-8 and
1-7 bands shows good agreement. However, present B, values for the vibra-
tional levels 5, 6, 7 and 8 show a systematic variation when compared with the
values of Albritton efal. Their values seem to be consistently low as compared
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Figure 4. F,(N)— F, (N) vs. N for various vibrational levels of the 42 IT, state.
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to ours and the disagreement increases with the increase in the varlllHﬁ]I‘L.l Hllivrygo,
A possible explanation for this could be the fact that Albritton &f el ]mv(?_ %hl Mithues
of D, and D", fixed in the final calculations. Values for thosc WU'L. COMPgged
earlier from the RKR potential energy curves of the 4217, and A.’z .-I Iy Hl“f““‘* MWhich
were plotted using the preliminary values of B, and band origins. Values |y
D’y and D”, so obtained were then kept fixed and the remaining CONsSGUtS o, .
evaluated by the least-squares procedure. Now let us assume thil .lhu Vitligee-
of D', and D”., which were kept fixed in the final calculations, were Hhitht;h' iy,
rent from their actual values. It would naturally bring about a chinpe in gy,
constants and more so in the values of B’, and B, becausc of their strong ¢, |

It can be further noted that Bozoky’s vitlues ol h‘ fiand
whereas those obtitined ..

Lt

lation with D’, and D”,.
B”y are in good agreement with the present values,
Albrition et al, while making use of Bozoky’s data, show the disagictimene
appears, therefore, that the slight disagreement in the two scis of constants . ¢,
to the different methods of their evaluation. As mentioned carlier, the CONINE g
in the present analysis as well as in the case of Bozoky were obtained DY the .,
graphical techniques whereas Albritton ef a/ obtained them from o leitntegg,, o .
fit.

As stated earlier, the disagreement in the A4, values reported in tiable 2 ...,
be attributed to the fact that Albritton ez a/ have neglected the spin-rotition j;,, .,
action which according to them was found statistically insignificant. How .y -
we find that almost for all the vibrational levels the graphs of [Fa (N) - ~F, (|

[(V + )] against 1/[N (N - 1)] have fairly high intercepts on the ordinite, sy, P
thereby that the spin-rotation interaction is not negligible. It is Tound th Fro-
spin-rotation interaction increases with the increase in vibrational quiingg '
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