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The intensities of the forbidden Q-branch transitions 022 0—00°0, 122f0—-00°0, and 0227 1-00°0 for HCN have been
measured. The intensities of the 02210—00°0 transitions of DCN, D**C*N, and H**C**N were also measured, as well
as the 02271-00°0 transitions of H*2C**N and H**C*N. These Q-branch transitions are forbidden even when the effects
of |-type resonance are considered so they must get their intensity from some other Coriolis interactions. The much
stronger P- and R-branch lines for the e levels of these same vibrational transitions were also measured and they are
shown to get most of their intensity from | -type resonance. However, the same Coriolis resonance that gives intensity
to the Q-branch transitions seems to affect the AJ = *+1 transitions as shown by the difference in the intensities of the
AJ = +1 and AJ = —1 transitions. Measurements of the intensity of the 03*%0—-00°0 and 03*'0—00°0 transitions
shows that they derive most, but perhaps not al, of their intensity from |-type resonance. An unsuccessful search for
forbidden AJ = 0, e—e transitions for the strong 10°0—00°0 band shows that there is no detectable mixing of the e

and f levels. © 1997 Academic Press

INTRODUCTION

Infrared intensity measurements of weak transitions can
be a sensitive way to observe weak interactions as was
shown in our analysis of the Herman—Wallis effect for the
very weak CN stretching fundamental band of HCN (1). In
other papers (2, 3) it has been shown how the mixing of
levels through | -type resonance can have a significant effect
on the J-dependence of the intensity. In the case of normally
alowed transitions, | -type resonance modifies the normal J-
dependence of the intensity creating a so-called Herman—
Wallis effect. In a number of papers the intensity also has
been used to help in determining the degree of mixing of
vibrationally coupled levels. Thisis particularly useful when
only one ‘‘bright state’’ isinvolved and the intensity can be
assumed to be entirely due to interactions with that state. A
good example of that was the analysis of the mixing of the
2098, 60°2, and 72°0 levels in HC*N by Romanini and
Lehmann (4).

It is particularly useful to study transitions that are forbid-
den by the normal selection rules because, if any intensity
a al is observed, it must be due to some interaction that
enables the transition to borrow intensity from an allowed
transition. For this paper we measured, apparently for the
first time, the intensity of forbidden Al = 2 Q-branch transi-
tions of the type X 22"Y —00°0 where the intensity must be
borrowed from some distant allowed transition. That inten-

! Present address: Department of Physics, 174 West 18th Avenue, Colum-
bus, OH 43210-1106.

sity borrowing also affects the intensity of the X 22°Y —00°0
transitions although it is somewhat masked by the stronger
effect of |-type resonance.

We aso have made measurements of the Al = 3 transi-
tions involving the 03*'0-00° Q branch, as well as the
033°0—00°0 P and R branches. These Al = 3 transitions get
most of their intensity through | -type resonance which mixes
the 030 and 03'0 states. This work shows, through the
agreement of the calculated and observed intensity, that we
really do understand how that transition gets most of its
intensity. It has been suggested that the nearby v; level may
perturb the 030 state but the effects of that interaction must
be very small because they are not seen in the present mea-
surements.

We have also sought to observe forbidden AJ = 0, e—e
transitions for the 10°0—00°0 band of HCN, to see if there
is any detectable mixing of these e levels with the f levels
of some other band in the field-free low-pressure environ-
ment of these measurements. In this paper we denote the
CH stretching fundamental as v, and the CN stretching fun-
damental as v;. Our failure to observe any forbidden Q-
branch transitions for the v, band shows that there is no sign
of a mixing of the e and f levels which aso might have
explained some of the intensity of the Al = 2 and Al = 3
transitions.

EXPERIMENTAL DETAILS

This work is based on spectra measured on the Bruker
IFS120HR interferometer in the Giessen laboratory. This
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instrument was equipped with vacuum transfer optics and
various light sources, beam splitters, optical filters, and de-
tectors to yield optimum instrumental performance in the
different spectral regions. The measurements were made
with an unapodized instrumental resolution that was less
than the Doppler width of the lines. The spectra were mea-
sured at pressures between 1 and 5 mbar as determined with
a capacitance pressure gauge (MKS baratron). Most of the
measurements involved weak features for which instrumen-
tal distortion and saturation effects were negligible. The
measurements of most of the heavy atom isotopomers were
made with a White-type borosilicate glass cell having a base
length of 0.82 m and a volume of about 71. This cell was
set for a path length of 19.68 m for most of the measure-
ments. For the measurements of the 02°0—00°0 band of
H®C*N and H*2C™N the cell was set for a path length of
13.12 m. The weakest bands of the normal isotopomer were
measured with a stainless steel White-type multipass cell
with a base length of 4 m. This cell was set for a path length
of 192 m near 3516 cm™* and 240 m near 4698 cm ™.

In addition to using a sample of HCN with the normal
isotopic abundance, we also used a sample consisting of
about 98% H*C*N and another sample with 95% H*2C*N,
1% H*C™N, and 4% H*C*N. The measurements of DCN
were made with a sample that contained 99% deuterium but
one can expect that exchange with residua water in the
system would result in a spectrum with a dightly smaller
effective deuterium content. The DC*™N measurements
were made with a sample enriched to about 98%.

DESCRIPTION OF THE FORBIDDEN TRANSITIONS

The normal selection rules for spontaneous electric dipole
transitions for a linear triatomic molecule are

AJ=0, =1, Al =0,
except that AJ = 0 is not allowed for | = 0, and
AJ=0, =x1for Al = =1.

The rovibrational energy levels for HCN can be classed as
either e or f levels according to the parity of the levels as
described by Brown et al. (5). This classification forms the
basis for an even more rigid selection rule that for AJ = 0
only e « f transitions are alowed and for AJ = +1 only
eoeand f « ftransitions are alowed. If there were any
mixing of the e and f levels, then the selection rules would
appear to be violated.

Coriolis interactions can couple certain levels that have
different amounts of vibrational angular momentum, differ-
ent |. That coupling results in amixing of the wavefunctions
of the levels and may result in levels for which the value of
| isnot well defined. If | ispoorly defined, then any selection
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rules on | cannot be rigidly obeyed. Coriolis interactions do
not result in any mixing of the e levels with the f levels.

The most common form of Coriolis interaction is |-type
resonance which gives intensity to the P- and R-branch tran-
sitions that we observed in HCN for the 022°0—-00°0, 122°0—
00°0, and 022°1—00°0 bands. A quantitative fit of the inten-
sities of these transitions showsthat, as expected, their transi-
tion dipole moment goes to zero for the lowest rotationa
transitions, and the J-dependence of the transition dipole
moment is so great that the intensity maximum for both P
and R branches occurs at about J = 18, which is much
higher than that for a normal band where the maximum is
at about J = 8. The intensity of these transitions can be
understood as arising from amixing of the X 2°Y levels with
the X 22°Y levels. Since that mixing cannot give intensity to
the X 22"Y —00°0 transitions, it was surprising to find the
Q-branch transitions due to 0221 0-00°0, 122 0-00°0, and
022"1-00°0. It was not surprising, however, to find that
those transitions are considerably weaker than the corre-
sponding Al = 2, e—e, P- and R-branch transitions. Figure
1 shows the spectrum in the region of the 0220-00°0 Q-
branch transitions. Figures 2 and 3 show the spectra in the
regions of the other two Q branches. The latter two are much
weaker because they involve changes of three vibrationa
guanta, rather than two.

In two spectra made with enriched samples of H2C™N
we also have observed the transitions 022'0-00°0 and
02271-00°0 for that isotopomer and we have a spectrum of
H™C™N in which the 022 1-00°0 transitions are just barely
visible. In spectra of DCN and D**C**N the 02270—00°0
transitions have aso been observed but they seem to have
intensities that are weaker than the same transitions for HCN
by afactor of 4 to 6. Since the signal to noise ratio was less
favorable, a good measurement of the intensities for the
deuterated species was not possible. All of these Q branches
had intensity maxima at J ~ 16, perhaps a little higher for
DCN. A norma Al = =1 Q branch would have an intensity
maximum at J ~ 8 while a Al = 0 Q branch is strongest
for the lowest J transition, J = 1 for a 7—m transition.

We have also measured the intensities of the forbidden P-
and R-branch transitions for 03*%0—00°0 and the Q-branch
transitions for 03°10—00°0. In both these cases the Al = 3
transitions are alowed because of the mixing due to | -type
resonance between the 03'0 and 03°0 states. In this case
one would expect the Q-branch transitions to be stronger
than the P- and R-branch transitions asis found for a normal
perpendicular transition. The lines of these bands have a
maximum intensity at J ~ 19 and the Q-branch transitions
are more than twice the intensity of the R-branch transitions.
The R-branch transitions were reported earlier (6) although
no intensity measurements were made.

If there were any mixing of the e and f states then any
transition that is allowed to an e state would also be allowed
to an f state and vice versa. This would mean that since the
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FIG. 1.

Spectrum in the region of the Q-branch transitions for the 02%0—-00°0 band of HCN. The tick marks at the top indicate the positions of the

transitions. The J values divisible by 5 are indicated by longer tick marks. The band center is at the left-hand side of the figure.

022°0 and 02°0 states are mixed by |-type resonance, then
the 022" 0 and 02°0 states would also be mixed. It also would
mean that e—e Q-branch transitions would be possible. To
test this latter possibility, we have tried to observe Q-branch
transitions for the 10°0-00°0 band near 3311 cm™*. Our
failure to observe such transitions means that they must have
transition dipole moments smaller than 1.5 x 10™* D or
intensities that are less than 4 x 10 ° times the intensity of
the normally alowed transitions. These measurements were
made in a field-free environment at a pressure of 1 mbar
and a path length of 192 m.

HCN
I

ANALYSIS OF THE DATA

The assignment of the transitions was based on earlier
published and unpublished analyses of a great number of
allowed transitions for H?C*N (7), H?C™N (7), H*C*N
(8), DC™N (8, 9), and D**C®N (8, 9). We are confident
that the transitions have been correctly identified because the
measured transition wavenumbers agreed with the cal cul ated
wavenumbers to within the estimated uncertainty of about
+0.0006 cm™* for individual line measurements of a nearly
complete series of Q-branch transitions.
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FIG. 2. Spectrum in the region of the Q-branch transitions for the 0221-00°0 band of HCN. The % transmission scale applies to the upper curve.
The lower curve is the same spectrum on a transmission scale expanded by a factor of 10 so that it ranges from a maximum of 100% transmission to a
minimum of 90% transmission. The tick marks indicate the location of the Q-branch transitions. The band center is on the right-hand side of the figure.
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FIG. 3. Spectrum in the region of the Q-branch transitions for the 1220—
00°0 band of HCN. The % transmission scale applies to the upper curve.
The lower curve is the same spectrum on a transmission scale expanded by
afactor of 10 so that it ranges from a maximum of 100% transmission to a
minimum of 90% transmission. The tick marks indicate the location of the
Q-branch transitions with the longer tick marks indicating the J values divisi-
ble by 5. The band center is on the right-hand side of the figure.

The intensity of each line was determined by a nonlinear
least-squares fit of the line profile using the fitting program
INTBAT developed by Johns and co-workers (10, 11) and
used in our earlier intensity measurements (1, 3). This pro-
gram fits the lineshape to a Voigt profile that has been con-
volved with an instrument function. The profile of each line
was fit to five parameters, the background 100% transmis-
sion level, the slope of the 100% transmission level, the
center position of the line, the linewidth, and the line inten-
sity. The line intensity, S, is defined by

S = p‘ll‘lf k.dv, (1]

where p is the HCN pressure, | is the absorption pathlength,
k, is the absorption coefficient at wavenumber v, and the
integration is over the entire absorption line. The absorption
coefficient is given by

k, = In(lo/1), .

The analysis avoided using lines for which the peak absorp-
tions were greater than 70% (k, > 1.2). This paper deals
with transitions that are forbidden in the absence of rotation,
which means that the rotationless transition dipole moment
is zero. Consequently the line intensities were used to deter-
mine a transition dipole moment function given by

R? = (S,:3hcQ.Q,T)/87%/,273.15

x L —E” — exp[— [2]
a exp[ —E"/KT](1 — exp[ - va/KT]),

where Q, and Q, are the rotational and vibrational partition
functions, L is Loschmidt’s number, E” is the energy of the
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lower state rovibrational level, T isthe temperature (kelvin),
a is the isotopic abundance of the species being considered,
k is the Boltzman constant, and v, is the wavenumber of
the center of the line. The Honl—London terms have been
included in the squared transition dipole term, R?. To allow
for the possibility that the effective transition dipole may
have contributions from several sources, it was defined as
a sum of severa terms as
R = L,CF:(J) + L,C,F,(J) + etc., [3]

where L; is the Honl—London factor and F; (J) is a function
of J. Their form is determined by the perturbations that
contribute the intensity factors C;, as will be described |ater.
With this definition the constants C; may be given in debye
units. The relative signs of the transition dipole moment con-
gtants, C;, can be determined from the present measurements
even though their absol ute signs cannot be determined at this
time. Table 1 gives the partition functions and some other
molecular properties used in this analysis. Tables 2 and 3
give the measured Al = 2 line intensities for those bands for
which good Q-branch intensity measurements were made.
Table 4 givesthe measured line intensities for the two deuter-
ated isotopomers for which the Q-branch intensities were
poorly determined. The observed — calculated (O — C) val-
ues given in Tables 2 to 4 were given by the least-squares
fit that gave the constants labeled ‘‘obs.’’ in Table 5.

We shall show in the next sections that a reasonable form
for Eq. [3] for the Al = 2 transitions is

R=L{Ci+ GCJ I +1}{II +1)— 22

+ L{Cs+ CJ'(J + 1)}
X {JA + 1[I +1)— 2]}

[4]

For P- and R-branch transitions the Honl—London terms
were

Ly =33 —J")(3) = J" + 1) [5]
and
L, =[(J" +J" + 1)/2]"?,
while for Q-branch transitions we used
Ly = [(2J + 1)/2]*2
and
L, = 0.

It is important to note that the sign of L, in Eqg. [5] is not

Copyright © 1997 by Academic Press
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TABLE 1
Some Constants Used in This Work

HCN HC"N H“CPN DCN DC“N
Vibrational Transition Dipole Moments (debye):
R(01'0-00°0) 0.189 0.104
R(01'1-00°) 0.00824(5)"{40}'J
R(11'0-00°) 0.00986(11){50}
R(02°0-00°0) 0.0496 0.0496 0.0496 0.0234(4){12}
R(12°0-00°) 0.000795
R(02°1-00°)  0.00334 0.00381(6){19}
R(03'0-00°) 0.00326
R(03'0-01'0) 0.0473
Partition functions:
0,298 K) 1.0676 1.0680 1.0701 1.144
0,296 K) 1.0660 1.0664 1.0685 1.141 1.145
0,298 K) 140.45 144 .64 148.66 171.83
0296 K) 139.51 143.68 147.66 170.68 178.94

# Uncertainties are given for the transition dipole moments in those cases where they
are given for the first time. The uncertainties given in parentheses resulted from a

least-squares fit of the line intensities.

® The curly brackets, {}, indicate the uncertainty in the last digits due to uncertainty in

the partial pressure measurement.

the same for the P-branch and R-branch transitions. Conse-
quently, the terms with C; and C, either add to, or subtract
from, the terms with C; and C, depending on whether A J
= +1or AJ= —1. Theform of Eq. [ 3] used for the Al =
3 transitions will be given later. Table 5 gives the constants
determined by aleast-squares fit of the observed line intensi-
tiesto Eq. [4]. The O — C vaues given in Tables 2 to
4 were the deviations given by the least-squares fit that
determined the constants given in Table 5.

Intensity Contribution from |-Type Resonance for v, = 2

To calculate the mixing of the wavefunctions due to |-
type resonance, one must find the eigenvectorsfor the energy
matrix that includes the matrix elements for |-type reso-
nance. If v, = 2, the energy matrix with |-type resonance
for a given value of Jis given by

E(X22Y) W W, ,
E= Wo2 E(X ZOY) Wo-» ) [6]
W, W_o E(X27°2Y)

where the unperturbed wavenumber of the energy level is
given by
E=G,+BJJ+ 1)

S DI+ 1) — 172+ HIE + 1) — 122 7]

and the coupling matrix elements are given by

Woo = Wo, = W_pg = W5
= q[J2(J + 1)% — 23(J + 1)]¥21\2

and
Wo o = W_p, = 3p,[J%(J + 1)2 — 23(J + 1)].

Because of its symmetry, Eq. [6] can be transformed into
a2 X 2 matrix representing the e levels,

V2Wi
E(X2°) |’

E(X22Y) + Wy

E= Wi, [8]

and al X 1 matrix representing the f levels,
E(X2%Y) — Wy,

Even without that transformation, the eigenvectors of Eq.
[6] show that there is no mixing of the 02°0 level with one
of the two 0220 levels, the f level. Consequently, |-type
resonance does not mix the | = 0 state with the f level of
the | = 2 state. This leaves unchanged the selection rule Al
+ 2 for the f levels. Both e levels that are the eigenvalues

Copyright © 1997 by Academic Press
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TABLE 2
Measured Intensities (10 * cm~2 atm™') of the 0220—00°0 Transitions for H*?C*N and H**C**N

H"2C"N (at 296.5 K) H'?C'*N (at 297.2 K)

J”  P-branch (O-C) R-branch (O-C) Q-branch (O-C) | P-branch (O-C) R-branch (O-C) Q-branch (O-C) J*
5 0228 017 149(5) 040 0613) 026 5
6 431(8) 027 333(8) 035 113(5) 002 6
7 8349 4 7.96(19) -0.32 201(7) o1l 6.44(8) 066 7
8 1357(21) -152  1392(18) -0.18 252(6) 0.03 1292(72) 079 2286) 016 8
9 2246(28) -1.06 2915 018 9

10 3264(24) 128 299937) -137 3546) 006 2889(18) 166  24.46(54) 189 10

11 444525) -140  40.73(26) -1.44 406(6) 000 3500(59) -184  3241(%4) 130 11

12 56.7336) -187  53.52(2%) -0.08 46905 029 4769(53) 052  4111(46) 1.11 12

13 7097(36) 030  63.37(28) -145 4556) 005 5721(53) 026  49.00(43) 0.10 386(5) 003 13

14 8251(36) 044  7447(37) 0.53 470(5 003 68.78(63) 160  56.66(59) -0.52 14

15 91.41(46) -132  83.78(49) 045 439(7) 02 746%78) 077  6328(73) 091 15

16 10200(48) 208  889547) 0.4 81.36(80) 028  69.82(103) 039 16

17 10579(47) 176  9357(52) 135 4055 008 7200(83) 0.55 17

18 10645(79) 157  9478(40) 247 390(5) 013 8508(81) -1.59  7275(75) 066 18

19 10492(50) 233 346(5) 0.0 84.88(87) 044  728%71) 081 19

20 85.77(41) 129 69.98(85) 130 2433) 000 20

21  91.68(51) 1.54  79.04(40) 1.59 7584(92) 022  62.63(58) -1.06 1993y 007 21

2 704937) 136 68.74(80) 030  57.50(60) -0.02 22

23 96.11(32) 099 1.76(4) 0.04 6280(83) 168  5046(57) -0.17 1423) 002 23

24 63.58(30) 253  5173(30) 075 1508 012 56.28(63) 345 1213) 009 24

25 5298(43) 192 111¢4) 003 4421(51) 033  3493(83) -1.52 25

26 33.66(22) 044 0593) 025 29.31(46) -0.53 26

2] 209348) 023  2400(36) 012 27

28 2617(24) 013  2226(25) 148 2337(44) 009 1741(27) -128 2

29 197220) 020  1499(18) -0.68 1836(32) 022  14.1533) 0.5 2

30 1466(20) 025  11.48(18) -0.09 1391(11) 018  10.57(29) -0.14 30

31 961(20) -131 831(16) -0.04 981(11) 038 762(30) 023 31

32 6.78(22) -1.06 5728) 018 741(8) 0.02 7.18(29) 1.85 32

33 385(4) 023 7.06(26) 179 52517) 129 33

34 265(5) -1.09 346(12) 074 34

3 2195 -038 399(11) 147 2.78(11) 095 35

36 1234) -047 1757) 054 36

# The uncertainty in the last digits (one standard deviation given by the fit of the line shape) is given in parentheses.

for Eqg. [8] arereally a mixture of | = 0 and | = 2 states,
consequently the selection rule Al = 0 can be applied to
transitions from the ground state to either of the two e states.

To use the best form for Eq. [3] to represent the effect
of |-type resonance we need to know the approximate form
of the mixing coefficient given by the energy matrix, Eq.
[8]. The perturbed form of the wavefunction for the 022°0
level may be given by

$(022°0) = ay°(022°0) — by °(02°0),
where
az+ b?=
and
b? = 3(1 + X)¥? -

10+ Xx) e (9]

with
X = 8W %/[E(0220) + W, — E(02°0)]2.

Expanding Eqg. [9] in a power series, retaining only the first
terms, and leaving out the W,, term because it is so small
gives
b =3X"?=q[J?J + 1)?

— 2J(J + 1)]Y?/[E(02°0) — E(02°0)].

Thus the dominant term in the transition dipole moment for
the 022°0—00°0 transitions will be

CF(J) = bR(02°0—-00°0)
= @,R(02°0-00°0)[J2(J + 1)2
— 2J(J + 1)]Y2/[E(0220) —E(02°0)],

[10]
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TABLE 3
Measured Intensities (10 ° cm~2 atm™*) of the 1220-00°0 and 02%1-00°0 Transitions of HCN

1220-00°0 (at 298.6 K)
J”  P-branch (O-C) R-branch (O-C) Q-branch (O-C)

0221-00°0 (at 298.0 K)
P-branch (O-C)  R-branch (O-C) Q-branch (O-C) J”

5 1098¢30)" -0.09 5
6 2037(48) 099 6
7 30.17(35) 0.5 7
8 4399(20) -1.70 8
9 6011(51) 322  429%14) 016 9
10 201 027 1253(18) 016  8089(33) -213  480(23) 006 10
11 401(6) 016 173717) 149 11
12 48333) 096 1335) 026 | 2470(14) -137 1230964) 063  627(14) 033 12
13 638(7) 002  163(7) 001 | 331417) 070 1433529) 143 13
14 656(29) -123  7528) 008  158(4) 002 | 4366(64) 204 15708(46) 021  55521) 078 14
15 857(8) 012  1956) 042 | 484517) 031 16461(47) -294 15
16 987(10) 030 1277y 015 | 546417) -0.06 587(20) 014 16
17 107512) 060 5053(21) 055 17576(40) 199  623(12) 060 17
18 1061(12) 018  1203) 006 | 6283(16) 158 17233(37) 303 18
19 1027(18) 010  0728) 026 | 61.4438) -0.16 40717) 053 19
20 806(10) 015 1062(12) 061  0854) 002 14548(134) -254  351(17) 051 20
21 76217) 048  969(15) 029 137.40(78) 429 21
2 697200 071  830(13) 0.9 5283(15) 094 1176937) 085  256(11) 033 22
2 58015 044  731(13) 034 4642(15) 012 9731(49) -263 3
20 410(16) 036  649(10) 015 81.74(50) -181 2
25 2916) 071 578(14) 015 3398(16) 008  64.49(69) -3.78 25
26  2946) 006  471(10) 005 2763(18) 051  56.33(69) 182 2
27 241(6) 018  376(13) 001 1772(33) 498  3832(51) -4.25 2
2 251(10) 047 1759(12) 029  3257(60) 0.04 2
2 2213) 010 2250(51) -183 29
30 1748) 001 939(23) 097  1508(60) -2.72 30

 The uncertainty in the last digits (one standard deviation given by the fit of the line shape) is given in parentheses.

or

C = g,R(02°0-00°0)/[ E(02?0) — E(02°0)], [11]

and

F(J) = [J*(J + 1) — 23(J + 1)]"3, [12]
where J = J’ because the upper state is the one that is
involved in the resonance. The J-dependence of Eqg. [12] is
the same as that for the C; term of Eq. [4]. Since this is
based on the transition dipole R(02°0—00°0), then the
Honl—London term, L, in EQ. [4], must be the one appro-
priate for a Al = 0, | = 0 transition. Obviously, equations
similar to Eq. [11] could be derived for any v, = 2 state.
The values of C given by appropriate variations of Eq. [11]
are listed in the last column of Table 5 and should be com-
pared with the values of C; in that table. In addition to the
C; term in Eq. [4], we have added a C, term that has an
additional J(J + 1) dependencein order to alow for higher
order terms that were ignored in our derivation of Eg. [10].

To see how well Eq. [11] agrees with a more detailed

calculation and aso to compare the expected intensity pattern
with what is observed, we have calculated the intensity of all
the lines for the P and R branches of the bands measured in
this work using the eigenvectors given by the diagonalization
of the energy matrix. All of the constants needed to evauate
the energy matrix, Eq. [ 6], have been given by Maki et al.
(7, 8) so it was easy to calculate exactly the effect of the
resonance in transferring intensity from the X 2°Y —00°0 tran-
sitions to the X 22°Y —00°0 transitions. More details of that
calculation have been given by Maki et al. (2) who followed
the formulation given by DiLauro and Mills (12). These cal-
culations used the trangition dipoles given in Table 1.

The calculated intensities were fitted in the same way that
the experimental intensity values were fitted and the re-
sulting constants are given in the rows labeled ‘‘calc.’’ in
Table 5. Those rows do not give any value for C, because
it was in all cases an order of magnitude smaller than the
observed value and smaller than its uncertainty. To have
a redlistic comparison between the constants given by the
calculated and observed intensities, the fit of the calculated
transition intensities included only those transitions whose
intensity was measured and the weight given to each mea-
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TABLE 4
Measured Intensities (10 * cm~2 atm™') of the 0220—00°0 Transitions for D**C*N and D*C*N

D'?C'N (at 297.7 K) D'3C'N (at 296.5 K)

J”  P-branch (O-C) R-branch (O-C) Q-branch (O-C) | P-branch (O-C) R-branch (O-C) Q-branch (O-C) J”
8 701(30)* 034 416(23) 029 8
9 10.90(40) -0.34 413(21) 045 6.44(16) 034 9

10 70%42) -518  16.40(40) 037 6.3%22) 0.53 921(17) 042 10

11 1560(50) -144  21.00(40) 057 1242(17) 065 1
12 2330(60) 086  28.20(40) 063 042(14) 025 18.97(26) 220 12
13 36.40(60) 826  3390(40) 023 0.11(4) 008 1587(17) -049  20.11(23) -048 13

14 39.00(60) -0.46 19.81(20) 0.07 14

15 368(40) -216  44.50(40) -0.03 2294(18) 028  28.09(16) 049 15

16 416(40) -175  49.20(40) 067 0386(13) 0.65 26.58(18) 042  3197(17) 163 9.27(168) 1.56 16

17 51.10(40) 0.10 2899(17) 046  32.36(16) 0.05 513(121) 250 17
18 5390(40) 527  5240(40) 002 29.76(21) 041  3345(16) 0.05 8.71(154) 134 18

19 4890(40) 032  5220(40) 0.16 3L14(13) 015  3312(15) 044 6.99(98) 000 19

20 46.70(50) -174  51.10(40) 082 313515 038  3248(1%) 035 20

21 47.00(40) 0.8 0.128) 003 314519) 015 21

2 42.0030) -1.30 2847(16) 0.18  28.26(14) 082 22

23 38.10(60) -135  38.60(30) -0.06 2667(16) 011  258%(14) 048 VA]

26 3460(30) -046  34.80(40) 1.14 2270(16) -0.65 536(107) 128 24

25 3040(30) 002  27.00(40) -1.89 2147(14) 017  20.14(14) 005 25

26 2560(30) -0.19  23.70(30) 0.2 18.36(13) 008  18.38(16) 1.33 26

27 21.70(30) 033  1940(30) 0.26 1549(11) 012  13.60(16) -048 27

28 1271(10) 023  11.67(11) 032 28

29 1410(20) 041  11.80(30) 020 10.54(11) 0.04 9.00(13) 0.6 29

30 967(27) 093  1030(50) 1.61 828(11) 007 740(18) 0.52 30

3 7.56(18) 046 52412) 008 31

32 617(21) 025 6.18(30) 168 48510) 0.10 32

33 497(26) 069 361(9) 008 3.14(13) 044 3

34 255%9) L0.14 232(12) 044 34

35 163(12) 037 35

36 1598) 025 1.19(16) 036 36

37 1.00(9) 009 37

 The uncertainty in the last digits (one standard deviation given by the fit of the line shape) is given in parentheses.

surement was also attached to each of the calculated intensi-
ties. This was done for each of the bands given in Table
5 and the agreement between the calculated and so-called
observed constants for the e—e transitions was very pleasing.
However, when wefit the measured intensities of the forbid-
den P- and R-branch transitions with only the constants C;
and C, the residuals of the fit were very large and were system-
atically of opposite sign in the P branch from the residuas in
the R branch. It was obvious that some constant was needed
which would have a sign that depended on the sign of J'-J".
The next section shows that the constants needed to improve
thefit of the P- and R-branch intensities are the same constants
needed to fit the intensities of the Q-branch transitions.

Intensity Contribution from Other Coriolis Sources

As shown above, |-type resonance does not affect the
intensity of the Q-branch transitions of the type X 22'Y —
00°0. In addition, |-type resonance cannot explain the ob-

served asymmetry of the P- and R-branch intensities, i.e.,
the C, constants. If we assume that there is no way to mix
the eand f levels, then the extraintensity factors must come
from some Coriolis interaction between the upper and or
lower states and an | = 1 state because that is the only type
of state to which both upper and lower states can make
alowed AJ = 0 transitions. It would serve no purpose to
investigate an interaction that does not lead to an allowed
transition, such as a purely vibrationa interaction.

For a weak Al = 1 Coriolis interaction affecting the
upper state the energy matrix will have the form

e _ |E(X27'Y)
Wi,

W,

E (perturber) | ’ [13]

where

le = Z{\](J + l) - 2} 2
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which is the correct J-dependence for a Al = +1 perturba-
tion. Treating the energy matrix, Eq. [13], in the same way
as Eq. [ 8] above wefind that the contribution of this Coriolis
interaction to the intensity of the X 22"Y —00°0 transition
will be

CF(J) = bR(perturber—00°0)
= ZR(perturber—00°0)[J’ (I’ + 1) — 2]*2
I[E(X22"Y) —E(perturber)],
or

z = C[E(X22"Y) — E(perturber)]

/R(perturber—00°0), [14]
where R(perturber—00°0) is the transition dipole moment
for the transition from the ground state to the perturber state.
In these equations we have used z to represent the Coriolis
interaction constant. In some cases the Coriolis interaction
constant is represented by a term such as z = 2B where {
usually has a value between +1 and 0 (12).

Since the perturbing state cannot be an | = 0 state, it is
evident that a nearly identical matrix must also apply to the
X 2%°Y levels and so the same intensity perturbation should
be found for the P- and R-branch transitions. This accounts
for the C, term in Eq. [4]. The L, term will be a Honl—
London term for perpendicular transitions such as 01*0—
00°0. It is convenient that the L, term that applies to P- and
R-branch transitions (Eq. [5]) has aterm (J’' — J") that is
negative for P-branch transitions and positive for R-branch
transitions. Certain conventions could reverse these signs.
Similar arguments could be made for a Coriolis interaction
involving the lower, ground, state.

We have also added to Eq. [4] an extraterm, C,, that is
intended to allow for higher order terms left out of our
derivation. The C, term was included in the fits of P- and
R-branch intensities but the uncertainty indicates it may not
be significant in most cases.

This explanation requires that the C, term have the same
value for the Q-branch transitions and for the P- and R-
branch transitions. Table 5 showsthat thefits of the observed
intensities do fulfill this requirement. The relative sign of
the transition dipole, the C, term, cannot be determined from
the Q-branch measurements, but the magnitude is in good
agreement with the same term for the P- and R-branch transi-
tions.

Intensity Contribution from |-Type Resonance for v, = 3

The case of X 3%Y —00°0 transitions is different from the
Av, = 2 transitions because both the e and f levels of the
| = 3 state undergo a mixing with the | = 1 state. For the

MAKI ET AL.

particular case of the 03'30 levels the energy matrix has
the form

E(03%0) Wa, W, 0
E_| We  E@030) Wi, o Wi
W_13 W—ll E(OSflO) W_1_3 ’
0 W_5 W5, E(037°0)
[15]
where

W, = Wiz =W 3 3=W3 4
= 3q[J%(J + 1)% — 8J(J + 1) + 12]V?/2,
Wy ;=W =qJJ+ 1),
W 3 =W 13=W3 =W,_;
=V3pJ(J + 1)[I2(J + 1)2
—8J(J + 1) + 12]*2/2,
and the energy levels are given by Eq. [7].

Equation [15] can be further simplified by transforming
to two 2 X 2 matrices in the form

E(03°0) (Wa = Ws-)

= , 16
(War = Ws_ ;)  E(03'0) = Wy, [16]

where the matrix with the upper sign applies to the f levels
and the one with the lower sign applies to the e levels. This
has the same form as Eq. [8] so that the contribution to the
transition dipole moment will be given by
CF(J) = V3gqR(03'0-00%)[J?(J + 1)2
- 8J(J + 1) + 12]¥2
/2[E(03°0) —E(03'0) * W,_4].

[17]

This has a dightly different J-dependence from what is in
Eqg. [4] so we have fit the data for the forbidden Al = 3
transitions to the following revision of Eq. [4]:

R=L{Cs+ CJ'(J + 1)}{JI'¥J + 1)2

—8J'(J" + 1) + 12} V2, [18]
In Eq. [18] the Honl—London term L, will be the same as the
L, term in Eq. [4] in order to be appropriate for the AJ = 0
or +1 transgitions for 03'0—-00°0 because those transitions are
assumed to provide mogt of the transition dipole for the 03°0—
00°0 transitions. The first set of deviations shown in Table 6,
(O - C), camefrom aleast-squaresfit of the measured intensi-
ties of dl the Al = 3 trangtions to Eq. [18].
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TABLE 5
Components of the Transition Dipole Moment Arising from a Al = *1 Coriolis Interaction and
I-type Resonance (the Signs Are Relative to a Positive C;)

INTENSITIES OF Al > 1 TRANSITIONS OF ISOTOPOMERS OF HCN

transition C,(debye) C,(debye) C,(debye) C,(debye) C.Eq. [11](debye)
HCN
obs. 02%0-00°0 -8.5(3)<10° -0.1(10)x10%®
obs. 02%0-00° -8.4(4)x10° -5.1(14)x10® 2.58(2)x10° -5.9(4)x10”
calc.® 02%0-00° 2.62(2)x10°  -6.5(4)x10°  2.5x107
obs. 12%0-00°0 -2.7(2)x10°
obs. 12%0-00°0 -2.2(4)x10%  4.0(8)x10®  4.39(15)x107 -1.2(3)x10"
calc. 12%0-00° 432(3)x107  -1.0(1)x10™ 4.1x10”
obs. 02¥1-00°0  6.3(2)x10°
obs. 02%1-00°0  6.2(3)x10° -2.6(10)x10®° 1.69(2)x10° -4.3(4)x101°
calc. 02*1-00° 1.78(1)x10°  -3.8(2)x107° 1.7x10°
HCPN
obs. 02%0-00° -8.1(3)x10° -1.3(6)x10?
obs. 02%0-00°0 -8.3(6)x10° -3.3(14)x10% 2.29(3)x10° -53(5)x10?
calc. 02%0-00°0 2.41(1)x10°  -5.2(3)x10°  2.3x10°
obs. 02¥1-00°0  6.9(12)x10*
obs. 02*1-00°0  4.8(3)x10° 1.70(3)x10°  -4.6(8)x10™1°
calc. 02%1-00°0 1.77(1)x10°  -3.5(2)x10"°  1.8x10°
H13cl5N
obs. 02¥1-00°  3.6(12)x10
obs. 02%*1-00°0  4.0(3)x10° 1.93(3)x10¢  -5.5(5)x10™°
calc. 02%1-00° 1.84(1)x10°  -3.6(2)x10"° 1.8x10°
DCN
obs. 02¥0-00°0 -2.0(12)x10°
obs. 0220-00°0 -4.2(9)x10° -1.6(20)x10®* 2.06(4)x10°  -9.1(7)x10?
calc. 02*0-00°0 1.99(1)x10°  -8.6(2)x10°  1.9x10°
Dl3cl5N
obs. 02¥0-00°0 -2.6(6)x10*
obs. 02*0-00°0 -3.5(4)x10° -2.8(10)x10* 2.04(2)x10° -8.3(3)x10”
calc. 02%0-00°0 1.89(1)x10°  -7.7(2)x10®°  1.8x10°°

* The uncertainty in the last digits, twice the standard deviation, is given in parentheses.
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® The calculated constants are based on a least-squares fit of the intensities given by a calculation of
the /-type resonance mixing of the /= 0 and / = 2 levels (see text) except that the last column is

based on Eq. [11].

The experimental intensity measurementsare givenin Ta-
ble 6 and the constants that resulted from the least-squares
fits of the data are given in Table 7. Table 7 aso gives
the constants that were determined by calculating the line
intensities and fitting those calculated intensitiesto Eq. [18].
Those calculated intensities were based on the measured
transition dipole moment given in Ref. (3) for the 03'0—
00°0 transition and took into account the mixing of the 030
and 030 levels through | -type resonance. This is the fit that
gives the calculated values for the second set of deviations,

(O — Cy), shown in Table 6. Since that set of calculated
intensities was not based on these measurements, it is not
surprising that the sum of the deviations is negative rather
than zero. In fact, it is surprising to us that the agreement
isasgood as it is.

DISCUSSION OF RESULTS

Al = 2 Transitions

In interpreting the results given in Table 5 one should
keep in mind severa points. The constant C, was included
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TABLE 6
Measured Intensities (10 ® cm~2 atm™* at 298.8 K) of the 03°0—-00°0 Transitions of H**C*N

J” Pobranch (O-C)* (O-C.)°  Rbranch (0-C) (0-Cp  Q-branch (0-C) (O-Cp

8 144(12)° -024 -0.38
9 221(8) -0.47 -0.68
10 2.54(10)  -0.19 -0.66 3.47(8) -048 -0.80
11 3.57(23)  0.05 -0.57 592(9) 044 0.2
12 166(8) -0.09 -0.39 3.958)  -038 -1.15
13 458(6)  -0.50 -1.43
14 5.04(9)  -0.69 -1.77
15 5.46(9)  -0.77 -1.98
16 6.72(6) 0.17 -1.14
17 3.81(8) 030 -038 6.73(10)  0.07 -1.30 1497(7)  -0.13  -1.02
18 50822 150 0.78 5.89(12) -0.68 -2.08 16.89(11)  1.05 0.18
19 5.96(8)  -033 -1.72
20 6.68(5) 0.82 -0.53
21 4.74(8) 158 088 5.02(4)  -030 -1.56 1529(7)  -023 -0.87
2 517(7) 231 165 4.73(6) 0.03 -1.13
23 432(11) 180 120 3.66(4)  -039 -1.44
24 343(9) 127 073 2.93(6)  -0.47 -1.40 11.73(5)  -0.48 -0.75
25 2.76(6)  -0.04 -0.83 10.70(5)  -0.08 -0.23
26 2295) 081 0.4l 1.953)  -0.29 -0.97
27 1.48(9)  -0.28 -0.84 8.94(4) 105 1.10
28 1.46(5) 0.11 -0.34 6.03(7)  -0.51 -0.40
29 477(8)  -0.55 -0.39
31 2.84(4) -048 -0.28
32 261(5) 006 026
33 1.59(4)  -034 -0.14

# The first set of Obs.-Calc. were based on the least-squares fit of the measured intensities to Eq. [18].
® The second set of Obs.-Calc. were based on measured intensities minus the values calculated for the
I-type resonance mixing of the /=1 and / = 3 levels.

° The uncertainty in the last digits (one standard deviation) is given in parentheses.

in the fits for the sake of completeness but in no case does
there seem to be a significant value determined for that
constant. In only two cases were enough Q-branch transi-
tions measured to warrant including the C, term in the fit
and in both those cases the term was not significant. Until
more accurate intensity values become available, the C, con-

TABLE 7
Constants from the Least-Squares Fits of the Measured
and Calculated Intensities to Eq. [18]

stants should be considered to be experimental artifacts. The transition C, (debye)x10°  C, (debye)x10°
residuals of the least-squares fits are not noticeably worse e n
in fits that leave out the C, constants. obs.  03%0-00°0 0.69(4)" 0.24(8)

In four cases, the 022'0—00° transitions of DCN and ~ calc.” 03*0-00°0 0.730(6) 0.183(10)
D®C®N and the 022"1-00°0 transitions of H?C*N and  obs.  03*0-00°0 0.67(6) -0.19(12)
H™C™N, the signal-to-noise ratio for the measurements of  calc.  03*0-00° 0.718(1) -0.155(1)

the forbidden Q-branch transi tIOhS 1S .SO poor (S/N ~ 2) * The uncertainty in the last digits, twice the standard deviation, is
that the measurements for C, given in Table 5 are only given in parentheses.

reliable as an estimate of the correct order of magnitude. The calculated constants are based on a least-squares fit of the
The values for C, given by the fits of the P- and R-branch intensities given by a calculation of the /-type resonance mixing of
transitions are much more reliable. Ralf Petry has also made ~ the/=1and /=3 levels (see text).
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diode laser measurements of the Q-branch lines for DCN
and D**C™N withaS/N = 10 or better, but for other reasons
intensity measurements were not possible (9).

As indicated before, the sign of the C; constant is not
obtainable from the Q-branch measurements. In Table 5 the
signs of all the constants are taken from thefits of the intensi-
ties for the P- and R-branch transitions and are all based on
an assumed positive sign for the C; constant. The data are
fit equally well when the signs of all constants are reversed.
The signs of the constants are also dependent on the signs
used for the Honl—London terms.

There is very good agreement between the observed and
calculated values of the C; and C, constants as shown in
Table 5. In making the fits of the calculated intensities for
the X 22°Y —00°0 transitions we also tried to determine val-
ues for the C, and C, constants and in all cases they were
close to zero with uncertainties larger than the values. This
isstrong evidencethat the C; and C, terms are almost entirely
due to the effects of |-type resonance and the C; and C,
terms must come from some other source.

The agreement between the values of the C; terms ob-
served for both the AJ = 0, f—e transitions and the AJ =
+1, e—e trangitions indicates that the same interaction, or
combination of interactions, affects both the e and f levels
for | = 2. That interaction would have to be with a level
with | > 0 in order to affect both the e and f levels. The
relative signs of C, and C; are the same for all isotopic
species but are not the same for al transitions. C; has the
same sign as C; for the 0221-00°0 transitions but the oppo-
site sign for the other two. C; is large enough for its sign
to be apparent just from aquick look at the spectrum because
the R branch is at least twice as strong as the P branch if
C, is positive and the R branch is less than twice as strong
as the P branch if C, is negative, with respect to a positive
C;. Thisis easily seen in Tables 2, 3, and 4.

All the evidence points to the validity of the assumption
that the value of C; comes from some Coriolis interaction
that mixes either or both the upper and lower states with |
states such that the transition has the character of a Al =
+1 transition. In Fig. 4 we show all the energy levels of f
parity, or symmetry, below 4900 cm*. Each of these levels
could, in principle, interact with the upper state of the Al
= 2, f—e trangitions. Each of the levels shown in Fig. 4 is
accompanied by an e level which would interact with the
upper state e levels through the same interaction constant.
The e levels also could interact with the lower state, the
ground state, but the f levels could not.

Since this paper is concerned with transitions from the
ground state, let us look first at the possibilities for interac-
tions that might affect the mixing of the ground state with
| = 1 states. If the values of the C, constants are only due
to interactions with the lower, ground state, then the values
of C; will be proportiona to the transition dipole moments
for transitions from the same perturbing state to the appro-
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priate upper state. The most likely possibility is that the
ground state is mixed with the 010 state which is the closest
| = 1 state. For the various cases, this would mean that

|C,(0220—00°0)/R(0220—010) |

= | C,(12%0-00°0)/R(12?0-010)| [19]

= | C,(0221-00°0)/R(0221-010)]|.

To evaluate these ratios we have assumed that the value for
R(1220-01'0) is the same as R(11'0-00°0) which ac-
cording to Ref. (3) seemsto be agood assumption, to within
about 8%. The same assumption was applied to R(02%1—
01'0) and R(01*1-00°0). While the above ratios are the
same order of magnitude, they are not the same; they vary
from 0.00022 to 0.00075. This makes it seem unlikely that
some ground state coupling is the sole source of the observed
intensity. There will also be weak couplings between the
ground state and other | = 1 states but there is no reason to
expect they will be any stronger and since they are more
distant they would probably be less significant.

To simplify the discussion of possibilities for upper state
mixing, we can consider the simplest example, the 022" 0—
00°0 transitions. The nearest | = 1 levels that might interact
with the 02°0 level are 01'0, 030, 01'1, and 110, none of
which is closer than 680 cm™*. The transition dipole mo-
ments between the ground state and these upper states are
given in Table 1.

Because the transition dipole to the 010 state is 50 times
greater than the transition dipole to the 03'0 state and be-
cause they should have the same Coriolis coupling constant
with the 0220 state, it is unlikely that a mixing with the 030
state could contribute much to the intensity. We can estimate
the contributions of the 011 and 110 levels to the intensity
of the 0220—00°0 transitions because we have values for
{25 = 0.153 and {1, = 0.988 given by Nakagawa and Morino
(13). The Corialis coupling term, z, is usually given by 2B(
and the other constants in Eq. [14] are known so we can
estimate that the contribution to C, will be 1.0 X 10> D
from the 110 interaction and 0.2 x 10 D from the 01*1
interaction. These estimates may be in error by a factor of
2 and there is no guarantee that they will add together rather
than subtract, but even so these interactions do not seem to
be able to explain al the observed intensity.

If al of the intensity for 0220—00°0 comes from the
01'70—00°0 transition, then the interaction term, z, must be
given by Eq. [14] and is about 0.32 cm™* which gives a {
of about 0.1. This same interaction also would have to apply
to the ground state and so its effect would either cancel or
be doubled. Based on these considerations, it seems most
likely that the intensity of the 022" 0—00°0 transitions comes
in part from a Coriolis interaction of the upper state (0220)
with the 01'0 state and also from the same interaction be-
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VIBRATION WAVENUMBER
(cm™)
012 4878
1220 4699

05°0 3587
83 3315
05'0 3495

410 2864

0
gt 5808

03’0 2144
030 2113
02%0 1427
o1'o 712

FIG. 4. All of the energy levels of f symmetry for HCN below 4900 cm™. In this diagram the wavenumber scale is based on zero wavenumbers
for the ground vibrational state.
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tween the ground state and the 01'0 state. There also will
be contributions from interactions with the 01'1 and 11'0
states.

There are even more candidates for the perturbing level
for the higher states but probably the same interactions are
responsible for the majority of the intensity. Otherwise we
might expect a greater variation in the size of the ratios
given by Eq. [19]. If that is the case then much of the
intensity of the 0227 1-00°0 transitions may come from the
01*"1-00°0 and 022" 1-01*°0 transitions and similarly the
12270-00°0 transition intensity may come largely from the
11*0-00°0 and 122"0-01°0 transitions.

The smaller value of C, for the deuterated isotopomer was
surprising because the energy levels are closer together. It
must be due in part to a smaller Coriolis coupling constant
and in part to the weaker transition dipoles for those transi-
tions contributing to the C, term (see Table 1).

Al = 3 Transitions

As can be seen in Tables 6 and 7, the agreement between
the observed and calculated transition intensities and con-
stants shows that most of the intensity of these transitions
comes from | -type resonance. There is still a small discrep-
ancy, especialy noticeable in the R branch, that is probably
an indication that some other Coriolis interactions are con-
tributing to the intensity. In this regard one should particu-
larly note the column of (O — C;,) in Table 6.

We would expect that the same Coriolis matrix elements
that affect the 02°0 state would also affect the 03%0 state
although they would connect the 03°0 state with energy
levels that have one more quantum of v, than the levels that
affect the 0220 state. In addition, there may be other Coriolis
interactions affecting the 03°0 state.
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It is not surprising that | -type resonance seems to account
for most of the intensity of the Al = 3 transitions because
asingle Al + 1 Coriolis interaction could not contribute any
intensity. Instead, either two Al = 1 Coriolis interactions
are needed or one Al = 2 interaction.
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