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Abstract: This paper deals with review of exploration of mesace in symmetric top

molecules in different vibrational excited states= n (n =1, 2, 3, 4). Calculations for
+ — —_

x,, +(A-B)-2AC and
AZ~(A-B)

CRCCH shows that resonance take place &t=

= X +(A -B)-2AC

AZ-(A-B)
about 3 MHz for the - 2 series injpv= 4 is necessary to introduce the element
(3., £]f 5|3 k+ 2,0 - 4) in fitting program.

for vip = 2 and yo = 3 respectively. In order to account for spltin

Keywords: excited states, resonance,s;CEH, symmetric top molecules

1. Introduction

The vibrational spectrum of GECH was assigned by Berney et al [1]. The energgllef its
lowest lying degenerate vibration is only E = 17#h™c consequently according to the Boltzman
distribution law it has a population of 58% (29%fe? vibrational degeneracy) of the ground state at
dry ice temperature (200 K). Therefore the rotatl@pectrum in they= 1 state is also strong and it
is not complicated by interactions with nearby aiibnal states. Whereas it is a prolate top, its
rotational constants A 5.7 and B~x 2.9 GHz are not large. So, it is a possible caatdidor the
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observation of the AA; splitting in the ground state. Thg is rather large anéd —B— A is small

and it is possible to observe dirdetype resonance transitions in the microwave rg2geThese
situation have been previously observed only fog, R-= 1 [3], for CkRH and CED, vs = 1 [4],
CRsCl, v6 = 1 [5] and CHCFs, vi2 = 1 [6]. The rotational spectra of gFCD, the isotopomer of this
molecule in the groundy= 1 and v, = 2 states have been measured and studied byakaudinors
[7-11].

Three identical fluorine atoms (I = 1/2) in &FCH have important consequences in the
determination of relative intensities of signalbeTsymmetry operations like exchange of nucleighav
symmetric effect on the total wavefunction for rialith integral or zero spin (Bose patrticles). But
for nuclei with half integral spin (Fermi particjeke total wavefunction is antisymmetric. The tiaia
about the @ axis through 2/3 or 4t/3 rotation is equal to two exchanges of nucleier€fore it is
symmetric (A) for Fermi particles as well as Bosetigles. A rotation of @3 about top axis will not
changey,q states with k = 3n (n = integer, including n =stcey,o 0 €Y. For the symmetric state,
the species are A and in antisymmetric staté 8k ) the species are E. There are eight different
possibilities for combinations of three fluorin@mis with spin 1/2. Two of them can occur when three
spins are the same 1/2 or -1/2, these are totgityreetric because they remain unchanged by any
permutation of nuclei which are equivalent to atioih. But this situation can not take place fa th
remaining 6 arrangements, which are; 2A2E. So the 8 spin functions are 4A2E. The statistical
weight depends on the ratio between the spin fanctf symmetry A and the spin function of
symmetry E. Consequently:

The intensity of A rotational states = 2 (intengifyE rotational states)

For symmetric top molecules like gFCH, the ground vibrational state rotational eresgare
given up to sextic terms by equation (1) and byliegfion of selection ruleaJ = + 1 andAk = 0, the
frequencies are given by equation (2).

Ejk=BJ(J +1)+ (A-B)R- D332(J + 1¥ - Dy J(J + 1)R - Dk
+ HB(J +1B + Hy J2(J + 19Kk2 + Hipd(J + 1)K+ HkS 1)

Vv=2B(J +1)-40J + 1B - 2Dy (J + )R + HyJ + 1P[(J + 28 - B

+ 4h(J + 1PK2 + 2Hy(J + 1)K ()

The spectra in this state are simple, so the difitek values (k = 0,1,2,3,4...) for each J traositi
are assigned easily. This is illustrated in Figlyevhich shows part of the observed transition 24=
- 25, and compares it with the calculated spectrum.

The centrifugal distortion produces a band healigb frequency at k = 0, with a spread to lower
frequency with higher k Figure 2. Due to negatiadue of Dy for CHsCl, this situation is different
Figure 3.
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143870 Freq/MHz=z 143880

Figure 1. Part of the J = 24> 25 spectrum of GJECH in ground state. The top
trace (A) is the observed spectrum, the lower $8) computer simulation.

If |k| values are plotted against frequency for thisesthie Fortrat diagrams are produced which are
shown in Figures 2,3. In these diagrams the sgditincrease as k increases and this is due to jhe D
parameter. xis 6.27 and -2.517 kHz for GECH and CH{ respectively [2, 12].

The sextic centrifugal distortion constants weseuaately determined for the first time for the
ground state, and result shows thak B| Hy;| and Hy < 0. For this molecule the sextic splitting

constant kb is very small [2]. Cazzoli et al. [13] have fourainount of this value, which is
4

h, = 2.3><10’21ﬁ . The predicted value ofsifor CRCCH, 2.6x10-11 MHz, gives a splitting
about 12 MHz for the highest - J transition (J 2)1[P].

6490 126510 126530 126550 126570 126590 126610

Freq/MHz

Figure 2. Fortrat diagram of GJECH in ground state J = 2% 22.
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Figure 3. Fortrat diagram of CH@Ilin ground state J = 2b 22.

2. Rotation Spectrum in Excited State =1

Because » state of this molecule has a high population rtiational spectra in this state are also
strong. It is isolated in frequency from other wtional states, so is not complicated by interastio
with nearby states.

Rotational frequencies for transitions— J + 1 in the excited degenerate vibrational state
vi = 1, ¢; =+ 1 of molecules with axial symmetry were calculatsdNielsen [14]. Although the
Nielsen theory was fairly satisfactory for the taia spectrum of these type of molecules, soméef t
calculated frequencies by this method were diffefiemm the observed frequencies. This formula was
extended to the case of higher J value by Gordgl.ef7]. They also interpreted the transitions
J=4— 5and J = 8> 9 of CRCCH in the excited state;3= 1. Then the frequencies of lines for
transition J— J + 1 were investigated and calculated for ¢ and y= 2 states [15, 16].

The frequency of transition-3 J + 1 for molecules belonging to the point group i€ singly
excited vibrational state. ¥ 1, is given by the approximate perturbationregpion, equation (3).

v=2B(J +1)-40J + 1P - 2Dy (J + 1)R + 25(J + 1)k + Av (3)

whereAv has the value £§J +1) if (K -1) =0 (¢ - type doubling) or

___ (@)*@+1) — _
av = AB-A + Akl -1) if (k- 1)#0 (/- type resonance) 4)

Where is thé-type doubling constant, B and A are rotationalstants, andis the z-coriolis
constant for the vibrational state Yhe degree of-resonance thus largely depends on the ratig; of
to the resonance denominaBr-A +A(l . With low to moderate values of this denominattie
spectrum usually found consists of two extreme rdirtes for (k-1) = 0 (the/- doublets) and a center
group of lines for (k-1) # 0 whose structure depends very strongly on othesirpeters such as the
centrifugal distortion constants. As the strendtthe resonance increase, the lines of the cemteipg
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spread out until the low 4kl| transitions approach the positions of thdoublets. So for largg; and
small (A -B - A{ =-458MHz) value it is possible to observe diréetesonance transitions in the

microwave range. This is a typical pattern fay @oubly degenerate states and is predominantlyalue
the combinations of the splitting of the positivedanegative (k-1) series by- type resonance [which
is inversely proportional to (k1)] and the shift to low frequency due tgk[pwhich is proportional to
(k¢-1)%]. Thus one series goes from high frequency atkdw low frequency at high k, while the other
is at low frequency both for high and low k, witith@ad at some intermediate value.

In order to obtain more accuracy than can be pbtafrom perturbation theory in rotational
energies for singly excited vibrational statessiinecessary to set up the rotational Hamiltoniaa as
matrix (H) in equation it = By and diagonalise to obtain the energy (2,10,11821122). This is
particularly necessary whgld— A + (A i§ small in the above equation; the diagonalizadwoids
the errors implicit in perturbation theory or theed to go to higher orders of perturbation.

The Hamiltonian is set up for a symmetric top roole like CRCCH [2, 11]. This rotation-
vibrational Hamiltonian has two different blockddrgy to the different’ = + 1 and/ = -1 series. k and
¢ are no longer good quantum numbers but {kor (k¢ - 1) may be used to distinguish between the
symmetry species; those levels withf (k1) = 3n, where n is an integer, are of specieg®AA,. If
(k¢- 1) #3n the species are E. Th¢ produces a first order splitting of thef/ (k1) = 0, AA, pair
which are the familiaf - doublets, as shown by Grenier-Besson and Ametodimers [2, 10, 11, 15,
19]. The main difference from the ground state Bpes the splitting of the |k4 = 0 into two widely
separate/ - doublets and the splitting, due fo- resonance. Wheré is the vibration angular
momentum quantum number ahig the Coriolis coupling coefficient. Hence k ahdre not good
guantum numbers, thougli k1 may be used as a satisfactory label.

The diagonal elements of the Hamiltonian used were:

<vp, U, J, K| HIW | vy, £, 3, k> = BI(J + 1) + (A - B 2AZk( - D3R(J + 1%
-DyJ(J + DR - DKA + HyBd + 1P + Hy 2 + 19k2 + Hi 533 + 1)K + Hk6

+NPE + 1)K + k3 ()
In addition there are off-diagonal elements givgn b

<V, £, 3, K| HIh | vy, £+ 2, 3, ket 2>

= - 20TOF O £+ 2030 + 1) - Klke 1] X [0 + 1) - (s Dk 2)} 12 (6)

and <y, £, J, k|H/h| vy, ¢ £ 2, J, KF 1>

= r[(vi+1)2 - (0 £ 12Y2[I + 1) - k(kF 1)]Y/2(2k T 1).
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In equation 5, the P Dy, D¢ are quartic, bj Hy, Hyx; are sextic centrifugal distortion terms
respectively.C is the Coriolis coupling coefficient between th@tcomponents of the degenerate state

andn; represents the centrifugal distortion(@ . The general effect of the additional parameters t

complicate the spectrum relative to that of a negeherate state.
If |k¢ -1 values are plotted against frequency for thisestiite Fortrat-diagram is produced which

is shown for CHCCH in Figure 4. This diagram shows thedoublet and two different seriés + 1.
So the spectrum is more complex compared with grctate [2].

28 -
24 -
20 -
|k -7 16 -
12 -
g1
4l

O T T T 1
155400 155500 155600 155700 155800

Freq/MHz

Figure 4. Fortrat diagram of GJECH in v = 1 state. J = 26> 21.

In the present example the rotational Hamiltonias wiagonalised to give exaetesonance shifts.
The spectrum in the millimetre-wave should consfdivo widely spaced lines, thedoublets, whose
separation is given by equation (4), and a cergralp of transitions withk¢-1>0, whose
frequencies are determined by equation (3). Inldtter set the transitions with low values|lod‘—:q

will tend to lie towards the outsides of the graipce their’-resonance shifts as predicted by equation
(3) will be larges. Two series should thus be olegrdepending on the sign of-k. There are two
different series in spectrum, making it more diiftdo assign than the ground state Figure 4.

3. Rotational Spectra in Excited States, = 2, 3, 4

The vibrational level ¥ = 2 is located at 342 chThe vibrational levels closest tgo\= 2 are y =
1 and ¢ = 1 at 536 and 452 chrespectively [2, 9, 20-22]. As the analysis whiow, the level can be
considered as being isolated and an effective Hani@n for a y= 2 level is suitable for the analysis
of the data. The general features of the difgeisonance transitions in the=v 2 level have been
discussed by Harder et al. [21]. There is a gogdeagent for the obtained rotational constants B and
the /-dependencey,, = (B, -B,)/4 . Because the main information is obtained frora thata of
Carpenter et al [20]. The fact that the diretygpe resonance transitions provide further infdraraon
[21]. Excellent agreement is obtained for the valoég, = E2 —E, /4, because the parameter A
constrained in its value [20]. The B and other sjescopic constants determined accurately upgev
4 and show a regular dependence on the vibratepreaitum number Figure 5 [2, 20, 22, 23].
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Figure 5. Plot of B against pMfor CRCCH.

These spectra show no obvious regularity from tbentpof view of frequencies as well as
intensities, because there are three series fér #amce the vibrational angular momentum quantum
number/ can have values 0 artR. Therefore it is difficult to identify the quamh numbers k and
associated with each absorption in these spectaekiker from the point of view of experimental
work, correspondence between the lines of diffedemélue should be observed with respect to their
relative position as well as their intensities.

In order to obtain more accuracy in rotational gresr for excited vibrational state ¥ 2 it is
necessary to set up the rotational Hamiltonian asatix (H) in eigenvalue equationyt= Ey, and
diagonalise to obtain the energy [20-22]. The dmdonatrix elements are given by equation (7). This
Hamiltonian can set up for a symmetric top moleaueh as C¥£CH, CRCCD, CRCN, and OPFk
[10, 20-30]. It has three different vibrational tks related té = 2, 0 and -2 Figure 6. The vibrational
anharmonicityx,,/* separates thé= + 2 and/ = 0 blocks and they are coupled by the matrix

elements g and ¢.
In order to explain the form of the spectra we nieecbnsider the energy levels in=2 as given by
the Hamiltonian matrix. The diagonal elements are:

<v, 0, 3, HN, £, 3, ke = v+ x,,02 + B[IQA + 1)- k2] + Ak2 — 2ATK/

-D;R(J + 1§ - D3 J(J + 1)R Dk +N33(J + 1) K + HPQ + 17+ Hy P + 1K

+ Ho(d+ DR + Hk® Mo+ ke +nk3N0 +..... (7)

Wherev = pure vibrational frequency which is independeind, k,/ and x, is the anharmonicity
factor in/. The main off-diagonal elements are th@oubling elements equation (6).
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v,2,d,k>
| =+2 I =0 | =-2
k 2 1 0 -1 22 1 0 1 22 1 0 1 -2
2 q
2 E2 ,
1 E; r q
2
0 Eo ) r q
-1 E_l r
2 E? r
2 r E? q
1 r 0 r q
1 o
019 q
r E, r
0
1 q r E . r
2 q E_2 r
2 r 2
E L
1
r E,
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Figure 6.The Hamiltonian matrix fori = 2 state, J = 2.

4. Plot of Beff

Y,
2(J+1
described below?

From the theoretical point the frequency expresda transition J» J + 1 may be put in
following effective form:

Plotting of ) against (J + ) can help us to analysis of signals in excitetkstawhich is

v=J+1)AJ.ky) + [+ 1$B(J,k,0) (8)
where A(J, k{) and B(J, k¢) are complicated functions of J, k ahd

Therefore:
V —
a+1) =A@, k0 + 3+ 1%B@, k,0) (9)

For analysis and investigation of signals, equai®ncan be changed after some abbreviation and
alteration to the following form:

v=2B(J+1)-4030J + 1P - 2Dy (J + 1)k (10)

+ (M) + 1) fofk1 =0
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or - @)@+ forlk¢ - 1 # 0
4B-A +A) (K -1)

If both sides of Eq (13) are divided by 2(J + hgn:

v = - 2 1 + _ —
and
V_ _g.pwx2 - @)*E+1y _
2(0+1) B - Dyk2 -2DyJ +1¥ 8(B—A + A/ -1) for (k¢ -1)#0 (12)

Hence plottingﬁ as a function of (J + 4)will produce a series of lines; two of them rel&a

(
k¢ - 1 = 0 with slope - 2pand intercept B - k2 + %Cﬂ'

The K - 1# 0 states will produce a series of lines with slope

- 2D;- (@)’ (13)
8(B-A +AQ)(kl/-1)

and intercept B - Rk Some of them are nearly parallel to each other ssme of them show
curvature due to strongresonance. Equation (10) can be further simplifigdaking the term in pto
the right hand side. This is then an effective Bugdor the given transition: hence termed BPLOT.
Any slope or curvature is then due to the effect-wésonance.

V=2Bs(J+1)-4D0 + 1P (14)

Y
2(J+1)

Plotting of By as a function of (J + 1 Wwill produce a series of lines, each of which bg®to a
different (k - 1) value. Correlation of observed lines in difiet J can then be used to help with the
assignment.

In v; = 2 state the Hamiltonian blocks off into factevkich for a G, molecule are of symmetry
species A A; and E. k and are no longer good quantum numbers but (k> s remains a good
symmetry label. In this label s is sign®@fs = + 1 forr >0 and s = -1 fof < 0. The spectra are labled
by (k-¢)’ such as®, -1 and G in the spectrum of J =19 Figure 7.

Accidental resonances can occur when/the 0 series are coupled via thg¢ term with/ = 2
series. This resonance will affect the frequenaéghe|J, k,/> - |J + 1, k,/> transitions. The
maximum resonance will occur when the energy désta= 2, k + 2 equals that of = 0, k i.e.

O B,-= +2D,(J+1)? (15)

E(J, k/=0>=E[J k+2,/=2>) (16)

After omitting terms which are the same from battes of equation (8) this gives:
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(A - B)k2=14x,, + (A - B)(k + 2F - 4AL(k + 2) (17)

Hence k=2u +(A-B)-2AC
AZ-(A-B)

(18)

rlmhnnmn

Erar i
e

A ‘l‘ mmml\fmmMmﬂMh‘mmM

3
0-2

2?2 112 12 2 Ve
0? 7

Iy 1

115550 11556( 115570
Freq/MHz

Figure 7. Part of the J = 19> 20 spectrum of GJECH in v = 2 state. The top trace (A) is the
observed spectrum, the lower (B) is a computer Isitiaun.

If the rotational constants of @ECH from Table 1 are put in equation (18) then koisnd to be
9.7. Experimentally the resonance is indeed olesebetween k = 9 and k = 10 for this molecule and
is independent of J, as expected from equation {8 calculated spectrum of €FCH in J = 20—

21 show this resonance Figure 8. Like this resomdake places in different k values for different
molecules which depends on their parameters Table 2

Figure 9 shows the energy levels/as 2 , 0 and -2 stacks. The lines between statesljacent
stacks represent thetype interaction; for example k = 4 fn= - 2 is linked to k = 6/ = 0 and this also
interacts with k = (6 + 2) = 8, = + 2. The interaction results in the energy levw®ing pushed apart;
for example k = 4 is shifted up and k = 6 is shiftlown. The extent of this shift depends on how
nearly equal are the energy levels. When they laseca large shift is obtained. The maximum shift
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will occur when the energies are almost equal,espmtion (18) and is found in the regionkot 9 .
This phenomenon can occurlat  télue for CECCD, Table 2.

2,k-£=10
«2=0,k-£=9

« L=

=9

=2, k-]

«2=0,[k-£4=10

——
————

—
—
—

| ! | l | .ﬂ.”'.m J

121200 121300

Freq/MHz

Figure 8. Calculated Spectrum of @ECH in v = 2 State. J = 26» 21.

I

T T T T I T

121400

\

Figure 9. Diagram of energy levels for @ECH in v = 2 State.
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Table 1.Comparison of the Parameters for the Excited State
v,=n(n=0,1,2,3,4)of GECH.

Parameter %=0[2] vo=1[2] | v,=2[20] | v,,=3[22] v, = 4 [22]
A/MHz 5718.8436* 5718.8436* 5718.8436* 5718.8436%  71B.8436*
B/MHz 2877.9535(78) | 2883.4613(1) 2888.9678(B)  28884(75) | 2899.7481(14)
AZ/MHz - 3293.5541(71)| 3293.064(9)| 3289.833(16R)  3989(334)

G+/MHz - 3.6206334(72)| 3.6206334 3.6154(4) 3.6169(8)
r /MHz - 0.0 0.203(24) 0.165(12) 0.197(9)
D ykHz 0.2684784(190)|  0.275890(33 0.2817(2) 0.28B8(8| 0.2954(16)
Djy/kHz 6.27696(20) 6.239328(46) 6.2073(15 6.1628(8) 6.1351(17)
Dy /kHz -5.23 -5.23 -5.23 5.23 5.23
nykHz - 25.50129(89) 25.025(13) 24.977(6) 24.847(8)
Ni/kHz - -19.1916(42) -19.1916 -15.38(71) -28.86(177)
D’ yHz - - -0.3950(62) -0.395 -0.395
D’ j/Hz - - -0.967(280) -0.967 -0.967
HymHz 0.03195(110) 0.0348(33) 3.0 0.0 0.0
H)/mHz 18.0092(170) -17.824(43) 15.15(96) 15.15 15.15
Hy ymHz -11.5756(170) -12.19(66) d.o 0.0 0.0
H)/mHz - 0.0 0.0 0.0 0.0
qyHz - 4.29834(36) 0 0.0 0.0
yyolkHz - - -27.189(86) -27.030(36) -28.193(32)
Xy IMHz - - 8260.443(85) | 8135.83(2.1) 8056.1(3.1
nyjHz - 0.¢ -72.2(67) 722 722
foulkHz - - 0.0 0.0 -1.039(23)

* Constrained at this value.

327
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Table 2. Resonance phenomena and k value for some diffsyemhetric top molecules.

compound CRCCH[20] | CRCCD[10] | CRCN [23] CH,CN [29] CD:CN[29]

Resonance take place ai k=9-10 k =16—17 k=21>22 k=3-14 k=3-4

The Hamiltonian for w = 3 has four vibrational blocks correspond to4ke+3, +1, -1, -3 Figure
10. The/ = + 3 and/ = £ 1 blocks are separated in vibrational enengyhle anharmonic term . There
are, however, couplings between +3 and +1, +1,nd 4 and -3, due to the off-diagonal matrix
elements g and ¢ (abbreviated as q and r, respectively, in Figufesl0). The labelling of the
eigenvalues of this Hamiltonian by (ks where sis 1 fof = + 3 and +1, and -1 fdr=-3 and - 1; the
symmetry of a given transition can then be eagiyuted from the fact that

A1A; symmetry (kY)s=3n, n=0,1,2,...

E symmetry (k 4)s# 3n, n=0,1,2,....
v,,d,k>
I =+3 l=+1 | =-1 | =-3
k 2 12 0 1 22 1 0 4 2 2 1 0 -1 22 1 0 -1 =2
2 £ q
1 E31 r q
0 £ r a
3
-1 E-l 3 r
2 E5 r
2 r E% q
1 r E]i r q
1
o lg r E} r q
gl r
-1 q r -1 1
2 q E-Z r
.1 q
2 r E;
1 r E1 r q q
0 q r Eo r
1
1 q r E; r
2 q EZ r
3 -3
2 B2 5
1 r EY
-3
r
0 q Bo
1 r E-l
q -3
-2 q ES

Figure 10. The Hamiltonian matrix foryg =3, J = 2.

The extension to they= 4 is straightforward. The possible values a®g+2, 0, - 2, and - 4, so
that Hamiltonian consists of five blocks and fivaxies are apparent in the spectra. It is worthnigoti
that, to the order of magnitude that was includethe Hamiltonian.

For vio = 2, there are no new parameters in either ohbiee extension of this Hamiltonian to the
cases of w =3 and yp = 4.
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5. Results and Discussion

For the CECCH some of the lines belonging to tiie= 0, ¢/ =2 and ¢/ = - 2 are shown separately in
different plots, (Figures 11, 12, 13).

1. In the/ = - 2 series, the lines are nearly parallel toheather, and the distances between these
lines become less #s- /|5 becomes smaller.

2. The two lines B and G, which are expected to have the same frequencptiserved to be are
separated, the line“ds parallel with (J + P)axis whereasine is not Figure 14.

3. The/ = 0 series are located between liffet® line 10 but most of them are on the lower
frequency side of the spectrum Figure 11.

4. The lines 1to & are above thedline whereas the other observed lines relatedt@ad greater
are hidden under thé*0ines Figures. 11,13.

5. Line 10 is above line 8 and lines 1112°,13,14° cross line @ but other observed lines belong
to the/ = 0 are under thedine Figures. 11,13.

Comparing of Fortrat diagrams ofo\= 3 and yo = 4 with corresponding fory =1 Figure. 4
and Vo = 3 [22] is instructive. Thé + series of yp = 3 are qualitatively similar to those ofpw 1, with
/-doublets and strongresonance. In the same way three O and +2 series ofiy= 4 show a similar
resonance to the corresponding series¢+\2 while the/ = - 2 series is relatively unperturbed.

In the case of ¥ = 2 [20], as k increase, tiie= O energies come into accidental resonance with
those of the positive (kA s series. These two series of energies are abwetheq; . /-resonance

matrix element, giving an avoided crossing. Sualkesmnance is also present fQp ¥ 3, but in this
case, because the vibrational separation due t®,tkerm is so much larger, this resonance only starts
to become obvious at high k [22]. The maximum resme can occur when

EJk+2,¢=3)=FJk (=1 (19)

Omitting all centrifugal distortion and higher tesrand terms which are the same for both states this
gives: equation (20).

— Xy +(A_B)_2AZ
Kk =
AZ-(A-B)

(20)

If appropriate values input in equation 20 thervieg this equation yields a value of k between 19
and 20. There is a slight kink in this diagram vihis caused by the accidental degeneracy of the
Jk 0 =-1) and|J,k+4,€ = +3> states which are not directly connected by a matiement but are

coupled in second order by the interaction of battthem with|J,k =+2, /= +1). Applying the

equation 21 yields a value for the k = 8.4 whiclndeed where the perturbation is observed.

« = Xu +2(A-B)-3A7
" AL+(A-B)

(21)
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The/ = 0 andl/ = = 2 series have separation iy ¥ 4 which are close found in thgov= 2
vibrational state. Consequently, this resonancgearin the same position found fap ¥ 2, namely
between k = 9 and 10. THe= + 4 series are further away in the energy toue x, ¢* term. In the
vio = 4 spectrum Figure.15, the transition with (§ s = -3 for the -2 series is split by about 3 MHz
the J = 20 spectrum. This splitting is not repraliby the parameters obtained by extrapolatiohef t
Vvip = 2 and Yo = 3 values. In order to account for this, it iscegsary to introduce the element
(3., 0[f,,|3k+2,0-4) . This provides a first-order coupling between thiherwise degenerate

energies of the k = +¥,= -2, and k = -1{ = + 2 states which comprise the -3 pair of le\ald leads
to a splitting of this transition.
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Figure 11.Plot of B¢ against (J + f)for vio=2,¢ = + 0 of CECCH.
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Figure 12.Plot of By against (J + E)for vio = 2, ¢ = 2 of CRCCH.
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2891 - .
k-¢]=9
28904
k-t]=0
2889 % wx *—H— X
e k- =0
2888
Bef
28874
*4_———+—+———————*’*”f__—_f k-2 =-16 _a
A—h s —————————— % - E—
[ — — 8
2886 1 |k -¢]=-19
|k - €] =10
2885 T T T T T T T T T T 1

150 250 350 450 550 650 750 850 950 1050 1150 1250

(J+1y
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Figure 15. The splitting (k +)s = -3 for -2 series state in part of the J =2Q@1
spectrum of CECCH in the vo = 4. The top trace is the observed
spectrum, the lower is a computer simulation.
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