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a b s t r a c t

The resonance crossing of rotational levels with different fine-structure components and different k rota-
tional quantum numbers was observed in the rotational spectra of the symmetric top fluorosulfate rad-
ical FSO3

� . Detailed measurements were performed to analyze these weak resonances as well as the A1–A2

splittings of the K = 3 and K = 6 transitions. The resonance level crossing enabled the experimental deter-
mination of ‘‘forbidden” parameters, the rotational A and the centrifugal distortion DK constants as well as
the corresponding resonance off-diagonal matrix element.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

In our previous study [1], the rotational line frequencies of the
fluorosulfate radical were measured in the range of 93–281 GHz
and assigned in the 2A2 vibronic ground state for the first time. In
this foregoing paper, it was experimentally proven that the FSO3

�

radical is a C3v symmetric top molecule where only rotational
states with the K quantum numbers 0, 3, 6, . . . are permitted with
nonzero statistical weights by the Pauli principle. The small differ-
ence between the rotational constants (A – B) of about 250 MHz
qualifies the fluorosulfate radical as a quasi-spherical top where
energy levels with different rotational quantum numbers K are
close to each other. Moreover, the A1–A2 splittings of the K = 3 rota-
tional levels were observed for N quantum numbers greater than
13. The transition frequencies were analyzed in terms of the A-
reduced symmetric top effective Hamiltonian [2] using Pickett’s
SPFIT program [3]. This analysis of the transition frequencies pro-
vided the B rotational constant, quartic and sextic centrifugal dis-
tortion parameters, and fine-structure splitting constants. The
value of the second rotational constant was only estimated from
an empirical formula [4].

In the present study, the previous dataset has been extended up
to 662 GHz to observe the presumed resonance crossing of rota-
tional levels between the diverse fine-structure components with

different values of the K rotational quantum numbers because
the corresponding interaction can serve as a tool for the experi-
mental determination of the A rotational constant.

Finally, the crossing of the energy levels with different quantum
numbers K may lead to the failure of the reduction of the effective
Hamiltonian [5], because the off-diagonal matrix elements cannot
be successfully eliminated by a contact transformation.

2. Experiment

The experimental approach is described in detail in our previ-
ous studies of the radicals FCO2� and FSO3

� [1,6,7]. The Prague
millimeter-wave spectrometer was used to measure all the rota-
tional spectra of the fluorosulfate radical. The experimental setup
consists of a tunable microwave generator, semiconductor fre-
quency amplifiers and multipliers, a measuring cell (a 2.3 m-long
glass tube with an inner diameter of 100 mm) and detectors. The
amplifiers, multipliers and detectors are based on Schottky diodes.
The targeted rotational transitions for this study were in the fre-
quency range of 400 GHz and higher. Due to the lower intensity
of the incoming microwave radiation passing through the measur-
ing cell, the optical length was not doubled, unlike in previous
measurements [1].

The radical was prepared in situ by low pressure pyrolysis of its
dimer (bis(fluorosulfuryl)peroxide) at a temperature of about 430
K. This precursor was prepared according to the procedure
described by Zhang et al. [8]. The identification of the radical lines
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was enhanced by measurements with the local magnetic field gen-
erated by the Helmholtz coils, causing the Zeeman effect in the
spectra [1].

3. Hamiltonian and matrix elements

The analysis of the transition frequencies were based on the
Watson‘s rotational effective Hamiltonian [2] extended with the
Hfs fine-structure terms:

H ¼ Hrot þ Hfs; ð1Þ
where Hrot is the C3v symmetric top Hamiltonian [9]:

Ĥrot ¼ BN̂2 þ ðA� BÞN̂2
z � DNN̂4 � DNKN̂2N̂2

z � DKN̂4
z þ HNN̂6

þ HNKN̂4N̂2
z þ HKNN̂2N̂4

z þ HKN̂6
z þ LNN̂8 þ LNNKN̂6N̂2

z

þ LNKN̂4N̂4
z þ HKKNN̂2N̂6

z þ LKN̂8
z þ ð�þ �NN̂2

þ �NNN̂4Þ½N̂3
þ þ N̂3

�; N̂z�þ þ ð�K þ �NKN̂2Þ½N̂3
þ þ N̂3

�; N̂
3
z �þ

þ �KK ½N̂3
þ þ N̂3

�; N̂
5
z �þ þ ðh3 þ h3NN̂2ÞðN̂6

þ þ N̂6
�Þ

þ h3K ½N̂6
þ þ N̂6

�; N̂
2
z �þ; ð2Þ

where the brackets [X, Y]+ denote the anticommutator of the X and Y

operators. Ĥrot provides the matrix elements diagonal in the rota-
tional quantum number k:

hN; kjHrotjN; ki ¼ BNðN þ 1Þ þ ðA� BÞk2 � DNN
2ðN þ 1Þ2

� DNKNðN þ 1Þk2 � DKk
4 þ HNN

3ðN þ 1Þ3

þ HNKN
2ðN þ 1Þ2k2 þ HKNNðN þ 1Þk4 þ HKk

6

þ LNN
4ðN þ 1Þ4 þ LNNKN

3ðN þ 1Þ3k2

þ LNKN
2ðN þ 1Þ2k4 þ LKKNNðN þ 1Þk6 þ LKk

8 ð3Þ
as well as the off-diagonal matrix elements. On the one hand, there
are the Dk = 3 matrix elements:

hN; kjHrotjN; k� 3i ¼ f½�þ �NNðN þ 1Þ þ �NNN2ðN þ 1Þ2�ð2k� 3Þ
þ ½�K þ �NKNðN þ 1Þ�½k3 þ ðk� 3Þ3�
þ �KK ½k5 þ ðk� 3Þ5�g � F�3ðN; kÞ ð4Þ

where

F�nðN; kÞ ¼
Yn
i¼1

NðN þ 1Þ � ðk� ði� 1ÞÞðk� iÞ½ �1=2 ð5Þ

and, on the other hand, there are also the Dk = 6 matrix elements

hN; kjHrotjN; k� 6i ¼ ½h3 þ h3NNðN þ 1Þ�F�6ðN; kÞ; ð6Þ
where F�6ðN; kÞ is defined in Eq. (5). In the symmetrized wavefunc-
tion bases |N, K, A±i = {|N, Ki ± (�1)K|N,�Ki}/2½ where K = |k|, the
off-diagonal matrix elements hN; k ¼ �3jHrotjN; k ¼ þ3i are becom-
ing the diagonal matrix element:

hN;K ¼ 3;�jHrotjN;K ¼ 3;�i ¼ �½h3 þ h3NNðNþ 1Þ�ðNþ 3Þ!=ðN� 3Þ!
ð7Þ

This diagonal matrix elements together with the off-diagonal
term in Eq. (4) contribute to the A1�A2 splitting of the K = 3 levels.

The general form of the fine splitting Hamiltonian Hfs can be
found in [10,11] and, for a prolate symmetric top, it reduces to [12]

Ĥfs ¼ eaaN̂zŜz þ ebbðN̂xŜx þ N̂yŜyÞ þ DS
NN̂

2ðN̂ŜÞ

þ 1
2
DS

NK ½N̂2; N̂zŜz�þ þ DS
KNN̂

2
z ðN̂ŜÞ þ DS

KN̂
2
z N̂zŜz

þ ð�S þ �SNN̂2Þ½ð½N2
þ; Sþ�þ þ ½N2

�; S���Þ;Nz�þ ð8Þ

where the signs outside of the brackets [A,B]± denotes commutators

(�) and anticommutators (+) of the A and B operators. This Ĥfs oper-
ator provides also both the diagonal as well as off-diagonal matrix
elements.

hN;K; S; JjHfsjN;K; S; Ji ¼ � NðN þ 1Þ þ SðSþ 1Þ � JðJ þ 1Þ
2NðN þ 1Þ

� �

� feaa K2 þ ebb ½NðN þ 1Þ � K2 �
þ DS

N N2 ðN þ 1Þ2

þ ðDS
NKþKN ÞK2NðN þ 1Þ þ DS

KK
4 g ð9Þ

hN;K; S; JjHfsjN � 1;K; S; Ji ¼ �ðK=2NÞfeaa � ebb þ DS
KK

2 þ DS
NKN

2g
� ½ðN2 � K2ÞðN � J þ SÞðN þ J þ Sþ 1Þ
� ðSþ J � N þ 1Þ � ðN þ J � SÞ=ð2N þ 1Þ
�ð2N � 1Þ�1=2 ð10Þ

In addition to these matrix elements, there are also terms off-
diagonal in the N and K quantum numbers that are crucial for the
description of the crossing resonances:

hN;K; JjHfsjN þ 1;K � 3; Ji ¼ f½�s þ �SNNðN þ 1Þ�ð2k� 3ÞgF�3ðN; kÞ
ð11Þ

where the F�3ðN; kÞ function is defined in Eq. (5).

4. Analysis of spectra and results

The overall rotational spectra of the FSO3� radical were mea-
sured in several regions in the frequency range of 93–662 GHz
(N00 = 8–64). A total of 717 rotational transitions in the rovibronic
ground state of the FSO3 radical were analyzed. Only the rotational
lines with the quantum numbers K = 3n (n = 0, 1, 2, 3,. . .) are per-
mitted in the ground state rotational spectra of the fluorosulfate
radical as a consequence of the Pauli principle, which is applied
to the C3v molecule with three identical 16O nuclei in the nonde-
generate electronic state. Based on the previous analysis, the pre-
dictions were calculated step by step with Pickett’s SPCAT
program [3]. The other program, SPFIT, was used for spectral anal-
ysis. The analyses were performed using both the A- and B-
reductions of the symmetric top Hamiltonian [13]. In the A-
reduced Hamiltonian, all the terms providing Dk = ±3 matrix ele-
ments are restricted to a fixed value, most often to zero [13]. The
A-reduced Hamiltonian is suitable for molecules fulfilling an
approximate relation for the rotational constants A – B � B or A.
The B-reduced Hamiltonian is designed mainly for the quasi-
spherical molecules (A� B	 B); in these cases, all the Dk = ±6
matrix elements are usually constrained to zero.

Both the symmetric top reductions were employed in the anal-
ysis of the fluorosulfate radical rotational transition frequencies.
The obtained parameters for both the reduced Hamiltonians, their
estimated errors as well as the corresponding root-mean square
deviation are listed in Table 1. Although the B rotational constant
is about twenty times larger than the A-B difference and therefore
the FSO3 radical is more likely a near spherical top than a prolate
molecule, a slightly better fit was obtained was obtained using
the A reduced Hamiltonian. In order to visualize the crossing reso-
nance areas (see below), a reduced-energy diagram (Ered(N,k) ver-
sus J00) was created (see Fig. 1). The reduced energies were
obtained by the subtraction of the purely N-dependent terms from
the rotational energies involving the fine structure terms:

EredðN; k; JÞ ¼ Erot;fsðN; k; S; JÞ � BNðN þ 1Þ þ DNN
2ðN þ 1Þ2

� HNN
3ðN þ 1Þ3 þ LN4

NðN þ 1Þ4; ð12Þ
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