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ABSTRACT

Parity and nuclear spin symmetry are approximate symmetries, which formany primary processes in
molecular spectroscopyandkinetics lead toalmost exact constantsof themotion. The symmetric iso-
topomer dichlorodisulfane 35Cl 32S 32S 35Cl (disulfur dichloride) is chiral with two enantiomers, each
ofwhichhas also twonuclear spin isomers (ortho andpara isomers). Electroweakquantumchemistry
predicts a small ‘parity violating’ energy difference �pvE between the ground states of the enan-
tiomers (Mbeingmore stable thanPbyabout 0.17 feV). Furthermore recentmicrowave spectroscopy
has indicated ‘forbidden’ transitions between ortho and para isomers. These phenomena allow for a
comparative study of the time-dependent quantum dynamics of parity and nuclear spin symmetry
violation in a chiral molecule for the first time. We report quantum dynamical calculations of coher-
ent radiative excitation of the complex manifold of polyads with hyperfine structure in ClSSCl. We
demonstrate almost complete (near 100%) transfer of population from an almost pure para-ground
state to an almost pure excited ortho state. Short-pulse excitation from the para-ground state to
an excited time-dependent para chromophore state shows intramolecular interconversion between
para and ortho nuclear spin isomers under isolation after the pulse on a time scale of a few nanosec-
onds to a fewmicrosecond depending on the excited polyad. We also demonstrate the preparation
of exotic ‘chameleon states’, which are superpositions of energy eigenstates corresponding to ortho-
and para- nuclear spin symmetry isomers at the same time. The results are discussed in relation to
the strong separation of time scales between the primary processes of nuclear spin symmetry iso-
merisation (nanoseconds to microseconds) and parity change (seconds) and in relation to possible
experiments to measure �pvE in this molecule. We also compare with the rate processes of nuclear
spin symmetry isomerisation induced by thermal black body radiation, depending on temperature,
occurring on time scales from less than seconds to more than 100 years.
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1. Introduction

Jürgen Troe is known as a pioneer of short-time kinetics,

who studied molecular primary processes in the picosec-

ond time scale already prior to the availability of picosec-

ond lasers, for example in his fundamental work on the
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dissociation of NO2 [1–3]. Over the following decades,

his research was extended far into the subpicosecond

and femtosecond range, using laser techniques, but by no

means restricted to these, in fact covering an exception-

ally large range of methods from shock-waves to lasers,
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ranging from the lowest to the highest pressures in the gas

phase and condensed phases, developing advanced and

ingenious experimental approaches as well as theoreti-

cal methods. Some of this can be found summarised in

the short survey given in [4], by no means complete and

continuing until today. While there existed many efforts

on femtosecond laser chemistry following developments

after 1980 [5], Jürgen Troe has been exceptional in com-

bining his experiments with deep theoretical insight as

well as an understanding of practical applicability to

problems of direct relevance to combustion, atmospheric

chemistry, astrochemistry and photochemistry [6,7].

In recent years, the frontier of short-time kinetics

and dynamics has moved into the sub-femtosecond and

attosecond time ranges by generating laser pulses of

ever shorter duration (see [8–15] and references cited

therein). We have pointed out, however, that an alto-

gether completely different approach avoiding ultrashort

laser pulses but rather using high frequency resolution at

long times combined with advanced analysis can cover

primary processes from very long times to the shortest,

with femtosecond and possibly subfemtosecond char-

acteristics [16–19] and even extending into the yoc-

tosecond domain, in principle ([20] and references cited

therein). Using this approach along very different lines,

we have discussed that by slowing down one can explore

a completely different, new frontier relating primary pro-

cesses to fundamental symmetries of physics and chem-

istry. For instance, experiments on the kinetics of parity

change in isolated chiral molecules can open a window to

possibly new physics [21,22] and is expected to allow for

the determination of the extremely small parity violating

energy difference�pvE between the ground states of chi-

ral molecules [23]. While theoretical predictions for this

quantity in the feV and sub-feV range exist ([24] and ref-

erences cited therein) no successful experiment has so far

been carried out although a current experimental setup

has demonstrated the accessibility of the range towards

100 aeV in a proof of principle experiment on the achiral

molecule NH3 [25]. Current efforts concentrate on the

exploration of suitable chiral molecules for such experi-

ments. Among possible candidates are the disulfanes (or

also disulfides/disulphides).

The disulfide compounds X–S–S–Y contain a non-

planar, intrinsically chiral structural element, and are of

importance in a variety of contexts ranging from bio-

logical chemistry [26] to the theory of molecular struc-

ture [27] and astrophysics [28–31]. A more recent focus

has been the possibility of experiments on parity viola-

tion in such chiral molecules. While the simplest ‘parent’

molecule disulfane HSSH has a relatively large tunneling

splitting of about (hc) · 2 · 10−6 cm−1 in the ground state,

which largely suppresses the effects from parity violating

potentials on the order of (hc) · 10−12 cm−1, other disul-

fides with heavier substituents show tunneling splittings

smaller than parity violating energies and are thus dom-

inated by parity violation [24,32–35]. Notably for the

prototypical C2-symmetrical chiral molecule Cl–S–S–Cl

(Figure 1) we have shown some time ago that with a

barrier of more than (hc) · 5000 cm−1 for the intercon-

version of the enantiomers one can estimate a tunnel-

ing splitting much less than (hc) · 10−50 cm−1 for the

hypothetical, symmetrical, parity conserving potential.

The theoretically predicted parity violating energy dif-

ference �pvE of (hc) · 1.35 · 10−12 cm−1 between the P-

and the more stable M-enantiomer thus exceeds the

tunneling splitting by several ten orders of magnitude

[36]. Therefore the quantum structure and dynamics of

this molecule are completely dominated by parity viola-

tion, similar to, say, the prototypical tetrahedral organic

molecule CHFClBr with a comparable predicted par-

ity violating energy difference �pvE of about (hc) · 2 ·
10−12 cm−1 [37,38]. Thus ClSSCl exists at low energies

in the form of two energetically slightly different isomers

with ground state wavefunctions localised around the

equilibrium structures of the enantiomers and ground

state energies predicted to be separated by (hc) · 1.35 ·
10−12 cm−1 (167 aeV). While this energy difference is

too small to be directly measurable in a thermochemi-

cal or even high-resolution spectroscopic experiment, it

can be obtained with the time-dependent technique pro-

posed in [23], if a suitable excited achiral electronic state

can be identified for applying the scheme of Ref. [23,39].

Our experimental setup has shown sufficient sensitivity

to measure energies on the order of 100 aeV [25]. In a

time-dependent spectrum, one would observe the small

change of parity by the violation of that symmetry, on a

ms time scale (with a predicted period ofmotion of about

30 s for ClSSCl [36]).

Recently a further interesting phenomenon has been

observed for this molecule. As 35ClSS35Cl has a point

group symmetry C2, it exists in the form of two dif-

ferent nuclear spin isomers (’ortho-’ and ’para’-isomer,

see Section 2.1) for each of the enantiomers. Radia-

tive transitions between ortho and para isomers are

usually forbidden by the nuclear spin symmetry selec-

tion rule. However, recent microwave experiments have

shown such ‘forbidden’ transitions [40–42], which there-

fore correspond to a violation of nuclear spin symmetry

[43,44]. In the present work, we investigate this phe-

nomenon by a time-dependent analysis in more detail

following [22] (and references cited therein), and we dis-

cuss the consequences for the slower processes of parity

violation.

While the possibility of forbidden ortho-para tran-

sitions between the nuclear spin isomers has been
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hypothesised since the early days of molecular quantum

mechanics and spectroscopy [45–49] (and references

cited therein) only few such examples have actually

been observed by high-resolution spectroscopy (see the

reviews [22,44] and references cited therein). It appears

that ClSSCl is the only chiral molecule among these, thus

providing a particularly interesting case of the two types

of violations of approximate symmetries [44]. Together

with 1,2-dithiine [50] and trisulfane [51], ClSSCl is

among the interesting candidates to study parity violation

in chiral molecules with a disulfide structural element.

When considering short time kinetics, the most com-

mon observation has been nuclear spin symmetry con-

servation even under collisional conditions at high exci-

tations [52] or in supersonic jet expansions of poly-

atomic molecules [53–56]. Nuclear spin symmetry can

even be conserved in reactive processes on short time

scales [43,57]. On the other hand on longer time scales,

the interconversion of nuclear spin symmetry isomers

has been studied under collisional conditions in a num-

ber of cases (see [58–61] and references cited therein). It

seems, however, that the intramolecular primary process

of nuclear spin symmetry change as a function of time has

never been observed, so far, although such experiments

have been proposed quite some time ago [22,62,63]. The

results of the present work should also open a route

towards such experiments.

2. Theory

2.1. Symmetry considerations and nuclear

spin-rotational levels

ClSSCl is an asymmetric top molecule near to the limit

of a prolate symmetric rotor with rotational constants

Table 1. Character table for the C2 and MS2(S2) symmetry
groups.

C2 E C2 μ KaKc g ŴMS2 ↑ MS4

MS2 E (αβ)

A A 1 1 μz ee,oo 6 A++A−
B B 1 −1 μx ,μy eo,oe 10 B++B−

A = 5534MHz,B = 1394MHz ≃ C = 1233MHz [40,64].

While the rotational spectra are predicted to be slightly

different for the two enantiomers, the corresponding

parity violating frequency shifts �ν are too small to

be detectable at current resolution (for the compara-

ble CHFClBr and CDFClBr the predicted �ν/ν fall in

the range 10−16 to 10−19 [37,38,65,66]). We therefore

consider here one enantiomer as representative example.

The C2 symmetry z-axis in Figure 1 coincides with the

b-inertial axis. The C2 symmetry group is isomorphic

with the permutation group S2 and the molecular sym-

metry group MS2 (E, (αβ)) following Longuet–Higgins

[67], where E represents the identity element and (αβ)

the simultaneous exchange of the two (35Cl-S) units (see

Table 1). We use the conventional notation for asym-

metric top wavefunctions with total rotational angular

momentum quantum number J and labels Ka for its pro-

jection on the z-axis in the prolate top limit and Kc in

the oblate top limit [68]. Then the wavefunctions with J,

Ka (even), Kc (even) (ee in shorthand) and J, Ka (odd),

Kc (odd) (oo in shorthand) transform as the irreducible

representation A, whereas with KaKc = eo or oe they

transform as B (see Table 1).

Table 2 gives in addition the non-rigid molecule

symmetry group MS4 (E, (αβ), E∗, (αβ)∗) isomorphic

to S∗
2 . This includes the inversion E∗ of coordinates

at the centre of gravity and applies at high energies

Figure 1. Perspective drawing of the equilibrium structure and axes definitions for the P andM enantiomers of 35Cl −32 S −32 S −35 Cl
(as calculated in [36]). The axis in the Ir representation for the A-reduced Watson Hamiltonian used in the analysis of the spectra are
x′ = b, y′ = c, z′ = a (with a,b,c being the principal inertial axes). The C2 symmetry axis coincides with the b-axis.
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Table 2. Character table for MS4(S
∗
2).

MS4(S
∗
2 ) E (αβ) (αβ)∗ E∗ g

A+ 1 1 1 1 6
A− 1 1 −1 −1 6
B− 1 −1 1 −1 10
B+ 1 −1 −1 1 10

(above (hc) · 5000 cm−1) when tunneling splittings may

become much larger than parity violating potentials and

thus tunneling eigenstates have a nearly well-defined par-

ity. In this limit, each level is split into two sublevels of

positive and negative parity as given by the induced rep-

resentation Ŵ(MS2) ↑ MS4 in Table 2. MS4 would also

apply to an eventual planar excited electronic state.

The isotope 35Cl (and also 37Cl) has a nuclear spin

I35 = 3/2 and positive parity [69], resulting in four

degenerate spin functions γ , δ, λ,μ, while 32S has nuclear

spin zero and positive parity. Therefore the 4 × 4 = 16

nuclear spin functions of 35ClSS35Cl form a reducible

representation of MS2 which we denote as

DR = 1B(I = 0) + 5B(I = 2) + 3A(I = 1) + 7A(I = 3)

(1)

The combined nuclear spin I of the two 35Cl (following

the ‘triangular-rule’ in steps of 1 |I35(1) − I35(2)| ≤ I ≤
I35(1) + I35(2)) is given in parentheses in Equation (1)

and the left exponent provides the corresponding nuclear

spin multiplicity. As 35Cl with half-odd-integral spin is a

fermion and 32S is a boson, the overall wavefunctionmust

be antisymmetric of B symmetry. Therefore the gener-

alised Pauli principle allows combining the 10 symmetric

nuclear spin functions (with I = odd) with antisymmet-

ric rovibronic (here rotational) wavefunctions of B sym-

metry (i.e. Ka, Kc = eo or oe) and the 6 anti-symmetric

nuclear spin functions (I = even) combine withKa,Kc =
ee or oo. As the A and B rovibronic functions occur with

equal frequency in the regular representation for the total

density of rovibronic states [70], the B rovibronic isomer

has weight 10 and is more abundant in the high tem-

perature limit (conventionally called ‘ortho’). The less

abundant isomer of rovibronic symmetry A has weight

6 (called ’para’). At low energy each hyperfine level of a

nuclear spin isomer appears furthermore as a close lying

doublet of P and M enantiomer levels, which result in

an extra ‘enantiomeric weight’ of 2 if the enantiomers

and their splittings are not resolved, as is the case in cur-

rent spectra (with hyperfine splittings in the kHz toMHz

range and�pvE/h in the sub-Hz range). In the absence of

parity violation, one would have a tunneling splitting into

two sublevels and a corresponding ‘parity weight’, when

the splitting is not resolved [44].

If one assumes nuclear spin symmetry conservation

[43,44], one would have for the total molecular wave

function

ψtot,j ≈ ψevr,j · ϕnspin,j (2)

However, if coupling between the nuclear spins (with

wave functions ϕnspin,j) and the rovibronic motions (with

wave functions ψevr,j) is included, the exact wave func-

tion can include coupling of states of different nuclear

spin symmetry. If we use the product wave functions

�tot,j from Equation (2) as basis functions, we can write

for the exact wave function:

�tot exact =
∑

j

cj · ψtot,j

=
∑

j(o)

cj(o)ψtot,j(o) +
∑

j(p)

cj(p) · ψtot,j(p) (3)

Here the sums in the expansion over the basis func-

tions can be considered as two sums, one over pure

ortho functions ψtot,j(o) and one over pure para func-

tions ψtot,j(p). The sum
∑

j(o) |cj(o)|2 gives the weight of
the ortho nuclear spin isomer and

∑

j(p) |cj(p)|2 gives the
weight of the para isomer in the total eigenstate�tot exact.

Similar considerations apply to the general case with

more than two nuclear spin symmetry isomers [22,44].

The totalmolecularHamiltonian can be formallywrit-

ten as

Ĥtot = Ĥevr + ĤQ1 + ĤQ2 + ĤWW (4)

Here Ĥevr is the total Hamiltonian for the electronic

and rotational-vibrational motion, ĤQ1 and ĤQ2 are the

nuclear spinHamiltonians for Cl-nucleus 1 and 2 (noting

spin 0 for 32S) and ĤWW is the interaction.

2.2. Asymmetric rotor Hamiltonian and rotational

energies for 35ClSS35Cl

As suitable for a nearly prolate top asymmetric rotor,

we use Watson’s A-reduced effective Hamiltonian in the

Ir-representation for the rovibrational wave function in

the electronic ground state following [71–75]. Restricting

attention to the vibrational ground state only, as we shall

consider only rotational states with energies well below

the first vibrational excitations we can write

Ĥevr/h ∼= H00
rot/h = AĴ2a + BĴ2b + CĴ2c

− �J Ĵ
4 − �JKJ

2Ĵ2a − �K Ĵ
4
a

− 1

2

[

δJ Ĵ
2 + δK Ĵ

2
a , Ĵ

2
+ + Ĵ2−

]

+
(5)
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Table 3. Rotational and centrifugal distortion parameters after
Ref. [40].

A/MHz 5533.8964(11) Ã/cm−1 0.18459091(4)

B/MHz 1393.8436(3) B̃/cm−1 0.04649362(1)

C/MHz 1232.6728(2) C̃/cm−1 0.04111754(1)
�J /kHz 0.556(3) �̃J /10−6 cm−1 0.0185(1)
�JK/kHz −5.115(28) �̃JK /10

−6 cm−1 −0.171(1)
�K /kHz 24.70(25) �̃K /10−6 cm−1 0.8239(83)
δJ /kHz 0.144(2) δ̃J /10−6 cm−1 0.00480(7)
δK /kHz 0 δ̃K /10−6 cm−1 0

Table 4. Rotational energies of 32S2
35Cl2 smaller than 70 h·GHz

calculated with SPCAT [77] (and with identical results with the
Wang program [76]) labelled with the asymmetric rotor basis
functions |JKa Kc〉 using rotational and centrifugal distortion coef-
ficients from [40] and ordered by increasing energy (see appendix
for higher energies).

Ŵevr Erot /(h MHz) Ŵevr Erot /(h MHz)

|00 0〉 A 0.00 |32 2〉 A 32641.42
|10 1〉 B 2626.51 |32 1〉 B 32664.47
|11 1〉 A 6766.55 |50 5〉 B 39237.15
|11 0〉 B 6927.72 |51 5〉 A 42378.20
|20 2〉 A 7874.91 |42 3〉 B 43143.92
|21 2〉 B 11858.42 |42 2〉 A 43212.88
|21 1〉 A 12341.92 |51 4〉 B 44793.19
|30 3〉 B 15735.97 |33 1〉 A 53746.16
|31 3〉 A 19493.36 |33 0〉 B 53746.24
|31 2〉 B 20460.26 |60 6〉 A 54838.34
|22 1〉 B 24761.81 |52 4〉 A 56266.17
|22 0〉 A 24766.42 |52 3〉 B 56426.26
|40 4〉 A 26195.98 |61 6〉 B 57618.84
|41 4〉 B 29668.03 |61 5〉 A 60996.00
|41 3〉 A 31279.05 |43 2〉 B 64261.43

|43 1〉 A 64262.01

with (i = √−1) and the anticommutator being denoted

by the symbol [ , ]+

Ĵ± = Ĵb ± iĴc (6)

The rotational constants A>B>C include the effects of

the electronic and vibrational motion in the electronic

and vibrational ground states (i.e.A ≡ Aev, B ≡ Bev,C ≡
Cev omitting the exponents in order to simplify notation),

as do also the centrifugal distortion constants �J , �JK ,

δJ and δK . As discussed in [40], this effective Hamilto-

nian is sufficient to describe the low lying rotational levels

up to energiesE ≈ h · 60GHz (≈ hc · 2 cm−1).When the

analysis of the spectrum is extended to higher energies

(> 60GHz) higher order constants are needed [41].

Using the parameters summarised in Table 3 from

[40], we have calculated the rotational energies given in

Table 4 using the programsWANG [76] and SPCAT [77],

which give identical results. As discussed below, these

rotational energies are consistentwith themeasured tran-

sition frequencies [40], when also including hyperfine

effects.

Figure 2. Low lying ortho and para isomer levels of
35Cl32S32S35Cl including only rotational energies in the vibra-
tional ground state. The states are labelled by their conventional
quantum numbers |JKa Kc〉.

Figure 2 provides an overview of the rotational lev-

els of 35Cl2
32S2 in terms of the separate ortho and para

nuclear spin isomers.

One can readily recognise close degeneracies of ortho

and para levels allowing for nuclear spin symmetry mix-

ing by hyperfine interactions. The usual selection rules

for electric dipole transitions would be

�J = 0,±1 (7)

with J = 0 � J = 0 (8)

and conservation of nuclear spin symmetry

A � B (9)



6 G. WICHMANN ET AL.

Table 5. Hyperfine constants for 32S2
35Cl2 defined in

Equation (12) with experimental values from Ref. [40]. The
two spin–rotation interaction terms C00 and C20 are 3 orders of
magnitude smaller than the other parameters and our conclu-
sions for the dynamics calculations are almost unchanged if these
are set to zero. (For a definition of these, see Equations (S40, S41)
in the supplementary of [83] (see also [82] for further discussion).

χaa/MHz −8.0484(2) χac/MHz −23.7(3)
χbb/MHz −15.722(3) χab/MHz −49.24(8)
χcc/MHz 23.770(3) χbc/MHz −30.27(3)
C00/kHz 1.6(4) C20/kHz 1.2(6)

where ’�’ indicates a forbidden transition (rigorously

forbidden if the approximation from Equation (2) is

assumed).

If tunneling splittings were large as it may occur at

very high vibrational or with electronic excitation, parity

is a good quantum number and one has the parity selec-

tion rule (not relevant at low energy) for allowed electric

dipole transitions (↔) with a change of parity.

+ ←→ − (10)

2.3. Nuclear hyperfine hamiltonian, couplings and

energy levels

If hyperfine effects are negligible and hyperfine splittings

are not resolved as is frequently the case in infrared and

visible spectra, the only effects from nuclear spin in the

spectra arise from the nuclear spin statistical weights g

in Tables 1 and 2 giving rise to intensity alternations

in the corresponding line spectra [46,47]. When effects

from the hyperfine energies are important, one has to

include the coupling of the two quadrupolar nuclei and

with rotation (Equation 4). So far only few cases of

spectra with two coupled quadrupole nuclei have been

analysed including the off diagonal interaction terms

[41,78–81] and we follow in our analysis [40,77,81] (see

also [82]). The program SPCAT of Pickett conveniently

includes the possibility of important hyperfine effects

from twoquadrupolar nuclei andwe have noted its power

in such an analysis before [81]. We have therefore used

it in our calculations here as well, the parameters being

taken from the analysis of [40], summarised here in

Table 5.

Briefly one has in Equation (4)

Ĥ
(N)
Q = 1

6

∑

i,j=X,Y ,Z

Q̂
(N)
ij V̂

(N)
ij (11)

where N = 1 or 2 for the nucleus 1 or 2 of 35Cl and

X, Y, Z are the space fixed coordinates and Q̂
(N)
ij is the

nuclear quadrupole tensor operator related to the nuclear

quadrupole momentQ(N) with V̂
(N)
ij referring to the sec-

ond derivative (with respect to X, Y, Z) of the electric

potential at the position of the nucleus N. One finally

introduces parameters for the quadrupole coupling

χαβ(N) = eQ(N) ∂
2V(N)

∂α∂β
(12)

where α and β represent now the possible combinations

of the principal axes a, b, c and e is the elementary charge

(see also [68,81,84]).

Introducing the notations used by Mizoguchi et al.

[40] and restricting attention to the isotopomer
35Cl 32S32S 35Cl one couples first the two nuclear spins

�I1 + �I2 = �I (13)

followed by coupling of �I to �J giving a total angular

momentum �F
�J + �I = �F (14)

The coupling of the angular momentum vectors �I and
�J result in the triangular rules for the corresponding

quantum numbers (in steps of 1)

|I1 − I2| ≤ I ≤ I1 + I2 (15)

|J − I| ≤ F ≤ J + I (16)

One can now write the matrix elements of the nuclear

spin Hamiltonian for two equal quadrupolar nuclei (Ix =
I1 = I2(= I′1 = I′2)) in the symmetric basis functions

with the coupling scheme presented in [40]:

〈J′K ′(I1I2)I′F′M′
F|ĤQ1 + ĤQ2|JK(I1I2)IFMF〉

= Cx

∑

q

(−1)q
(

J′ 2 J

−K ′ −q K

)

(

(−1)I
′−IeQ(1)V

(2)
−q(1) + eQ(2)V

(2)
−q(2)

)

(17)

with the prefactor Cx being given by

Cx = δF′FδM′
FMF

(−1)J
′+J−K′+I1+I2+2I′+F·

1

2

√

(2I′ + 1)(2I + 1)(2J′ + 1)(2J + 1)

{

F I′ J′

2 J I

}{

Ix I′ Ix
I Ix 2

} (

Ix 2 Ix
−Ix 0 Ix

)−1

(18)

and with the Wigner 3-j symbol written with () and

the 6-j symbol with {}. As the quadrupole tensor in the

principal axis system is symmetric the elements of the

spherical quadrupole tensor for the two nuclei 1 and 2
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(j = 1, 2) may be expressed as

eQ(j)V
(2)
0 (j) = 1

2
χaa(j)

eQ(j)V
(2)
±1(j) = ∓ 1√

6
(χab(j) ± i · χac(j))

eQ(j)V
(2)
±2(j) = 1

2
√
6
(χbb(j) − χcc(j) ± 2 i · χbc(i))

(19)

Because the C2 symmetry axis is the b-axis, we have the

following symmetry relations between the quadrupole

coupling constants for the two Cl-nuclei

χjj(1) = χjj(2), (jj = aa, bb, cc)

χab(1) = −χab(2)

χac(1) = χac(2)

χbc(1) = −χbc(2)

(20)

Applying a Wang transformation to the matrix elements

from Equation (17) gives the possibility to add thematrix

elements from theA-reducedWatsonHamiltonian intro-

duced in the previous section, which are usually also

given in the Wang basis (see e.g. [71–75]). We have

reproduced the effective Hamiltonian from the program

SPCAT [77] for the given input parameters and have sub-

sequently used the results for the eigenstate energies and

for the dipole transition moments between the coupled

basis functions from the output of SPCAT. For further

details, we refer to the appendix.

Table 6 provides a summary of all low energy hyper-

fine levels up to 40GHz and a complete list up to 80

GHz is given in the supplementary tables. Besides the

approximate assignment of the levels in terms of their

dominant zero order contribution and the eigenstate

energy we also indicate the contribution of ortho- and

para states to the eigenstate (symbol |JKaKcIF〉) and the

two zero order states with the strongest contribution to

the eigenstate (indicated by the symbol |JKaKcIF} in the

appendix). It can be seen that all low energy states can be

assigned as being either dominant ortho- or para-states

by their nature (the ’forbidden weight’ being typically less

than 1%). The assignment by zero order quantum num-

bers is less unique, i.e. ‘intra-isomermixings’ can be quite

strong. But even the weak ortho-para mixings lead to

observable ‘forbidden’ spectral lines as was shown exper-

imentally [42]. Figure 3 gives a graphical survey of the

levels.

Table 7 contains a list of transition frequencies for the

low frequency transitions including observed ‘forbidden’

ortho-para transitions from [42] and the frequencies and

intensities as calculated here from the simplified model.

The agreement between the simplified model (parame-

ters in Tables 3 and 5 and setting C00 and C20 to zero)

Figure 3. Low lying levels (below 25 GHz) for 35Cl32S32S35Cl
including all hyperfine levels separated into ‘para’ states (left) and
‘ortho’ states (right), and with splittings magnified.

and the experiment is quite good, the root mean square

deviation being drms = 4.8 kHz for themeasured and cal-

culated frequencies and the largest absolute deviation is

19.1 kHz. Table 8 gives a list of the calculated forbid-

den transitions andmore complete tables are given in the

supplementary publication.

In the present work, we study now the conse-

quences for the time-dependent dynamics under radia-

tive excitation.

2.4. Time-dependent dynamics of hyperfine states

under coherent radiative excitation

We consider coherent radiative excitation of a molec-

ular system (35Cl32S32S35Cl) by coherent electromag-

netic radiation under idealised conditions with negligi-

ble Doppler broadening in a cold molecular beam or

a trap. The radiation field is assumed to be z-polarised

with a slowly varying electric field amplitude envelope

|E0(t)| represented by a quasiclassical electromagnetic

wave propagating in the y-direction [85–88]

Ez(y, t) = |E0(t)| cos
(

ωt + η′ − kωy
)

(21)
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Table 6. Table of ortho–para coupling of all states with E|JKaKc IF〉 < 40 GHz with ppara = ∑

j |cj(p)|2 and portho = ∑

j |cj(o)|2 with the

simplifiedmodel ignoring the spin-rotation terms (see Equation (3) and appendix formore extensive tables. Here symbol E for energy/h).

State E / MHz ppara portho State E / MHz ppara portho

|00 022〉 0.0000 0.999994 0.000005 |31 234〉 20464.4 0.000017 0.999983
|00 000〉 0.0465 1.000000 0.000000 |22 131〉 24759.1 0.000421 0.999579
|10 110〉 2623.3 0.000002 0.999997 |22 112〉 24759.6 0.000669 0.999331
|10 133〉 2624.1 0.000007 0.999993 |22 135〉 24760.7 0.000004 0.999996
|10 112〉 2625.2 0.000012 0.999988 |22 113〉 24761.3 0.000102 0.999898
|10 134〉 2627.4 0.000002 0.999999 |22 132〉 24761.9 0.000619 0.999381
|10 111〉 2628.1 0.000014 0.999986 |22 111〉 24763.6 0.001391 0.998609
|10 132〉 2629.4 0.000009 0.999992 |22 134〉 24763.6 0.002050 0.997950
|11 121〉 6761.4 0.998364 0.001636 |22 002〉 24764.2 0.998914 0.001085
|11 122〉 6765.9 0.995363 0.004637 |22 133〉 24764.2 0.001436 0.998563
|11 123〉 6766.4 0.998707 0.001294 |22 023〉 24766.5 0.998463 0.001537
|11 101〉 6771.3 0.998253 0.001747 |22 024〉 24766.5 0.997945 0.002055
|11 032〉 6919.1 0.002258 0.997743 |22 021〉 24766.5 0.998185 0.001815
|11 011〉 6923.5 0.003412 0.996587 |22 020〉 24766.6 0.999984 0.000016
|11 034〉 6925.3 0.000092 0.999907 |22 022〉 24768.9 0.999796 0.000203
|11 012〉 6932.1 0.002765 0.997235 |40 404〉 26193.2 0.999992 0.000007
|11 033〉 6934.9 0.001565 0.998436 |40 426〉 26196.0 0.999994 0.000007
|11 010〉 6936.8 0.000564 0.999435 |40 425〉 26196.0 0.999994 0.000006
|20 202〉 7872.8 0.999807 0.000194 |40 423〉 26196.1 0.999990 0.000010
|20 224〉 7875.0 0.999903 0.000096 |40 422〉 26196.1 0.999989 0.000012
|20 221〉 7875.1 0.999948 0.000053 |40 424〉 26199.0 0.999993 0.000007
|20 223〉 7875.2 0.999717 0.000283 |41 435〉 29659.8 0.000018 0.999982
|20 220〉 7875.5 0.999437 0.000564 |41 413〉 29663.2 0.000011 0.999989
|20 222〉 7877.5 0.999783 0.000217 |41 434〉 29663.3 0.000009 0.999992
|21 233〉 11851.6 0.000098 0.999902 |41 436〉 29664.3 0.000022 0.999978
|21 234〉 11853.3 0.000201 0.999799 |41 415〉 29668.7 0.000011 0.999989
|21 211〉 11853.5 0.000160 0.999839 |41 433〉 29670.1 0.000037 0.999962
|21 232〉 11858.5 0.000079 0.999922 |41 437〉 29673.0 0.000001 1.000000
|21 213〉 11860.2 0.000025 0.999975 |41 432〉 29673.9 0.000029 0.999971
|21 235〉 11861.8 0.000001 0.999998 |41 414〉 29675.0 0.000017 0.999982
|21 212〉 11865.1 0.000279 0.999721 |41 431〉 29677.7 0.000029 0.999972
|21 231〉 11866.6 0.000274 0.999726 |41 324〉 31275.9 0.999942 0.000059
|21 102〉 12337.9 0.999818 0.000182 |41 322〉 31279.0 0.999907 0.000094
|21 120〉 12341.8 0.999939 0.000061 |41 326〉 31279.1 0.999936 0.000063
|21 124〉 12342.0 0.999774 0.000225 |41 325〉 31279.1 0.999964 0.000035
|21 123〉 12342.0 0.999860 0.000139 |41 323〉 31279.1 0.999916 0.000085
|21 121〉 12342.1 0.999544 0.000455 |41 304〉 31282.2 0.999943 0.000057
|21 122〉 12346.3 0.999820 0.000181 |32 223〉 32641.5 0.999811 0.000189
|30 334〉 15733.1 0.000026 0.999974 |32 203〉 32641.5 1.000000 0.000001
|30 312〉 15734.3 0.000014 0.999986 |32 222〉 32641.5 0.999544 0.000456
|30 335〉 15734.4 0.000002 0.999998 |32 225〉 32641.5 0.999762 0.000238
|30 333〉 15734.8 0.000004 0.999997 |32 224〉 32641.5 0.999880 0.000119
|30 314〉 15736.4 0.000003 0.999997 |32 221〉 32641.6 0.999824 0.000176
|30 332〉 15737.5 0.000005 0.999995 |32 130〉 32663.8 0.000001 0.999999
|30 336〉 15737.7 0.000001 1.000000 |32 131〉 32664.0 0.000149 0.999851
|30 313〉 15738.7 0.000019 0.999981 |32 113〉 32664.1 0.000114 0.999885
|30 331〉 15739.1 0.000030 0.999970 |32 136〉 32664.3 0.000039 0.999961
|30 330〉 15740.2 0.000057 0.999943 |32 132〉 32664.3 0.000369 0.999631
|31 323〉 19486.7 0.999973 0.000027 |32 114〉 32664.6 0.000169 0.999830
|31 322〉 19493.3 0.999880 0.000119 |32 133〉 32664.8 0.000114 0.999886
|31 325〉 19493.3 0.999941 0.000059 |32 135〉 32664.9 0.000241 0.999759
|31 321〉 19493.4 0.999953 0.000047 |32 112〉 32665.0 0.000145 0.999855
|31 324〉 19493.4 0.999968 0.000032 |32 134〉 32665.1 0.000041 0.999960
|31 303〉 19500.1 0.999973 0.000027 |50 536〉 39233.3 0.000007 0.999993
|31 230〉 20454.9 0.000017 0.999983 |50 535〉 39234.5 0.000002 0.999997
|31 231〉 20456.3 0.000049 0.999952 |50 514〉 39234.7 0.000003 0.999997
|31 213〉 20456.8 0.000035 0.999966 |50 537〉 39235.7 0.000001 0.999999
|31 236〉 20458.0 0.000004 0.999995 |50 516〉 39237.4 0.000001 0.999999
|31 232〉 20458.4 0.000091 0.999910 |50 534〉 39237.8 0.000003 0.999997
|31 214〉 20459.8 0.000030 0.999970 |50 533〉 39239.4 0.000004 0.999997
|31 233〉 20462.0 0.000021 0.999978 |50 538〉 39239.7 0.000000 0.999999
|31 235〉 20462.6 0.000057 0.999943 |50 515〉 39240.6 0.000005 0.999996
|31 212〉 20462.7 0.000033 0.999967 |50 532〉 39241.6 0.000011 0.999989
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Table 7. Table of ortho–para transitions (νobs. above horizontal separation line from
[42] and below from [40]) compared to the present calculation with�ν = νobs. − νcalc.
and the absolute square of the electric transition dipolematrix elements. The rootmean
square deviation is drms = 4.8 kHz.

|i〉 o/p |f 〉 o/p νobs./MHz �ν/MHz |Mfi/D|2

|00,0 , 2, 2〉 p |11,0 , 1, 1〉 o 6923.5126 −0.0020 0.0029
|00,0 , 2, 2〉 p |11,0 , 1, 2〉 o 6932.1175 0.0011 0.0039
|00,0 , 2, 2〉 p |11,0 , 3, 2〉 o 6919.0508 −0.0043 0.0026
|00,0 , 2, 2〉 p |11,0 , 3, 3〉 o 6934.8680 0.0001 0.0025
|21,2 , 3, 3〉 o |22,0 , 2, 3〉 p 12914.8991 0.0072 0.0003
|21,2 , 3, 3〉 o |22,0 , 2, 4〉 p 12914.8991 0.0052 0.0010
|11,1 , 2, 2〉 p |22,1 , 3, 2〉 o 17996.0412 −0.0016 0.0014
|00,0 , 2, 2〉 p |11,1 , 2, 3〉 p 6766.3760 −0.0048 2.0069

|00,0 , 0, 0〉 p |11,1 , 2, 1〉 p 6761.302 −0.004 0.4128
|00,0 , 2, 2〉 p |11,1 , 2, 1〉 p 6761.354 0.002 0.4472
|00,0 , 2, 2〉 p |11,1 , 2, 2〉 p 6765.859 −0.004 1.4287
|00,0 , 2, 2〉 p |11,1 , 2, 3〉 p 6766.377 −0.004 2.0069
|00,0 , 0, 0〉 p |11,1 , 0, 1〉 p 6771.244 0.009 0.4484
|00,0 , 2, 2〉 p |11,1 , 0, 1〉 p 6771.284 0.003 0.4112
|10,1 , 1, 2〉 o |11,0 , 3, 2〉 o 4293.867 −0.005 0.8608
|10,1 , 3, 2〉 o |11,0 , 1, 1〉 o 4294.070 −0.002 0.1296
|10,1 , 3, 3〉 o |11,0 , 3, 2〉 o 4294.944 −0.007 1.0496
|10,1 , 1, 1〉 o |11,0 , 1, 1〉 o 4295.401 −0.003 0.3223
|10,1 , 3, 4〉 o |11,0 , 3, 4〉 o 4297.953 −0.002 2.4236
|10,1 , 1, 2〉 o |11,0 , 1, 1〉 o 4298.329 −0.003 0.4070
|10,1 , 1, 0〉 o |11,0 , 1, 1〉 o 4300.200 −0.004 0.4288
|10,1 , 3, 3〉 o |11,0 , 3, 4〉 o 4301.200 −0.002 1.4522
|10,1 , 3, 2〉 o |11,0 , 1, 2〉 o 4302.672 −0.001 0.8357
|10,1 , 1, 1〉 o |11,0 , 1, 2〉 o 4304.006 0.000 0.3944
|10,1 , 3, 2〉 o |11,0 , 3, 3〉 o 4305.425 0.000 1.0875
|10,1 , 1, 2〉 o |11,0 , 1, 2〉 o 4306.932 −0.001 0.5369
|10,1 , 3, 4〉 o |11,0 , 3, 3〉 o 4307.516 −0.001 1.4499
|10,1 , 3, 3〉 o |11,0 , 1, 2〉 o 4308.010 −0.002 0.3793
|10,1 , 1, 1〉 o |11,0 , 1, 0〉 o 4308.656 −0.001 0.4301
|10,1 , 1, 2〉 o |11,0 , 3, 3〉 o 4309.684 −0.001 0.3454
|10,1 , 3, 3〉 o |11,0 , 3, 3〉 o 4310.761 −0.003 0.1251
|11,1 , 0, 1〉 p |22,0 , 0, 2〉 p 17992.880 −0.006 0.8120
|11,1 , 0, 1〉 p |22,0 , 2, 1〉 p 17995.253 −0.012 0.2726
|11,1 , 0, 1〉 p |22,0 , 2, 0〉 p 17995.283 −0.006 0.1209
|11,1 , 0, 1〉 p |22,0 , 2, 2〉 p 17997.579 −0.008 0.0600
|11,1 , 2, 3〉 p |22,0 , 0, 2〉 p 17997.792 0.005 0.0415
|11,1 , 2, 2〉 p |22,0 , 0, 2〉 p 17998.302 −0.003 0.3670
|11,1 , 2, 3〉 p |22,0 , 2, 4〉 p 18000.141 0.001 2.2784
|11,1 , 2, 2〉 p |22,0 , 2, 3〉 p 18000.655 −0.001 1.1794
|11,1 , 2, 2〉 p |22,0 , 2, 1〉 p 18000.680 −0.003 0.1895
|11,1 , 2, 3〉 p |22,0 , 2, 2〉 p 18002.489 0.002 0.0423
|11,1 , 2, 1〉 p |22,0 , 0, 2〉 p 18002.825 0.010 0.0464
|11,1 , 2, 2〉 p |22,0 , 2, 2〉 p 18002.999 −0.006 0.3707
|11,1 , 2, 1〉 p |22,0 , 2, 1〉 p 18005.188 −0.006 0.2965
|11,1 , 2, 1〉 p |22,0 , 2, 0〉 p 18005.214 −0.004 0.1316
|11,1 , 2, 1〉 p |22,0 , 2, 2〉 p 18007.513 −0.003 0.7901
|11,0 , 3, 3〉 o |22,1 , 1, 2〉 o 17824.730 −0.002 0.1265
|11,0 , 3, 3〉 o |22,1 , 1, 3〉 o 17826.456 −0.001 0.4035
|11,0 , 1, 0〉 o |22,1 , 1, 1〉 o 17826.786 −0.003 0.4260
|11,0 , 1, 2〉 o |22,1 , 3, 1〉 o 17826.974 −0.019 0.1929
|11,0 , 3, 3〉 o |22,1 , 3, 2〉 o 17827.035 −0.003 0.3028
|11,0 , 3, 3〉 o |22,1 , 3, 4〉 o 17828.741 −0.005 1.4550
|11,0 , 1, 2〉 o |22,1 , 1, 3〉 o 17829.209 0.001 0.4931
|11,0 , 3, 3〉 o |22,1 , 3, 3〉 o 17829.316 −0.002 0.7230
|11,0 , 1, 2〉 o |22,1 , 3, 2〉 o 17829.782 −0.007 0.4436
|11,0 , 1, 2〉 o |22,1 , 3, 3〉 o 17832.062 −0.008 0.9722
|11,0 , 3, 4〉 o |22,1 , 3, 5〉 o 17835.421 0.004 2.8410
|11,0 , 1, 1〉 o |22,1 , 1, 2〉 o 17836.086 0.001 0.6820
|11,0 , 3, 4〉 o |22,1 , 3, 4〉 o 17838.305 −0.003 0.8697
|11,0 , 1, 1〉 o |22,1 , 3, 2〉 o 17838.408 0.017 0.2837
|11,0 , 3, 4〉 o |22,1 , 3, 3〉 o 17838.875 −0.005 0.1037
|11,0 , 1, 1〉 o |22,1 , 1, 1〉 o 17840.048 0.005 0.3203
|11,0 , 3, 2〉 o |22,1 , 3, 1〉 o 17840.048 −0.006 0.5723
|11,0 , 3, 2〉 o |22,1 , 1, 2〉 o 17840.547 0.002 0.4591
|11,0 , 3, 2〉 o |22,1 , 1, 3〉 o 17842.274 0.004 0.8526

(continued)
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Table 7. Continued.

|i〉 o/p |f 〉 o/p νobs./MHz �ν/MHz |Mfi/D|2

|11,0 , 3, 2〉 o |22,1 , 3, 2〉 o 17842.848 −0.002 0.2571
|21,2 , 3, 1〉 o |22,1 , 3, 1〉 o 12892.475 −0.003 0.1372
|21,2 , 3, 1〉 o |22,1 , 1, 2〉 o 12892.968 −0.000 0.0991
|21,2 , 1, 2〉 o |22,1 , 3, 1〉 o 12893.966 −0.008 0.0995
|21,2 , 1, 2〉 o |22,1 , 1, 2〉 o 12894.462 −0.002 0.2488
|21,2 , 3, 1〉 o |22,1 , 3, 2〉 o 12895.270 −0.004 0.1862
|21,2 , 1, 2〉 o |22,1 , 1, 3〉 o 12896.188 −0.001 0.1909
|21,2 , 1, 2〉 o |22,1 , 3, 2〉 o 12896.764 −0.006 0.1035
|21,2 , 1, 2〉 o |22,1 , 1, 1〉 o 12898.418 −0.003 0.0609
|21,2 , 3, 5〉 o |22,1 , 3, 5〉 o 12898.878 −0.001 1.2627
|21,2 , 1, 3〉 o |22,1 , 1, 2〉 o 12899.440 −0.002 0.1923
|21,2 , 3, 2〉 o |22,1 , 3, 1〉 o 12900.632 −0.006 0.1866
|21,2 , 3, 2〉 o |22,1 , 1, 2〉 o 12901.119 −0.009 0.1027
|21,2 , 1, 3〉 o |22,1 , 1, 3〉 o 12901.167 −0.000 0.5367
|21,2 , 3, 5〉 o |22,1 , 3, 4〉 o 12901.761 −0.009 0.3152
|21,2 , 3, 2〉 o |22,1 , 1, 3〉 o 12902.854 0.001 0.0344
|21,2 , 1, 3〉 o |22,1 , 3, 4〉 o 12903.458 0.002 0.1620
|21,2 , 1, 3〉 o |22,1 , 3, 3〉 o 12904.024 −0.004 0.0777
|21,2 , 3, 2〉 o |22,1 , 1, 1〉 o 12905.082 −0.003 0.0484
|21,2 , 3, 2〉 o |22,1 , 3, 3〉 o 12905.709 −0.005 0.3018
|21,2 , 1, 1〉 o |22,1 , 1, 2〉 o 12906.076 0.003 0.0620
|21,2 , 3, 4〉 o |22,1 , 3, 5〉 o 12907.449 0.004 0.3171
|21,2 , 3, 4〉 o |22,1 , 1, 3〉 o 12908.046 −0.001 0.1602
|21,2 , 1, 1〉 o |22,1 , 3, 2〉 o 12908.378 −0.001 0.0476
|21,2 , 3, 3〉 o |22,1 , 1, 3〉 o 12909.699 0.001 0.0827
|21,2 , 1, 1〉 o |22,1 , 1, 1〉 o 12910.029 −0.002 0.3128
|21,2 , 3, 3〉 o |22,1 , 3, 2〉 o 12910.271 −0.007 0.3014
|21,2 , 3, 4〉 o |22,1 , 3, 4〉 o 12910.336 0.000 0.5265
|21,2 , 3, 4〉 o |22,1 , 3, 3〉 o 12910.902 −0.006 0.2875
|21,2 , 3, 3〉 o |22,1 , 3, 4〉 o 12911.985 −0.002 0.2848
|21,2 , 3, 3〉 o |22,1 , 3, 3〉 o 12912.556 −0.003 0.3215
|20,2 , 2, 3〉 p |31,3 , 2, 3〉 p 11611.455 −0.001 0.2618
|20,2 , 0, 2〉 p |31,3 , 2, 3〉 p 11613.846 −0.001 1.4597
|20,2 , 2, 2〉 p |31,3 , 2, 2〉 p 11615.784 −0.001 0.2641
|20,2 , 2, 0〉 p |31,3 , 2, 1〉 p 11617.893 −0.003 0.3475
|20,2 , 2, 3〉 p |31,3 , 2, 4〉 p 11618.175 0.001 1.8624
|20,2 , 2, 1〉 p |31,3 , 2, 2〉 p 11618.238 −0.015 0.6954
|20,2 , 2, 4〉 p |31,3 , 2, 5〉 p 11618.321 −0.001 2.7319
|20,2 , 2, 4〉 p |31,3 , 2, 4〉 p 11618.369 0.009 0.3726
|20,2 , 0, 2〉 p |31,3 , 2, 2〉 p 11620.494 −0.000 0.2325
|20,2 , 2, 2〉 p |31,3 , 0, 3〉 p 11622.570 0.000 1.4415
|20,2 , 2, 3〉 p |31,3 , 0, 3〉 p 11624.888 −0.001 0.2596
|41,4 , 3, 1〉 o |42,3 , 3, 2〉 o 13466.977 −0.004 0.2101
|41,4 , 3, 1〉 o |42,3 , 3, 1〉 o 13467.458 −0.005 0.3519
|41,4 , 1, 4〉 o |42,3 , 1, 4〉 o 13469.885 −0.003 1.4073
|41,4 , 3, 2〉 o |42,3 , 3, 3〉 o 13470.379 −0.001 0.3001
|41,4 , 3, 7〉 o |42,3 , 3, 6〉 o 13470.521 −0.005 0.2411
|41,4 , 3, 2〉 o |42,3 , 3, 2〉 o 13470.835 −0.004 0.3838
|41,4 , 3, 2〉 o |42,3 , 3, 1〉 o 13471.313 −0.008 0.2110
|41,4 , 3, 7〉 o |42,3 , 3, 7〉 o 13471.668 −0.001 2.5694
|41,4 , 3, 3〉 o |42,3 , 3, 4〉 o 13473.325 0.002 0.2552
|41,4 , 3, 3〉 o |42,3 , 3, 3〉 o 13474.119 −0.004 0.6228
|41,4 , 3, 3〉 o |42,3 , 3, 2〉 o 13474.575 −0.007 0.2944
|41,4 , 1, 5〉 o |42,3 , 1, 5〉 o 13475.571 −0.002 1.7237
|41,4 , 1, 5〉 o |42,3 , 1, 4〉 o 13476.176 −0.003 0.1331
|41,4 , 3, 6〉 o |42,3 , 3, 5〉 o 13478.612 −0.001 0.2534
|41,4 , 3, 6〉 o |42,3 , 3, 6〉 o 13479.195 −0.001 1.8115
|41,4 , 3, 4〉 o |42,3 , 3, 5〉 o 13479.702 0.005 0.3157
|41,4 , 3, 4〉 o |42,3 , 3, 4〉 o 13480.194 0.000 0.9123
|41,4 , 1, 3〉 o |42,3 , 1, 3〉 o 13480.350 −0.002 1.1219
|41,4 , 3, 4〉 o |42,3 , 3, 3〉 o 13480.986 −0.007 0.2830
|41,4 , 3, 5〉 o |42,3 , 3, 5〉 o 13483.131 −0.001 1.4525
|41,4 , 3, 5〉 o |42,3 , 3, 4〉 o 13483.628 −0.001 0.3270
|41,4 , 3, 5〉 o |42,3 , 3, 6〉 o 13483.722 0.007 0.2709
|40,4 , 2, 5〉 p |51,5 , 2, 5〉 p 16174.991 −0.004 0.1599
|40,4 , 0, 4〉 p |51,5 , 2, 5〉 p 16177.873 −0.003 2.5661
|40,4 , 2, 4〉 p |51,5 , 2, 4〉 p 16179.099 −0.002 0.1572
|40,4 , 2, 3〉 p |51,5 , 2, 4〉 p 16182.015 0.008 1.9100

(continued)



MOLECULAR PHYSICS 11

Table 7. Continued.

|i〉 o/p |f 〉 o/p νobs./MHz �ν/MHz |Mfi/D|2

|40,4 , 2, 2〉 p |51,5 , 2, 3〉 p 16182.015 −0.001 1.5158
|40,4 , 2, 6〉 p |51,5 , 2, 7〉 p 16182.083 −0.002 3.7211
|40,4 , 2, 5〉 p |51,5 , 2, 6〉 p 16182.164 −0.002 3.0103
|40,4 , 0, 4〉 p |51,5 , 2, 4〉 p 16184.906 −0.002 0.1554
|40,4 , 2, 4〉 p |51,5 , 0, 5〉 p 16186.236 −0.002 2.5648
|40,4 , 2, 5〉 p |51,5 , 0, 5〉 p 16189.161 −0.003 0.1554
|51,5 , 0, 5〉 p |60,6 , 2, 5〉 p 12453.171 −0.001 0.1103
|51,5 , 2, 6〉 p |60,6 , 2, 6〉 p 12456.318 −0.002 0.1125
|51,5 , 0, 5〉 p |60,6 , 0, 6〉 p 12457.036 −0.002 2.6004
|51,5 , 2, 6〉 p |60,6 , 2, 7〉 p 12460.185 0.003 2.9805
|51,5 , 2, 7〉 p |60,6 , 2, 8〉 p 12460.260 0.004 3.5464
|51,5 , 2, 3〉 p |60,6 , 2, 4〉 p 12460.306 0.004 1.7256
|51,5 , 2, 4〉 p |60,6 , 2, 5〉 p 12460.306 −0.003 2.0707
|51,5 , 2, 5〉 p |60,6 , 2, 6〉 p 12463.490 −0.002 2.5978
|51,5 , 2, 6〉 p |60,6 , 0, 6〉 p 12464.032 −0.004 0.1076
|103,8 , 3, 7〉 o |112,9 , 3, 8〉 o 9900.530 −0.001 1.0189
|103,8 , 1, 10〉 o |112,9 , 1, 11〉 o 9900.908 −0.002 1.4110
|103,8 , 3, 13〉 o |112,9 , 3, 14〉 o 9901.239 −0.001 1.8039
|103,8 , 3, 8〉 o |112,9 , 3, 9〉 o 9902.974 −0.004 1.1158
|103,8 , 1, 11〉 o |112,9 , 1, 12〉 o 9903.782 −0.008 1.5308
|103,8 , 3, 9〉 o |112,9 , 3, 10〉 o 9903.810 −0.001 1.2551
|103,8 , 3, 12〉 o |112,9 , 3, 13〉 o 9904.582 −0.006 1.6433
|103,8 , 1, 9〉 o |112,9 , 1, 10〉 o 9906.388 −0.006 1.2597
|103,8 , 3, 10〉 o |112,9 , 3, 11〉 o 9906.698 −0.003 1.3580
|103,8 , 3, 11〉 o |112,9 , 3, 12〉 o 9907.232 −0.007 1.5097

E0 is related to the microwave intensity I by the simple

practical equation [22]

|E0/(V · cm−1)| ∼= 27.44924
√

I/(W · cm−2) (22)

The electric dipole approximation leads to an interaction

energy

V̂el.dipole = −μ̂z · Ez(y, t)
= −μ̂z|E0(t)| cos (ωt − η) (23)

The time-dependent effective Hamiltonian for the mole-

cule in the electromagnetic field is then (for a given

position y of the molecule)

Ĥ(t) = ĤMol − μ̂zEz(t) cos (ωt − η) (24)

We have combined the phase factors into one phase η

and omitted the explicit mentioning of y to simplify nota-

tion. ĤMol is themolecularHamiltonian including hyper-

fine interactions as described in the previous sections.

Following [85–87], we derive the solution of the time-

dependent Schrödinger equation for the molecule in the

field

i
h

2π

∂�(t)

∂t
= Ĥ(t)�(t) (25)

Expanding the wave function in the basis of molecu-

lar eigenstates ϕk (in practice the rotational-hyperfine

eigenstates given in Section 2.3 above) one has

�(t) =
∑

k

bk(t)ϕk (26)

Equation (25) then results in a matrix differential

equation for the coefficients bk (column matrix b, square

Hamiltonian matrixH)

i
h

2π

db

dt
= H(t)b(t) (27)

with diagonal elements of H being given by the eigen-

states and off-diagonal elements in the electric dipole

approximation

Hkj(t) = 〈ϕk|V̂el.dipole(t)|ϕj〉 (28)

For slowly varying amplitude E0(t), one can consider

short intervals of time with constant |E0| resulting in

Vkj = 2πHkj(t)

h cos (ωt − η)
(29)

leading to a set of coupled differential equations

i
db(t)

dt
= {W + V cos (ωt − η)} b(t) (30)

with the diagonalmatrixWkk = ωk = 2πEk/h. Applying

the quasiresonant transformation [88]

a = S b (31)

with the diagonal matrix

Skk = exp (inkωt) (32)

where nk is the number of photons needed to reach near

resonance ωk = nkω + xk [85–88] with small |xk| one
obtains with the neglect of small contributions from lev-

els very far from resonance a matrix differential equation
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Table 8. The strongest calculated ortho–para transitions using the
simplified model and with J ≤ 5 for |Mfi|2 ≥ 0.00058 D2 sorted by
intensity in decreasing order (seemore complete table with |Mfi|2 ≥
0.0001 D2 in the appendix).

|i〉 o/p |f 〉 o/p νcalc./MHz |Mfi/D|2

|43 236〉 o |54 227〉 p 42675.534 0.01021
|43 126〉 p |54 137〉 o 42676.028 0.00931
|22 134〉 o |33 125〉 p 28982.613 0.00675
|10 133〉 o |11 122〉 p 4141.758 0.00598
|22 024〉 p |33 035〉 o 28981.507 0.00537
|32 225〉 p |43 236〉 o 31620.443 0.00424
|00 022〉 p |11 012〉 o 6932.116 0.00389
|10 132〉 o |11 122〉 p 4136.420 0.00387
|11 123〉 p |22 133〉 o 17997.805 0.00361
|32 135〉 o |43 126〉 p 31597.212 0.00332
|42 226〉 p |43 236〉 o 21049.119 0.00326
|53 326〉 p |64 317〉 o 45303.461 0.00326
|22 133〉 o |33 124〉 p 28982.042 0.00306
|22 023〉 p |33 034〉 o 28982.920 0.00289
|00 022〉 p |11 011〉 o 6923.515 0.00286
|11 033〉 o |22 023〉 p 17831.651 0.00282
|11 032〉 o |22 023〉 p 17847.464 0.00280
|53 216〉 o |64 227〉 p 45301.224 0.00278
|00 022〉 p |11 032〉 o 6919.055 0.00265
|43 236〉 o |44 026〉 p 29532.178 0.00260
|00 022〉 p |11 033〉 o 6934.868 0.00255
|42 336〉 o |43 126〉 p 21118.551 0.00234
|11 122〉 p |22 131〉 o 17993.247 0.00217
|43 126〉 p |44 136〉 o 29533.610 0.00206
|33 014〉 o |44 025〉 p 40048.204 0.00197
|10 134〉 o |11 123〉 p 4139.030 0.00195
|33 124〉 p |44 115〉 o 40047.633 0.00194
|11 034〉 o |22 024〉 p 17841.215 0.00176
|11 101〉 p |22 132〉 o 17990.624 0.00173
|22 021〉 p |33 012〉 o 28981.636 0.00152
|22 024〉 p |33 034〉 o 28982.918 0.00146
|11 122〉 p |22 132〉 o 17996.043 0.00140
|10 132〉 o |11 123〉 p 4136.938 0.00137
|21 124〉 p |22 134〉 o 12421.638 0.00135
|22 132〉 o |33 103〉 p 28981.671 0.00128
|54 116〉 o |65 127〉 p 53740.253 0.00125
|54 226〉 p |65 217〉 o 53740.102 0.00118
|44 025〉 p |55 016〉 o 51111.653 0.00113
|11 012〉 o |20 223〉 p 943.089 0.00112
|22 111〉 o |33 122〉 p 28982.688 0.00112
|44 115〉 o |55 126〉 p 51112.135 0.00110
|43 126〉 p |54 136〉 o 42676.996 0.00104
|22 002〉 p |33 032〉 o 28980.641 0.00102
|32 136〉 o |43 126〉 p 31597.814 0.00101
|21 233〉 o |22 024〉 p 12914.894 0.00098
|11 033〉 o |20 224〉 p 940.151 0.00097
|33 013〉 o |44 004〉 p 40047.595 0.00095
|33 103〉 p |44 114〉 o 40047.635 0.00094
|43 215〉 o |54 226〉 p 42676.062 0.00090
|11 032〉 o |20 223〉 p 956.150 0.00087
|11 011〉 o |22 020〉 p 17843.056 0.00086
|54 226〉 p |55 016〉 o 37968.289 0.00086
|53 326〉 p |54 116〉 o 29528.132 0.00085
|43 125〉 p |54 116〉 o 42675.335 0.00085
|54 116〉 o |55 126〉 p 37968.566 0.00084
|22 023〉 p |33 033〉 o 28981.111 0.00083
|43 215〉 o |44 025〉 p 29532.698 0.00082
|43 125〉 p |44 115〉 o 29531.766 0.00082
|11 012〉 o |22 022〉 p 17836.752 0.00081
|11 033〉 o |22 002〉 p 17829.299 0.00080
|10 110〉 o |11 101〉 p 4147.970 0.00078
|22 134〉 o |33 124〉 p 28982.613 0.00077
|11 121〉 p |22 112〉 o 17998.248 0.00077
|53 216〉 o |54 226〉 p 29525.893 0.00074
|10 110〉 o |11 121〉 p 4138.041 0.00073
|52 427〉 p |43 236〉 o 7995.843 0.00071

(continued)
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Table 8. Continued.

|i〉 o/p |f 〉 o/p νcalc./MHz |Mfi/D|2

|11 123〉 p |22 132〉 o 17995.525 0.00070
|10 112〉 o |11 101〉 p 4146.098 0.00069
|11 123〉 p |22 134〉 o 17997.233 0.00069
|11 011〉 o |20 221〉 p 951.542 0.00068
|20 224〉 p |21 234〉 o 3978.259 0.00068
|40 426〉 p |42 337〉 o 16948.642 0.00067
|21 124〉 p |22 133〉 o 12422.210 0.00065
|52 337〉 o |43 126〉 p 7835.790 0.00064
|10 112〉 o |11 121〉 p 4136.169 0.00064
|21 235〉 o |22 024〉 p 12904.677 0.00064
|11 122〉 p |22 111〉 o 17997.694 0.00064
|11 010〉 o |22 021〉 p 17829.778 0.00063
|22 111〉 o |33 121〉 p 28982.688 0.00059
|43 233〉 o |54 224〉 p 42676.252 0.00059
|11 121〉 p |22 132〉 o 18000.553 0.00058
|42 335〉 o |43 126〉 p 21119.135 0.00058

with a time-independent effective Hamiltonian matrix

H
(a)
eff

i
da

dt
=

[

X + 1

2
V

′

]

a (33)

where Xkk = xk and

H
(a)
eff = h

2π

{

X + 1

2
V

′
}

(34)

V
′ is the same as V but setting explicitly all Vkj for far-

off-resonant couplings to zero.

For Vkj, one has the practical equation [22]

|Vkj/s
−1| = 8.682273 · 107 · |Mkj/D| ·

√

I/(W · cm−2)

(35)

The transition dipole matrix elements in Equation (28)

were calculated with SPCAT [77] from the eigenstate

solutions in Section 2.3 including the hyperfine structure

and taking as permanent dipole moment for ClSSCl the

value 0.928D from [42]. While, in principle, the treat-

ment will include quasiresonant multiphoton transitions

we have checked that for the conditions of the simulations

reported below in the various excitations with differ-

ent pulse sequences only multilevel systems in adjacent

quasiresonant shells are coupled in practice. Also, for the

conditions reported below, the quasiresonant approxima-

tion is excellent, as can be checked, for instance with the

Floquet solutions using the URIMIR package, available

when needed [87] for more accurate solutions.

We also note that, in principle, magnetic dipole tran-

sitions could be included in essentially the same way,

but they are orders of magnitude weaker and can be

neglected (in contrast to the case of hyperfine structure

excitation in Iodine, for instance [87,89,90]). For further

details and extensive derivations and discussion of the

approximations, we refer to [85–87,91].

We have used this treatment for simulations of char-

acteristic processes, which we have discussed before for

the case of possible ortho–para transitions in simplified

level schemes as shown in Figure 4. These include, in

particular, the following processes:

(i) Excitation of a nonstationary ‘chromophore’ para

state�ip starting from a low energy stationary ‘para’

state �p with a short excitation pulse of frequency

νL0. One then can follow after the pulse the evolution

of the nonstationary para state into an ortho state,

that is the time-dependent intramolecular ortho-

para conversion after coherent excitation, where the

amplitude of the transfer depends on the relative

magnitude ofW and δ.

(ii) In a second process, one can start from a para

state �p (energy Ep) exciting it with a long pulse

of frequency νL1 to the hyperfine-eigenstate �i

(energy Ei) followed by a second long pulse of fre-

quency νL2 to generate an ortho eigenstate �exo

(energy Eexo). This corresponds to a selective coher-

ent radiative transfer of a para state into an ortho

state.

(iii) In a third prototypical process, one can again start

from a para state and excite it with a long pulse νL1
to give an eigenstate�i,Ei in Figure 4, which is not a

pure para or ortho state. With a second short pulse,

one can then generate with the frequency νL3 in the

scheme an ‘exotic superposition state’ of low energy

eigenstates �exo and �exp, which are of essentially

pure ortho and para character. This corresponds to

a time-dependent superposition of such eigenstates,

which we have also called a ‘chameleon state’ [22]

(such a state can also be called a ‘Schrödinger cat’

state as it corresponds to being at the same time

an ortho and a para isomer of the molecule, related

to the ‘Schrödinger cat’, which is dead and alive at

the same time [92]). We have preferred the name

chameleon state as in this animal analogy it leaves

the animal alive, but allows a change of color in time
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(i.e. the spectrumof themolecule) similar to the case

of the chameleon ([22] and references cited therein).

We note that instead of generating a low-energy state

with the pulse sequence νL1 and νL3, one can equivalently

excite a high-energy superposition state of eigenstates

of pure para and ortho characters (� ′
exo,�

′
exp) using

the pulse sequence with frequencies ν′
L1 and ν′

L3 in the

scheme of Figure 4, if such states can be identified at high

energies. We might also mention that there exists a ‘folk

myth’ among spectroscopists and others that such ‘exotic’

superpositions of ortho and para states cannot be pre-

pared (e.g. [93]), but as we have discussed before ([22]

and references cited therein) such superposition states

are perfectly possible, as we shall demonstrate here for

the case of the ‘real molecule’ ClSSCl.

Whereas we have reviewed these processes on simpli-

fied schemes before, the case of ClSSCl is the first example

where such results can be demonstrated in a realistic

hyperfine structure which corresponds to a much more

complex multilevel situation of a real molecule.

Unless otherwise stated, in the simulations below all

relevant levels in the multilevel system were included

in the calculations, although explicit results for time-

dependent state populations are given only for selected

levels of particular importance. We should also note that

in all simulations reported below we have used pure z-

polarisation (with selection rule �MF = 0) in the exci-

tation, starting from an MF = 0 initial state. Of course,

similar simulations can be carried out for more gen-

eral situations. We shall now discuss selected results for

prototypical processes as they occur in ClSSCl.

3. Results for the time-dependent evolution

The effective Hamiltonian discussed in the previous

section can be considered to be a satisfactory representa-

tion of the high resolution spectroscopic results reported

in [40–42]. Using the approach to the dynamics of coher-

ent radiative excitation presented in Section 2.4, ClSSCl

provides a unique opportunity to predict various time-

dependent processes for para to ortho transitions, which

we have reported in [22] for a simplified model system

as described by the elementary level scheme of Figure 4,

but now extended to a completely realistic representation

of an actual molecular system. We shall discuss the pro-

totypical processes in turn for several selected aspects of

the complex multilevel structures. As can be seen from

Figure 3, these level structures occur as well-separated

hyperfine structure ‘polyads’, where within each polyad

there are many close-lying zero-order levels, which are

coupled, subject to conservation of total angularmomen-

tum F,MF , to give a comparatively close lying set of

Figure 4. Elementary level scheme for intramolecular couplings
(not to scale). Pure para states are shown in the column above
‘para’, pure ortho states above ‘ortho’ and molecular eigenstates
with contributions fromboth ortho- and para-states in themiddle
column (similar to Figure 6 in [22], where the otherwise self-
explanatory notation is introduced).

eigenstates. The situation is reminiscent of the vibra-

tional Fermi-resonance polyads in the vibrational spectra

of polyatomic molecules, [74,94–96], but here on a very

different energy scale. Because the polyads are very well

separated in energy, coherent radiative excitation even

with short, broadband, intense pulses will lead to dom-

inant coupling just between pairs of two polyads at the

given well-selected excitation frequencies. The excitation

of other polyads is weak even though they are included

in the calculation (within the quasiresonant approxima-

tion). The extensive tables in the appendix show how-

ever, that there are many ‘forbidden’ radiative transitions

between ortho and para levels, which, whilemuchweaker

than the ‘allowed’ transitions, allow for substantial inter-

combinations between the ortho and para subsystems.

We shall now discuss several exemplary cases.

3.1. Excitation in the low energy range: Coherent

population transfer

Figure 5 shows the low energy level diagram illustrat-

ing various possible excitation schemes following the

elementary scheme of Figure 4. All levels are shown

with their assignments, where we draw attention to
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Figure 5. Level scheme for some low lying states of ClSSCl. Para states are shown in the column above ‘para’, ortho states above ‘ortho’
and selected eigenstates (symbol |JKa KcIF〉) are shown in the middle. States denoted by the symbol |JKa KcIF] correspond to zero-order
states of pure para and ortho character, whereas eigenstates are assigned as approximately para or ortho according to the dominant
contribution (usually larger than 99%).

the different energy scales on the ordinate and omitted

energy ranges, where no extra levels occur between 100

kHz and 6760 MHz and the polyads 21 1, 21 2, 31 3, 31 2,

and 30 3 have been omitted in the range from 6940 to

24758 MHz (see Figures 2 and 3, each rotational level

JKaKc giving rise to a set of close lying hyperfine levels

with various possible values of I defining thus a ‘polyad’

in common spectroscopic nomenclature [74]. When two

or more rotational levels are close in energy, they also

belong to the same polyad).

Within the different ranges, the representation of lev-

els is to scale. We first demonstrate the para→ortho

transfer starting from a practically pure para state |00000〉

(in the |JKaKcIF〉 notation) with alsoMF = 0 and�MF =
0 due to the excitation with a long, moderately intense z-

polarised pulse of high frequency purity. This generates a

population transfer between eigenstates in the following

sequence:

|00000〉 → |11101〉 → |00022〉 → |11123〉 → |10112〉
(36)

Figure 6 shows the result for the time-dependent popu-

lations in these eigenstates. One can clearly see that this

sequence leads to an almost complete population transfer
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Figure 6. Sequential excitations starting from |00000〉 via |11101〉 to |00022〉 preparing MF = 0 in the ground state and subsequent
complete population transfer from para to ortho with Imax,1 = 1.65µW/cm2, Imax,2 = 4.2µW/cm2, Imax,3 = 1.3µW/cm2, Imax,4 =
7mW/cm2 and all four pulse widths with�tFWHM = 50µs, the pulses being shown by the shaded gray lines. All frequencies are chosen
to match exact resonances between the eigenstates.

from an essentially pure para state to an almost pure

ortho state (with about 0.999988 ortho character in the

eigenstate |10 112〉).

3.2. Short pulse excitation of a time-dependent

para ‘chromophore’ state followed by para–ortho

conversion in the isolatedmolecule

When one starts from the |00022〉 para ground state

(with MF = 0 prepared by the preceding steps as in

Section 3.1) and excites with a relatively short, intense

broad band pulse (�tFWHM = 1 ns, Imax = 150W/cm2)

one will excite initially a time-dependent ‘chromophore’

state of para character (symbolised by |11123] in Figure

5 and a dotted line to distinguish it from eigenstates),

which is a superposition of the levels in the 11 1 polyad,

corresponding in essence to a ‘zero-order’ state of the

para isomer disregarding ortho–para coupling. After the

end of the short pulse, there is an oscillatory exchange of

population between the para and ortho isomers, in the

isolated molecule, a purely intramolecular kinetic pro-

cess. As the coupling is weak (W ≈ 6MHz) and far off

resonance the maximum population of the ortho iso-

mer is only about 1% (magnified in Figure 7 accord-

ingly for better visibility). If there were only two levels

involved as in the scheme of Figure 4, the population

exchange would be simply periodic [22]. Because of the

more complex multilevel structures in the coupled 111
plus 110 polyad the oscillation of the populations appears

as damped in Figure 7. We also show the dominant

eigenstate populations in Figure 7, which are, of course,

constant in time after the end of the pulse.

3.3. Preparation of an ‘exotic’ quantum

superposition state of ortho and para isomers

As we have discussed in [22], the scheme of Figure 4

allows for the preparation of exotic superposition states

of the different ortho and para nuclear spin symmetry

isomers. This is similar to the preparation of exotic super-

positions of structural isomers, such as enantiomers of

chiral molecules [23] or syn- and anti-isomers demon-

strated in [97] or, indeed, other kinds of structural iso-

mers [98,99].

The molecular parameters of ClSSCl are such that

no simple coherent radiative excitation scheme is avail-

able to generate superpositions of the lowest ortho and

para states with the hypothetical sequence νL1 and νL3
in Figure 4. However, such exotic superpositions can be

generated at somewhat higher energy (ν′
L1 and ν′

L3 in Fig-

ures 4 and 5). In the scheme of Figure 5, one can first

(with a long pulse of moderate intensity, νL1) excite an

eigenstate |11123〉 followed by an excitation of the polyad

including 22 1 and 22 0 with a short intense pulse. The

initial excitation of |11123〉 follows the initial part of the
sequence shown in Figure 6. The superposition of eigen-

states after the last short pulse is shown in Figure 8 to

be dominated by the levels |22024〉, |22022〉 and |22002〉,
all of para character. However, also some states of mostly

ortho character such as |22134〉 are populated. If all of
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Figure 7. Excitation from the para ground state resonant to the ‘chromophore’ zero-order state |11123] estimated by the simplified
scheme of two coupled states from [22] (resulting here in the two eigenstates |11123〉 and |11033〉). With a short pulse actually all
hyperfine levels of the 11 1 and 11 0 polyads are excited simultaneously (frequency νL0 = 6 766.4MHz). The lines in red correspond to
projections with pure ortho character and in blue for pure para character. The total sum of populations of all states with pure para (or
pure ortho) character is givenbyppara andportho. Thedotted red lines show theprojectionof all eigenstates to thehyperfine levels |11033}
and |11011}, with |JKa KcIF} representing the basis functions of the effective Hamiltonian with pure para or ortho character.

Figure 8. Excitation from the para state |11123〉with a frequency resonant to |22133〉. With this short pulse simultaneously all hyperfine
levels of the 22 0 and 22 1 polyad are excited. The lines in red correspond to projections with pure ortho character and in blue for pure
para character. Also ppara and portho as defined in Figure 7 are shown, with portho magnified by a factor 100 for visibility. The lower red
lines show the projection of all eigenstates to the hyperfine levels |22134}, |22132} and |22112}, with |JKa KcIF} the basis functions of the
effective Hamiltonian with pure para or ortho character.

these eigenstates were either of pure para or pure ortho

character the total para and ortho isomer population

would be constant in time after the final pulse. How-

ever, in fact all these eigenstates carry also some of the

‘forbidden’ character of the opposite nuclear spin iso-

mer. This results in a total population portho after the

pulse (shown in red and magnified for visibility) which

oscillates around some non-zero average population near

0.25%.

A similar result is obtained when exciting with the

long pulse initially the ‘para’ eigenstate |11121〉 followed

by a broadband short pulse excitation into the 22 0 and

22 1 polyad. Figure 9 shows again the constant eigenstate

populations after the pulse (now dominantly |22022〉 and
|22020〉 with some population carried by the ‘forbidden’

states |22112〉 and |22132〉, magnified by 100 in the figure).

The total ‘forbidden’ ortho population is again oscillat-

ing centred around a time averaged population a little less

than 0.4%. While again this is not the simple result as it

would be obtained from the idealised scheme in Figure

4, it nicely illustrates the exotic superposition of an exotic

state which has ortho and para isomer nature at the same
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Figure 9. Resonant excitation from the para ground state via |11121〉 to |22132〉. With the second short pulse (frequency ν ′
L3 = 18 GHz),

simultaneously all hyperfine levels of the 22 0 and 221 polyad are excited. The lines in red correspond to projections with pure ortho
character and in blue for pure para character. The total sums of populations are given by ppara and portho (see Figure 7). The dotted red
lines show the projection of all eigenstates to the hyperfine levels |22112} and |22132}, with |JKa KcIF} the basis functions of the effective
Hamiltonian with pure para or ortho character.

time. The reason for the relative large oscillations in the

ortho population is, of course, that the eigenstates in the

22 0 and 22 1 polyad all have some contribution of the

opposite ‘forbidden’ isomer. In order to find cases with

smaller oscillation, one can look for eigenstates of a purer

ortho and para character.

3.4. Excitation of higher polyads

As can be seen from the overview in Figure 2, the polyad

structure with regions where ortho and para levels are

either well separated or where the polyads include both

ortho and para levels continues to higher rotational ener-

gies. Thus one can find levels with relatively pure ortho or

para character and also levels where the eigenstates have

substantial (although still minor) character of the respec-

tive ‘forbidden’ nuclear spin isomer. Figure 10 shows

examples with the well separated 51 4 polyad of rela-

tively pure ortho character and the polyad 43 1 (para),

with ortho levels of 43 2 all falling in a range of about

3 MHz and therefore occur within the same polyad.

Thus, after preparation of a para level, say, in the 32 2
polyad near 32 641.54 ± 0.2MHz, by a suitable sequence

of steps starting in the ground state, one can excite into

the coupled polyad of 43 1 and 43 2. If one selects then

with a long pulse of moderate intensity and high fre-

quency purity νL1 an eigenstate |43 123〉 followed by an

excitation with frequency νL2 in Figure 10, on resonance

with a ‘forbidden’ transition to |51 432〉 one can realise

a transfer from an almost pure para state to an almost

pure ortho state. Such a sequence is shown with selected

pulses of similar length in Figure 11, describing the

transitions:

|00 022〉 → |11 121〉 → |20 220〉 → |21 121〉 → |32 222〉
→ |43 123〉 (37)

before the final transfer to |51 432〉.
Starting now from |32 225〉 (MF = 0) considered as

initial state in Figure 12, one can excite from there with

a short (1µs) pulse a ‘chromophore’ state of almost pure

para character. Such a state is dominantly a superposi-

tion of the eigenstates |43 126〉 and |43 236〉, with some

minor contribution from other eigenstates. If one anal-

yses the superposition in terms of its time-dependent

contributions from the pure para and pure ortho states

one finds an oscillatory exchange between ortho and para

isomers with a maximum contribution from the ortho

isomer near 0.65 percent. It is instructive to compare

this result, which is obtained when retaining essentially

all hyperfine eigenstates in the description of the coher-

ent radiative excitation with a result, which is obtained

from a model such as in Figure 4 where one para state

as a lower state (with Ep) is radiatively coupled to only

two excited eigenstates with Ei and En, which result from

coupling two zero-order states of pure para (Eip) and

pure ortho (Eno) character. This representative two cou-

pled level model shows essentially the same ortho–para

oscillation with a slightly larger amplitude (maximum

near 0.85 percent for the ortho population). Thus for

this selected example the simplified coupling model pro-

vides a reasonable semi-quantitative representation of
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Figure 10. Level scheme for some higher lying states of ClSSCl. Eigenstates assigned as dominantly para states are shown in the column
above ‘para’, ortho states above ‘ortho’ and selected eigenstates with both para and ortho characters are shown in between (see also
caption to Figure 5).

the true, very complex multilevel situation. We also

note that the ortho–para oscillation with a period of

about 8µs even in the complete multilevel dynamics

appears as almost undamped, in contrast to the result in

Figure 7.

Figure 13 shows the time evolution when one selects

with a long pulse starting from |32 225〉 the eigenstate

|43 126〉 which has 99.75 percent para character and

0.25 percent ortho character. This first step is then fol-

lowed by a short pulse excitation with a frequency ν ′
L3

(cf. Figure 10) resonant with the combined polyad of 54 2

and 54 1 in the range around 106 937MHz (cf. Figure 2

and Figure 10). As seen from Figure 13 the final superpo-

sition of eigenstates is dominated by |54 227〉 and |54 226〉
(both largely para) but has a contribution of about 0.45

percent from |54 137〉 (largely ortho). Of course, the

eigenstate populations after the pulse are constant in

time. If one analyses the total wavefunction in the multi-

level situation in terms of its time-dependent ortho and

para characters, one has about 0.35 percent ortho char-

acter after the end of the short pulse, which is about

constant in time. This example is therefore much closer
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Figure 11. Sequential excitations starting from |00022〉 via |11121〉, |20220〉, |21121〉 to |32222〉 preparing the exemplary para to ortho
population transfer from |32222〉 via |43123〉 to |51432〉 with Imax,1 = 1mW/cm2, Imax,2 = 4mW/cm2, Imax,3 = 0.45mW/cm2, Imax,4 =
0.9mW/cm2, Imax,5 = 0.6mW/cm2 and Imax,6 = 45W/cm2 and all six pulse widths �tFWHM = 3µs, with the pulses being shown by
the shaded gray lines. All frequencies are chosen to match the exact resonances between the corresponding states. An almost complete
population transfer to |32222〉 and also to |51432〉) is reached.

Figure 12. Excitation from the higher lying para state |32225〉 with a frequency resonant to the ’chromophore’ state (zero-order para
state |43126] estimated by the simplified schemeof two coupled states from [22]).With a pulse of length 1µs the eigenstates |43126〉 and
theortho state |43236〉 are excited. The lines in red correspond toprojectionswithpureortho character and inblue for purepara character.
The total sum of all populations with para and ortho character is given by ppara and portho. The dotted red line for p|43236} is identical to
portho, because only this ortho state is excited. In qualitative agreementwith this we show pno the time-dependent ortho population (full
green line) from the simplified scheme of two coupled states from [22]withW = 4.5 kHz, δ = 123.5 kHz, a = 0.99934, b = 0.03633 and
the reduced dipole transitionmoments chosen to eigenstates�i and�n in Figure 4 with 〈�p|μ|�i〉 = 〈32225|μ|43126〉 = 1.792 D and
〈�p|μ|�n〉 = 〈32225|μ|43236〉 = −0.065 D.

to the simple scheme in Figure 4 in its superposition

state dynamics than the otherwise analogous example

shown in Figure 9 exciting into the combined 22 0 and

22 1 polyad. The time independence of the eigenstate

populations does not imply a time-independent state.

Rather, one has an oscillating statewith a quasi-frequency

of oscillation dominated by (E|54 137〉 − E|54 227〉)/h =
0.62MHz (or a period τ ≈ 1.62µs). This oscillation can

be observed because of the time-dependent absorption

spectrum of this time-dependent state, which we there-

fore have called a chameleon state (see [22] and also

[98–100] and discussion in Section 2.4).



MOLECULAR PHYSICS 21

Figure 13. Excitation from the higher lying para state |32225〉 (E/h = 32 641.53MHz) with a frequency resonant to |43126〉 (E/h =
64 262.09MHz) and subsequent simultaneous excitation of |54227〉 (E/h = 106 937.51MHz) and |54137〉 by a short pulse (ν ′

L3 =
42 676.03MHz) resonant to |54137〉 (E/h = 106 938.12MHz). With this the population from the eigenstate |43126〉 is transferred to a
superposition of eigenstates each of dominantly pure para and pure ortho character. A fraction of the population stays in |43236〉, which
explains the difference between portho and p|54137〉.

3.5. Comparisonwith excitation by thermal

radiation

It is instructive to compare the dynamics of nuclear spin

isomer interconversion by coherent radiative transitions

with the corresponding processes by collisions and by

thermal background radiation. At ordinary pressures,

collisional processes are obviously dominant and have in

fact been studied in a number of cases ([58–60] and ref-

erences cited therein), although not for ClSSCl. However,

here we consider experiments at very low pressures in

molecular beams or traps, where collisional processes can

be made negligible. Thermal background radiation can

be made negligible as well by cooling the whole exper-

imental setup to low temperatures (liquid nitrogen or

liquid He [23]). It is of interest, however, to study the

processes more generally including room temperature

conditions, where effects from thermal background radi-

ation might become important under very low pressure

conditions. This effect has been discussed in the more

general context of thermal unimolecular reactions, where

it was proposed to carry out the corresponding experi-

ments under low pressure (molecular beam) conditions

[101], and these phenomena were subsequently studied

experimentally and, indeed, publicised [102]. As noted

in [85,86,101,103], these processes have an interesting

prehistory [104].

The general rate coefficient expression for transitions

from an initial state i to a final state f under thermal

background radiation is given in [101]

Kfi = Afi
sgn(Ef − Ei)

exp [(Ef − Ei)/kT] − 1
(38)

Ei and Ef are the different energies of the initial and final

levels in the transition and sgn(x) = +1 (−1) for x>0

(x<0) (and 0 for x = 0, but the energies are assumed to be

different in Equations (38)–(40)).Afi is the Einstein coef-

ficient for spontaneous emission, which in the electric

dipole approximation is given by Equation (39)

Afi = 64π4|Ef − Ei|3
3h4c3

|Mfi|2 (39)

From this onemay derive the practically useful Equation

(40)

Kfi/s
−1 = 3.13756 · 10−7 · (ν̃/cm−1)3 · |Mfi/D|2

sgn(Ef − Ei)

exp [(Ef − Ei)/kT] − 1
(40)

For microwave transitions at 300K the corresponding

rate coefficients are on the order of 10−6 s−1, which

leads to negligible effects on the time scales consid-

ered here [101]. However, as already discussed in the

context of possible experiments on molecular parity

violation [23], at room temperature processes, which

occur by radiative transitions to vibrationally excited

states as intermediate levels, are much faster, typi-

cally with rate constants on the order of 103 s−1 for

strongly allowed infrared transitions. We shall present

here a simple model calculation for ClSSCl, for which

infrared spectroscopic experiments with hyperfine struc-

ture resolution have not yet been reported. However,

infrared vibrational spectra have been studied exper-

imentally [105] and by quantum chemical calcula-

tions [106].
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Figure 14. Simplified scheme for the para→ortho transfer by thermal infrared transitions in a five-level system similar to the scheme
shown in Figures 5 and 6. We note that on a common energy scale, the levels 1, 3 and 5 on the one hand and 2 and 4 on the
other hand are nearly degenerate (within 0.1 cm−1 within one group of levels). Levels 1, 2, 3, 4 are dominantly para (> 99%), level
5 is dominantly ortho. For νvib = c · ν̃vib = c · 461 cm−1, the rate constants for the thermal transitions are K∗

12 = 2153.85 s−1, K∗
21 =

235.55 s−1, K∗
32 = 1975.13 s−1, K∗

23 = 216.005 s−1, K∗
34 = 9647.7 s−1, K∗

43 = 1055.1 s−1, K∗
54 = 3.18479 s−1, and K∗

45 = 0.34859 s−1,
while ‘∗’ indicates the rate constants for 2 and 4 shifted by νvib. The rate constants for all five states in the ground state are K12 =
1.49716 · 10−6 s−1, K21 = 1.49554 · 10−6 s−1, K32 = 1.37296 · 10−6 s−1, K23 = 1.37147 · 10−6 s−1, K34 = 6.6918 · 10−6 s−1, K43 =
6.68456 · 10−6 s−1, K54 = 5.0668 · 10−10 s−1, K45 = 5.06345 · 10−10 s−1 and additionally K35 = K∗

35 = 1.46735 · 10−11 s−1 and K53 =
K∗
53 = 1.46673 · 10−11 s−1.

A strong vibrational band near 461 cm−1 has a calcu-

lated intensity S(461) = 150 km/mol (or G =
5.403 pm2), which corresponds to an absolute value of the

vibrational transitionmoment |Mfi| = 0.3603D (see also

[84,86]). In the absence of more detailed information,

we shall compare the coherent radiative para→ortho

conversion described in Figure 6 to the simple scheme

for infrared transitions by thermal radiation shown in

Figure 14. This connects five levels of which four are

dominantly ‘para’ in character and the final state 5

is dominantly ‘ortho’ in character. This is similar to

Figure 5 and to the transfer in Figure 6, but now with

excitations occurring at infrared frequencies. For the

transition intensities, we have taken the MW intensities
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Figure 15. Time-dependent level populations for the simplified schemeof Figure14under excitationwith thermal background radiation
at 300 K. The total populations in the para and ortho isomers are shown as well (with compressed time scale on the right hand side, see
discussion in the text). If all levels were included, equilibrium would correspond to 62.5% ortho.

Figure 16. Time-dependent level populations for the simplified schemeof Figure14under excitationwith thermal background radiation
at 300 K with all five states belonging to the ground vibrational level (as in Figures 5 and 6). The total populations in the para and ortho
isomers are shown as well (with compressed time scale on the right hand side, see discussion in the text). If all levels were included,
equilibrium would correspond to 62.5% ortho.

Figure 17. Time-dependent level populations for the simplified schemeof Figure14under excitationwith thermal background radiation
at 77 K. The total populations in the para and ortho isomers are shown as well (with compressed time scale on the right hand side, see
discussion in the text). If all levels were included, equilibrium would correspond to 62.5% ortho.

scaled by the infrared frequencies and dipole moment

(Equation 40). Figure 15 shows the time-dependent level

populations starting with p1(t = 0) = 1, as well as the

total populations in the para- and ortho isomers. Trans-

fer occurs and quasi-equilibrium is slowly reached on the

time scale of milliseconds to seconds. For this particular

process, which is just one example among a huge num-

ber of possible radiative transitions in themicrowave and

infrared range, quasi-equilibrium corresponds to about

30% final ortho-population given the selected subset of

levels.

If one were to calculate all possible processes in the

real ClSSCl molecule, one would obtain the statistical

ortho/para ratio 10/6 according to the statistical weights

(62.5% ortho). Figure 16 shows also the correspond-

ing level populations with incoherent thermalmicrowave

radiation in a scheme exactly corresponding to Figures

5 and 6. Here we have extended the time scale by factor
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of about 105. The present simple model estimates show,

on what time scales for coherent radiative transfer one

would have to cool the experimental setup to low tem-

peratures and similar considerations apply to the experi-

ment on parity violation [23]. Figure 17 shows the result

for the ‘infrared’ scheme when exciting with thermal

background radiation at 77K, the temperature of liquid

Nitrogen.

4. Discussion and conclusion

Parity and nuclear spin symmetry are approximate con-

stants of the motion in quantum molecular dynamics,

often assumed to correspond to almost exact symmetries

[44]. However, while the violation of parity symmetry

is a very small effect, the interconversion of ‘parity iso-

mers’ [23] by collisional and radiative processes is facile

[39]. Nuclear spin symmetry isomers, on the other hand,

are relatively stable with respect to collisions and radia-

tion. The preparation and reaction dynamics of nuclear

spin symmetry isomers have a long history starting with

ortho- and para-hydrogen [45–49]. Both the conser-

vation of nuclear spin symmetry on short time scales

and the interconversion between nuclear spin symmetry

isomers under collisional conditions have been studied

extensively [44,52–61]. The conservation of nuclear spin

symmetry has been studied as well for reactive processes

[43,57] and there have been recent demonstrations of dif-

ferent reactivities for nuclear spin symmetry isomers in

bimolecular reactions [107]. On the other hand, reaction

dynamics with hyperfine structure resolution has been

studied much less (see [89,90] for example) and direct

observation of nuclear spin symmetry coupling by high

resolution spectroscopy has been quite rare, with only a

few examples, so far, in the literature (see [108–113] and

the reviews [22,44]). However, in principle, at very high

excitations and high densities of rovibronic states in poly-

atomic molecules, the mixing of nuclear spin symmetry

and even parity states must be ubiquitous on moder-

ately long time scales of sub-ms to s [44,62,63,70]. For

the common dissociated or ionised states resulting from

different nuclear spin symmetry isomers the coupling

is necessary and has, for instance, been made use of to

determine in high precision spectroscopic experiments

an accurate ground state interval between the ortho- and

para-hydrogen isomers [114,115], although direct spec-

troscopic transitions between bound quantum states of

ortho- and of para-hydrogen have not yet been observed.

Such transitions have been observed in CH4, SF6 and I2,

for example [108–112].

Dichlorodisulfane ClSSCl is a unique example of a

simple chiral molecule, where the parity violating energy

difference �pvE between the ground state energies of

the enantiomers has been studied by quantitative the-

ory in relation to the hypothetical tunneling splitting in

the parity conserving symmetrical case. In spite of the

modest barrier (5000 − 6000 cm−1) for interconversion

between the enantiomers parity violation was shown to

completely dominate the quantum dynamics at low ener-

gies, because of the minute tunneling splittings ([36],

recently reconfirmed [116]). Parity symmetry is thus bro-

ken de lege in this molecule [39]. Furthermore, most

recent hyperfine structure resolved rotational spectra in

themicrowave range have demonstrated ‘forbidden’ tran-

sitions between the ortho- and para isomer manifolds

[42]. These observations have allowed us here to quanti-

tatively predict the time-dependent processes of nuclear

spin symmetry violation and compare them with the

slower processes of intramolecular de lege parity violation

for the first time in a realistic molecular example. We can

summarise here some of the main conclusions from our

investigation.

(i) Already in the vibrational ground state, one can

predict a very rich spectrum of ‘forbidden transi-

tions’ connecting the ortho- and para-nuclear spin

symmetry isomers. This allows us to study the time-

dependent interconversion between the isomers by

coherent radiative excitation.

(ii) The theoretical simulations demonstrate the pos-

sibility of an almost 100 percent complete trans-

fer of population from an essentially pure para

ground state to an almost pure excited ortho eigen-

state on a collision-free time scale of less than 0.1

to 1ms (in a molecular beam) by a sequence of

MW pulses. While we have used idealised con-

ditions in the simulations, in a realistic experi-

mental setup this could be achieved as well effi-

ciently (for instance using RAP, rapid adiabatic pas-

sage [25] or STIRAP, stimulated Raman adiabatic

passage [21]).

(iii) Short-pulse excitation from an almost pure para

ground state to an excited time-dependent para

chromophore state shows time-dependent intra-

molecular (collision-free and radiationless) oscil-

latory interconversion between para and ortho

nuclear spin isomers on a time scale of a few

nanoseconds to a few microseconds. As the inter-

conversion arises from a highly off-resonant cou-

pling, the oscillation period is governed by the reso-

nance defect and the maximum population transfer

is 1 percent or less, typically, in these examples

which should however, be easily detectable.

(iv) We have also demonstrated the preparation of

exotic ‘chameleon states’, which are superposi-

tions of eigenstates corresponding to ortho- and
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para- nuclear spin symmetry isomers. While the

contributions from the isomers in the superposi-

tion state are not equal (0.5 and 99.5 percent typ-

ically, depending on the states chosen) they are in

an experimentally detectable range, for instance by

uncertainty limited frequency and time resolved

spectroscopy [89,97].

(v) We have furthermore shown that the transfer of

population between para- and ortho-nuclear spin

isomers by thermal radiation in the microwave

range is exceedingly slow (up to 100 years at 300K),

whereas the indirect transfer passing through

infrared excitation can bemuch faster (sub-seconds

to seconds at 300K) in agreement with expectation

[101]. It can, however, be slowed down to hours by

cooling to 77K or below (see also the discussion for

H2O in an astrophysical context [117]).

In our modelling of various intramolecular and radia-

tive transitions, we have neglected collisional effects.

Such effects are expected to be small on the time scales

considered and under typical molecular beam condi-

tions and were shown to be negligibly small in the test

experiments on NH3 under such conditions [25]. One

might possibly consider exotic very large collisional cross

sections for decoherence of near degenerate levels. But

even then one could optimise the experiments system-

atically to control the corresponding effects. We have

also neglected magnetic dipole transitions which con-

tribute very little in molecules like ClSSCl, although they

can become important for systems with heavy atoms and

could be included when needed [87]. Similarly dynamic

Stark effect type couplings can be assumed to result in

small effects with the oscillatory fields considered, simi-

lar to the case of dynamic Zeeman-type splitting which

were included explicitly in [87].

In principle, all these effects and further small effects

could be included in the calculations but are not expected

to change any of the main results and conclusions signif-

icantly.

The time-dependent processes of nuclear spin sym-

metry isomerisation discussed here arise from cou-

plings in complex multilevel structures arranged in

rotational-nuclear spin state polyads. The conversion

times observed here in the range between a few nanosec-

onds and a few microseconds can be interestingly

compared to the times for intramolecular vibrational

redistribution (IVR) which were derived from spec-

troscopy of complex Fermi-resonance polyads in poly-

atomic molecules to be as fast as 10 to 100 fs [16–20]

but can also extend into the longer picosecond ranges

for some molecules [118–120]. An important aspect of

the IVR processes discussed in [16–20] and [118–120] is

the strong close resonance coupling observed for IVR,

leading possibly to partial or complete microcanonical

equilibrium-like distributions near to a partial maximum

of entropy in a short time [16–20,98,99,121]. On the

other hand, the weaker off resonant ortho-para coupling

found in ClSSCl leads to a very incomplete redistribution

of population (up to 1% only in the examples shown).

However, one can anticipate that with excitation to high

energy with high rovibrational densities of states, one can

also obtain an effectively exponential relaxation towards

microcanonical equilibrium between ortho and para iso-

mers [22,62,63,70].

We can finally summarise some conclusions for

possible future studies of parity violation in ClSSCl.

The theoretically predicted �pvE corresponding to

1.35 · 10−12 cm−1 [36] falls in the range detectable by

a current experimental setup [25], using the approach

of [23]. The time scale for such an experiment is in

the ms to second range, which is well separated from

the much shorter times of nanoseconds to microsec-

onds observed here for the interconversion of the nuclear

spin symmetry isomers. This separation of time scales

can be understood from the very different kind of sym-

metry breakings related to the two types of processes

[17,22,44,91]. The separation of time scales corresponds

to a comparable separation on the energy or frequency

scale. The experimental approach using rovibrational fre-

quency shifts could thus naturally be carried out on sep-

arate hyperfine structure states [122–125] and the effect

of hyperfine structure on parity violation can be studied

theoretically by including nuclear spin-dependent terms

[34,126], which lead to values �pvE(j) depending on

the hyperfine structure level |j〉 (describing a rovibronic
hyperfine level). Frequency shifts in MW or IR spec-

tra, say [37,38,65,66], will then be �νjk = (�pvE(j) −
�pvE(k))/h.

On the other hand, because parity does not change for

different nuclear spin states, the time-dependent scheme

[23] to measure �pvE does not necessitate hyperfine res-

olution in order to detect an appropriate average value

of �pvE, because of the large separation of time scales.

The separation of time scales will be less pronounced in

molecules containing nuclear spin (1/2) nuclei. It remains

true that the ideal choice of molecules for the study of

parity violation would involve nuclei of spin 0 only (such

as 32S, 12C or 16O). Such molecules have been proposed,

but they are difficult to synthesise [39]. In that sense

molecules with spin zero nuclei (S) and quadrupolar

nuclei (Cl) onlywould be a ‘second best choice’.Wemight

conclude with a speculation on the time scale of nuclear

spin symmetry violation in molecules with zero nuclear

spin. This would correspond to a change from a Pauli-

allowed rovibronic state to rigorously Pauli forbidden
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state [44]. Such states are usually considered to be nonex-

istent and have, indeed, never been observed. As we have

discussed before [44], their observation would corre-

spond to a violation of a most fundamental symmetry

principle in nature. There is, however, no experimental

or theoretical evidence for such an effect.
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Appendix

In the electronic supplementary material, we include the fol-
lowing documents and tables:

• Description of the input used for the SPCAT program.
• Table A1: Complete extended list of calculated rotational

levels for the model (complete list related to Table 4)
• Table A2: Complete extended list of hyperfine structure

levels calculated from the model (complete list related to
Table 6 extended to high energies). This list contains also
the contributions from the most important basis states in
the last few columns (see discussion in the text)

• Table A3: Complete list of the strongest ortho-para tran-
sitions with |Mfi|2 > 0.00001D2 (extended list related to
Table 8)

• Table A4: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 6.

• Table A5: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 7.

• Table A6: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 8.

• Table A7: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 9.

• Table A8: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 11.

• Table A9: Energy levels (on diagonal, E/h inMHz) and tran-
sition dipole matrix elements (in D) for the calculations in
Figure 12.

• Table A10: Energy levels (on diagonal, E/h in MHz) and
transition dipole matrix elements (in D) for the calculations
in Figure 13.

• Table A11–A17: Extended results corresponding to Tables
A4–A10 including all levels retained in the calculations.



Featured image: Perspective drawing of the C -symmetrical equilibrium structure for the P and M enantiomers of the chiral molecule ClSSCl2

(upper part) and time dependent quantum kinetics (lower part) of the almost complete conversion from the para nuclear spin isomer (blue line
starting at t = 0 with 100 percent population, p = 1) to the ortho nuclear spin isomer (red line) by a sequence of coherent radiative transitions
reaching portho = 0.988 (98.8 percent population) at times shorter than 1 millisecond under collision free conditions as derived from high
resolution spectroscopic parameters. The periodic population change (due to parity violation) between the ‘chameleon states’ of well defined
parity is theoretically predicted to occur on a much longer time scale with a period of motion of about 30 s. See Gunther Wichmann, Georg
Seyfang and Martin Quack, Time-dependent dynamics of nuclear spin symmetry and parity violation in dichlorodisulfane(ClSSCl) during and
after coherent radiative excitation; https//doi.org/10.1080/00268976.2021.1959073.


