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Preface

Methods of theoretical and experimental studies of spectroscopic characteristics of
the iodine molecule valence, ion-pair (IP) and Rydberg states, spectroscopic char-
acteristics themselves, nonadiabatic perturbations of these states, and Rgl, van der
Waals (vdW) complexes as well as collision-induced processes are reviewed in the
book. The emphasis of the book is focused on nonadiabatic perturbation in a free
molecule, and intermolecular nonadiabatic perturbation occurred in collision-
induced nonadiabatic transitions and Rgl, vdW complexes. Spectroscopic charac-
teristics as well as population and decay of the Rgl, excited states are analyzed. The
principal features of intermolecular perturbations which manifest in excited states
of vdW complexes formed in collisions and optically are discussed.

Nonadiabatic interactions between excited bound states in diatomic molecules
are one of fundamental problems of modern chemical physics and molecular
spectroscopy. The iodine molecule is a unique system for understanding of the
intramolecular and intermolecular nonadiabatic perturbations in diatomic mole-
cules.

Saint Petersburg, Russia Sergey Lukashov
Alexander Petrov
Anatoly Pravilov
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Chapter 1
Introduction

1.1 General

Nonadiabatic interactions between excited bound states in diatomic molecules are
one of fundamental problems of modern chemical physics and molecular spectros-
copy. Perturbations of the states occur both in free (isolated) molecules (intramo-
lecular perturbation) and in weakly-bound complexes of molecules and collisions
of a molecule with a partner (intermolecular perturbations).

An understanding of mechanism of intramolecular perturbation in diatomic
molecules is very useful for description of nonadiabatic processes in more complex
systems. Besides, a study of perturbations in free molecules stimulates
developments of the theory and accurate definition of molecule spectroscopic
characteristics.

Exact data on characteristics and dynamics of diatomic molecules become
urgent due to elaboration of the methods of preparations of the molecular Bose-
Einstein condensate using photoassociation of ultracold atoms, as well as new
methods of control of molecular systems.

The basic source of the information on internal constitution of a free molecule is
the energetic structure of its rovibronic states which can be distorted due to
nonadiabatic perturbations. The latter can affect radiative, magnetic and other
molecular characteristics. Therefore, the exact experimental and theoretical
descriptions of the intramolecular perturbations are critically important in the
context of the fundamental and applied sciences.

Intermolecular or noncovalent interactions occur in gas phase, liquids, solids
and polymers. These interactions are of great importance in energy transfer
processes in gas phase, organization of structures and properties of biomolecules.
Noncovalent bonds are the base of supramolecular chemistry. Understanding of
nature of the intermolecular interactions is one of fundamental problems of modern
chemical physics and molecular spectroscopy, and van der Waals (vdW) complexes

© Springer International Publishing AG 2018 1
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2 1 Introduction

of excited state diatomic molecules are ideal model systems to predict the proper-
ties and dynamic behavior of more complex system. The partners building the
complex retain their identity, and energy transfers are thus easily identified due to
the weakness of the intermolecular bond. Their decay represents the half of a
collision with a limited range of impact parameters, which allows one to make
fruitful comparisons with processes occurring in collisions. Finally, studying the
dependence of the energy redistribution and fragmentation processes on the size of
the cluster may help to bridge the gap with condensed-phase dynamics [1].

Long-range forces between atoms which interact in traps, photoassociation of
ultracold molecules, many-body interactions in ultracold systems become more and
more urgent. These fields require the appropriate theoretical description of the
noncovalent interaction. The simplest vdW complexes along rare gas dimers,
Rg,, are complexes of rare gases and diatomic halogens. The latter are ideal subject
for study the effects of weak non-covalent forces on molecule characteristics.

Collision-induced non-adiabatic transitions (CINATS) in the gas phase, in which
vdW complexes are formed in collisions and then decay, play a fundamental role in
the kinetics and dynamics of highly excited molecular electronic states. They are
responsible for radiative emission and energy transfer in the atmosphere, energy
pooling and conversion in laser media, relaxation phenomena in chemilumines-
cence processes, plasma formation, and in many other situations where
electronically-excited states are involved. Description of vdW complex formation
and decay is very important for understanding of mechanisms of non-adiabatic
transitions in weakly-bound complexes of any molecules and clusters. An
understanding of these processes is also essential for interpretation and modeling
of various photoinitiated processes in clusters, liquids, and solids, where the role of
intermolecular interaction is greatly magnified through the formation of solvation
shell(s) and multiple collisions between a molecule and a solvent.

Mechanism and dynamics of vdW complex formation and decay are governed
by multidimensional potential energy surface (PES) of intermolecular interaction.
Data on PESs are necessary for finding effect of weak intermolecular interaction in
a photoinduced process. These data facilitate understanding of mechanism of
interactions between specific reagents as well as functions of intermolecular
interactions in chemical processes. Determination of propensity rules for vdW
complex decay is necessary for development of description of dynamics in
weakly-bound complexes.

Weakly bound complexes can be employed for reagent preparations: it is
possible to populate the weakly bound complex of the reagent with a molecular
partner to the selected rovibronic level and to align the complex (see [2, 3] and refs).
Such preparations make possible to study in detail processes of energy transfer in
collisions, chemical reactions, as well as the influence of translational, vibrational
and rotational excitation energy, mutual orientation of the reagents on their dynam-
ics and reaction behavior efc.

Photochemical and photophysical investigations of weakly bound complexes are
necessary for the understanding, how the weak intermolecular interaction of part-
ners, in excited electronic states in particular, acts on the excitation energy transfer
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process. In spite of the weak binding of partner molecules in the vdW complex,
there are several examples in literature in which vdW complex demonstrate new
chemical channels which are closed in the isolated molecule.

Both, intra- and intermolecular interactions have nonadiabatic character.
Therefore, the authors have decided to discuss them jointly in this book.

1.2 The Iodine Molecule

Iodine molecule has 23 valence states, that are grouped by correlation with three
dissociation limits: I(*P5),) + I(Pxp) (aa), I*Pp) + 1P, 5) (ab) and 1P, ) + I(
Pyp) (bb), 20 so-called ion-pair (IP) states nestled in four tiers and correlating with
the 17(180) + I+(3P2, 3 Po 1, lDz and lSO), as well as multitude of Rydberg states
(Fig. 1.1).

All the IP states have different angular momenta, parities and very dense
rovibronic levels. The potential energy curve of each states are embedded each
other. Therefore, many states of free iodine molecule may be perturbed. Besides,
collisions of the I,(IP) with atomic or molecular partners have to lead to CINATs.
The similar feature occurs in valence states correlating with the bb dissociation
limit (see Figs. 1.1 and 1.2).

The bulk of accidental resonances between rovibronic levels make these systems
interesting model objects for studies intramolecular perturbations and CINATS
between bound states, as well as dynamics of decay of optically populated vdW
complex state to other bound states. Spectroscopic characteristics of majority of the
valence and IP state are well known. There are some perfect methods of optical
populations of iodine excited states rovibronic levels and studies of mixing of
valence, IP and Rydberg states as well as vdW complex decay and CINATS.

This makes I, a unique system for spectroscopic studies of intramolecular and
intermolecular perturbations in diatomic molecules.

The book is organized as follows:

An overview of instrumentation and methods utilized for studies of I, spectro-
scopic characteristics are presented in Chap. 2. Classical, the absorption and
emission sperctroscopy, methods are considered briefly, whereas contemporary,

(1 + 1) two-step and (1 + 2)-photon optical-optical double resonance,
— three-step three-color laser population scheme,
perturbation-facilitated two- and three-step excitation scheme
resonance enhanced multiphoton ionization, and

— velocity imaging

methods are discussed more substantially.
Chapter 3 is devoted to description of the spectroscopic characteristics of the
valence, ion-pair and Rydberg states of the iodine molecules, as well as optical
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Fig.1.1 Potential energy curves of the valence and ion-pair states of the first and second tier of the
iodine molecule. Spectroscopic parameter of the 3,, (2)0, (aa) states are unknown at present

transitions between them. These data are necessary for descriptions of intra- and
intermolecular perturbation described in Chaps. 4, 5 and 6. These chapters are
essential in the book.

Chapter 4 is devoted to intramolecular nonadiabatic perturbation between bound
and repulsive states accopmpanied by a predissociation of the former as well as
between bound states, such as hyperfine interactions and heterogeneous perturba-
tions. Valence, IP and Rydberg states are taken in consideration.

Chapter 5 deals with different types of exchange of translational, rotational,
vibrational and electronic energies of diatomic molecule including the 1,(BO;)
state, as well as B state collision-induced predissociation. The principal attention is
given to non-adiabatic transitions between IP states induced by collisions with rare
gas atoms and molecules possessing permanent electric quadrupole and dipole
moments as well as transition electric dipole moments. Overview of theoretical
models and experimental methods is also done.
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Chapter 6 is devoted to optically populated Rgl,(X0;, BO, and IP) vdW
complexes. Overview of experimental methods used as well as detailed description
of design and characteristics of the set-up utilized supersonic molecular beam
technique created in the author’s group are carried out. Survey of experimental
and theoretical works devoted to studies of vdW complexes of different geometry
are performed. The particular attention has been given to Rgl,(IP) vdW complexes.

In Conclusions, the principal features of the intra- and intermolecular
nonadiabatic perturbations are summarized.

In Appendix a survey of spectroscopic characteristics of the iodine molecule
valence and IP state are given.
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Chapter 2
Overview of Instrumentation and Methods

2.1 Absorption Spectroscopy

Cross-section of the dipole electric allowed transition to the lowest state (bound-
free perpendicular I, (Alu — XO;) transition, A =~ 550-850 nm) is negligible,
maximal cross-section, o4y < 1.5- 107" cmz, appr. 15 time less than that of bound-
free BOIT — XO;, A = 410-498.9 nm, one. Besides, bound-free perpendicular I,

(C (B")1, « XO;) transition, A =z 410-630 nm occurs in the visible spectral range

(see [4] and references therein).

Very weak (6,4 < 7-1072° cm?) absorption bands corresponding to bound-free
perpendicular transitions has been observed in the A ~ 205—420 nm spectral range
(see [5, 6] and references). In shorter wavelength region, strong transitions to very
high vibronic levels of the ion-pair (IP) states (see [2] and references) and then to
Rydberg states (see [3] and references) occur.

Cross-sections of the bound-free transitions have been determined with mod-
erate (0.1 nm) or low (~1 nm) resolution utilizing commercial spectrophotome-
ters. The B «— X bound-bound transition superimposes with bound-free A «— X
and C < X transitions. The former remained unresolved at the spectral
resolutions used, and simulation of the spectra was needed (see [4, 7] and
references therein).

Fourier-transform spectroscopy method was successfully utilized to determine
positions of numerous lines of the bound-bound A,v4,J, «— X,vx,Jx and B,vg,
Jp — X, vx,Jx transitions up to the v4 = 35 vibronic levels and up to the B state
dissociation limit, A =~ 498—1350 nm, with very low uncertainties (~ £ 0.005 cmfl)
(see [1, 8] and references). As to cross-sections of the A,v4,J4 «— X,vx,Jx and B,vg,
Jp — X,vx,Jx absorption lines, they cannot be measured with low uncertainties
since their full width half maxima (FWHM) are much less than spectral resolution
of spectrometers used for measurements of absorption spectra. Besides, absorption

© Springer International Publishing AG 2018 7
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8 2 Overview of Instrumentation and Methods

follows Beer-Lambert-Bouguer law (Beer law) [8, 9] only in the limit of zero
absorption [7]. Besides, absorption lines are strongly overlapped.

To measure I, absorption spectra corresponding to transitions to the IP and
Rydberg states, 4 < 205 nm, vacuum monochromators equipped by double-beam
attachments, usually, were utilized. Intensities of reference and passed through the
sample containing I, vapor beams were recorded by sodium salicylate/
photomultiplier tube systems (see [2, 10], e.g.). The FWHMs were much less
than spectral resolutions of monochromators used, and absorption did not follow
Beer law in these measurements, so measured absorption cross-sections had to be
regarded as lower limits.

2.2 Emission Spectroscopy

To measure excitation spectra of I, luminescence in absolute units, one has to
measure the latter at each excitation wavelengths and determine total intensity of
luminescence. Otherwise, one can obtain information on the position of excitation
lines, only, using an excitation spectrum. To measure luminescence spectrum, one
has to calibrate recording system just at the same layout that is used for the
measurement [11]. To the best of our knowledge, nobody carried out calibration
of experimental setups used for emission spectroscopy in such manner. Therefore,
one should consider data on luminescence spectra of IP and Rydberg states as well
as their luminescence quantum yields (see [2] as an example) as rough estimations.
Einstein coefficients of the [,(IP — valence state) (IP — V) transitions are large
(see Appendix). Therefore, the I,(IP — V) luminescence is easily detectable.

23 (1+1) Two-Step and (1 + 2) Photon Optical-Optical
Double Resonance

The (1 + 1) two-step method successfully uses for laser population of selected
rovibronic levels of the IP states in the cases of intermediate and final states can be
populated in electric dipole allowed transitions (see [12—14] and references)
(Fig. 2.1):

hvy + hvy 4

“g",vg,Jg — Bo, Ve, Jp — X0, ,vx, Jx, (2.1)
hv, hy

“@7, Vg Jg = Aly,va, Ja = XOF, vy, Jx, (2.2)

Here, “g” designates O; and 1, IP states of the 1-st, 2-nd and 3-rd tiers (see
Fig. 1.1).
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The u — g, AJ = %1 (parallel, AQ = 0, transitions), AJ = 0, =1 (perpendicular,
AQ = =+ 1, transitions) and + < +, —« — are valid for one-photon electric dipole
allowed transitions [15].

One can estimate a population of the I,(“g”, v,, J,) states if photon irradiance Ej,
(photon/(s-cm?) and cross-sections of the optical transitions are large enough to
achieve saturation of them, for example:

hvy

B,VB,JBHX,VX,JX (23)
IZ (“g”7 Vg,Jg ,}—vz)B, VB;JB)3 (24)

so concentrations of the states involved in transitions are equal:

[B,VB7JB] = [X, VX7JX]’ [“g”avf,’?‘]g} = [BvVBaJB] (2'5)

One should note that International Commission on Illumination has
recommended the photon irradiance term, E;, (photon/(s'cmz)), in 1970 [11, 16,
17]. Nevertheless, the term photon flux @ (photon/(s-cmz)) is often used instead of
photon irradiance, Ej,, in spectroscopic literature (according to [16, 17], photon
flux &, (photon/s) (or @, [11]) is “number of photon, emitted, transferred or
received in an element of time”). Below, we will use quantities and units
recommended in [16] (see Sect. 1.2 in [11] for details).
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For typical conditions of many experiments, namely:

— pr =~ 0.3 Torr,

— energies, temporal profile, and diameters of laser pulses ~3 mJ/pulse, FWHM =~
1078 s, and d ~ 2 mm, respectively,

— laser spectral width, FWHM =~ 0.07 cm ™!, A &~ 600 nm,

— transitions start from the X,vy = 0,/x =~ 50) rovibronic level,

the saturation in the transition (2.3) can be easily achieved. In this case, irradiance is
E,~ 10’ W/em?, photon irradiance is Ej, ~ 3- 10% photon/(s~cm2). Cross-section of
transitions (2.3) at the maxima of Doppler contour of the rovibrionic line is
653 ~ 107" cm?, and the spectral width is ~0.03 cm ™! if one takes into account
its hyperfine structure (see [18, 19] and references). Therefore, appr. a half of
photon irradiance is used for pumping, and pumping rate, 6,3-E;, ~ 3-10"
photon/s, is much larger than the rate of B,v,J/p radiative decay and predissociation,
~10°% 57! (see [20] and references). One has also to take into account bound-free
0;, 1 g(aa, ab) h‘é B transitions, ¢ ~ 10~ '8 cm? [19], but the rate of these processes,
~3-107 s', is much less than that of pumping. Consequently, saturation occurs in
process (2.3), and a half of the I,(X,0/x ~ 50) molecules (~0.01-10'® cm™ at
prz = 0.3 Torr (see [21]), or ~3-10'% molecules in 2x10 mm? volume, e.g.), are
found in the B state.

Cross-sections of IP — V transitions are much larger than that of I,(B—X) (see
[2, 71, e.g.), so ¥4 of the I,(X,0,/x =~ 50) molecules or ~1.5-10"% molecules in the
same volume, e.g.), are found in a gerade 1P state, if one use (1 + 1) two-step
population scheme.

To populate an ungerade “u” 1P state from intermediate BO; and Al, states
(1 + 2)-photon optical-optical double resonance methods were utilized (see [12, 22,
23], e.g.).

Two-photon absorption (2PA) per unit length in the case shown in Fig. 2.1
(transition via virtual state), for example, (dE/dx) is:

dEy,/dx = —6® - [B,vg,J5] - E3. (2.6)

Here, 6?-(cm™*-s/photon) is 2PA cross-section, 1-10 GM, typically (1 GM = 10°
cm4-s/ph0ton) The u < u, g > gand AJ =0, £ 2 selection rules are valid for the 2PA
(see [24, 25] and references).

For typical conditions of experiments mentioned above, pumping rate of an
ungerade states population via the [B,vg,Jg] one (2.3, 2.7)

“u”, v, Ju 22 BO}, vg, I, (2.7)
is ~(1-10)-107°%10°" s 7' &~ (10°-10%) s~ ', more than 10® less, than that of (1 + 1)
two-step pumping. Therefore, one should use a focused laser beam for pumping.
Nevertheless, if diameter of the laser pulse beam waist is d ~ 0.1 mm as it has been
in [23], pumping rate increases ~400 times up to (0.4—4)-10° s~', and remains

hy . -
much less than rate of the bound-free O;, 14(aa, bb) &L B transitions, ~10'" s
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One sees that a (1 + 2)-photon optical-optical-double resonance is a very
inefficient way of ungerade IP state population. The methods, described in Sects.
2.1.4 and 2.1.5 are more preferable.

2.4 Three-Step Three-Color Laser Population

This method has been described in [26] for the first time. To populate selected rovibronic
levels of the I,(D) state, authors employed three-step three-color, Av; + hv]i + hvy,
excitation scheme using B0 and O; (bb) intermediate states (Fig. 2.2).
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Fig. 2.2 The three-step three-color excitation scheme of population of the I,(IP) states
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Fig. 2.3 Schematic diagram of the experimental setup utilized to realize three-step three color and
perturbation facilitated excitation schemes

Schematic diagram of the experimental setup utilized to realize these excitation
schemes is given in Fig. 2.3.

The A; pump wavelength was tuned to the selected B,vg,J B@X, vy =0,Jx

hv}
.. f hvy ..
transition. Then the 0;, vo,Jo <= B0, vg,Jpand DO}, vp,Jp — O;, vo,Jo transitions
occur

y hvf v
DO}, vp.Jp 2 0F (bb), vo,Jo - BO} ,ve, Jp - XOF , vy, Ix (2.8)

All the transitions involved in excitation Scheme (2.8) are electric dipole
allowed.

A Nd:YAG laser which pumped two dye lasers system was used in the exper-
iments. The laser beams were spatially and temporally overlapped. To populate the
Og(bb),vo,.lo rovibronic states, the fundamental Nd:YAG laser harmonic was uti-

lized. It consisted of 3 spectral components: v} =9395.124+0.02cm ™!,
Vv; =9393.53 £0.07 cm ™" and v} = 9396.67 4 0.10 cm ™" with relative intensities
of about 1: 0.3: 0.05, and a very weak line with the frequency of

hv}
v/f =9392.04 cm~!. The Oz(bb), vo,Jo <—fBOM+,vB,JB, transitions can be realized
due to accidental resonances (see [27-30] and references). Transitions to several
rovibronis levels, OZ,L (bb),vo,Jy, since their density is high. A number of these

transitions has to occur largely if on use tunable dye laser instead of a fundamental



2.5 Perturbation-Facilitated Two-Step Excitation Scheme 13

Nd:YAG laser harmonic in the A > 1120 nm spectral range and double fundamental
Nd:YAG laser harmonic for pumping (see [31] and references):

hvy

B,32,J5X,0,Jx (2.3a)
The
I
0, (bb) =B (2.9)

transition dipole moment is ca. 10 times less than that of B—X [7, 19], but pumping
rate of these transitions 6, 9-Ej, ~ 10'° photon/s, is much larger than the rate of

I (Og(bh)) radiative decay, ~10% s7! [19, 26]. Therefore, a saturation in the

transition (2.9) can be easily achieved. Numerous experiments of the authors
show that the

hv,
D = 0] (bb), (2.10)

transitions are also saturated at sv, laser pulse energy ~3 mJ/pulse (see [32], e.g.).

So, 1/8 of the L(X,0.Jx ~ 50) molecules or ~7-10'" molecules in 2x10 mm?>
volume, e.g., are found in a ungerade IP state, if one use three-step three-color
excitation Scheme.

2.5 Perturbation-Facilitated Two-Step Excitation Scheme

The (1 + 1) two-step excitation scheme can be utilized for a population of IP states
of different symmetry if intermediate rovibronic levels are perturbed by nearest
levels of the states of suitable symmetry. It was successfully carried out for
population of the y1,, FO, H1,, 62, [33, 34], 1,('D), 2,('D) [35] states via
mixed BO; ~ cl, states, the h0, and H1, states via mixed B0} ~ *IT (Og) (ab)
states [36], D2, [37] and 2g(1D) [38] states via mixed BOM+ ~ b'2, states, and gOg_
state via mixed B0, ~ (3)0;, state [39]. As a result, spectroscopic characteristics of
the upper states were determined.

The B0 ~ c1, hyperfine mixing resulting in the y1,, FOF, H1,, 62,, 1,('D), 2,(*
D) state electric dipole allowed population has been studied in [33-35]. It has been
shown that fourteen B0, ~ cl, mixed rovibronic states are available for the
population of rovibronic levels of the IP ungerade states under discussion. Matrix
elements of the hyperfine interaction (HFI) is low, ~0.01 cm ! [33], so the
electronic matrix elements [40-43] is ~0.1 cm™! (Franck-Condon factors, FCF's,
of the vibronic states mixed is ~0.1). Fortunately, FCF's of the transitions from the
c1, state to the IP states under study are high, so authors of [33-35] have success-
fully determined spectroscopic characteristics of the latter.
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The BO,” ~ b'2, state HFI has been found to allow to populate eleven rovibronic
levels of the BO',vg =76 —79 ~ b'2,, v,» = 22-25 vibronic states. The HFI
electronic matrix elements, ~0.027 cm s higher than that for the BO;r ~clg
mixing, but FCFs is less, vVFCF ~ (1.0 — 3.8) - 1072, so the HFI matrix elements
is (0.3-1.0)-103 [37].

Nine rovibronic levels of the BOj, vg =76 — 80 ~ (3)0;, Vo states was found to

be mixed by the HFI. Matrix elements of the interaction have been unknown [39].

2.6 Perturbation-Facilitated Three-Step Excitation
Scheme

This scheme was successfully realized in [26] for the first time for a population of
the Iz(D/Zg) state using the BOM+ and 0; ~ 1,(bb) intermediate states. The mecha-
nism of the optical transitions involved in the scheme was unknown at that moment.
It has been found later [29, 30], that all three 07", 0,1, (bb) states are mixed due to
HFI. Therefore, all the I,(IP) states except the 62, and 2u(lD) (see Fig. 1.1) can be
populated utilizing the excitation schemes described in this section and Sect. 2.1.4.

vy hv} y
IP, vip, Jip 2 0] ~ 0, ~ 1,(bb) < B,vg,Jp - X, vy, Jx (2.11)

To determine vibrational and rotational quantum numbers of the intermediate
B and 0; ~ 0, ~ 1,(bb) as well as IP states one has to measure so-called action and
excitation spectra of the B — X and IP — V luminescence as well as IP — V
luminescence spectra themselves. Measurements of the:

— B — X luminescence excitation spectra allow determining quantum numbers of
the B state,

— IP — V action spectra (scanning of the A, wavelength at fixed 4, value) allow
determining the quantum numbers of the intermediate states and final IP state,

— IP — V excitation spectra (scanning of the A, wavelength at fixed 1; value) allow
determining the energies of the final IP state rovibronic levels

(see [28], e.g., for details).
This excitation scheme was utilized to study:

— collision-induced non-adiabatic transitions (CINATS) between iodine molecule
first tier IP states, EO;, DO, fl,, D' 2, [44] (see Sect. 5.3.2),

— mechanism of interactions between I, (0+ 0 lu(bb)> states [28, 30],

g u»

— spectroscopic parameters of iodine molecule weakly-bound states and dipole
moment transition between them and IP states [45—47],

— mechanism of mixing of the I,(DO; and §2,) states [32].
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2.7 Resonance Enhanced Multiphoton Ionization (REMPI)

The (2 + 1) resonance enhanced multiphoton ionization, (2 + 1) REMPI, method
has been used for assignments of I,(gerade Rydberg state «— X) transition bands, as
well as perturbation of the gerade Rydberg and IP states (see [48—50] and refer-
ences). Vibronic levels of a Rydberg state is populated due to 2PA of Av photons
(see Sect. 2.1.3), and then this molecule is ionized by the photon of the same energy
(Fig. 2.4). Since Rydberg states rapidly predissociate, quantum yield 3a their
luminescence is small, and REMPI method is more preferable.

A laser beam has to be focused. The best results can be achieved if one uses
supersonic beams to study rotationally and vibrationally cooled iodine molecules and
time-of-flight mass spectrometer to detect I; and I" ions (see comparison in [3]). This
method has been used for studies of Rydberg state +— X transitions, [3/2].5pd; 1, + X,0
one, if one takes into account vibrationally cooled I, (2hv > 59,700 cm ! [49]. -
Two-photon transitions to the D12g and 1, IP states as well as coupling of the Rydberg
and IP states have been observed, also [50] (see Sects. 3.4 and 4.3.3).

80 F -
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Energy, 108 cm™

3rd dissociation limit

\ 2nd dissociation limit
20 \ BOIl
1st dissociation limit
10+
X0
g
o 1 1 1 1 1 1 1

2.5 3.0 3.5 4.0 4.5 5.0 55 6.0
R, A

Fig. 2.4 The (2 + 1) REMPI excitation scheme


https://doi.org/10.1007/978-3-319-70102-8_3
https://doi.org/10.1007/978-3-319-70102-8_4

16 2 Overview of Instrumentation and Methods
2.8 Velocity Map Imaging

The velocity map imaging (VMI) method provides getting detailed information on
channels of predissociation of high-lying gerade Rydberg states [3] (see Sect. 4.2.2
for details). The VMI experimental apparatus used in [3] is similar to that of
described in [51] (see Fig. 2.5).

Supersonic (helium carrier gas/molecules under study) molecular beam is pro-
duced by pulsed supersonic jet expansion generated by a pulse valve (PV) into a
source chamber evacuated with high pumping speed. A central part of the gas jet
passes through a skimmer into electrostatic lens chamber where it crosses with a
focused pulse laser beam. An energy of the laser pulse has to be enough to excite
ground state molecule to Rydberg state and then ionize it in the (2 + 1) schemes.
Ions produced at the laser beam spot are extracted by three-electrode electrostatic
lens to time-of-flight (TOF) tube. After passing it, ions hit an imaging detector
consisting of a microchannel plate (MPC) and phosphor screen (PS). A 2D image of
the phosphor screen is recorded by a charge coupled device (CCD) (see [51] for
details).

The ring structures in the VMI images reflect the distribution of the ions as a
function of kinetic energy. The sum of the kinetic energies of the fragment ions
formed in the dissociation or predissociation processes is termed as Kinetic Energy
Release (KER). Analysis of the KER spectra allows to assign the channels of
Rydberg state predissociation. Methods of interpretation of velocity map images
are described in [3].

u
8

PC

TOF

__________________________________________

Fig. 2.5 VMI apparatus [51]
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Chapter 3
Electronic States of Iodine Molecule
and Optical Transitions Between Them

3.1 Theoretical Background

In the iodine molecule, electronic levels mostly obey the intermediate between the
Hund’s case (c) and Hund’s case (a) coupling Scheme [1]. Accordingly, the
notation (/)QZ (*"'A w”mpgn) will be used below for their classification. Here:

— i numerates states with the same symmetry by their excitation energy,

— Q7. Q(A) is the projection of the total (orbital) electronic angular momentum on
the molecular axis,

— o == (used only for Q(A) = 0 terms) is the reflection through a plane containing
the molecular axis parity,

— o =u (ungerade) or g (gerade) specifies the symmetry with respect to inversion
of electronic coordinates,

— § is the spin angular momentum,

#HIAS is the main (Hund’s case (a)) non-relativistic term,

— mpgn specify the main electronic configuration (see below).

Valence electronic states of the iodine molecule go on dissociation to neutral
atoms in their ground state configuration [Kr]4d105525p5, where [Kr] means
the electronic configuration of krypton. 23 valence states are grouped by correlation
with three dissociation limits separated by the spin-orbit interaction in the
iodine atom. Ten states, (1)0f (X'Z g* 2440), (2)0; (a"°TI 2341 — % g72422),
(1)0;(8/31'11]2431), (2)0; (32 u+1441), (2)0, (32 u+1441), (1 ( Mg 2341)
(1)1, (AT u 2431), (2)1.(C(B") ' u2431), (1)2, (°I1 g 2341), (1)2, ( AP u 2431),
(1)3u(3A u2332) correlate with the first, I(*P3,) +I(*P3,) (aa), limit. Ten
states  (3)05 (°Z, 2422 — °T1,234), (1)0;(3Hg2341), (1)o; (B°’T1 u2431),
(3)0;('2u‘ 2332), (2)1, ( I g2341) (3)1, ( Y g 2422, (3)1 ( Suf 1441),
M1, (32 ut 2332), (1)2 ( Ag 2422) (2)24(b A, 2332) correlate with the second,
ICP3p)+ICPip) (ab), limit. Three states (4)0; ('Z gt 2422+ 'S g72242),
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(4)0, (°Z u2332), (5)1, (*A u2332) correlate with the third, I(P5) + ICP; ) (bb),
limit. The principal non-relativistic terms and electronic configurations are taken from
[2]. The (2)0; (a”T1 g2341 — *£g~2422) and (3)0; (*Z g 2422 — *I1 g2341)
states have avoided crossing at the ground state equilibrium internuclear distance R,
where they interchange character.

In the framework of the molecular orbital (MO) theory, electron configurations
of valence states are [1] op'zlnlo, with m+n+p+q=10. In the simplest
approximation, the MO are linear combinations of atomic Sp orbitals

o = 5p.(a) £ 5p.(b), (3.1)

7 = 5py(y)(a) £ 5pyy (b), (3.2)

where indexes a, b distinguish iodine centers, the upper sign is for ungerade (1) and
the lower sign is for gerade (g) states. Following Mulliken, we use the notation
mpgn to designate the electronic configurations. The ¢, and 7z, are bonding
molecular orbitals with energies lower than that of the 5p in separate atoms.
Similarly, the z, and o, are anti-bonding molecular orbitals with energies higher
than that of the separate atoms. The overlap of 5p, orbitals forming the o MO is
more long range than that of for the 5p,(,, forming the 7 MO. Therefore, the 6,4(c,)
MO has larger bonding (anti-bonding) power than the z,(x,). The fall or rise of
potential curves as R decreases as well as excitation energy is related to the numbers
and types of bonding and antibonding electrons in its electron configuration. Due to
the two electrons on the ¢, bonding MO and absence of electrons on o, anti-
bonding MO the 2440(12(';)X0g+ ground state has attractive potential with the

largest dissociation energy among the valence states. The 2431 group consisted of
AP (24), A (1), BTy, (0,). BTy (0).C(B) " M(L)  (3.3)

states is the next in vertical energy. The energy levels of the 2431 configuration
can be well explained by accounting for exchange and spin-orbit interactions
[1]. The exchange interaction splits levels with different multiplicity, *IT and 'TI.
The spin-orbit interaction further divides the II state into multiplet components
311,, 311, *I, and mixes the 17, and 'IT, states. For molecular orbitals (3.1),
(3.2), the spin-orbit interactions is

HSO = dZ(I5p . S5p), (34)

where Is,, and ss,, are the orbital and spin momenta of the 5p atomic orbital. The
constant a determining the strength of the interaction is known from the spin-orbit
splitting of the iodine atom:

a=2/3(E(*Py),) — E(*P3)5)) = 5069cm™".

Then the energies of the states (3.3) are [1]
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A®M2u(2,) : E=Eo—X/2—a/2,A’Mu(1,) : E

B My, (0;) : E=Ey —X/2 +a/2,
=Ey—1/2VX*+a*, Bl ,(0)) :E=Ey—X/2+a/2, (35)
c'm,(1,):E=Ey+1/2V/X* + a2

where E is the vertical energyof the 2431 configuration relative to the ground one,
X is the value of the exchange interaction. Eq. (3.5) takes into account only the
intra-configuration spin-orbit interaction. For heavy atom molecule, such as iodine,
the spin-orbit interaction between states belonging to different configurations (inter-
configuration interactions) and coming to the same dissociation limit I(2P) + I(2P) can
be comparable in magnitude to intra-configuration interactions. Following Mulliken,
such interactions are called separate-atom case-c effect. Since almost all configurations
(except of 2440) lies higher than 2431, these case-c interactions must cause energy
depressions of all the 2431 states except for 170" u. At this level of the theory, energies
of the *T1 0 u(0;) and MO0ty (07) become different and case-a coupling scheme is
violated. Using experimental energies for vertical transitions X — A and X — C Mul-
liken found that £, = 18,880 cm ™' and X = 4320 cm ™ '. With estimated case-c energy
depressions (at the ground state R.) the energies of the states (3.3) become [1]

A®I2u(2,) : E=Ey— X/2 —a/2 — 420 cm™"
= 13765 (13631) cm ™', A*TT1u(1,) : E
= Ey—1/2VX* + @ — 550 cm ™!
= 15000 (14840) cm ™', B TI0 u(0; ) : E
=Eo—X/2+a/2— 1980 cm™!
17270 (17179) em™'B’II0"u(0)) : E = Eg — X/2 + a/2
= 19000 (19115)cm™!, C'TIu(1,) : E

=Ey+1/2VX* 4+ a* — 1910 cm™' = 20300 (20083) cm ™!, (3.6)

where in the brackets are experimental values [3-5].

One can see that the agreement with experiment is better than 300 cm ™. The
depth of the potentials of the states A,, A,B/,C correlates with their excitation
energies (3.6). The exclusion is the B state which correlates with the second
dissociation limit that increases the depth of its potential. The potential curves of
other valence states with configurations 2341, 1441, 2422, 2332 have larger
excitation energy and only shallow minima due to long range dispersion forces.
Only states X, B,A" and A have deep minima greater than 0.2 eV.

Rydberg states correlate with atoms, in which the higher orbitals with general
quantum number n > 5 are occupied. However, there is a group of states in the
iodine molecule placed between valence and Rydberg states. These, ion-pair
(IP) states will be discussed in Sect. 3.3. The IP states correlate asymptotically to
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ionic limits I+(1D2, 3P2,1,0, 1S) + 1—(130). In addition to the considered above MO
theory, applied to describe the IP states [1, 6], there is an alternative approach, the
“pure precession” or “atoms-in-molecule” model [7]. In this model, wavefunction of the
molecule AB is a linear combination the antisymmetric products of atomic functions:

nQ00) = A3 Cpee (R) | ama) | ) (37)
Where A is the antisymmetrization operator, ) is the Dirac notation for the
molecular electronic wave-function (n)27, |j°am,4) is atomic wavefunction with
total electronic momentum ;¢4 and its projection on the internuclear axis my, R is
the internuclear distance. At the limit of separated atoms coefficients, C j"“j(z“,;img
(R — o0) can be determined from the symmetry consideration [8]. For the two
lowest tiers with limits I+(3Pj) +T7('S) one can obtain

|nQwo, ) = —=(1/m),|00),, + pl00),[jm),), (3-8)

1
V2
where antisymmetrization operator is omitted for simplicity, indexes a,
b distinguish iodine centers, 2=m, p=1(—1) for g (1) terms, ¢ = (—1)je (for
Q=0 states). Corresponding wave functions are presented in Table 3.1. In the
asymptotic model, it is assumed that wave functions of the IP states are given by
Eq. (3.8) for all internuclear distances. This approximation looks reasonable up to
equilibrium distances of IP states [9]. Note, that j° is a good quantum number in this
approximation. Asymptotic model is the basis for the construction of the
intermolecular diatomics-in-molecule (IDIM) model (see Sect. 5.3.2.3) for diabatic

Table 3.1 Wave functions of ~gze ‘ Wave function
the two lowest tiers of I, in the

asymptotic model Fi,rSt tier
D2, (12 £2),[00), + [|00),[2 £ 2),)/v/2
82y (12 £2),[00), —[00),[2 +2),)/v2
Plg (12 £ 1),]00), +100),[2 + 1),)/v2
7Ly (12 & 1),]00), —[00),[2 + 1),)/v2
EO0y (120),/00), + [00),120),)/v2
DO; (120),]00), — [00),]20),)/v/2
Second tier
Gl (]1 % 1),]00), +[00),]1 % 1),)/v/2
Hl, (]1 & 1),]00), —00),[1 £ 1),)/v2
g0, (110),]00), + [00),]10),)/v2
h0; (110),]00), — [00),]10),)/v/2
105 (100),/00), + 00),00),)/v2
FO; (100),/00), — [00),/00),)/v2
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potential curves and coupling between them for the Rg + I, system, where Rg is a rare
gas atom.

Rydbergstates. One of the useful features of the Rydberg states is a relative
simplicity of their describing. Outer (Rydberg) electron is placed far from the ionic
core, so these states can be described by a couple of ionic core and remaining
electron, weakly interacting with it.

The energy of the Rydberg series can be well approximated as

Ry
(n—35)*

where Ry is a Rydberg constant (Ry ~ 109737.311 cm™ "), IE; is an ionization
energy of the i-th state, §, — quantum defect, depending on orbital quantum number
[ of the outer electron. For lowest Rydberg states of the iodine molecule, the spin-
orbit coupling in the ionic core is comparable with the exchange energy between the
core and outer electron. The interaction between outer electron and ion core rapidly
decreases with the principal quantum number as n. For high lying Rydberg states
a spin-orbit coupling in the ionic core dominates. Therefore, a large amount of
Rydberg states can be classified by ion core state and outer electron orbital quantum
value. The lowest energy state of the I," ion is an X2Hg, and corresponds to
removing of the m, or &, electrons, which are only mildly bonding or antibonding.
Therefore molecular parameters (equilibrium internuclear distance) of the ionic and
corresponding Rydberg states are not significantly different from those of the
ground state.

The last known value of the first ionization potential is IE; = 75069.25 cm™
measured by the zero kinetic energy pulsed field ionization (ZEKE-PFI)
spectroscopy [10]. Large spin-orbit interaction split this state to the two compo-
nents: 2H3/2g and 2H1/2g, which will be denoted below as X[3/2]. and X[1/2]. for
simplicity. The energy gap between the X[1/2]. and X[3/2]. ionic states was
determined in the same work as about 5197 cm ™! [10]. Two lowest excited ion
states are A[’Ils2, ,] and a[*X, ]. They lie about 11,000 cm ™" above the X*I1, state
and can form additional series of Rydberg states.

The major configuration of all the Rydberg states based on the ground core
X state is [2430;2I,]cnl. Spin-orbit coupling in the core results in minor
configuration [2331;2A3/2]Cnl for the X[3/2]. states or [2331;3% 1/27]nl for the X
[1/2]. ones.

Eui =1E; — n=n;,n+1,...00, (3.9)

1

3.2 Valence States and Valence-Valence Transitions

Iodine molecule has 23 valence states, that are grouped by correlation with three
dissociation limits: I(*P3p) + I(*Pa) (aa), ICP3p) + I(°P ;) (ab) and ICPy ) + 1CPy )
(bb) (see Sect. 3.1 and Fig. 3.1).
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Fig. 3.1 Potential energy curves of the valence iodine molecule states. Any spectroscopic
parameters of the 3,, (2)0, (aa) states are unknown at present

Ten states, XO;, A2, Al,, B0, , alg, C(B")1,, a’O;L, 2., as well as 3,, (2)0,,
which unstudied at the present, correlate with the (aa) limit. Ten states BO;r ,O;, clg,
c’lg, 0;, 2., 3. 41, correlate with the (ab) limit and three, 0;{,1u and 0, with the (bb)
limit.

Spectroscopic constants and potential energy curves (PECs) of four deeply bound
(dissociation energy exceeds 1000 cmfl) states, namely, XO; (aa), A 2.(aa), Al (aa)
and BO (ab), have been determined with high precision. Remaining 19 states are
weakly bound. They, with the exception of the 3,, 0, (aa) states, are characterized
more or less precisely (see Appendix).

Electric dipole allowed, AQ = 0, + 1, g <> u, optical transition between the
valence states (absorption and emission) have been observed and studied. One
should note that parallel transitions, AQ = 0, are more intense that the
perpendicular, AQ = + 1 [1]. Transitions from the ground XO; (aa) state are the
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most important and studied among valence-valence transitions. These and other
transitions will be discussed in the following Sects.

3.2.1 Transitions from the X State

Bound-bound transition between the X and the lowestexcited A state, A,v4,
Ja — X,vx = 0,Jx, lies in the near infrared (IR) region, A ~ 917-803.8 nm
(10905-12,440 cmfl) spectral range, if one takes into consideration the X,0
vibronic level only, though absorption up to 7220 cm ™' has been detected at
high temperature [11-13]. Positions of numerous lines of the A,v4,J, «— X, vx,Jx
transitions up to the v4 = 35 vibronic levels were determined with very low
uncertainties (~ £ 0.005 cm ') using Fourier-transform spectroscopy method.
The lines have been assigned. Cross-sections of the absorption lines are unknown.
The A state radiative lifetime, ~ 450 ps [14, 15], has been only estimated.

The A — X,vx = 0,Jx bound-free transition, only, has to be observed in the
A = 803.8-634 nm spectral range (Fig. 3.2), if one take into account transition from
the X,0 vibronic level (A =~ 634 nm corresponds to the B,0.J5 «— X,vx = 0,Jx
transition [3]). At the shorter wavelengths, the A — X,vx,Jx, bound-bound B,vg,
Jpg — X vx,Jx (A=~ 500-634 nm), bound-free B +— X,vx,Jx (A= 410-500 nm) and
bound-free C(B”) —Xvx.Jx (M = 410-600 nm) transition spectra are
overlapped (see Fig. 3.2).

J. Tellinghuisen believes [17] that the I,(B,vg.Jp < X,vx,Jx) is possibly the most
extensively studied transition in diatomic molecules: more than 10’ lines have been

3.0 4 T T T T T T T T 7]

Absorption cross-section, 1078 ¢cm?

400 500 600 700 800

A, nm

Fig. 3.2 Total and partial absorption cross-sectionsof gaseous I, near room temperature [16]. For
the B «— X transition, only bound-free cross-section, A ~ 410-500 nm, may be used
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assigned, and their wavenumbers have been measured with uncertainties ~ 103 em™!
in energy range within 2 cm™' the B state dissociation limit [18-20]. This spectrum
has provided spectral calibration in high-resolution spectroscopic studies. Besides, it
can be calculated with ~0.002 cm ™ 'uncertainties using spectroscopic parameters of
the X and B states (see Appendix) and [21-23], e.g.). In the author’s opinion, for many
practical applications (calibration of luminescence excitation spectra and so on), it is
more convenient to use absorption spectrum of iodine in a single ASCII file, covering
the 14,250-20,000 cmfl, presented in [20].

Cross-sections of the B,vg.Jp < X,vx,Jx absorption lines cannot be measured
with low uncertainties since their full width half maxima (FWHM) are much less
than spectral resolution of spectrometers used for measurements of absorption
spectra, even if one take into consideration hyperfine structure of the lines,
~0.03-0.04 cm71[24]. Absorption follows Beer-Lambert-Bouguer law (Beer’s
law) [25, 26] only in the limit of zero absorption [17]. Besides, absorption lines
are strongly overlapped. Therefore, one may use the absorption cross-sections ¢(v)
(cm?), absorption coefficients a(v), k(v) (cm ™ "-atm™") or molar absorbtivities e(v)
(I/mol-cm) for spectral resolution and temperature used in the experiments in which
absorbance has been measured and at low absorbance (see [17] for details).

The I,(B < X) bound-bound transition presents some features of interest up to
date. For example, the B,vy = 16-18,J5 — X,1,Jx transitions at A = 578 HwMm, that are
near the 'Sy — 3P, clock transition of atomic ytterbium (Yb) were studied
[27]. Therefore, the hyperfine lines of B-X transition can be frequency references
for Yb atom research.

If one needs to calculate absorption at a single rovibronic line, method and the
transition dipole moment functiony.(R) (Fig. 3.3) given in [17], as well as

2.0 T T T T T T

1.0 b

He (R)

0.5 E

0.0

2 3 4 5 6
R, A

Fig. 3.3 The I,(B — X) transition dipole moment function [17]
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Fig. 3.4 The 1/t2, = f(vs) functions from [28] and calculated using dipole moment function
recommended in [17]

wavenumbers and Franck-Condon factors (FCFs) of the transitions calculated
using data from [21-23] can be utilized. The most reliable data on radiative
lifetimes 1/z2 ,(vg) is given in Fig. 3.4.

Transitions to 1, states correlating with the aa, ab and bb dissociation limits
can occur in the A &= 410-210 nm (A ~ 210 nm corresponds to the red limit of the
DO/ vp,Jp < X,vx,Jx bound-bound transition spectrum. The only 0, valence
state is the BO;’. Transitions to both Al,, C1,states have to be eliminated from
consideration since they occur from near infrared (IR) to visible spectral range.

According to [1, 2, 29-31], this band is ascribed as the 1441 (323)1u(ab) —2440
(‘z;)xo; transition. The 2332(Ay)14(ab) — 2440(12;))(0; transition is
two-electron, and, therefore, has to be very weak. Nevertheless, intensities of
luminescence in the f1, — (3,4)1,, as well as G1, — (3,4)1, transitions are
similar, so electronic configurations of the (3,4)1, states differ from mentioned
above [32] (see Sect. 3.3.5).

To the best of our knowledge, absorption spectrum in the 4 ~ 410-210 nm
spectral range has been measured in [29], only (Fig. 3.5).

3.2.2 Transitions from the B State

Emission [33, 34] as well as absorption [35, 36] from the B state, have been
observed and studied. The authors of [33] measured the B,43,Jp — al,,v,.J, and
BA43,/p — a’O;,va J,- luminescence spectra excited by the 514.5 nm line of a

multimode Ar" laser using Fourier transform spectrometer in the
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Fig. 3.5 Iodine molecule absorption spectrum in the A = 335-220 nm spectral range [29]

A = 1370-1430 nm spectral range and determined Dunham parameters for the a and
d states, v, = 0-14 and v, = 0-9, respectively. The Rydberg-Klein-Rees (RKR)
curves for the v, = 0-14 and v, = 0—4 were determined, also. Transitions to the
a,23,J, and a/,va' < 9 vibronic levels were observed in [34]; the RKR curves for the
v, = 0-9 were also determined.

To the best of our knowledge, dipole moment functions of the transitions are
unknown at the present.

hvi
Bound-free electric dipole allowed al g,a'O; (aa), 0;, clg,c'14(ab) <—fBO;L and
hy}
bound-bound electric dipole allowed 0; (bb) < B0, and electric dipole forbidden

hv! .
0,,1,(bb) < BO;L transitions at fundamental harmonic of the Nd:YAG laser, hv]ﬁ,

have been observed and studied in [35, 36]. The electric dipole forbidden transitions
occur due to HFI between O; ,0,,,1,(bb) states resulting in mixing of the O; state to
the 0,1, states. Excitation spectra of the I,(B,vg,Jg — X,vx = 1,/x) luminescence
and temporal behaviors of the luminescence intensities were measured with
switched on and switched off hyf’ generation. These data allow the authors of [36]

to determine or estimate cross-sections of the transitions and determine dipole

hv!
moment of the OZ,L (bb),5 JB,VB = 18-21 transition, u = 0.09 D, ~10 times less
than maximum value of that of B — X (see Fig. 3.3).
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3.3 Ion-Pair States and Valence-Ion-Pair Transitions

3.3.1 General

Ion-pair states are traditionally called states in highly polar diatomic molecules,
because of correlation with two ions at dissociation limit. For example, NaCl
ground state has an IP features, where the Na and Cl atoms carry large opposite
partial charges. As a consequence, binding potential can be well approximated by
the Coulomb interaction potential, U(r) ~ — e*/r. PECs of such states has a great
depth (~4 eV) and relatively large interatomic distance. However, IP states exist
for all diatomics, including homonuclear ones, such the iodine molecule. In the
Hal, dimers dissociation limit Hal™ + Hal™ of IP states lies higher than the
Hal + Hal* (e.g. 5p*6s for I,), with which Rydberg states correlate, but due to the
large depth of IP PECs, they are placed between valence and Rydberg states.

The ion-pair character of these states was proved experimentally by their
photodissociation when the result of dissociation was both the positive and negative
atomic ions:

L+h—L* T +1 (3.10)

The possibility of this process was firstly suggested by Mulliken [37], and
experimentally observed [38—40]. Akopyan et al. [40] observed the simultaneous
formation of the positive I'* and negative 1™ ions, and both ion current spectra were
identical in the range of the first photoionization band.

Iodine molecule has 20 IP states, that can be classified by correlation with
dissociation limit I'('D,, P50, 'S) + I ('Sp). All the IP states are well
approximated by Coulomb interaction potential and have similar depth of their
PECs. The difference of T, values is due to the difference in energy of the positive
ion I" only, to which correlates each IP state. Strong spin-orbit interaction split
J-sublevels of I+(3P) state, and as a result iodine molecule has a series of dissoci-
ation limits. The energy gap between almost degenerate *Po, P, and P, states of I*
is about 6000 cm ' (72169.3 cm ' and 78617.2 cm ™', respectively). The I'('D,)
dissociation limit lies at £ = 82258 cm ™.

Therefore, there are 4 groups (or tiers) of IP states that correlate with 4 different
dissociation limits. Each state in the tier has similar dissociation energy (~30000 cm ),
equilibrium internuclear distance (~3.6-3.8 A), vibrational frequency (~100 cmfl)
and other molecular parameters (Fig. 3.6).

Six states 0] (E*TI;1432), 0) (DS} 1441), 1,(B*S;2242), 1,(r°A, 2332), 2,(D"
H§ 1432), 2u(53Au 2332) which form the first tier correlate with the lowest IP limit,

ICP,) + I ('S). Six states form the second tier. Four states Og_(g31'[g1432),
0, (K’T1,1342), 1,(G°1,1432), 1,(HT1, 1342) correlate with the ICP,) + I7('S)
limit, and two states 0F (f°T1,1432), 0; (F'Z; 1441) with the ICPo) + 1"('S) one. The
dominant non-relativistic terms and electronic configurations are taken from [1, 6].
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Fig. 3.6 Potential energy curves of IP states

Wave functions of the first and second tier IP states determined on the separated
cation and anion basis set (asymptotic model), described in Sect. 3.1, are presented
in Table 3.1.

These states were studied for over 20 years because of some reasons of interest.

— Such featured tiers of IP states are very convenient systems for detailed studies
of a collisional energy transfer. Highly mixed and irregular vibrational and
rotational structure of different electronic states within each tier results in
occurrence of many accidental resonances. An efficiency of the collisional
energy transfer is inversely depended on energy gap. Therefore one can study
collisional energy transfer dependence on various energy gaps and symmetry of
coupled states. Short lifetimes of the IP states (3-30 ns [41] (see Appendix)
allow to study collisional processes in the “single collisions” conditions without
molecular beam apparatus needed. Experimental and theoretical aspects of
collision-induced processes are presented in Chap. 5.

— Optical transitions between the IP and valence states of halogens have charge-
transfer character and are interesting examples of the strong influence of
electronic configurations of the states and momentum coupling on their radiative
characteristics and dipole moments of transitions.
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3.3.2 First Tier IP States

Only two, DO} and y1,, of the first tier states are accessible in the direct one-photon
absorption from the ground XO; state due to selection rules. Because of large
changes of IP state equilibrium distances, only high lying vibrational levels can be
populated from the ground state. No experiments of the y 1, direct optical population
are known. Direct excitation of the D state is limited by hv ~ 44300 cm™' and
vp > 37 and is responsible for the strongest absorption in the vacuum ultraviolet
(VUV) spectral range, Cordes band system. The high-lying D state vibrational levels
were analyzed in the fluorescence excitation spectra for vp = 113-201 [42] and for
vp = 140-342 [43]. Lower vibrational levels in v, = 0—124 range were character-
ized using three color optical-optical double resonance (OODR) excitation scheme
[44, 45], or stimulated emission pumping method, where the D state was populated
from excited vibrational levels of the X state [46]. Currently known spectroscopic
constants and RKR potential curve were determined by J. Tellinghuisen after
comprehensive reanalysis of the all previous data [47]. New parameters allowed to
describe rovibrational levels up to v = 290 with a standard error that is <0.05 cm ™!
throughout the region.

The most detailed studied state both experimentally and theoretically is the EO: state
[1, 48-51]. It was excited by convenient and efficient OODR method that allows
population a wide range of rovibrational levels:

EO; — BOJ — XO;

Spectroscopic parameters and improved RKR potential were determined from
analysis of the 1050 rovibrational transitions [52]. At present day, the Dunham
expansion is applicable up to vi = 422 with the correct reproducing of experimental
data [49]. The most modern ab initio calculations were performed for the EO; 1P

state by using multireference variational methods with relativistic effective core
potentials and large basis set [48]. However, the calculated potential curve is not
consistent with the existing empirical potential curve [49] in the range of vibra-
tional levels observed.

Another, 1, IP state was studied by the same way in the LIF experiments
[53, 54]. In that experiments, continious wave laser pumped different B,vg vibra-
tional levels, and probe pulsed laser excited the E or § states. The rovibrational
structure of the f state was determined in the v4 = 0-52 and J; = 8-148 range from
analysis of the < B perpendicular transition. It was observed that the heterogeneous
interaction of the £ state results in anomalous intensities of the rotational branches and
Q-splitting effect [55]. From analysis of anomalous in rotational structure of excitation
spectra, the authors determined the ratio of transition dipole moments iz . g/pis . p and
estimated the dipole moment of the # +— B transition as yz. g = (6.6 — 11.6) 102D for
R=1335340A [55]. The A1, valence state was also used as the intermediate gate
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for the f1, (1 + 1 scheme) [56] and y1, (1 + 2 scheme) [57] state population.
The p < A transition was analyzed in the group of M.C. Heaven in the
jet-experiments, which allowed to extend the f state structure up to the
v = 68 [56].

The y1, state is characterized in the v, = 0-11 and J, = 5-119 ranges [57-59]. In
the two-photon y1,, < A1, transition [57], some extra lines in the excitation spectra
were found and assigned to the §2, state population. The 62, «+ A1, transition is
forbidden according to the symmetry selection rule and the 62, state can be excited
due to mixing of the wave functions with the y1,, state by heterogeneous interaction.
Two sets of similar progressions relate to the y1, and 62, perturbed states. A
solution of the 4-state problem (for e and f sublevels of both IP states) allowed
the authors to determine molecular constants and calculate RKR PECs of the both
y1, and 62, state. Later, spectroscopic parameters of the both states were improved
for the v, = 0-11 and vs = 0-7, Js = 9-103 ranges in the analysis of the PFOODR
spectra via the B0 ~ c¢1, perturbed intermediate state [60].

Fluorescence from the D'2, IP state, D' — A’ at 340 nm is the most intense
emission band at high pressures in discharge [61]. After the D’ — A’ transition in
halogen dimers was proposed for laser generation, many works appeared to study
this IP state [61, 62].

3.3.3 Second and Third Tier IP States

The IP states of higher tiers have similar PECs that their first tier partner. Therefore,
many states were populated and studied by the same methods. The FO; and F'0;F states
are ascribed in the vy = 0-220 and v;- = 0-38 respectively [63-65].

The OODR technique allows to avoid Frank-Condon limitations in direct exci-
tation from the ground state. Low-v levels of the F [63, 64] and F’ [65] states were
populated by three-photon excitation scheme via the intermediate B state. Strongly
allowed F, F' — X transitions, which are dominating radiation decay channels
result in short lifetimes (4.5 ns and 3.2 ns, respectively) for the IP states.

The gerade fO; (*Py) and f'0 ('D;) states were excited with the two-photon
OODR scheme via the same B intermediate state [66, 67] or by the (1 + 1 + 1)
resonance enhanced multiphoton ionization (REMPI) method [49]. Dunham expan-
sion and RKR potential curves for f and f” states are known in the vy = 0-228 and
vp = 0-166 ranges, respectively, using the step-wise ionization method [49]. The
Gl1, and lg(lDz) states can be efficiently populated via A1, [68, 69] or 1,(bb) [70]
valence states using the OODR scheme.

Because of symmetry selection rules, direct population of another IP states from
the ground X O;r states or OODR schemes via the intermediate B0, or A1, states are

not effective or impossible. Perturbation facilitated optical-optical double
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resonance (PFOODR) methods via the B intermediate state, mixed with some of the
weakly-bound states are more preferable.

The ungerade H1,(°Py), 1,('D), 2,('D), h0; (°P) and gerade g0, (*P;), 2,('D)
IP states were studied by means of such PFOODR schemes. Excitation via the B0,
~ c1, mixed state were utilized for the H1, [71], lu(lD) and 2,,(1D) [72] state analysis.

The 10, (3P1) IP state position was firstly estimated indirectly by analysis of the
structure of the H1, rovibrational terms [73]. The heterogeneous interaction
between h0, and H1, states results in Q-doubling of the double-degenerated
rovibronic levels of the latter. Calculations of the interaction matrix elements allowed
to estimate 7, of the /0, state. Later, this state was excited via the B0, ~ (3)0,
hyperfine coupled state in the same group [71], which obtained its spectroscopic
constants and confirmed previous estimations.

The B0, ~ (3)0, coupling cluster allowed to describe the 80, (3P]) IP state
[74]. Finally, the BO, ~ b'2, hyperfine mixed states were used for 23(1D2) 1P
state analysis [75].

A three-step perturbation-facilitated excitation scheme via the B0 and O; ~ 1,
~ 0, (bb) states was performed to populate IP states of the both gerade G1 g(3P0) and
20, (*P1) and ungerade FO; (*Py), F'0;" ('D;) states [70]. The cluster of coupled (bb)
states will be described in Sect. 4.3.1.2 in detail.

3.3.4 High-Lying Vibrational Levels of IP States

High-lying vibrational levels of IP states are overlapped with Rydberg states
(Fig. 3.7). Avoiding crossing, intensity borrowing in the excitation spectra or
extra lines appearance complicate the assignments and analysis of rovibrational
structure for both IP and Rydberg states. High-lying vibrational levels of the gerade
1P EO;,fO; (3P0) and f’O:(lDz) [49], plg and D 2, states [76] were studied by
different schemes of REMPI method. Two-photon absorption of the ground state
populates high-lying vibrational levels accessible in the vertical transition, and
probe laser ionized excited molecules subsequently.

Near the dissociation limit, the near-dissociation expansion (NDE)
approximation cannot be applied for description of the high lying vibrational levels
of IP states because of the Coulomb interaction at the long-range interatomic
distance. However, another, “heavy Rydberg”, model can be applied for description
of the high lying vibrational levels behavior in the IP states of dihalogen molecules
[77] (see Chap. 4 for details). This model allows to make more revealing fit to the
vibrational structure in the high excitation region with fewer coefficients. The
authors of [77] showed that the method allows to check assignments and
numbering of the vibrational levels. Avoiding crossing in PECs of IP and
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Rydberg states on the inner wall results in significant changes in the fitting
parameters. No major interactions were found for the E and D’ states. However,
the avoided crossing in the inner branch of the DO, state was found.
Experimental studies showed perturbations in the vibrational progressions of
the D state near 58600 cm ™' and 59350 cm ™' [43, 78], which attributed to
interaction with the X[3/2]. 6p1, and 0, Rydberg states, respectively.
Vibrational levels of the E state were assigned up to v = 422 (61700 cm )
[49]. Later, some levels previously attributed to the f state were re-assigned and
added to the E state with vy = 518-592 [76]. At the energy ranges close to
55000 cm™ ' and 60000 cmfl, it was observed irregular behavior of rovibrational
structure caused by crossing with Oz,r Rydberg states. The lowest Rydberg state of
the O; symmetry is the X[1/2]. 6s0;r whose Vg, ~ 14 level lies near 56200 cm 'and
can be responsible for the interaction. The f” IP state crosses this Rydberg state at
~60000 cm ™!, and perturbations of the several vibrational levels were found at this
energy region. The next O; Rydberg states belong to the X[1/2]. 5d cluster [67] and
extensively interacts with the E and f IP states at 60000 cm ™' region (Fig. 3.7).
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Fig. 3.7 The potential energy curves of some IP and Rydberg states. [49]
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3.3.5 Ion-Pair — Valence State Transition

Parallel ion-pair — valence state (IP — V) transitions at equilibrium R, has large
transitions dipole moments, ¢ = 0.7-3.7 D, much stronger than those of
perpendicular transitions with almost unchanged y = 0.2-0.3 D. At long I-I
distances, the asymptotic model is well-suited, whereas at short R electronic
wave functions can be ascribed often by single MO term (see Sect. 3.1). Outer
branch of the IP states is determined by Coulomb interaction and inner branch has
an electronic antibonding character. It strongly affects the dependence of configu-
ration interaction on interatomic distance.

Dipole allowed transitions from the ground state allow to populate ungerade 0, 1P
states, but only one, the D < X,vy = 0,1 transition has the large absorption cross-section
(Fig. 3.13). The MO configuration theory ascribes D «— X transition as one-electron
transition between dominant configurations 1441 «— 2440 (see Sect. 3.1). This is a well-
known example of the applicability of the MO configuration approach. However, the
lifetime of the second F and third F’ IP state are very short (see Appendix) and their
luminescence back to the X state is very strong. Variations in contributions of different
configurations with R can explain these features. An alternative model of separated
atoms or ions can be also applied for IP-V transitions description.

It is clear that separation fragments description can be resolved into a linear
combination of MO configurations. And vice versa, the electronic configuration of
the state can be considered as a result of mixing of different cation |j°my) states
due to the intramolecular field. The IP-V transitions in the halogens, their transition
dipole moment functions present an interesting example of evolution such two
approaches, changes in the electronic structure of states involved in the transition as
a function of R, ;. Here we consider some examples of such effects.

Dominate channel of fluorescence from O; IP states 1s a IP — X transition, but
another transitions were also observed [41]. For example, relative contribution of the
D — X transition is equal to 0.89 for v, = 0 and 0.78 for v, = 18, but the D — a0, and
D — (3)0;,L systems are also seen (Fig. 3.8). Configurations of these lower valence
states are °TI g2341 and 3 L, 2422, respectively, and one-electron transitions to them
are forbidden from the D 1441 configuration. The dipole moment function of the
D — X transition has a maximum at R ~ R eD , Whereas that of the D — a’ transition
slowly decreases with R (Fig. 3.9). Dipole moment functions are good indicators of
electronic structure evolution of the states involved in the transition.

As is shown in [41], the asymptotic model (jj coupling) adequately describes the
electronic structure of IP states in the R > R, range. From this point of view the [P -V
transitions are charge-transfer transitions, dipole functions of which decrease to zero at
Ri; — oo due to decreasing overlap of I* and I” atomic orbitals. With R decreasing,
different states of cation become mixed by the intramolecular field, and relative
contribution of different basis wavefunctions changes. Finally, exchange terms prevail
the interaction energy, and the single MO configuration emerges. Within the jj coupling
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Fig. 3.8 Luminescence spectra of the transitions from the D, vp = 54, Jp = 62 state [80]
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Fig. 3.9 Transition dipole momt functions of the D — X and D — a’ transitions [45]
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scheme, cation wavefunctions are represented as a linear combinations of spin-orbital
Slater determinants, including 4 outer p-electrons (p4 configurations) [7, 41]. Thus, the 3
P, 5(122)) state ascribed by a single configuration || 1"170"—1* || (short notation
Hpnpc to my and sign + is a spin orientation m; = +1/2.
There are three possible p* configurations: || pﬂp H and || pﬂH

The authors of [7, 41] used this pure precession model in analysis of IP-V
transition dipole momenta and obtained that the p, — p, and p, — p, electron
transfers only are involved to the parallel dipole transition, and the latter has
about 3—4 times more contribution to the parallel transition. The p, — p,, electron
transfer contributes if only p,-vacancy is accessible in the transition.

The D state wavefunction on the separated ionic basis set includes the I'CP,) H )22 H
and HpﬂpGH determinants. The possible p; — ps electron transfer — ||pﬂp6|| Hpﬂng

H p”p”H || pﬂp(,H corresponds to the D — X transition. Another D — &' transition is
allowed only by p,. —p» electrontransfeer”pGH Hpﬂp(,H — HpﬂpGH Hpﬂp(, that 34
times less than the p; — p; one. Consideration of spin-orbit and interionic interactions
gives no contribution. So, the D — ¢ transition dipole moment has less value, and its
character is only caused by exponential decreasing of cation and anion atomic orbitals
overlap with R [45].

All gerade O; IP states (E, f, ) are accessible in the OODR experiments via the
intermediate BO;L state [45, 80, 81]. Fluorescence from these states was found also
with domination (~97%) of IP — B transition. In framework of the Mulliken MO
configuration theory, only f 3H‘g 1432 — B, 2431 transition is allowed, but this
state has longest lifetime (142(6) ns) [49], that is not supported by the single MO
description. The E — B and f — B transition dipole function u.(R) are shown in
Fig. 3.10. Both functions have the maximum around R, of the appropriate IP state
and decrease rapidly at smaller distances. According to the relativistic ab initio
calculation, dominate contribution at R, to the E and f states gives the 31'[g 1432
configuration (~60%), one-electron transition from the B3I'Iu 2431 state is allowed.
At shorter distances contribution of the 3 Zg2242 configuration increases and the E,

f — B transitions become one-electron forbidden [81].

It is of interest to compare the two gerade, Q = 1 IP states: 1, and Gl,.
Transitions from both states are more spread over the valence states compared to
the 0; IP ones. The dominant §, G — A1, transition has contribution about 81% and
87% for f§ and G states, respectively. From the MO theory, both G°I1, o 1432 — A’
I1;, 2431 and G? M, 1432 — B" 1H1u 2431 are allowed as a one-electron transitions,
both transitions from the ﬂ3Zg’2242 state require two-electron transfer and are
forbidden. Minor contribution of the 1432 3H1g configuration at the more long
separations explains the observation of the § — A transition.

Similar differences are observed in transitions to the two closed states of the
second dissociation limit, (3,4)1,. Moderate contribution to the total luminescence
from the S state has the f — (3,4)1,(ab) transition, whereas the G — (3,4)1,(ab)
transition has contribution ~2%. Transition dipole moment functions of the 5, G — (3,4)
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Fig. 3.10 Transition dipole moments as a function of I-I distance p.(R) for E — B [45],f — B [81]
and f* — B [49] transitions

1,(ab) transitions are shown in Fig. 3.11. In the “atoms-in-molecule” model, exponential
decreasing of overlap integrals of cation and anion orbitals with R is the reason of dipole
moment functions fall-off. The only, f§ — (3)1, transition dipole function has a
maximum at long separation [32].

The (3)1, and (4)1, states have the 1441 and 2332 dominant configurations at
small atomic separations, respectively [2]. So, the f — (4)1,(ab) transition is one-
electron and parallel, 7, — n,, while the second f# — (3)1.(ab) transition has
two-electron character and is forbidden at short atomic separations. The alternative
atom-in-molecule model predicts both strong flg — (3,4)1, transitions, which
involve ps; — p, electron transfer. Competition between forbidden multi-electron
transfer at small atom separations in the f — (3)1,, transition and allowed p; — ps
electron transfer at large R results in the maximum of dipole moment function
(Fig. 3.11).

In case of transitions from the G1, state, both G1, — (3,4) 1,(ab) transitions are
one-electron and perpendicular (1432 — 2332, n,, — 6, and 1432 — 1441, z, — o,
respectively), thus both transitions could have similar small contributions to the
luminescence as observed in the experiment [32].

As it was shown, in spite of the intramolecular field of heavy iodine atoms,
strong spin-orbit interaction, representation of IP states wavefunctions in the basis
of separated ions is a good approximation up to the equilibrium separations. So,
both the MO configuration model and the separated atoms (ions) representation
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(atom-in-molecule model) can be successfully applied for description of the
valence and IP states, their electronic structure and optical transitions between
them. Moreover, these models are quite suitable for analysis and interpretation of

both intramolecular and intermolecular perturbations.
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3.4 Rydberg States
3.4.1 General

Symmetry of Rydberg states is determined by an ion core state, 2H3/2g and “I1, Pe>
and outer electron. The outer electron with different electronic orbitals can be taken
into consideration by using the Q-® coupling scheme [37]. The projection of total
angular momentum on the molecular axis, €2, is well defined by

Q= Qc + w,

where Q. and w = A+ m, are projections of the ion-core and outer electron total
angular momenta on the molecular axis, respectively. A and m,,_are orbital and spin
projections of Rydberg electron.

For example, the X[3/2]. npo, configuration gives I, and II,, states, the X
[3/2]c np 7, one gives 4 states: >A (3,), >A (2,), °A (1), '=*(0*,) and '=7(07,),
and so on. Selection rules for optical transitions from the iodine XOg+ ground
state can exclude from consideration a lot of them. The Franck-Condon
principle together with the selection rules defines optically accessible states
which can be observed. Collisions with a partner can result in different elec-
tronic states population, but an analysis of such spectra are difficult.

Vibrational structure, “hot” transitions from vibrationaly excited ground state
make assignment procedure difficult to realize. Vibrational frequencies of the most
Rydberg states are similar within 190-284 cm ™' range [83] that allows to separate
them from other states.

According to [83], the energy of Rydberg state weakly depends on @ quantum
number of Rydberg electron. A splitting of states with couplings of w to different
cores (for example, X[3/2]. 6s 1, and X [1/2]. 6s 1, states) is much larger than those
to identical cores (for example, X[3/2]. 6s 1, and X[3/2]. 6s O, states). So, all the
states of the same core/electron configuration are aggregated into clusters (see
Fig. 3.12, for example).

The information that can be deduced directly from experimental data is the
effective principal quantum number, n* = n-9;. One of the main problems of such
assignments is the uncertainty in the quantum defect §; definition. It is very
tentatively to vary &, in order to describe all the experimental results. For example,
the choice between a 7s state with 6 = 3.95 and a 5d state with § = 1.95 for
n* = 3.05 cannot be made unambiguously [84]. Actually, selection of the quantum
defect is not so ambiguous. Experiments and theoretical calculations showed that
quantum defects remain approximately constant. The s series of states have
markedly non-zero values 0.9-1.2 and the p series have 6 = 0.3-0.5. The
non-penetrating with the core orbitals, d and f have small values, 6 < 0.1.

Additionally, the assignment of the absorption band depends on using correct
ionization energy /; and the ion core state. At high » numbers, the density of the
states increases, and an uncertainty of the ionization energy affect the assignment
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Fig. 3.12 The (2 + 1) REMPI spectrum of I, recorded with linear polarized light for
Aex = 266417 nm [67]

result. Rydberg states are arranged starting from 48000 cm ™' and overlaps with IP
states of the second and third tier. At the energy E > 58000 cm ™' PECs of Rydberg
states are crossed with those of the IP states, and avoiding crossing leads to strong
perturbations of the vibrational and rotational structures (see Chap. 4). Along with
it, due to the homogeneous coupling of the Rydberg and IP states, emission from
them can be detected in the visible or near ultraviolet region [78].

3.4.2 The [’I], ns Series

The lowest Rydberg states are placed in the 48000-56000 cm ™' energy range and
belong to the first members of the [2H]c ns series (n = 6). Coupling of the o, electron
with the X[1/2]. and X[3/2]. cores includes 1, and 0, states and 2, 1,, 1, and O, ones,
respectively. Parity selection rules do not allow direct population of these states in the
VUV spectral range from the ground state, so indirect excitation schemes are available
via perturbative states or multiphoton absorption (see Sects. 2.1.7 and 2.1.8).

Analysis of emission spectra in the UV and visible ranges showed the existence
of two states near 51258 cm ' and 56000 cm ™' [84]. Appropriate bands in
absorption spectra were not observed, and the authors of [84] assumed that this
bands can be assigned to population of the X[3/2]. 6s 6, 1, and X[1/2] . 6s o, 0+g
gerade Rydberg states with wg, = 215 cm ™' and 360 cm ™' respectively. Rydberg
states are highly overlapped with IP ones in this energy range, but latter have
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sufficiently different vibrational frequencies wip due to high equilibrium distances
(see Sect. 3.3) and can be excluded easily.

Two band systems, “Dalby system” [85, 86] (band origin 53563 cm™') and
“Goodman system” [87] (band origin 48426(8) cm ) were studied by the (2 + 1)
REMPI method. Analysis of rotational envelope of this system, circular (CP)/linear
(LP) polarization photoionization ratio, Icp/I; p, and selection rules restrictions of
optical transitions allowed to assign these band systems as X[1/2]. 6s 1, and X[3/2] .
6s; 2, states, respectively. A polarization ratio Icp/I p ~ 1.5 for all branches with
IAQI < 2 with the exception of the O branch in the AQ = 0 case in two-photon
transitions in diatomic molecules [88]. In the AQ = 0 two-photon transitions Icp/I; p
depends on rotational quantum number and can range from O to 0.25. Therefore,
an analysis of the two-photon transitions from the ground € = 0 states allows to
determine the symmetry of the Rydberg state.

Unknown weak bands in this spectral range were found using multiphoton
ionization mass spectroscopy in the supersonic beam experiments [89]. One of
the band with the origin at 53006 cm ™' was tentatively assigned to the X[1/2]. 6s; 0,
Rydberg state. However, these band systems were not observed in the experiments
hereafter.

Higher lying [IT].ns states with n = 7—11 were found in the 67500=75000 cm ™!
energy range [67]. Donovan et al. compared REMPI spectra, also, using the
radiation with LP and CP polarization and found sufficiently large differences in
band relative intensities [67]. Some sub-system of vibrational progressions have
higher intensity with CP, while those of other 1, bands decrease. Wu et al. recorded
similar REMPI spectra of both [I*], [I,*] (molecular jet) and total ion signal (static
cell) [90]. Their [I,"] spectra resemble those obtained later in the CP [67]. Such
variation of band intensities in different experiment conditions (ion fragment
collection or laser polarization) were explained by perturbations in Rydberg 1,
states being crossed with repulsive states [67]. This Rydberg ~ repulsive state
coupling results in I atom formation and subsequent ionization. Therefore the
1, Rydberg states were observed primarily in [I'] REMPI spectra. In addition,
non-resonant ionization cross-sections of atoms is dramatically smaller in circularly
than in linear polarized radiation [92], and the 1, Rydberg states were observed
predominantly in LP conditions. This phenomenon allowed in particular to reassign
some bands corresponding to the [2H3/2]C7s 2, and [2H3/2]C7s I, states instead of nd
ones previously obtained [90].

It is clear that interactions of Rydberg states with other states result in pertur-
bations both in vibrational and rotational structure. The “Dalby” and “Goodman”
band systems which do not have perturbations (Fig. 3.12) and hence are convenient
objects for spectroscopic analysis were extensively studied [67, 92, 93]. Dalby et al.
compared relative band intensities with calculated Franck-Condon factors and
made an estimatiorol of the internuclear distance of the excited X[1/2]. 6s; 1, states
as R, = 2.568(2) A. Rotational constant B were derived from it as B, = 0.04028
(6) cm ™. Accurate analysis of the rotational structure allowed to refine spectro-
scopic characteristics of some Rydberg states hereafter.
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Such rotational branch behavior was observed for the Goodman system (X[3/2].
6s 1, (0,0) band) [67], Dalby system: (0,1) band [94] and other. Extensive
spectroscopic analysis of X[1/2]. 6s 1, bands performed to derive rotational as
well as vibrarional spectroscopic constants [93].

3.4.3 The [217 ]. np Series

Coupling of the np Rydberg electron with the X[3/2]. ion core forms 6 ungerade
electronic sub-states. Because of selection rules (© < 1), only 3 ungerade states are
available in direct transition from the ground state. As well, the 5 Rydberg states of
the 6 ones derived from the X[1/2]. np configuration can be excited.

The first systematic investigation of the ungerade Rydberg states of the iodine
molecule was made by P. Venkateswarlu [82]. He analyzed high resolved absorp-
tion spectra in the VUV spectral region (125-195 nm, 80000-51300 cm ™).
Another research groups [39, 78] extended the range of absorption spectra up to
60 nm (167000 cm ™).

P. Venkateswarlu found three band series associated with X[3/2]. np configura-
tions (c, d and e series) with the common ionization limit 75815 cm ™ '[83]. Based
on the analysis of band intensities in the absorption spectra, the author assigned two
strong bands with the X[3/2]. np o,1, (c series) and X[3/2]. np =, 0%, (e series)
states, and one weak band corresponding to the perpendicular transition to the X
[3/2]. np =, 1, state with a wide range of n up to n = 36. Determined value of the
common limit as an ionization energy of vibrationally unexcited vy = 0 ground
state differ significantly from the last known value 75069.25 cm™ ' measured by
ZEKE-PFI spectroscopy [10]. Additionally, some series were assigned to X[1/2].
ion core with the ionization limit of 80895 + 50 cm ™!, while the best last known
value is 80266 cm ™' [10]. It is not surprising that later substantial part of the bands
was re-assigned, although the assignments at the lower energy range remained
qualitatively.

First member of the series, X[3/2]. 6p cluster lie in the 56000-67000 cm ™' energy
range (Fig. 3.13). With the exception of the origin (v;, = 0), the vibrational bands of
transitions to the 6p o,1,, vi, = 1,2, ...5 states are diffuse. Additionally, vibrational
bands has separations of 200 cm ™', less that about 240 cm™ ' for regular X[3/2].
Rydberg states. From the fluorescence excitation spectra (Fig. 3.14) it was proposed,
that this state is predissociated due to a crossing with a repulsive state [78] (see details
in Sect. 4.2.2).

The spin-orbit partner, X[1/2]. 6p states, cluster lies ~5000 cm~! above in the
61000—67000 cm ' region. Spectroscopic analysis in this region is more difficult
due to strong interactions between electronic states. It is believed that all five of the
allowed X[1/2]. 6p states were identified. Highly irregular exhibition of the
vibrational band systems, different behavior in the fluorescence excitation spectra,
energy shifts of the bands indicates a different type of interactions
[83]. Venkateswarlu [82] assigned some series of bands to the X[1/2]. 6p ion core
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(f6, h6, i6, j6 series). The lowest X[1/2]. 6pc,0; state was determined with origin at
62700 cm ™!, however Ridley et al. reordered the bands of this X[1/2]. 6p cluster. The
lowest state progressions were assigned to the two X[1/2]. 6p 1, states from a compar-
ison with the equivalent Br, spectrum with the origin at 61956 cm™ "' and 61972 cm ™.

In the same region, population of the ungerade 0; Rydberg state, RO, was
observed with the origin at 61769 cm ™' in the two-step three-photon (1 + 2)
experiments via the intermediate B0, state [94, 95]. It was suggested that this
state can be attributed probably to the X[1/2]. 6p o, configuration [95]. Along with
it, these bands were not observed in one-photon absorption experiments [82]. How-
ever, rotational analysis gave equilibrium distance of the RO, state R, = 2.63 A,
significantly larger than that of the X[1/2] 6s 1,, and vertical one-photon transition
from the ground state should occurs. Observed data were explained by the homo-
geneous interaction with the FO IP state in the range of vibrational levels of about
v = 200-250 [96] (see Sect. 4.3.3 also).

The next X[3/2]. 7p cluster lies in the 66000-67000 cm”! region. All the band
progressions have been found being diffuse in the absorption spectra and very
strong in the fluorescence excitation spectra [78, 83]. Additionally, the X[3/2]. 7p
0, state have smaller vibrational constant compared typical for Rydberg states. It
was believed that the strong interaction of the X[3/2]. 7p states with ion-pair states
is responsible for these band behaviors. In this case, the 7p state is a doorway for the
ion-pair states population with subsequent fluorescence in the 185-650 nm
wavelength range [78].

Other X[3/2]. np (n = 8-10) and X[1/2]. np (n = 7-8) states have been found in
the 69770-75500 cm ™' range. Frank-Condon analysis of the excitation spectra for
both I and I~ products formation was performed for X[3/2]. np states (n = 9-11)
and an estimation of the R, = 2.60 A (n = 9), 2.58 A (n = 10) and 2.58 A
(n = 11) was made [96].

3.44 The [ZH]c nd Series

Gerade Rydberg states based on the [EH]C ion core and the nd outer electron were
studied by the (2 + 1) REMPI method [67, 90, 97, 98]. Only three of the I, Rydberg
states with Q = 2, 1 and 0" in each X[3/2]. nd or X[1/2]. nd cluster are accessible by
two-photon excitation, without spin-flip. Population of all the states with 5d
configuration was found at band origins: 58580 cm™", 59695, 60316 cm ™" for the
X[3/2]. ion core and 64096, 64708 and 65409 cm ™! for the X[1/2]. one [67]. Com-
parison of REMPI spectra recorded using LP and CP radiation was not shown any
differences in relative band intensities unlike 7s and 9s states (see Sect. 3.4.1 and
Fig. 3.15). Therefore it was impossible to determine €2 quantum number unambig-
uously. However, analysis of the rotational structure of one of the 5d states with
origin at 59695 cm ' (Fig. 3.15) allows describing the appropriate Rydberg state as
1,. Two other X[3/2]. 5d states have 2, or OJ’Ig symmetry.
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Another difference from the ns states is a diffuse character of vibratioinal bands
in the REMPI spectra (Fig. 3.15), that indicates strong interaction with repulsive or
IP states. A number of X[3/2]. 5d states rotational structures were found to show
weak perturbations, that is explained of the homogeneous interaction between
Rydberg states or Rydberg-IP interaction [67, 98].

As it was mentioned above, the REMPI spectra have many vibrational
overlapped progressions along with atomic lines in the £ > 70000 cm .
Therefore, no high-lying nd states with n > 5 were assigned in the REMPI
spectra [67]. However, the X[1/2]; 85 0, and 1, states were reassigned as the X
[1/2]. 6d 2, and 0", ones respectively from comparison of similar REMPI
spectra in Cl,, Br, and I, [83].

3.4.5 The [’I], uof Series

Three band series (g, k and /) in the VUV absorption spectra were observed and
assigned as X[3/2]. nf series with n = 4—14 range and similar quantum defect values
6 ~ 0.8-1.0 [79, 82]. However, f orbitals do not penetrate the core and quantum
defect 6 ~ 0. They were re-assigned by using accurate IE values from [10] and
quantum defect 6 = 0.1-0.2 [83]. It was found all the accessible four sub-states in
the X[3/2]. nf cluster for n = 4-7.
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Four vibrational progressions of the first nf series member X[3/2]. 4f assigned in
the 67000—-69000 range with @, =~ 220-270 cm™'. The vibrational progressions are
essential unperturbed, that means no strong interactions with other electronic states.
The X[1/2]. 4f (72647-74367 cm ™ ") and X[3/2]. 5 (7030071600 cm ") manifolds
were observed also with wide unperturbed progressions. Assignments of higher
Rydberg states are difficult due to high density of bands in the spectra, and only
some bands of other Rydberg states at E;, > 71955 cm™ ' were showed.

3.4.6 Other Rydberg States

Two lowest excited ion states, A[2H3/2! o) and a[42;], have estimations of the
energy as not exceeding 86367 & 2 cm ™' and 86022 + 2 cm ™' respectively
[10]. Absolute vibrational numbering was not determined due to Franck-Condon
restrictions for the low vibrational levels of these I,* states.

Rydberg states based on these ion cores lie below and above the first ionization
potential, and in the latter case, exhibited in the autoionization processes only. From
the comparison with equivalent states in Br, made in [67] the A[3/2]. 6s ungerade
states should be placed in the energy region around 58000 cm™'. In spite of this
fact, no bands in the one-photon absorption and REMPI spectra were found in this
region [83]. Some bands were assigned to the the A[3/2]. 8s in the one-photon
ionization spectra at 79365 cm ', near the L* (21'[1 ,2) lonization threshold
(80266 cm™ ") [96].

P. Venkateswarlu assigned some bands of the VUV absorption spectrum as
transitions to such states [82], but his assignments were based on sufficiently
different ionization energy. Some anomalies in the structure of threshold photo-
electron spectra recorded with a synchrotron radiation photoionization [99] were
also explained as an influence of Rydberg states converging to the A[3/2] or higher
ion I," states. Interaction of the high-n Rydberg states with the ion ground state at
energy region below the A[3/2] ionization threshold can result in autoionization.
This additional channel of the electron formation gives perturbations in the vibra-
tional structure of the spectra. It should be noted that the equilibrium interatomic
distances of the excited ion states are estimated to be large (3.0-3.5 A). Due to weak
interaction between ion core and outer electron, Rydberg states should have similar
R, values that are large compared to 2.66 A for I,(X), and they lie outside the Frank-
Condon range. Direct transitions to these states from the ground I, state should be
very weak.

Ton-pair states have equilibrium distances close to those of these Rydberg states
and can be used as intermediate states for excited ion core Rydberg state popula-
tion. Three-color optical triple resonance excitation scheme was performed for

ungerade Rydberg states population [100, 101]. The a {42,; ] /2} 6s 0 Rydberg state
was found to be deeply bound (D, ~7000 cm™") [100]. A wide vibrational progression
of this state were identified in the v = 0-63 range (Fig. 3.16). Another {42;', . /2} 650"
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state are shallow-bound and has longer equilibrium distance R = 4.500(2) A
[101]. Three-photon excitation of Rydberg states based on the A[3/2]. ion core were
unobserved.
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Chapter 4
Intramolecular Perturbations
in the Electronically Excited States

4.1 Theoretical Background

There are two types of intramolecular perturbations, hyperfine interaction and
nonadiabatic heterogeneous (Coriolis) interaction which can couple electronic
states of different symmetries. They are considered below in this section.

Symmetry of Homonuclear Diatomic Molecule Wavefunction Let us consider

symmetry properties of the wavefunction of a diatomic molecule at the space

inversion operation. Let X,Y,Z be a laboratory frame and x,y,z be a molecular

body frame. The Euler angles a and /3 are defined so that the z axis coincides with

the molecular axis and the third angle y =0. In the adiabatic approximation, the
wo

molecular wavefunction is the product of electronic y,;, vibrational y, rotational
®4, o and nuclear U}, wavefunctions:
M.Q M;

‘Panm/]MIM, = W:g( . 'xj7ijzj7 g] . )XV(R)®AI4,Q(a7ﬂ)U1{/I, (Ug> U}’:)’ (41)

where 6= 41 (used only for Q=0 terms) is the reflection through a plane
containing the molecular axis parity, ® = — 1 (ungerade) or +1 (gerade) specifies
the symmetry with respect to inversion of electronic coordinates, R is internuclear

distance, @,‘&’Q(a, p) =1/ %D}(,,’Q(a, p,y =0), Di\CI,Q is the Wigner function, M
(€2) is the projection of the total electronic plus rotational angular momentum, J, on
the Z(z) axis, subscript j enumerates electrons, 6; = =1 is the electronic spin
variable which corresponds to the projection of the electron spin of the j-th electron
on the 7 axis, v is the vibrational quantum number, / and M; are the total nuclear spin
and its projection on the Z axis, 6, is the nuclear spin variable which corresponds
to the projection of the nuclear spin on the Z axis, indexes a, b distinguish iodine
centers.
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In the laboratory frame, the inversion operator Pis

PX = X,
PY = Y,
PZ=-27,
PR =R,
Isa:a—i—ﬂ,
Pp=n—p,
pdjidj,

P64y = 04

where 6;= 11 is the electronic spin variable which corresponds to the projection
of the electron spin of the j-th electron on the Z axis. The inversion operator in the

molecular body frame coordinate system is

P = (UPUY) (4.2)

X,Y,Z,0j—x,y, z;/ ’
where U = ¢'#7 ¢!/ is the unitary transformation operator from laboratory to body
frame, J€ is the total electronic angular momentum operator. Then Eq. (4.2) gives [1]

ﬁwgg( . 'X.iayﬁzj’g.i .- ')XV(R)G}(/I,Q<aaﬁ)UAI/1, (‘7:11’ 6}?) =
1014 ~ J 1 n o .n (43)
WS (- X, =Yy 25, =05 )%, (R)®y o (a + m,m — p)Uy, (ol 67).

It follows from Eq. (4.3) that transformation of the electronic wavefunction
corresponds to the reflection in the xz plane which changes the sign of Q if Q # 0 and
gives phase factor ¢ for Q =0:

WI(;)Q(' - X, —yj,Zj, —5/‘ .. ) = WZLQ(. . .Xj,_yj,Zj, Ej .. .), (44)
W;US(;:O(' . .Xj, —yj,Zj, —5/‘ .. ) = G\II;S:O(' . .Xj,_yj,Zj, gj .. ) (45)

For rotational wavefunction we have [2]
Oy ola+ma—p)=(-1)6) _qla,x). (4.6)

Thus, using Egs. (4.3, 4.4, 4.5 and 4.6), one can construct basis wavefunctions of
definite parity (P or sign quantum number)

1
¥ 0w, = 7 (‘Pngwymm, + P(—l)J‘Pn,gwijlM,), (4.7)
anPQ:Owgij]Ml = q’nQ:Omn‘u/M[M,: (48)

where P =o(—1)’ in Eq. (4.8).

Due to Pauli Exclusion Principle for two identical nuclei, the sign of a molecular
term is related to the parity of the total nuclear spin /. Indeed, let us represent the
interchange of nuclear coordinates as
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P, =Pl PS5, (4.9)

where P . and P ., interchange nuclear spatial and spin coordinates, respectively.
Interchange of nuclear spatial coordinates can be presented as the inversion of the
spatial coordinates of all the nuclei and electrons, P , through the molecular center of
mass followed by the inversion i of spatial coordinates of electrons only [3]:

P! =iP. (4.10)
Hence,
br P B P P
Pah‘PnQa)m/JMIM, = lP‘PnQa)m/JMIM, = Pwan.Q(H(TVJMIM/’ (411)

Using the angular momentum algebra [2], it can be shown that
PoyUs, (0, 04) = Uy, (03, 0;) = (=) Uy, (07, 07), (4.12)
where I, = 2.5 is spin of "*'I nucleus. Equations (4.9, 4.11 and 4.12) give

5 1421,
P H”‘Ilrll)QwovJMlM, =(-1) Hep wleQwovJMle (4.13)

On the other hand, according to Pauli Exclusion Principle we must have

R 2,
P ah‘y:QwovJMlMl ( ) ! \szgw(wJMlMl (4-14)

So, finally we get from Eqgs. (4.13 and 4.14)
(—1) = Po. (4.15)
Equation (4.15) means that for the u negative (w= — 1, P= —1) and g positive

(w= +1, P= +1) terms, the total nuclear spin / is even. For the u positive
(w= —1,P= +1) and g negative (w= + 1,P= — 1) terms [ is odd.

Hyperfine Interaction The leading terms in hyperfine interaction Hamiltonian of
iodine molecule are

HHFS - ZHHFS Z Z Z qQk (X;), (4.16)

=1 g=—k a=a,b

where, Q (I,) and V. ( ) are the tensorial operators of rank k£ which acts only on
the nuclear spin of the nucleus o and electrons correspondingly, H g (k= 1)
corresponds to the nuclear magnetic-dipole interaction with the electrons, H? HFS
(k =2) corresponds to the nuclear electric-quadrupole interaction with the elec-
trons. Spherical components of Q (I,) and vk ( ) are given by
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Q;(la) =g, (417)

Lo £ il
04 (L,) = ¢—Xﬁ 2, (4.18)

where Iy, Iy and I, are cartezian components of nuclear momentum operator I,,,
10 ey _ M & XFj
Vi(x) = Ezf( r? > (4.19)
1 u o X F N
1 (ey _ -+ M j X X
Vi (xg) = * 51, Z/( - ) i1< . ) (4.20)
. X y

J

u;=2.81 and I, = 2.5 are the magnetic moment and spin of '*’I nucleus, a; are the
Dirac matrices for the j-th electron, r; is its radius vector in the coordinate system
centered on iodine atom «,

6
021,) = Wf_l)znmc%am@xa)cz;(la), (4.21)

szlm are Clebsch-Gordan coefficients,

. 4w 1
VE(xe) = _ezQ\/;Z@ Vi (6, ). (4.22)

e is the charge of the electron, Q = 0.689 b is a quadrupole moment of '*’I nucleus,
1;0;, @; are spherical coordinates of r;, Yy, is a spherical function. In Eq. (4.16), we
neglect much smaller contributions of k£ > 2 tensorial operators, as well as nuclear
spin-rotational and nuclear spin-spin interactions.

H ;g and H ¢ are scalar products of nuclear and electronic tensorial operators
of ranks 1 and 2, respectively. Accordingly, selection rules for matrix elements of
hyperfine interaction of wavefunctions (4.7, 4.8) are AQ=0, £1; AJ=0, +1;
Al =0, =1 for the nuclear magnetic-dipole interaction with the electrons and
AQ=0,+t1, £2; AJ=0, £1, £2; AI=0, =1, =2 for the nuclear electric-
quadrupole interaction with the electrons. The hyperfine Hamiltonian is of even
parity and therefore conserves sign (P) but not electronic parity @. Since P is
conserving and taking into account Eq. (4.15), one sees that any u~g hyperfine
coupling implies an odd A/, whereas u~u and g~g hyperfine coupling implies an
even Al. There is no precise selection rule for vibrational quantum number v. For a
good approximation, propensity rule is defined by the Franck-Condon factors
(FCFs). The evaluation of matrix elements of hyperfine interaction Hamiltonian
(4.16) for wavefunctions (4.7 and 4.8) is rather tedious. Their explicit form can be
found in [3]. Limiting by one electronic state, a simple effective Hamiltonian can be
obtained after averaging on electronic and vibrational variables:
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ﬂzﬁs—An[(J 2)(L-2) + (3-2) (I - 2)]+

4.23
Loy () (QUUIC (e ) + GI)Ca (), 2
where Z is a unit vector along z axis, (@, f) = /55 Ym(a, §),
1
A= 5 Ol Vo () wig) ) (4.24)
eQqo = 2%, | (Wi V5 (x0) | Wi ) |x,)- (4.25)

Heterogeneous Perturbation The nonadiabatic heterogeneous perturbation (see
Sect. 5.3.2.3 for details) is given by:

. —hK?
He TJ+ T 4.26
~2MR? (eTs + )- (4.26)

where J, =J, +iJ,, J{ =J{ + in". The selection rules for I-?C are AQ= 41, A

J=0; Al =0 and both sign (P) and electronic parity @ are conserved. The matrix
elements for wavefunctions (4.1) are

(¥wmamin, |H Y wosiwovrmrm,) =

Suar 817 O11 S /(T £Q+1)(J F Q) <Xv| <‘I’r’f§§

hz‘]:(;: wo
IMR2 Wooer ) )=

_h2 e
Surar 81Ot 81y Ouap /T £ Q+ 1 F Q) (XV|X¢><\I’fQ MR? |‘lf;(;7gzi1>’

(4.27)

where (y,y,/)* is Franck-Condon factor.

Two-State Perturbation Model In practice, it is convenient often to use a simple
two-level model to describe the coupling between close-lying rovibrational states.
Let consider two close lying rovibrational states W=IQvJ/n) and ¥'=IQV.J'n)
coupled by interaction, where the notation is described earlier. According to the
two-state perturbation model [4, 5], the mixed I1) and 12) states are the following:

N . /A /N
| 11 = cosf|QvJn + sinf|Q'V'J'n (4.28)

| 2) = —sind|QvJn + cosd | QVJ'n')’
where the mixing angle is given as

2H
tan260 = — 4.2
an AR (4.29)
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Fig. 4.1 The coupling 11y = cos 0 1QWJ) + sin 8 1QVJ")
scheme of two rovibrational
states

12) = -sin 6 1QW) + cos 8 IQVU")

H = VFCF{QuvInH|QVJ'n') (4.30)

Here H is the operator of the interaction between the ¥ and ¥ states, AE is an
energy gap between unperturbed rovibrational states (see Fig. 4.1).

Well-known local effects of perturbation, such as intensity borrowing or
appearing of some extra lines, lifetime variations or anomalies of the rotational
structure can be described in the two-level model. Excitation of perturbed levels
leads to the luminescence from the both ¥ and ¥’ zero-order states. Assuming the
absence of saturation in excitation processes, the population ratio of the I1) and 12)
states is equal to cos’d/sin’6. Intensities of luminescence from the ¥ and ¥
components are functions of the mixing angle @ also. The intensity of the ¥ — i
and ¥ — k luminescence can be written therefore as:

Iy (¥ — i) ~ (080 ) (P|My_|i)? (4.31)

Iy (¥ — i) ~ (v‘z sin 0 ) (WM, |i)° (4.32)

Iy (W' — k) <V1 4 cos?0 sm29)<‘1’ |M\P«Hk|k>2 (4.33)
Iy (¥ — k) ~ (V080 sin ) (¥ |M,,_ [K)® (4.34)

In Eqgs. 4.31, 4.32,4.33 and 4.34, M are dipole moment operators of the considered
transitions, vy, vpy are transition frequencies.

The Eqgs. (4.31) — (4.34) are applicable for a weak interaction. If the transition to
the ¥ state is allowed, an admixture of the ¥’ state results in extra lines
corresponding to the I2) excitation, which borrows the intensity from the I1)
transition. Some examples of the local two-level perturbation will be ascribed
below.
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4.2 Spontaneous Predissociation

4.2.1 Valence States

Ten states, X0., A2,, Al,, B0, , aly, C(B")1,, a0}, 2, as well as 3, (2)0, , which
unstudied at the present, correlate with the (aa) limit (see Sect. 3.2). The X, A and
A states are deeply-bound, and their PECs do not cross that of the BO; .

According to the selection rules [6], two types of spontaneous predissociation of
the BO; state are possible, namely, gyroscopic (heterogeneous) one via C(B")1,
state and hyperfine predissociation via this and other states with the exception of the
3. It is known from experimental data, that PECs of the ungerade C1,, B'0, and
gerade al,, a 0;, 2, cross that of B state, really (see [7] and references), but, as it
follows from theoretical data, PECs of all other weakly bound states cross that of
the B state, also [8, 9].

4.2.1.1 Gyroscopic Predissociation

High rovibrational levels of the B state are populated in the B «— X transitions, and
rate of gyroscopic predissociation, 1/z, = k,Jg(Jp + 1) (k,is gyroscopic
predissociation constant) [10, 11] could be large due to low rotational constants
of the X state (B, = 0.037 cm™! [12]). The k, < 250 s, (Fig. 4.2), and
1/7y < 1.3-10° s~ ' is much less than the radiative decay rate.

Fig. 4.2 The rate of
spontaneous decay of the 3
1,(B,vg) vibronic levels,
total for Jz = 0 (1), radiative 400
(2) as well as gyroscopic
predissociation constant k,
(3 113] 1
_ 27 300
‘n
© )
o (72}
~ ES
\P- 200 x
=
1
100
0 0
0
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4.2.1.2 Hyperfine Predissociation

A coupling of the nuclear and electronic angular momenta (the hyperfine magnetic-
dipole (MD) and electric-quadrupole (EQ) interaction, selection rules are AQ = +
1 and +£2, respectively) is the only non-Born-Oppenheimer term of molecular
Hamiltonian that breaks g/u symmetry of electronic states of a homonuclear
diatomic molecule and mixes near-degenerate rovibrational levels of the states of
opposite electronic parity [3, 6, 10, 13—15].

In principle, the B state hyperfine predissociation (HFP) could be due to its
perturbation by the all (aa) states with the exception of the 3,. It was proved
however that it is due to the B~C coupling since predissociation rate follows v-
dependences of B/C Franck-Condon density (FCD) (Fig. 4.3) just as those of B state
gyroscopic predissociation [7, 11, 15] (see Fig. 3.2, also).

The B/C FCD has a strong maximum at vz = 5 and another one at vy ~ 24 and
then decreases smoothly (Fig. 4.3). The B/a’ and B/a FCDs are highly oscillating
functions of vg [7].

The rate of B~C gyroscopic and hyperfine predissociation is

T prea(v,J, &, F) = la(le]F)*Tyr. (4.35)

Here
e —1is a label,

@ 3L LELI-PF
Iyr=C? D42 P 2
=G+ ( IS I3

) —a,C,V21Y, (4.36)

Fig. 4.3 The I,(B/C)
Franck-Condon density as a
function of vg [10] 54
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LI=(FF+1)—J(J+1)—I(I+2)/2, (4.37)

F is the total angular momentum [6, 10].

Ly = (0.4-1.7)-10°c " in the vz = 5-40 range, slightly different for the ortho-
and para-states. The hyperfine (af) and gyroscopic (C 3) predissociation parameters
follow the B/C FCD, and their ratio is independent of vz [10, 11].

According to Fermi Golden rule, /fp rate is equal to

4z
Lopp=—-

A (Vs |Vir|Pc)’. (4.38)

Therefore, the HF P matrix element is

Top - I
(Wp|Vir o) = TT%(O.I—O.S)JO’%m’I. (4.39)

4.2.2 Rydberg States

Low-lying Rydberg states cross with the repulsive branches of different valence
states, leading to fast predissociation with the formation of atoms in one of the spin-
orbital sub-states, 2P3/2 and ZPI -

Additionally, ion-pair states lie in the same energy region (see Sect. 4.3.3) and
homogeneous coupling of the Rydberg and IP states results in the anomalies of
predissociation rates [16].

The radiative rate is much smaller than predissociation rate. Therefore, lumi-
nescence of Rydberg states was not always observed. A more effective method is
resonance enhanced multiphoton ionization (REMPI) technique [16, 17]. In REMPI
spectra, both I," and I" signals are observed. The former is a result of direct
ionization of populated Rydberg state. The I* ions are formed by atomic fragments
ionization after predissociation. Therefore, the I'* REMPI spectra reflect direct
predissociation of excited molecule mostly.

In the energy range above the first IP dissociation limit (E = 72169.3 cm ™)
additional channel leading to formation of ion pair I + I~ becomes available. This
process was first suggested by Mulliken [18] and experimentally observed in
[19, 20]. The threshold for ion-pair formation lies below the molecular ionization
energy, unlike Cl, molecule, and only two competing predissociation channels,
leading to the formation of ion pair or free atoms are possible.

High-lying Rydberg states can predissociate producing atoms I(5s*5p*6s') in
Rydberg states. Emission from such Rydberg atoms formed in the predissociation
process was observed [21]. Some studies of predissociation of the high-lying
Rydberg states were performed in one-photon or multiphoton excitation schemes
[17, 22-26]. It was shown that IP states play a great role in predissociation of
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Rydberg states, but detail mechanism of this process remained unclear. In the recent
works [27, 28], several predissociation channels were suggested for X[1/2].6d
2, and X[1/2].6d Oz,r Rydberg states, which are shown here in order of threshold

energy.

12 + 2hy — 12*

—1(%Ps)) + I((3P|)és[1]3/2>, (9.207eV) (4.40)
S I(2Py)) + I((3P0)6s[0]3 /2), (9.207eV) (4.41)

— I7(Py) +17(1Sy), (8.934eV) (4.42)
—1(Py ) + I((*Pz)és[z]3 /2), (8.497eV) (4.43)
—1(%Ps2) +1((P)6s[2s ). (8316eV). (4.44)

Here, threshold excitation energies are shown in parentheses, the term I(CP)6 s)
denotes a Rydberg atom in the I*(°P;) core state and 6 s Rydberg electron.

The pump-probe technique with velocity-map imaging (VMI) of
photofragments (I") was utilized to determine the role of IP states in the
predissociation of the high-lying Rydberg states [27, 28]. In the channel (4.42),
the ion I* appears directly. In other channels, it appears due to photoionization by
the same laser pulse. Identification of dissociation channels was based on measur-
ing the photofragments distribution as a function of kinetic energy release (KER).
In the femtosecond time scale, it is possible to determine the internuclear distance at
the ionization moment by varying the pump-probe time delay with analysis of the
kinetic energy of fragment ions [28]. Moreover, knowledge of potential curves
allows controlling the time evolution of the internuclear distance.

The KER signals as a function of pump-probe time delay show that some
channels (4.40, 4.41, 4.42, 443 and 4.44) appear at non-zero delays except
(4.42). The Rydberg I atoms are formed in all channels except (4.42) with a
characteristic time of their appearance of about 7-8 ps. The optically populated
Rydberg state does not cross at short internuclear distance any suitable states, which
dissociate with the formation of the Rydberg atoms. Direct predissociation of the
Rydberg state via all these channels is impossible. It was assumed a stepwise
character of the predissociation via the IP states [27]. The IP states cross both the
X[1/2].6d 2, and X[1/2].6d 0; states at larger internuclear distances (Fig. 4.4).

The appearance time 7z can be simply evaluated from the classical trajectory
approach as a half of the vibrational period of the IP state (a propagation time from
the inner to the outer turning point). This estimation gives shorter time than that of
observed experimentally for all channels, which yield the Rydberg atoms
[28]. Modifications of the outer branch of IP states caused by avoiding crossing
with Rydberg states allowed to explain observed results. Contributions of all first,
second and third tier IP states as an intermediate states were observed.
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Fig. 4.4 Crossings of IP and Rydberg states [28]

So, IP states play a significant role in the predissociation of Rydberg states as
intermediate states facilitating the formation of the Rydberg atoms I[R(°P;)] and ion
pairs.

4.3 Perturbation Between Bound States
4.3.1 Valence States
4.3.1.1 The B ~ Valence States Interaction

Among the 10 valence states corresponding to the second (ab) dissociation limit,
the only B state is deeply bound. Interactions between different electronic states can
be observed in the near-dissociation region, where multiple accidental resonances
occur. Low-lying rovibrational levels of the B state have a hyperfine structure,
which was perfectly described in the framework of the second-order perturbation
theory. Higher lying rovibrational levels with E > 20000 cm ' energy can interact
directly with the rovibrational levels of other electronic states, which can be
described within the first-order perturbation theory. Selection rules for the hetero-
geneous and hyperfine interaction define the possible coupling between the B and
9 other states with Q = 0, &= 1 and +2 quantum numbers [3, 15]. Additionally, there
is also superhyperfine structure at low-J rotational levels, where the energy gap
between levels are lower than hyperfine interaction (HFI) matrix elements, and
several rotational levels are coupled. These effects result in a complicated
rovibrational structure of the B state.

Extensive analysis of the B — X transition (more than 10000 hyperfine lines) was
performed in the range from dissociation limit down to 30 cm ' below
(vg = 71-82) [3, 15]. It was shown that the perturbations caused by the Q = 2
states are negligible, and several states have significant contribution to the HFI.
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The HFI coupling is effective between near-lying rovibrational levels, which
have sufficiently large FCFs. Due to differences of potential curves of the deeply
bound B and other shallow states, effective overlapping of their vibrational
wavefunctions is localized at the outer branch of the B state. Calculation of the
FCFs using accurate long-range (R > 7 A) PECs [29] shows strong B0, ~cl, and
moderate B0 ~ (3)1, mixing, that agrees with experiments. So, the B ~ ¢ interaction
is the most effective and was found near at vg = 77 and 78 [15] vibrational levels.
Analysis of the experimental data showed that the B ~ ¢ interaction has essentially
MD character.

Simultaneous population of the FO;!, H1, and EO; IP states via the perturbative
intermediate B,59 ~ ¢,14 state was observed also [4]. Within the two-state model
(see Sect. 4.1), this mixing state can be considered as a linear combination of zero-
order wavefunctions. Admixture of the c1, state allows the population of ungerade
IP states. Because of the u ~ g character of coupling, any crossed transitions can be
excluded, i.e. ungerade IP states are populated from the cl,, only, and gerade ones
can be excited from the BOL’: state, only. Therefore, ratio of luminescence intensities
of the IP states reflects relative contributions of the (303,59,13) and (c1,,14,J.)
zero-order wavefunctions to the perturbed state.

Let us consider the population of the k state, which can occur in the k «— ¥/
allowed transition (see Sect. 4.1). Due to admixture of the ¥ zero-order
wavefunction to both I1) and 12) perturbed states in the two-level system, the
upper state k can be populated from both states. Any crossed transitions are
excluded, and the transition k < ¥ is forbidden. Modification of the Eqs. (4.31) —
(4.34) gives the same result. If the resolution of excitation spectra is insufficient to
resolve I1) and 12) perturbed states, transitions from both mixed states occur within
the laser bandwidth, and the Eqs. (4.31) — (4.34) should be considered jointly. By
neglecting saturation effects, the luminescence intensity of the upper state k can be
written:

I ~ 2c0s°0 sin*0(k|M,,_ |¥)? (4.45)

Taking into account Eq. (4.29) and considering luminescence intensity /; as a
function of the energy gap AE between coupling states one can estimate interaction
matrix element H:

/ 4H?
“T A+ AR

P. Jewsbury et al. analyzed luminescence intensity from the H1, IP state in the
range Jp = 6-29 with a strong maximum at J = 22 and weak maximum atJ = 8
[4]. Electronic matrix element for the BO;,59,J g~ clg,14,J coupling was estimated
of about 0.1 cm™", similar that obtained by Pique et al. (0.206 cmfl) [15]. Later,
several additional resonance rotational levels with vz = 57-59, 63, 69, 71, 74 and
76 were found and used as intermediate states for population of the y1, and H1, IP

states [30, 31].



4.3 Perturbation Between Bound States 69

The interaction between the BO,:r and (3)0, (B') states was also found for a
number of rovibrational levels [32]. In the perturbation-facilitated optical-optical
double resonance (PFOODR) method, the EO; and g0, IP states were populated
simultaneously via the B ~ B’ coupled intermediate state, like in the cases discussed
above. The coupling matrix elements were not estimated.

4.3.1.2 Interactions Between States of the Third Dissociation Limit

Three weakly bound 0;, l1,and 0, states correlating with the third (bb) dissociation
limit have very similar potential curves and dense rovibrational structures (see Fig.
1.2). The bulk of accidental resonances between rovibrational levels makes this
system an interesting model object for studies of different perturbations. Indeed, as
it was shown in the series of works [33-35], this system can be considered as a
strongly coupled cluster of three electronic states.

Luminescence from the 1,(bb), probably, was found in iodine atom recombina-
tion studies [36] for the first time. The IP — (bb) luminescence near 750 nm
appeared under the 193 nm ArF laser excitation of the DO, IP state [37]. Ridley
et al. [38] described the O; and 1,(bb) states in analysis of the vibrationally resolved
IP — (bb) luminescence spectra. Finally, rovibrational analysis of the IP « (bb)
excitation spectra recorded in perturbation facilitated optical scheme allowed to
describe these states [33, 39, 40].

Luminescence from these states is very weak because of their large lifetimes
(estimated in ps). It is more convenient to observe them in optical transitions to
higher-lying IP states. This system is similar to B ~ valence state coupled cluster,
which is a convenient intermediate state for PFOODR methods. Moreover, equi-
librium distances of IP states (~ 3.6 A) similar to that of the (bb) states (~ 3.9 A)
compared with the BO; state (3.02 /0\). It makes this excitation scheme very
effective for IP states population. All the IP states of the first and second tiers
with the exception of the 62, and 2u(1D2) states can be populated via the (bb)
intermediate states.

Direct population of the (bb) states from the ground state is impossible due to
Franck-Condon principle. Another, three-step three-color excitation scheme via the
B0 and O;(bb) states was successfully realized for investigation of the (bb) coupled
states in the series of works [33-35] (see Sect. 2.1.6). In spite of the dense system of
the rovibrational levels, a limited number of rovibrational levels of (bb) states could
be populated in experiments if accidental resonances in the 0;, 0,,1,(bb) < B,vg,
Jp transitions occur, only because of the fixed wavelength of the second step laser,
Nd:YAG fundamental frequency vy Fortunately, the v, laser utilized had 4 close
frequencies and some resonances were found.

The O;r ~ 1, and 0; ~ 0, are coupled by HFI, whereas the 0, and 1, states are
coupled by heterogeneous interaction. The second step of the multistep excitation
scheme is available due to the Og+<— B0, transition and results in population of the
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u’

ungerade IP states. Two other interacting states, 1, and 0, are mixed with 0; one,

and transitions to the gerade IP states become available, also. For example,
population of the DO, and 1, IP states in the same excitation scheme allowed to
study O ~ 1, coupling [35].

Correct analysis of the intra-molecular interaction requires the solution of the
full Hamiltonian and analysis of perturbations in the energy structure of
rovibrational levels. The IP < (bb) transitions were used to determine absolute
positions of rovibrational levels. Spectroscopic constants of the IP states are well
known and quite accurate within one state, but a little inconsistent with each other.
An accuracy of the energies of (bb) rovibrational levels and resolution of the lasers
used was insufficient to perform such analysis.

Another available method involves analysis of the mixing of wavefunctions,
which was performed for the BO ~ cl ¢ coupling analysis [4]. The observed
coupling of different states allows considering the problem within the first-order
perturbation theory, in which a selected zero-order state is mixed by two others. By
measuring of relative luminescence intensities of the IP states, it is possible to
determine relative contributions of all zero-order (bb) wavefunctions to the
perturbed state. For example, Fig. 4.5 shows simultaneous excitation of the F,
G and g states from a single rovibrational level. Luminescence spectra of the
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Fig. 4.5 Excitation F, G and g < (bb) spectrum corresponding to the excitation pathways via the
B,21,53 rovibrational state [33]. Luminescence was collected at 285 nm. The weak unassigned
lines are due to “satellite” components of v,
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F —X,G — A,C and g — B’ transitions which arise from each perturbed (bb) state
were measured for such analysis [33].

In the framework of the two-state model, the dipole allowed transitions i < ¥
and k — ¥ can be considered from the intermediate perturbed state 1) or 12) (see
Sect. 4.1). Modification of the Egs. 4.31, 4.32, 4.33 and 4.34 gives the same
expressions for the i and k states (see Eq. 4.45). Only two transitions i «+ ¥ and
k +— W' are allowed and any crossed transitions are neglected.

The ratio of intensities of observed luminescence from the i and k states can be
expressed as:

I; i|M | P?
L= ctg29<|A‘4‘/>2. (4.46)
k (KT ¥)
By taking into account the Eq. (4.29), one can determine the mixing angle and
the interaction matrix element. In the case where more than two levels interact, the
mixed wavefunction should be expanded over the zero-order wavefunctions as:

\th = chl1lp,(70), (447)

where ¢, are expansion coefﬁcients,‘i’ﬁlo) are zero-order wavefunctions of (bb) states
(n denotes coupling levels of the 0:, 1, and O, states), Z ci = 1. Equations 4.31,
n

4.32, 4.33 and 4.34 can be simply modified.
This analysis allows determining the matrix element averaged over components
of the hyperfine structure. Hyperfine electronic matrix elements determined for the

0; ~ 1, and Oz,r ~ 0, couplings were estimated as 0.3(1) cm ™! and 0.5(2) cm !,

respectively [33]. These values are close to the theoretical estimation 0.1-0.4 cm ™!
made for the B state [3, 6] (see Sect. 4.3.1.1).

The coupling of the Oz,r and 0, (bb) states can occur by another, indirect
mechanism via the 1, intermediate state in the second-order perturbation approach.
The O, state couples with the 1,,v;,/; one by the heterogeneous interaction

according to the AJ = 0 selection rule. The 1,,v,,/; state is mixed with the Oz,r,vo,
Jo one by HFI with the IAJl < 2 selection rule. However, the observed 07,0,49 and

0,,1,48/50 coupling states lie significantly lower than the 1,, v; = 0 level
(AE > 90 cm™ "), so the O; and O, states are coupled directly.

The effects of heterogeneous interaction between 1, and 0, states was also
observed in [33, 35, 40]. The splitting of the 1,,5,59 rovibrational level induced by
heterogeneous interaction was determined being equal to 0.138(8) cm™'
[35, 40]. According to the parity selection rule, the e (f) sublevels of the double
degenerated state with Q = 1 interact with e (f) sublevels of the Q = 0 state, only.
The interaction of e and f sublevels differs that results in different energy shift of the
sublevels, the Q-splitting or Q-doubling.
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The splitting can be calculated by the second-order perturbation theory as an
cumulative effect of interactions between the selected 1,,v;,J rovibrational level
and all rovibrational levels of the 0™, state:

|<O;7XVO|ﬁC|1117Xv1>|2
v Ey(v,J) — Eo(vo,J)

AE(vi,J) = (4.48)
where H ¢ 1s a Hamiltonian of the heterogeneous interaction (4.26), E, ; are energies
of the 0, and 1, rovibrational levels, respectively. According to Eq. (4.27),
electronic and rotational part of the sum in Eq. (4.48) can be extracted:

271e
e
2MR2|114>

With known vibrational energies of the coupled states, the summation over vq
can be calculated numerically. To demonstrate the correctness of the description, let
us take into account that the all (bb) states have similar potential energy curves (see
Sect. 3.2), their vibrational structures are almost equidistant, and only a few
vibrational levels can be kept in the summation. In this case, the sum in
Eq. (4.48) can be simplified to 1/AE,;, where AE,; = 96.28 cm™ ' is the energy
gap between the 1, and O, electronic states. Within the “pure precession” model,
electronic matrix element can be estimated, and the Eq. (4.48) gives
AE(5,59) = 0.117 cm ™ that is close to the experimental value.

2

J(J+ I)ZvoEl( |<XV0‘XVI>|2 (449)

AE = "
(VI;J) <0u V,J) _EO(VOa])

4.3.2 Ion-Pair States

As it was mentioned in Chap. 3, the IP states of molecular iodine form four tiers
(manifolds) consisting of the electronic states with different g/u and +/— parities
and similar close-lying PECs. These features make them very attractive as a model
system for study of the intramolecular interactions. The IP-valence states charge-
transfer transitions are convenient to observe, and the effects of interactions can be
observed in the IP-valence states luminescence spectra.

The hyperfine interaction becomes appreciable when FCFs between coupling
rovibrational levels are rather large. High B state vibrational levels near the
dissociation limit are coupled effectively with the weakly-bound states at the outer
PEC branch. Analysis of this system requires accurate long-range potential curves.
Along with that, the system of IP states is a system, where such effects can be
observed at shorter interatomic distances and studies are much simplified. From
analysis of some IP-valence states (IP-V) luminescence spectra, the “atom-in-
molecule” model was shown to be applicable for description wavefunctions of IP
states in the range near equilibrium distances (see Sect. 3.3.3). Studies of the
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non-adiabatic interactions between IP states allows to check the validity of this
approximation.

4.3.2.1 Heterogeneous Interaction

6 first tier IP states correlate with the If(IS) + I+(3P2) dissociation limit (see Sect. 3.
3). On the basis of separated atoms (asymptotic model), there are four pairs of
states, EO; ~ pl,, DO~ y1,, 1, ~ D'2, and y1, ~ 82,, which can be coupled by
heterogeneous interaction according to the AQ = 41 selection rule. The second tier
consists of 6 IP states corresponding to the two dissociation limits: I ('S) +I'CP))
(Gl,, g0,, H1,, and k0, ) and I ('S) + I'(’Py) (fO; and FO; ). Therefore, a
heterogeneous interaction between the G1, ~ g0, and H1, ~ h0, states can only be

possible.
J.Perrot et al. determined the empirical formula of the f1,¢/f splitting [41] as
follows:

AEg(v,J) = —[7.11107° + 1.68107" (v + 1/2)

4.50
—5.35107°(v 4+ 1/2)°J(J + 1) +2.91107"/2(J + 1)*] (4.50)

Assuming that the interaction between EO: and f1, states is responsible for the

Q-splitting of rovibrational levels, the second order of the perturbation theory can
be applied. Evaluation of the sum in Eq. (4.49) gives equation as a function of vg:

(poj 11|

(4.51)

1
AE;(vg,J) = —|6.8107 +33107° (vﬁ +§>}J(J+ 1H)*

The comparison of Egs. (4.50) and (4.51) gives the electronic matrix element,
that is in good agreement with the predictions made in the framework of pure
precession model [41]. A good agreement with the experimental results demon-
strates a validity of the pure precession model for description of the IP states. The
Q-splitting of the f1, state was used for estimation of the splitting in the 1,(bb)
valence state [40].

Analogous experiments were made by T. Ishiwata’s research group. They
observed heterogeneous interaction effects in the y1, [42], G1, [43], H1,
[31,44], lu(lD) and Zu('D) [45] IP states. The Q-splitting of the G1, and H1,, states
was found for a wide range of rovibrational levels.

As it follows from Eq. (4.50), the Q-splitting weakly depends on vibrational
quantum number v. All the IP states, especially gerade states, have similar potential
energy curves, and their vibrational structures are almost equidistant. Therefore, the
sum in (4.48) can be simplified as for the (bb) states (see Sect. 4.3.1.2) to
1/R? x 1/AE, where R, is equilibrium distance of the Q = 1 IP state and AE is
the energy gap between interacting IP states.
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In spite of the roughness of this approach, it predicts a relative location of the
interacting states rather good. Analysis of the Q-splitting of the G1, state
rovibrational levels using Eq. (4.48) has predicted that the g0, state lies 512 cm™!
below and has electronic term value T, = 47046 4+ 51 cm ! [43]. Later, the value
T, = 47086 cm ™!, which confirm the theoretical prediction, was determined exper-
imentally in the population of the g0, state in the PFOODR scheme [32]. The same
calculations of the location of the 40, ungerade state from analysis of the H1, state
Q-splitting give T, ~ 48640 cm™ ", whereas direct population of the h0,, state gives
T, = 48646.548 cm ™' [31].

Heterogeneous interaction results in coupling of the y1, state with both DO, and
62, IP states of the same dissociation limit. The Q-splitting of the y1, state was
observed (Fig 4.6) and proposed due to interaction with the DOZ’ state [42]. Direct
coupling of the other, 52, state with the DO, one is forbidden for heterogeneous
interaction in the first-order perturbation theory due to AQ = +1 selection rule, and
the Q-splitting of the 52, state occurs through the y1, state. This effect is much less
than that of the y1, state and the Q-splitting of the 82, state was not observed.

However, another effect of interaction, namely, mixing of the y1, and 62,
wavefunctions was observed. Due to admixture of the y1, rovibrational levels to
the 62, ones, the latter can be also populated from the Al, intermediate state in
two-photon transition [42]. The extra lines in the excitation spectra of the y — A
luminescence were observed due to “intensity borrowing” from the y state and
assigned to transition to the 62, perturbed state. Energy diagram in Fig. 4.7 shows
two series of levels corresponding to the y and ¢ states. One sees that the hetero-
geneous interaction leads to avoiding crossing between coupled states. Interaction
matrix elements between y and 6 IP states were determined for v, = 2-11 vibra-
tional levels.

The more complex system, “indirect” DO} ~ 82, coupling, was observed in
[46]. Optical population of the DO state by three-step laser excitation from the
ground state via the valence BO,T and O;(bb) intermediate states was performed (see

Sect. 4.3.1). Some extra lines were observed in the excitation spectra near the D0u+,
vp = 22,Jp rotational lines, which assigned to the population of the §2,,vs = 13
state by luminescence spectra simulation (Fig. 4.8). The lack of coupling between
rovibrational levels with Jp, # Js excludes possible hyperfine interaction. The Stark
effect and CINAT population of the §2, state are excluded also. The only explana-
tion of the 62, population is the heterogeneous coupling of these states occurring
through the intermediate y1, state. The DO, ~ 62, coupling can be described in the
second order of the quantum mechanical perturbation theory including summation
over all possible states of the 1, symmetry. As mentioned above, the y1, state is the
only close-lying state which correlates with the same, If('S) + I+(3P2), dissociation
limit as the DOI and 62, ones, and the y1,v,./,, J, = Jp = Js rovibrational states
give the major contribution to the interaction.

Within the second-order perturbation theory [25], the wavefunction of the
perturbed 02, state can be represented as a sum of the zero-order wavefunction ¥
© and the second-order perturbation wavefunction ¥
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Fig. 4.8 Excitation spectra of the 6,13,/5 (solid line) and D, 22, J,, (broken line) states lumines-
cence [46]

v = 4wl (4.52)

where

‘sz) _ Z VorVis \Pl()o) ~ VssVbs g _ Vs g (4.53)
FAEsAEsp AEZ, P 2AE2 ?

Vum (n, m are D, y or ) is matrix element of the operator of the heterogeneous
interaction ﬁc 4.27), AE,,, = E,, — E, are energy differences between the
corresponding rovibrational states. The 62, state cannot couple directly with the
DO,T state due to selection rules for heterogeneous interaction. The Vs matrix
elements are equal to zero, and two last terms in Eq. (4.53) vanish. Summation in
the remaining term of Eq. (4.53) over all vibrational levels of the 1, electronic states
can be replaced by one dominant term, related to the close-lying vibronic level y,16.
So, the wavefunction 11,5(2) is presented in the form:

I8 Vy><]/, V}/‘I‘AIC 57 V5>

AE, 5y AE 8D

D,vplH
l}!§2>=< ol WO ~ A(AE) P (4.54)

The large energy gaps between the close-lying y,16 and 6,48 vibrational levels,
AEs,, weakly depends on the J quantum number and can be replaced by the constant
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value, ~33.7 cm ™ L. Finally, the admixture of the D IP state is a function of the small
energy gap AE;p. Analysis of the energy gap dependence in the range J5 = 46-56
gives the estimation of the product of two matrix elements in Eq. (4.54) and is found
to be ~ 0.27 cm ™% Assuming that the matrix elements Vp, and Vs have approxi-
mately the same values, one gets: |(D, vp|H |y, v,)| = |(7,v,|H |6, vs)| = 0.5 cm™".
The comparison with the matrix elements determined in [42] shows a good agree-
ment between two results.

4.3.2.2 Hyperfine Interaction

Hyperfine structures of the IP rovibrational levels of the first tier EO; [47, 48] and

PBlg [47, 49] states have been studied using Doppler-free two-photon excitation
spectroscopy. Some hyperfine constants have been derived for several vibrational
and rotational levels.

An estimation of the HFI constants can be made on the basis of separated ions
I+(3P0) + 17(180) (see Table 3.1). However, the difference of the eQgqq, values
calculated in this assumption and experimentally determined is significant (for
example, eQgo = 659 MHz calculated and ~ 490 MHz observed for the EO;state
[47]). Another asymptotic state of I", which has the same total electronic
momentum number J, = 2, is the I'('D,) state. By including this state to the
separated atoms basis set, the authors of [47] obtained more agreeing results. To
improve such estimations, more atomic and ionic states should be included in
the basis set.

The same representation of the wavefunctions was used for the MD interaction
constant, A|| (see 4.24). The constant has been determined for the S1,, state [48], A,
= 477 MHz, whereas calculations give twice the value, 967 MHz. So, the descrip-
tion of wavefunctions in the basis set of separated ions is unsuitable for description
of the HFI structure of IP states.

As mentioned above, the hyperfine as well as Stark interactions can be respon-
sible for coupling of the states with different parity, u < g. All coupling effects
induced by the HFI are weak and can be observed for a few rovibrational levels of
some IP states despite the dense rovibrational structure of the ion-pair manifolds.
So, coupling of the E0; ~ 1, [5], 2,('D) ~ 1,('D) [50], and DO;; ~ 1, were found
for some rovibrational levels.

The procedure of the HFI matrix element determination is reduced to the
solution of the coupled Eqgs. (4.31)—(4.34). Hyperfine interaction should be ana-
lyzed for each hyperfine component. Such analysis is possible for experiments with
high resolution; however, often it is possible to estimate matrix elements averaged
over hyperfine components, and coupling of the mentioned above IP states was
studied by simpler methods.

The excitation of the coupled EOg+ ~ v1, complex states was performed by the
standard OODR E «— B « X scheme used in [5]. Two pairs of vibrational levels are
close enough to find effective hyperfine coupling in the low-v range: vp =3 ~v, = 1
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and vg = 19 ~v, = 18. Selection rules AJ = 0, =1 and £2 allow to couple different
vibrational states at some rotational quantum numbers (Fig. 4.9).

The partly resolved spectrum of the E,3,41 ~ y,1,41 mixed state excitation is
shown in Fig. 4.10 as an example. The y — ¢,¢’ luminescence is observed at 474 nm
due to admixture of the y zero-order state to both 1) and [2) states (see Eq. (4.28)).

The coupling of the D,vp = 12 ~ B,vg = 13 and D,vp = 48 ~ By = 47
rovibrational levels was found in the experiments with population of both
D and p states by different excitation schemes. The coupling of the lu(lD),vl =0
and 2g(lD),v2 = 2 third tier IP states has been studied in the PFOODR experiments
via the perturbed intermediate states: B ~ c1, and B ~ b'2, respectively [50].

In all experiments mentioned above, rovibrational levels are coupled according
to the AJ = 0, £1 selection rule (see Sect. 4.1). No electric quadrupole hyperfine
interaction (AJ = £2) was found, and the coupling occurs due to the MD interaction
only. As mentioned above, hyperfine coupling of the B valence state with gerade
states has also essentially MD character [15]. The interaction matrix element of the
electric quadrupole interaction between the BO; and cl, vibrational states was
determined as 446 MHz, 5 times less, than that of MD interaction (A, =
—2340 MHz)

The constant of the hyperfine interaction is very small, and only near-resonant
rovibrational levels are mixed sufficiently. The resolution of measured spectra is
limited by laser band width and was insufficient to resolve I1) and I2) perturbed
states [5, 50]. In this case, transitions to both mixed states occur within the laser
bandwidth, and the Eqs. (4.31)—(4.34) should be considered jointly.

Often, luminescence of the ¥ and ¥’ zero-order states can be easily separated
spectroscopically. For example, the dominating transition from the E state is
the £ — B transition in the 400—440 nm spectral range, while emission from the
coupling partner y1, state occurs mainly at ~350 nm (y — a transition) and
450, 480 nm (y — c,c’ transitions) (Fig 4.11).

Both I1)and 12) states have admixtures of the ¥ and ¥’ states and give contri-
butions to the luminescence (see Sect. 4.3.1). However, it is possible to extract
admixture coefficients and determine interaction matrix elements from the ratio of
the total luminescence of the ¥ and ¥’ components.

In the framework of the two-state model, Egs. (4.31)—(4.34) gives expression for
the total luminescence intensity of ¥— i bands from both I1) and 12} states:

Iy ~ (cos*0 + sin*O)> " (WM}, (4.55)
Luminescence intensity of the ¥ — k band is equal to
20 «in 92,3 Yy 2
Iy ~ 2cos 20 sin 0*v Zj(‘l‘ My _|k) (4.56)

The total emission intensity ratio for the transitions in the case of optical population
of the W'state is:
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Iy 2cos?0sin®0  [VMy_.dv  2tan?0 > Ay,
=Ry)y = 5 . (4.57)
Iy cos*d + sin*0 [VMy,_dv 1+ tan*0 3 Ay
According to (4.29), it can be written as:
1 Ty
1+4 ZHZ Ty

Here, an additional factor K, if ¥ and ¥ states have different electronic parities w,
has to be introduced. Indeed, let us suppose that the u positive or g negative term of
¥ is populated in the optical transition. For the u positive and g negative terms the
I=1,3,5 are odd. On the other hand, any u ~ g hyperfine coupling implies an odd
Al (see Sect. 4.1). Therefore ¥ is coupled with the / = 0, 2, 4 nuclear spin states of
Y. Total number of the nuclear spin states of ¥ with odd / and ¥ with even I is
gy =21 and gy = 15, respectively. One can construct 15 bright states from 21 spin
states of ¥ which interact with 15 spin states of ¥ and 6 dark states which do not
interact with . The population of the dark states of ¥ does not lead to the ¥— i opti-
cal transition resulting in K = q“’ = 15 . In the opposite case, if the u negative or

g positive term of ¥ is populated in an optlcal transition, the number of nuclear spin
states of ¥ is less than number of nuclear spin states of W. In this case, each spin
state of ¥ interacts with W, and therefore, population of every v hyperfine level
leads to optical transition from ¥, which result in K = 1.

Normalized ratio of luminescence intensities

R(I‘/‘P, = R\P/\P//K (459)

can be approximated by a simple Lorentz function. If the ¥’ state is populated
optically, the ratio of luminescence intensities Ry /y should be used:
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KUy (4.60)

Such normalized ratio of luminescence intensities from near resonant
rovibrational levels of the D,12 and f,13 states as a function of energy gap AFE is
shown in Fig. 4.12. Fitting of the experimental data by Eq. (4.58) gives values of the
electronic interaction matrix element H ,f]f = 0.049(3) cm !, The mixing of the
close-lying rovibrational levels of the ,v; = 47 and D,vp, = 48 states have been
observed by population of the f state. The matrix element value is equal H ;fjl =
0.063(7) cm ™" and increases slightly with vibrational quantum number of the states.

The matrix element of interaction between the E,3,J and y,1,J vibrational states
has similar value H ;} = 0.084 cm ™' in analogous experiments. Resolution of
utilized lasers was insufficient to estimate the matrix element by Egs. (4.58) and
(4.59) for the E,19,J and y,18,J coupled states [5]. The near-resonant rovibrational
levels Jp = 81 and J, = 80 have a dominate contribution to the averaged
coupling, and the electronic interaction matrix element can been estimated of
about 0.02 cm™ !, significantly less than that of the E,3~y,1 interaction.

Beyond the two-state perturbation model, summation over all hyperfine compo-
nents should be performed for the total emission intensities calculation. The ratio of
luminescence intensities (4.58) for the D ~ f coupling is given by
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and similarly for Rg_4/p_x. Here ) means summation over all hyperfine components
of initial, intermediate and final states. Fitting the experimentally observed Rp_y,
s — A and Rg_4/p.x ratios, the values A, = 980 and 1150 MHz for the D,12~$,13 and
D A8~p.47 couplings were obtained, respectively. Figure 4.12 shows good agree-
ment of observed and calculated ratios. This constants are two times larger than the
A = 477 MHz for the 1, states derived from hyperfine structure analysis
[47]. Assuming that the D and f wavefunctions are described adequately in the
separated ions approach, these constants should be equal, A, = A, that is not
observed.

In the case of the 2g(1D) ~ lu(lD) coupling, interaction matrix elements were
determined by solving the equations in the two-state model. Laser band width was
also insufficient to resolve the splitting of the near resonant rovibrational levels of
the 2g(lD) and lu(lD) IP states [50]. Hence, the authors employed another method.
The line shapes were deconvoluted by two lines with the Lorentzian form to derive
their transition frequencies for determining the energies of coupled rovibrational
levels. The electronic interaction matrix element was determined as H ,j} = 0.0482
(59) cm ™! similar with that for D ~ § and E ~ 7.

Due to mixing of the zero-order states, which have different luminescence
lifetimes (z and 7’ for states ¥ and W/, respectively), the luminescence lifetimes
for the perturbed I1) and [2) states are determined as follows:

RDfx/ﬁ,A == (461)

1'1_1 =T

Tz_l =T

. cos20 47" - sin?0 (4.62)

" sin?0+ 77" cos?0 (4.63)

Direct measurements of the radiation lifetimes allow to estimate the mixing
angle which is determined in Eq. (4.29) and hence matrix elements of the hyperfine
interaction. Figure 4.13 demonstrates the reasonability of this method. Lumines-
cence lifetimes observed for the lu(lD) and 2g(1D) mixing states strongly depends
on the rotational quantum number near the avoiding crossing J, = 25 ~ J,, = 24
range. The upper energy component has lifetime larger than that of the lower one
after the avoiding crossing and vice versa.

4.3.3 Rydberg-IP State Interaction

As it has been mentioned in Sect. 3.1, IP states are arranged between valence and
Rydberg states. Heterogeneous interactions and avoiding crossing can occur at the
range of high vibrational levels of IP states. The avoiding crossing of IP and
Rydberg state PECs can occur on the outer Coulombic branch, leading to
predissociation to neutral products (see Sect. 4.2.2), whereas on the inner wall
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resulting in double minima or shelf-states in some cases. Low-lying vibrational
levels, which are localized near R,, can be described in harmonic approximation,
whereas the character of the IP state PECs in the range of high levels changes from
Morse-like at the shorter range to Coulomb potential at the outer branch. In the
latter case, a “heavy Rydberg” model is applicable for description of the vibrational
structure. The well-known formula describing the energy of the Rydberg series
follows from the Coulomb interaction between Rydberg electron and ion core. The
same approach can be applied for IP states, the potential of which is determined
primarily by the Coulomb interaction between ion I'* and anion 1.
The energy of the vibrational levels of IP states can be written as:

Ry(u)

E,=FE —
! (n—68uy)*

, (4.64)

where E . is an energy of the separated ions (dissociation energy of the IP state), Ry
(u) is the Rydberg constant for the reduced mass y of ion pair I" + 17, n is
rovibrational quantum number, §,,; is quantum defect, which depends on vibrational
and rotational quantum numbers. For pure Coulomb interaction plus centrifugal
potential, 6 is equal zero and

n=v+J+1 (4.65)

With a known numbering of vibrational and rotational quantum numbers of
levels, the quantum defect can be found. The quantum defect can be expanded
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similar to Rydberg states of atoms [51] by inverse even powers of (n-J,.), where J,
is the quantum defect at ionization energy

Bug = Boot + ———— + -+, (4.66)

Taking into account Eq. (4.64) and introducing a binding energy E, = E,; — E,
the Eq. (4.66) can be rewritten as:

S8(Ep) = 8(0) + 81Ep + SE7 + - - (4.67)

Pan and Mies [51] performed quantal calculations for Lil and confirmed that
high vibrational levels near the dissociation limit form a Rydberg-like series with
large negative quantum defects. They showed also that the dependence (4.67) is
primarily linear in the near-dissociation range. Any deviation from the linear
behavior of the 6(E;) indicates the presence of perturbations.

Such vibrational analysis was performed for several first-tier IP states (DO, EO;
and D’ 2,) of I, and other dihalogen molecules, the vibrational structure of which is
well known for a large number of vibrational levels [52]. It was shown that analysis
of 6(E},) can be useful tool for revealing of avoiding crossing or other perturbations.
This approach allowed to correct the numbering of some vibrational levels deter-
mined earlier [16].

Strong perturbations were found in the vibrational structure of the D state.
Sudden change in 6(E;,) gradient was found at £, ~ —14500 em ' (T& 57670 cm™ )
which reflects the beginning of a perturbation region (Fig. 4.14). In this range,
homogeneous and heterogeneous interactions result in avoiding crossing or
weaker perturbations [22]. Figure 4.14 shows absolute positions of the Rydberg
state vibrational levels. The energy of the X[3/2].6p O, v = 0-2 vibrational
levels are equal to 58953, 59237 and 59449 cm” !, respectively [53, 54], but the
influence of the two latter levels was found in the 6(E,) dependence. As noted
by the authors of [53], the perturbations in the IP states caused by the v = 3, 4
vibrational levels of the X[3/2]6p; 1, Rydberg state is seen (Fig. 4.14).

Renumbering of vibrational levels of the EO; and D2, IP states allows to make
more smooth dependence of the &(E,). However, this is not a major avoided
crossing, but weak perturbations, which caused by Rydberg states remain. The
«heavy Rydberg» approach predicts perturbations of the D’,vp = 250-340
(E = 56500-59500 cm™') that is confirmed experimentally. In the (2 + 1)
REMPI spectra at this energy range [16], series of Rydberg vibrational bands (AE
~ 240 cm™") were found with superimposed series of closed spaced vibrational
bands (AE ~ 20 cm ') (Fig. 4.15). The authors suggested that it is caused by
vibronic interaction between the X[3/2].5d 2, Rydberg state and the D2, IP state.
Each Rydberg vibrational level couples with a series of D’ vibrational manifold by
homogeneous interaction. In another energy range, 62500-64000 cm ™' the same
effect observed due to coupling of the X[3/2].7s l,, and 1, states.



4.3 Perturbation Between Bound States 85

656.0 T T T T 3

X[3/21.6p 0
655.5 : ]C PP g

655.0
W 65454 "
i r .U
654.0 -
n

653.5 1

X[3/21.6p 1,
653.0 T T T T
125 -13.0 135 -14.0 145 -15.0
E, 10°cm”

Fig. 4.14 The quantum defect of the I,(D) state 8(E;) plotted at £, = 1400015000 cm™ . Cubic
extrapolation is shown by solid line [52]. Absolute positions of the Rydberg state vibrational levels
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Fig. 4.15 The I* spectrum in the energy range 5850059600 cm™' [16]. Positions of the D’ 2,
vibrational levels are shown

In the diabatic description, the matrix elements H,, were determined for the X
[3/2].7s 1g~p1, (250 £ 30 cm ') and X[3/2].5d 2,~D'2, (450 £ 150 cm ") coupled
states by solving the two-state coupling problem [16].

The value H,, = 107(1) cm™ ' was obtained for the X[1/2]. 6p0;" (RO") and FO;
coupled states in the vy = 200-250 range [55]. The electronic matrix element of
interaction was estimated also for the X[3/2]. 5d 1,~f1, coupling states at the
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Table 4.1 The matrix elements of the Rydberg~IP coupling

Coupled states H;,, cm™! Configuration References
X[3/2).7s Ig 250 + 30 [243017s ' * 310, [16]

B1, [22421°%7, ([1432)°1))

X[3/2].5d 1, >400 [2430]5d, ' * 311,/5d,°2F, [17]

Bl, [22421°%7, ([1432)°11))

X[3/21:5d 2, 450 + 150 [243015d, *T1,/5d, * 3A, [16]

D2, [2242]'A, ([1432]°TL,)

X[1/2]. 6p O, 107 £ 1 [243016p *TI, [55]

FO! [2332] 325 ([1342]°T1,)

Major electronic configurations are shown. Minor configurations are shown in parentheses

Vgy = 3 level of the Rydberg state where the abnormally low values of both the
rotational constant and vibration energy were found [17]. The interaction matrix
elements are summarized in Table 4.1. It should be noted that all of these values are
sufficiently lower than typical values, for example, the interaction of the D ~ (2)
'S in Cl,, where H,, ~ 2000 cm ™.

In the diabatic representation, the two-electron operator 1/r;, is responsible for
coupling of the configurations, which differ by two spin-orbitals [56]. Alternatively,
the electronic configuration remains unchanged, and occupied molecular orbital
changes its character from atomic to Rydberg as R decreases. This effect was called
by Mulliken as MO Rydbergization [57]. In both cases, the total spin should be
preserved. Thus, the electrostatic interaction is available between the states of the
same symmetry in Hund’s case (a).

The major configuration of all these Rydberg states is [2430]n/, and the Rydberg
states have °IT symmetry. The dominant configurations of IP states at short
internuclear separations were first derived by Mulliken [58]: [14411'T (D O;f ),
[2332] °%, (FO[), [2242]°%,(B1,) and [2242]'A, (D'2,). None of the dominant
configurations can be responsible for Rydberg ~ IP homogeneous interaction.
Minor contributions to wavefunctions of IP states have other MO configurations,
which dominate at the more long distances and are discussed in Chap. 3. For
example, the D’ 2, state has a minor configuration [1432]311g and can be responsible
for the Rydberg ~ IP vibronic coupling. The authors of [16] showed that all cases of
such coupling mentioned above occur due to admixture of minor configurations to
the IP states and the appropriate electronic matrix elements are of intermediate
values. On the other hand, the D ~ (2)'Z} interaction in Cl, molecule is available
due to major configurations D [1441] and [2430]4p states, and the coupling matrix
element has a large value. The Franck-Condon factors for the high IP vibration
levels and the Rydberg levels near the potential minimum are small, and no
significant perturbations were observed.

Other perturbations of the Rydberg states were also observed that was exhibited
in the intensity borrowing, Rydberg ~ Rydberg interaction [59]. However, detailed
studies were carried out only partially.
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Chapter 5
Collision-Induced Processes in Iodine Molecule

5.1 Background

Exchange of translational, rotational and vibrational energy of diatomic molecules
in collisions with colliding partners (atoms or molecules) are well currently inves-
tigated. Translational-translational (7T«+T), rotational-translational (R<7) and
vibrational-translational (V<—T) energy transfer processes in broad class of
molecules have been thoroughly studied and discussed many years ago (see e.g
[1, 2] and references). Electronic deactivation of electronically excited molecules
and collision-induced predissociation have been discussed in the literature widely.
The term ‘“quenching” is often used. It means “net electronic deactivation”
including electronic deactivation, and collision-induced predissociation [3].

T—T Processes It has been shown that T<>T energy transfer processes are very
fast, so a time of fully translational thermalization of “hot” molecules “A” in a bath
“B” 1is close to a the time interval between successive collisions [1].

R—T and T—R Processes The time of thermalization of rotationally hot
molecules depends strongly on the value of rotational quantum. For ground state
hydrogen molecules (the rotational constant B, = 61 cm ™ "), ~ 200 collisions are needed
for the onset of an equilibrium rotational distribution at bath temperature ~ 300 K,
whereas for the ground state iodine molecules (B, ~ 0.04 cmfl) an equilibrium
rotational distribution is set after a few collisions only. One should note that the selection
rules for a rotational quantum number change, AJ — even, and AJ — odd are valid for
homonuclear and heteronuclear diatomic molecules, respectively [1, 2, 4]. According to
the adiabatic principle (see [1] and references), for massive molecules with low
rotational constants, R«<7T exchange can be described in the framework of classical
mechanics. In this case, R«<T processes with large AJ are possible.

V—TandT — V Processes Probability (P) of V — T (vibrational relaxation) and
T — V (vibrational excitation) transition per a collision depends very strongly on
the value of vibrational quantum. Therefore, it is very low (Po ~ 1078) for N,
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ground state molecules in No(X,vx = 1) + No(X,vx = 0) collisions (@, = 2358 cm™ Y
and much higher for the ClL,(X,vx = 1) + ClL,(X,vx = 0) collisions (w, = 557 cm_l)
Pyp ~ 2-1075) (see e.g [1, 2] and references). Probabilities of the V«T increase
with a vibrational quantum number of the state, so it can be close to 1 near
dissociation limit. The Av — any propensity rule is valid for energy transfer from
vibrational levels corresponding to low vibrational quanta. For very low vibrational
quanta transitions with large Av, AE, ,, , | = kT, become possible.

One should note that “pure” VT processes are impossible. They are always
accompanied by T<T and R+—T energy transfer due to high probabilities of the
latter.

Electronic Deactivation This term means a collision-induced transition to other
electronic states of a particle (atom or molecule), i.e. E — E’ energy transfer which
excludes reverse E < E' process since rather large energy AE losses in the former.
Rate constants of electronic deactivation

A* +B — A** + B(B*,B*) + AE (5.1)

(the labels * and * mean electronic and rovibrational excitation, respectively, the
excitation energy of A** is less than that of A*) can be large if:

— Excited complex (A*---B) is formed in the collision of electronically excited
particle A* with colliding partner B (atom or molecule) which predissociates fast
to A** + B (B*, B".

A* +B < A*--B (5.2)
A*---B — A** + B(B*,B"). (5.3)

The rate constant of predissociation (ks 3) has to be comparable or higher than
that of complex dissociation (k_5,) (see [5—9] and references). This model is called
as “collision complex model”.

— Quasi-resonant energy transfer process occurs, i.e. AE ~ kT in process (5.1) (see
[1, 10-13] and references).

Well known examples of the first type of electronic deactivation are deactivation
of oxygen atoms in the first excited state, O(lD), in collisions with B = Xe and
ground state molecules N,, CO, O,, CO,, for example [6],

0 ('D) +Xe('S) — O(°P) + Xe, (5.4)

ks, =7-10""" cm¥/s. Bound XeO(a' =", b'II) states are formed in the collisions of
excited O('D) atom with Xe ground state atom; they predissociate rather fast
due to the strong spin-orbit coupling of heavy Xe atom. Colliding partners N,
CO, 0O,, CO, have much weaker spin-orbit couplings, but three-atomic
complexes possess a much higher lifetime (see [5—9] and references). The rate
constant of O('D) atom deactivation in collisions with He atom is extremely low
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since HeO states correlating with the O('D) + He('S) are repulsive. The
probability of nonadiabatic transition is extremely low in this case due to high
Massey parameter [1],

1/z
= . 5.5
(=307 (5.5)
Quasi-resonant energy transfer processes are occurred in collisions of No(A*Z*)
with COX 12+g) [10], No(X 12+g) [12] and Ny(A*Z*,, BPE 7, B3Hg) with Xe('S) [13].

Collision-Induced  Predissociation Spontaneous predissociation has been
discussed in Chap. 4. When electronically excited molecule collides with a
colliding partner, which perturbs the former, collision-induced predissociation
can occur. In this case, predissociation channels, strongly forbidden for
spontaneous predissociation, can be allowed. This type of processes is fairly well
investigated experimentally in the iodine molecule B0, state (see Sect. 5.3.1).
Unfortunately, there are no theoretical models for collision-induced predissociation
having a predictive character in the literature (see [13—19].

Collision-Induced Nonadiabatic Transitions Between Bound States Perturbations
induced by a collision A* + B can result in non-adiabatic transitions between
rovibronic levels of the A bound states. These effects are very specific regarding
nature of colliding partners and their rovibronic states [18—20]. Some state-to-
state collision-induced nonadiabatic transitions (CINATS) namely,

NO(a*Ts )3, va = 8,0, = 10.5 2 B3 5, v5 = 0,75 = 10.5,M
= He,Xe, Oz,Nz,NO, (56)

NO(a*Tls, v, = 12,7, = 17.5 KBZHI/Z,VB =3,J3=17.5M

= He, Xe, 05, N,,NO, (5.7)

CN(AI, vy = 3,7 S X25, vy = 7,11),Rg = He, Ne, Ar, (5.8)

NI (AL va = 3,4,04 5 X2 27 vy = va + 3.4, ), (5.9)
No(a'Tlg, vy = 02,0, Sa" 57 vy =va+1,Ju),Rg = He,Ar,  (5.10)
CO™ (A%, v, = 0,7, 25 X22,v, = 10,J,), (5.11)
CaO(A''TI,@’TT + N,O < CaO(A'X") + N,O (5.12)

have been studies with rather high state resolution (see [18-21] and references).

Processes (5.6 and 5.7) are examples of so-called “perturbation facilitated” [18]
or “perturbation assisted” CINATS, occurred between states which may be mixed in
unperturbed, “free” or isolated, molecule. The perturbation facilitated CINATS are
well described in framework of so-called “gateway” model [18, 19, 22, 23], if a
collision is “sudden”, i.e. collision duration and perturbation matrix element of the
“initial” (i) and “final” (f) mixed states in free molecule are small:


https://doi.org/10.1007/978-3-319-70102-8_4
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Teoll * V,"f S h. (513)

Vig< <1 cm ! for 7. ~ 3 ps). Besides, a collision has to be weak, i.e. energy
gap between the states is independent of A* — B distance (see [18] and references).
The gateway model is valid if mixing coefficients in a free molecule C; sis low due
to extremely low perturbation matrix element V; ». The processes (5.6) and (5.7) for
M = He answer this condition due to extremely low FCF of the initial and final
states. For M = Xe, O,, N5, NO, this model is invalid since V; > 1 cm™ ! and more
complex model have to be used [22].

According to gateway model, the cross-section for a CINAT between rovibronic
levels Jy, J; of electronic states I1), 12) is

-~ 2 >
o101,2.0, R 6igig, - Cip+0pa.p.0, - Cip (5.14)

where o; ;. s, is R-T cross-section.

The (5.9) and (5.10) CINATS are typical so-called “perturbation-irrelevant” [18]
processes since u < g nonadiabatic transitions are strongly forbidden in a free
homonuclear diatomic molecule.

Models which describe some of experimental features observed in studies
processes (5.8), (5.9), (5.10) and (5.11) have been created. They reproduce selec-
tion and propensity rules and cross-sections for near resonant CINATSs but are strict
invalid for off-resonant CINATS (see [18-20] and references). M. Alexander [21]
discussed process (5.12) in the framework of interaction between permanent dipole
moment of N,O and transition electric dipole between CaO electronic states.

5.2 Rotational, Vibrational and Rovibrational Energy
Transfer in Iodine Molecule

R-T Processes Data on cross-section (rate constants) of “pure” R — T processes in
IZ(BOI) state are given in Steinfeld’s compilation [3] (see [24], also). Analysis of
these data shows that cross-sections of the processes under discussion are og.r
~ 4-10~" cm? for colliding partners M = Rg, I,(X), independent of rotational
quantum number for Jz > 15. Total, for all final rotational states, rate constants
ker = ogrV = 1.5 (M = Iy(X), Xe) — 6 (M = He) in units 107'° cm’/s
V= 2.2:10* cm/s M =1,, Xe) — 12.5-10* cm/s (M = He) are mean relative
velocities of the [,(B) — M colliding partners). Many rotational states are
populated in the processes, especially for high initial rotational levels.

V-T + R-T Processes Vibrational distribution among final vibronic levels have
been studied at several initial 1,(B,vg) levels, vg = 43 for M = I,(X), Xe and
vg = 15, 25, 43 for M = He — Ar [3]. They are rather wide, Av =~ 10 for vz > 15.
Total, for all final vibronic levels, rate constants ky._r &~ 510~ cm?/s for vp =43,
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M = LX), Xe and ~ 1.5-107'° cm3/s, M = He. Data for other rare gases are
contradictory [3]. To estimate ky.7 rate constants for other B state vibronic levels, one
can use empirical models, for example, mean probability of V-T process (P, 1., is:

(Pvi1,v) = a(KT/AE + expl—b AE/AT])

Here, a, b are adjustable parameters which should be fitted to describe experimental
data, AE = E— E¢[25].

As it is mentioned in Sect. 5.1, the V-T processes are always accompanied by
R—T energy transfer. Analysis of the data given in [3] shows [26] that population of
rovibronic levels formed due to from the V-T + R-T processes can be estimated as a
product of those for V-T and R-T processes discussed in this Section and [3].

5.3 Collision-Induced Nonadiabatic Processes in Iodine
Molecule

5.3.1 Collision-Induced Predissociation of the IZ(BO;I ) State

The IZ(BO;L) state is the only one among iodine molecule valence and IP states in
which spontaneous predissociation was detected and studied (see Sect. 3.1).
Mechanisms of spontaneous predissociation of Rydberg states are unknown in
detail up to the present because of their complication. Only in recent works
[27, 28] time-resolved experiments allowed to demonstrate directly the role of IP
states as an intermediate gates in predissociation.

Quenching of the Iz(BOI) state in collisions with various partners were studied
repeatedly (see [3] and references). It is obviously that the principal channel of the
quenching at least for M # I,(X) is collision-induced predissociation (CIP)

L(B,vs,J5) L L(RS) — 1(2P32) + 1(*P3)5) (5.15)

(RS means repulsive state (states)), since electronic deactivation of the I,(B,vg,/p)
molecules in collisions with He, e.g., is impossible (see Sect. 1). The CIP
rate constant for M = L,(X), ks 15(I(X)) =~ 4:107'° cm?/s and is independent of
vg. The ks 5(Rg) values smoothly increase with vz. For Rg = He, e.g.,
ks.15(He) ~ 51072 em’/s (vg =6)— 1079 em?/s (vg = 50), see [3] and references.
The CIP rate constant for each RS has to oscillate with v; due to oscillation of
Franck-Condon densities (FCDs) for B/RS states (see [27, 28] and references).
Therefore, it is very likely that RS are gerade al,, a’O; and (1)2, states correlating
with the aa limit (see Fig. 1.1). Oscillations of Franck-Condon densities for the RS
states are out of phase, so total FCD(B/RS) = f(vp) function can be smooth (see [29]
and references). As to ungerade states, the C1,, is the only state which intersects the
B state. The FCD(B/C) = f(vg) function oscillates (see Fig. 4.3 and [28, 30]).
Therefore, process (5.15) cannot occur due to the B~C collision-induced coupling.
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5.3.2 Collision-Induced Nonadiabatic Transitions between
the Ion-Pair States

5.3.2.1 Background

The history of studies of CINATS in the iodine IP states has been described in
[31]. These processes and states attracted many scientific groups due to an
observation of the I,(D’ 2, — A'2,) lasing after optical DO; — XOg+ transition
(see Fig. 1.1) or an excitation of the I, + M mixtures M = Rg, CF,, SF¢, by high-
energy electronic beams. It was believed that population of the D state accompanied
by collision-induced energy transfer to the low vibronic level of the D’ state (see
[32] and references). Hydrogen lamp/monochromator system or ArF lasers were
utilized for the optical excitation, and many vibronic levels of the D state were
populated. Besides, all the studies were carried out at high M pressures, i.e. under
multiple-collision conditions. Nevertheless, kinetic analyzes of experimental data
were carried out in a “one-level one-way” approximation, and reverse processes
were neglected. Therefore, the rate constants reported in these studies (see [32—34]
and references) represents only average effective parameter and cannot be used for
a description of CINATS in iodine molecule (see analysis in [31, 35]).

Application of the OODR technique has made a possible population of selected
rovibronic levels of the IP states. Some versions of this technique are successfully
utilized for study spectroscopic characteristics of valence and IP states (see
Chap. 2). First observation of CINATS at single-collision condition was carried
out in 1993 [36]. However, in this and two subsequent papers [37, 38] vibrational
state distributions resulted in the E 25 D CINAT were only reported for collisions
with I,(X) and some other colliding partners, M = N,, CO,. No data on CINAT rate
constants were reported.

The first data on the E,vgJg ~ 55 Ly D,vp CINAT rate constants and D state
vibrational level populations were published in 1999 [39] for wide, vy = 8-55,
vibronic level range.

5.3.2.2 Overview of Experimental Methods. State-of-the-Art

Standard two-step two-color, hv; + hv,, OODR excitation scheme is utilized for
population of selected rovibronic levels of the gerade Iz(EOgﬂ fO;) state, for

example,

L(E0] ,ve,Jp < BOY,vp,Jp ©* X0, v,,Jx), (5.16)

To populate selected rovibronic levels of other IP states, D/2g, plg, DO;, vl
62u, e.g., the authors employed three-step three-color, hv; + hvs + hv,, excitation
scheme (As = 10644.0 A is fundamental harmonic of the Nd:YAG laser) via BO;
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and O;,lu, 0, (bb) states correlating with the ab and bb dissociation limits,
respectively,
h hy, m
L (DO}, vp,Jp 205, vo,Jo < BOY, v, Jg 2 XO7, vy, Jx), (5.17)

for example (see Chap. 2 for details).
The partial rate constants MG, v, — f) for the CINAT process

L(i,v) % L(f) (5.18)

are determined from the integrated luminescence intensities /( f — v) of the bands
corresponding to the I,(f — V) emissions as

](f — val) - kM(i, Vi Hf)[M] + klz(X)(i7Vi *)f)[b(x)} kf*‘/al (5 19)
I(i,v; — val) Ki—va(vi) Py '

where Z — is a summation over all available f — val transitions.
Here,

— if are initial (optically populated) and final populated in a CINAT IP states,
luminescence spectrum from which to the appropriate valence state, val, is measured,

L(i,v; — val) + hv

Iz(f7 v — val) + hy (5-21)

— ki —va(vy) and ks, are Einstein coefficients of transitions (5.21) for the opti-
cally and collisionally populated vibronic levels, respectively (see Sect. 3.3 for
details),

— KM, v; —f) and K2X) (i,v; — f) are partial rate constants of CINAT (5.18) for M
and I,(X),

— X is a summation over all available f — val transitions.

Pressure dependences of the ratio (5.19) are measured at the constant iodine
pressure and the M pressures which correspond single-collision condition, usually,

pm = 0-2 Torr. Only the linear low-pressure portion [Zfi :Vj?l) = ¢(py) functions are

used to obtain the rate constants. In this pressure range, secondary processes due to
subsequent collisions can be safely neglected.
The vibrational distributions P(i, v;; vp) of the final states are determined as

. kM(l',V,'—>f,Vf)
P(l, Vis Vf) == kM— .
(lv Vi — f )

Measurements of the f,vs — val luminescence spectra with high spectral resolu-
tion in pure iodine vapor and then in mixture with M are needed. The luminescence
spectra are fit by simulations, in which populations of the v, levels are used as
adjustable parameters. The spectrum obtained in pure iodine vapor is used to obtain
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the P(i, v;; vy for pure iodine. These distributions are utilized for simulation of the
spectrum measured in a mixture. Then the P(i, v;; vp) for nonadiabatic transitions
induced by collisions with M are determined by subtracting the I, contribution.

The uncertainty of the KM, (i, vi—f) rate constants (10-20%, usually)
accumulates the uncertainties of the experimental spectra and calibration of the
condensor/monochromator/PMT system, mainly. Uncertainties of the measured
vibrational level populations are larger and vary from 10 to 100% depending on
the population.

To understand a mechanism of population of final states and determine radiative
lifetimes of the optically populated states and their quenching rate constants, it is
advantageous to measure temporal behaviors of luminescence intensities of initial
and final states (see [40] and references).

5.3.2.3 Theoretical Models

Three models were utilized by the authors with colleagues for analysis of CINAT
mechanisms. Simple one-dimensional model potentials:

Uetr (R) = 4e [(RO/R)12 — (Ro/R)®| — & 2’}‘4’1;2.were used in the first works

[41-43] to understand the mechanism of non-resonant non-adiabatic transitions
corresponding to large Massey parameter (5.5). Here [1, 44]:

R are the I,(IP) — M distances,

» ¢ - are the depths of the Lennard-Jones (6—12) potentials,

R are the distances between colliding partners, where U, (R) = 0.

M = uVb, are the angular momenta of the relative motion of colliding particles,
with reduced mass u,

b, = (6,/m)"? are the effective impact parameters of the processes under study,

V=125M=He), 42 M= Ar), 5.0 M = N,), 3.1 M = CF,), 2.2 (M = L,) (in units
of 10* cm/s) are mean velocities of relative motions of the partners.

The first term in this Egq. is the Lennard-Jones (6—12) potential and the last term
is the orbital kinetic energy of the collision pair. The term — C,/R" corresponds to
the first nonvanishing term of the multipole expansion of potential energy opera-
tor (see Sect. 5.3.2.5 for details).

Electrostatic model and semiclassical Born approximation (see [18, 21, 45, 46]
and references) was utilized to describe nonadiabatic transition between the
I,(P) states induced by collision partners possessing permanent electric dipole,
quadrupole or transition electric dipole moments [31, 47—-49] (see Sects. 3.2.5,3.2.6
and 3.2.7 for details).

Some versions of quantum scattering calculations implementing diatomic-in-
molecules (DIM) and long-range (LR) perturbation theories were used for analysis
of dynamics and mechanisms of nonadiabatic transitions induced in I,(IP) by
collisions with rare gas atoms [49-51] and CF,4, SF¢ molecules possessing transition
electric dipole moments [52] (see details in Sects. 3.2.4 and 3.2.5).
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Let us discuss them in detail.

Isolated Diatomic Molecule Wavefunction The Hamiltonian for isolated diatomic
iodine molecule is

2 5o\ 2
I:[ B _h2 d2 (,_IL’)
L7 oM arz T M2

+ He(r,r). (5.23)

Here M is the reduced mass of the molecule, r is the internuclear distance, ; is the
total angular momentum of the molecule, composed of the electronic angular
momentum j¢ and the angular momentum of the nuclei rotation. H¢(r, ) is the
electronic Hamiltonian for fixed internuclear distance r, r° are electronic
coordinates.

In the adiabatic approximation the solution of Schrodinger equation with Ham-
iltonian (5.23) is the product of electronic |nQwe), rotational |jm€), and vibrational

|vj) wavefunctions:
|[nQwovim) = [nQwo)|jmQ)|vj), (5.24)

where, according to Hund case (¢) coupling scheme, Q(m) is the projection of the
total electronic angular momentum on the molecular (laboratory) axis, ¢ is the
inversion parity and @ = u or g specifies the symmetry with respect to permutation of
identical nuclei, v is the vibrational quantum number.|nQwo) is the eigenfunction
of the electronic Hamiltonian H*(r,r%) | nQwo) = V,ouwe(r) | nQwe). The vibra-
tional wave function satisfies the following Schrodinger equation:

—nd* R+ 1) - Q)
2M dr? 2Mr?

+ Vn.()w(r(r)> |DJ> = 6anculej>' (525)

The rotational wave function is proportional to Wigner function.

[]mQ VJj(j+ 1)/4zDy,6(a, f,y = 0). The nonadiabatic perturbation W=
W1 + W2 has the followmg matrix elements
v j>+

n’Qa)a>

(nQuovjm|W | |n'Q o' 6'v'j'm') =

d
5(29’ Owa' Oc0' 5jj’ Ommt <Uj <n§2wa —
hZ

dr M dr
<n§2w0 o

—n*d
n’Qw0> —

‘SQQ’ Oow' 566’5 5mm< U/j X

nQawovjm|\W, |n' @'c'v'j'm
(nQ (W1 Q£ 1/c’v'j'm'’)

= Sow 0 Smm /(I £Q+ 1)(J F Q)<uj

_K2 .
W <l’lQ(!)6|J§‘n,Q + 16()0J>
r

v’j>

Isolated Spherical Top Polyatomic Molecule Wavefunction The Hamiltonian for a
spherical top polyatomic molecule is
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Hya=T(Q)+HE(Q,r) + Wa(Q,r°), (5.26)

where f(Q) is the nuclear kinetic energy operator, Q denotes the internal nuclear
coordinates, H (0, r°) is the electronic Hamiltonian for fixed nuclear coordinates
0, Wa (Q, r*) includes rotational energy and electronic-vibrational-rotational inter-
actions [53]. In the following consideration, we will consider molecule A in its
ground electronic state and neglect the rotation. The latter is achieved by replacing
the spherical top rotational wavefunction +/(2j, + 1)/8z*D}jx(a,p,y) by the
constant value y/1/8z2 corresponding to j, =M = K =0 quantum numbers of the
ground rotational state, where f 4 1s the total angular momentum of the molecule. In
this approximation the solution of Schrodinger equation with Hamiltonian (5.26) is
the product of electronic |f) and vibrational |v4) wavefunctions:

[foa) = If)[va)- (5.27)

As for diatomic molecule, the electronic wavefunction is the eigenfunction of
the electronic Hamiltonian H$(Q,r¢) | f) = Va(Q) | f). The vibrational wave
function is solution of the Schrodinger equation with electronic potential V4(Q):

(T(Q) + Va(Q)) Ioa) = v, |0a). (5.28)

Scattering Equations Collisions of molecules or atoms can be accompanied by
changing of internal states of both colliding partners. (In this book, we do not
consider chemical reactions). Various possible states are referred to as channels
function. Those which are allowed (forbidden) by the energy conservation law are
called open (closed) channels. In this section, we consider collisions between I, and
a spherical top molecule A in its ground rotational and electronic state. The only
difference from collision with rare gas atoms (Rg) in its ground state is that the
transitions between the different vibrational levels of the A molecule are included.
Therefore, equations obtained in this section can be applied for I, + Rg collisions by
omitting vibrational quantum number v, and vibrational variables Q of the
molecule A.
In collisions between I, and a spherical top molecule, the channel functions

[nQwovjm)|fva) = |nQwo)|jmQ)|vj)|fva), (5.29)

(that diagonalize the Hamiltonians of isolated particles) are products of the free
particles wavefunctions introduced above. Energies of the channels

€EnQuovjvy = EnQuwovj + €, (530)

are sums of the free particles energies. Initial states of colliding particles referred to
as the entrance channel. Inelastic as well as elastic scattering cross-sections for all
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possible open channels can be obtained by solving the time-independent
Schrodinger equation

HY(R,r,Q,r°) = EY(R,r,Q,r) (5.31)

with wavefunction asymptotically represented as the sum of the incident plane
wave for entrance channel and outgoing spherical waves for output channels [54]

€
Y(R,r,Q,r°)
Ri?o 1 iRk 000000000040 +

—|n090w0001)0j0m0> lfl)A())e
vV k"oﬂowolfovo.ioUAo (532)

an(UO'l)ijA —noS W0 600 JMoVAO (9’ (p)
ZanoujmuA %
V KnQwovjvs

where R is the center-of-mass separation of the colliding particles, noCQo@wo000qjoMo
indexes refer to the fixed asymptotic state before the collision (entrance channel),

[nQawovjm)|fv,)eRkomion

1
anwo’ujuA = % 2/4 (E - 6an(rvjl}A) Z 0 (533)
is the wave vector, f is the scattering amplitude, the summation in Eq. (5.32)

includes open channels only. The degeneracy-averaged integral cross sections are
defined as

O nQawovjvs —nyQowooovojoa0 —
1 > R ~ 12 . =~ (534
2j0 +1 mmy. [ d(p 0 V”me’./mlm*nogofuoaovojnmolmo (9’ 9/))‘ sin 0d6

The Hamiltonian for the I, + A system is

S e L .
H=———+—=+H,+Hs+V(R,r, cos0,0,r°), 5.35
) » dR2 2” R2 I A ( 0 ) ( )
where [ is the orbital angular momentum for the collision, u is the reduced mass of
the colliding particles, V' is the interaction potential, 8 is the angle between R and r
vectors. V(R,r, cos6,0,r°)is the I, + A interaction potential operator, which
vanishes at the infinite separation R. The total angular momentum J =17+j is
conserved, therefore it is convenient to expand W(R,r,Q,r¢) in terms of total

angular momentum eigenfunctions

QM) =" (=1t 2J+1<j n’u _‘§W>|zm,>ymg>, (5.36)

m,my m

where (:::) is a 3-j symbol, M is the projection of J on the laboratory axis, and [lm,)
is the spherical function, m, is the projection of / on the laboratory axis. Expansion
of Y(R,r, Q,r°) is [55]
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lIl(R, r7 Q7 re) - j l J
jo—lo+M I 0 0 JM
Vi ZI,M,[O (_ 1 )jo o V 2l +1 (mO 0 —M) 10Qowoo0v0jovaolo
R
(5.37)
JM . e\ __
q)noﬂowoﬁovuioUAolg%(R7 ¥, Q,V[ ) - (5 38)
Znﬂmm}jmlF]ng)(uaos;'?):(leJUUAo ! (R) |nQa)0') |UJ> lfUA> VZQIM>
Each d),{(%zowoaovojo,}Aolo(R, r, 0, r¢)satisfy the same Schrodinger Eq. (5.31)
5 o IM _ M P
H(I)nogomo()'ul)ujonAolg (R’ r, Q7 re) =E (Dnoﬂomoﬁouojoumlu (R7 r, Q7 ¥ ) (539)

as the whole wavefunction (R, r, Q,r°). Substitution of Eq. (5.38) into Eq. (5.39)

leads to the system of close-coupled equations (CC model) for F‘:g’f ;’g}g:}’"“j“"’“’l" (R):

( 42 [(Z + 1) n k2 )F]ngggwoaouojgvAolo (R)
2

W - R nQwovjos nQwaovjosl
2u ) .
= ? ]ll,Q/]lM/ Vn’Q'co’o"u’j’vi\,nQ(oo'uij (R7 9) ‘]IQ]M> (540)

'O o' o' i ]
nQw'c'v'j'v 1
10€20w000v0jva0l0 (R)
Qv v, I ’

where

Voo nows(R,0,7,0) = (W Q' |V(R, 7, cos0,0,r)[nQws),  (5.41)
Vn’Q'aJ’o"u’j'uf‘,anm}juA (Ra 0) = <fvzl4 { (v/j/|vn’52'w’o",n£2wo' (R7 o0,r, Q) |UJ> lfUA>' (542)

Evaluation of the matrix elements V,yq/u/ o4/, nwoujos (R, 0)is described in [56, 57].

To satisfy asymptotic condition (5.32), functions F/ o ;’1:73:;’"‘*/ 010l (R) have to be

asymptotically represented as the sum of the ingoing wave for entrance channel and
outgoing waves for other open (including entrance) channels [54]

oS @wo00v0jgvaolo R—0
! R=09
nQwovjvsl
InoQowooovojovaoly R—o0
Fanauijl

—6ngn59095w0w560650005j0j5wom 5]01671 (Rk"[’go{"(’“o"w(’“*‘u 710”/2) (5 43)
\/ kﬂanmgn‘gDojOl)A[)

SJ

nQwovjval —noQowooovojovaolo i (Rk,,gw,,,,,[, i/ 2)
C

AV anmm)juA
J

nQwovjvsl—nyQowooovojovaolo

where S is S-matrix. Then degeneracy-averaged integral

cross sections (5.34) are given by [55]
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_ 7/2jp+1)
UanavijHnoQowououojoqu - kz—

19 Q0 w000 V0joVa0
2

Z (2‘] + 1)2[10 5,10”59095,,,0,,,5(;0,,5,,0,,5!0/5,,A0,,A 5101 Sﬂ.Q.w(TU]UAlHHUQU(A)U(701)0)01),4010
(5.44)

Equation (5.44) provides fully state-resolved cross sections. Usually the rotational
summed cross sections

OnQuovvs —noQowooovova0 — § jjnPjU O nQawovjva«—noQ@ooovojyvao (545)

are of interest in an experiment. Here P; is a weight factor corresponding to the
population of different rotational states of L.

EVCC-10S Approximation Numerical solution of the system (5.40) is very difficult
due to a large number of coupled scattering channels. If the rotational spacing in a
molecule is small compared to the collision energy, and the interaction potential is
short-ranged, then rotational degrees of freedom of I, can be treated within the
infinite-order sudden (IOS) approximation [56, 58]. This approximation reduces
greatly the dimension of the close-coupled (CC) system by neglecting all rotational
channels:

& Il+1) 5 -
<W B R2 + kﬂQu}(m]nA F,ggwm,w\ (R, 0) ==

(R.0)F!

Qo' v'v 4

Z,, Qa'd v, n 'Q w60 4, nQwovv, (R’ 9) (546)
Here [ is the effective average value of the orbital angular momentum operator that
parameterizes the IOS approximation, and j has the same meaning for the average
value of the rotational angular momentum set to its initial value. The radial
functions FanmmA (R,0) depend parametrically on the € angle. The system of
Eq. (5.46) is solved at fixed 0 values, and the scattering S-matrix S(0) is defined
by the standard IOS boundary conditions similar to those given by Eq. (5.43). The
expression for the total S-matrix which defines the full set of the cross sections
(5.44) is [58]
S;IIQ(A)JD]DA[Hﬂ(]g(](HQO'(]U()‘]UUAQI[) =

o= 2l<]lQJM’S (5.47)

0) ’jOIOQOJM>

nQwovvy —nyQowooovovao
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Exponential Distorted Wave 10S Approximation The system of close-coupled
equations (5.46) can be further simplified if the interaction between channels is
small. In the exponential distorted wave (EDW) IOS approximation [59, 60]
Eq. (5.46) are uncoupled by neglecting the off diagonal matrix elements

Vn’.Q’a)’d’ '), , nQwovvs (R7 6) :

& I(1+1) 2u i
<— T T 52 22 Y nQwovvs,nQwovs (R’ 9) + kiﬂa}(rvf'xm FZQa)mmA (R’ 9) =0. (548)

dR*  R* 1
The standard asymptotic conditions are applied for solutions of Eq. (5.25):

R—0

F (R,0)*=0,

nQwovvyl
I R—oo . . 7
FZQ(UUUUA (R’ 9) — sin (knﬂwdvjuAR - ”1/2 + Wi,]gwaum (9)) . (549)

Thus large diabatic V,quweun,, n@wen, (R, 6) potentials are taken into account on all
orders in the EDW-IOS approximation. Then interactions between channels are
taken into account in first order perturbation approximation giving S-matrix

A LT

- i

I _ ing iAo in, o

S (0) = o' Tnwovvy (6)6 nQwavv g 51 Q)W GOVIVAQ (0)8 1020 @000v0vA0 (9)’
nQwaovvs «—nyQowooovovao

where

2(6)10}159()95(00(050‘00'500050400,4 - 1)

i _
nQwovvy, noQowooovovao ( ) - X & B 1/2
( nQwovjvs " noQowooovojvao )

00
i 2u n
/FanO'uuA (R’ 6) ? V”Q”’(’“”A’”UQU’”O”U"O”AUanQowooguOuAg (R, g)dR
0

Rate Constant Vibrationally-resolved and rotationally-summed rate constants for a
temperature 7 can be obtained by the formula

kl‘lQ(H(TUl)MHnogoﬂ)()(f()”()l)}\/[() (T) =

8 1/2 00 ECGII.Q.(HO'DUM47’1090{1)()()'01)01)[\4() (EL) 77{57(' (550)
Tauks f e ThkedE,.,
kg 0 TkB

27,2

noQowoo0vovM0

where kg is the Boltzmann constant, E, = is the collision energy.

In some experiments only the summed over the final vibrational levels of partner
M and I, rate constants are determined. They are



5.3 Collision-Induced Nonadiabatic Processes in Iodine Molecule 105

anwm)«—noQUwgogvg = § anwouvMe—noQowooovguMg

oM

anwm—noQowoao = § anwm)uMHrzoﬂgwonguoum-
vpV

Evaluation of the rate constant using Eq. (5.50) may require calculation of cross
sections at many energy values. In case the calculation of the cross section energy
dependence required for Eq. (5.50) is a very computationally demanding different
models for the energy dependence can be used. In the hard sphere (HS) model, it is
assumed that cross sections are independent of E,.:

o(E.) = 69 = const. (5.51)

Substituting Eq. (5.51) into Eq. (5.50), one gets

8Tkg\ '/
k}?&wo’u%noﬁowoﬁovo (T) = < ﬂ:ﬂ ) 00- (552)
In the modified hard sphere (MHS) model [61] it is assumed that o(E.) has the
threshold behavior

o(E) = { 0-f Ee < Eo vk > E, (5.53)

o) (1 — £o / £ )
The integral in Eq. (5.50) can be analytically calculated with function (5.53) giving

8Tkg\ "> k0
ks (T) = (—B> ooe T, (5.54)

nQwov—nyQywooovy T
MHS model is convenient if the ¢(E,.) function monotonically increases with E.. In
a case of decreasing functions the HS model should be used instead.

IDIM PTI Model To evaluate matrix elements (5.41) the first-order intermolecular
diatomics-in-molecule perturbation theory (IDIM PT1) model can be applied. First,
consider the model for I, + Rg system. Then the matrix elements (5.41) read

Vo nows (R, 0,1) = (Rg|(n' ’a)'a’|‘7(R,r, cos0,r)[nQwo)Rg),  (5.55)

where vibrational variables Q are omitted (see above). The model was successfully
applied for description of the IP states of the first two tiers (see Sect. 5.3.2.4). In the
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IDIM PT1 model, the electronic Hamiltonian (last three terms in Eq. (5.35)) is
separated into the zero-order term

Ho = Hy, + Hg, (5.56)

and perturbation

Vo = Hrg, (Ra) — Hi, — Hrg + Hrgi, (Ry) — Hi, — Hrg = Vg, (Ro)+
VRer, (Rp),
(5.57)
where indexes a, b distinguish iodine centers, R, is Rg — I, separation, VRgla[h) is
Rg + 1, interaction potential operator, which vanishes at the infinite separation

Ry ) — 00. Electronic basis functions are represented as the product of I, wave
function (3.8) within the asymptotic model and wave function of inert gas |Rg):

b
V2

Matrix elements of the VDIM on the basis set (5.58) are

nQwo, j) [ Rg) = —=(|/°Q2)4|00)5[Rg) + p|00)al/°Q)s|Rg)). (5.58)

VDIMn/Q/m/r;/,nQam(R’e) = (Rg|<n/Q/w/a/,je |‘7DIM|an6’je>‘Rg> =

1 2 AT ¢ pp/ <~ ¢

> (Re|(* Q2 [Vigr (Ra)[*@)|Rg) +—- (Re|{* & [Vig1 (Ro) 1) [Re) +

599, 6,'? jﬂ, ~ 599/ e ,'f/ / ~

— (Re[{00[ Vg1 (R)[00) [Rg) + ——=—pp (Rg|[(00[V gy (Ra)|00)[Rg),
(5.59)

where the same as for R,,;,, indexes a(b) are supposed for wave functions. Note, that
due to the pp’ factor in front of second and fourth terms on the right-hand side of
Eq. (5.59) the coupling connecting states of the same parity @ (including diagonal
matrix elements) are symmetric with respect to the permutation of iodine nuclei,
whereas connecting states of opposite parities @ are antisymmetric. The key feature
of the IDIM PT1 model is that the matrix elements (5.59) can be represented as
functions of nonrelativistic diatomic potentials Vi, Vs of states °IT, *X~ correlating
with the limit I (*P ) — Rg and V_ of the state 'S correlating with the limit
I (IS ) — Rg [62]. In the asymptotic model, the nonrelativistic wave functions of
IF— Rg systems are
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| FASE) | Rg), (5.60)

where [°(S°) are the orbital (spin) momentum, A is the projection of the orbital
momentum on the internuclear axis I,y —Rg, X is the spin projection quantum
number. In the nonrelativistic approximation, the spin quantization axis is arbitrary.
It is more convenient to choose it coinciding with the I —I internuclear axis of
the iodine molecule as for the total electronic momentum in the basis set (5.58).
Wave functions of *IT, 3%~ , 1=t states are |1+ 11Z)IRg), 1101%)IRg), and |
0000)IRg) respectively. Since | =0A =08°=0X = 0) =|j =0Q =0) the
last two matrix elements on the right-hand side of Eq. (5.59) can be immediately
calculated:

<Rg|<OO|‘7RgI(Ra(b))‘OO>|Rg> =V_ (Ra(b))- (561)

The matrix of VRgI on the basis set (5.60) has simple diagonal form and is
independent of the spin projection quantum number X:

(A1 Vg (Ragn) [1A1) = 6315V~ (Rug) (5.62)
_ Vi (Ra)) 0 0
V(Rap) = 0 Vs (Raw)) 0 (5.63)
0 0 Vi (Raw))

The quantization axis for the total electronic momentum in (5.58) and the orbital
momentum in (5.60) are different. The transformation from I,y — Rg axis to I -1
one is given by the Wigner rotation matrix D(at =0, B, ¥ = 0) = d(Baw)):

[141E) = Y =d'~ (ﬁa(,,)) | 1A13), (5.64)

where f,) is the angle between I,y —Rg and I —I axis, A is the projection of the
orbital momentum on the internuclear axis I — I. Then, accounting for the explicit

form of d/lm (ﬂa(b)), matrix of VRgl on the basis set (5.64) is

(RE|{IA1Z |Vt (Rar) ) 1ALZ)[Rg) = 857 V4 (Rugr), (5.65)
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V(Raty) = 0 (B )V (Rar)d (Bugs)) =
1+ cos (Ba(h)) sin ﬁa(h)> 1 — cos ([3,,(,,))

2 V2 2
o \/ﬁ;b)) cos (l%(h)) - \(/[3;”))
1 — cos (Ba(b)) sin (ﬁa(b>) 1+ cos (ﬁa )
2 V2 2
Vit(Rugs)) 0 0
x ( 0 Vr(Raw) 0 )
0 0 Vi (Raw))
1+ cos (ﬁa(b)) sin (ﬁa(b)) 1 — cos (ﬁa(b))
2 2 2
5 sin Ef;(,,)) o (ﬁa(h ) _ sin E/ﬁ;m) (5.66)
1— cos (ﬁa(h)) sin ([3“(,))) 1+ cos (Ba(h))
2 V2 2
Vi (Ruw)) 0 0
- ( 0 Vi (Ruw)) 0 )
0 0 Vi (Ra(h))
+( Ve (Ra@) = Vi(Raw)))

2 2
sin (ﬁa@) cos (ﬁa(b)) 2(p ) sin (ﬁa ) cos (ﬁa(,,>)
7 08 * ( Ba(n) - 7
sin? Ba(h)> sin (ﬁa(h ) cos (ﬁa ) smz(ﬁ (h))
2 - V2
where indexes in matrices are in the order A =1,A =0, A = — 1. Finally, using the
transformation
; 0
| Q) = AZCIIAIZ | 1A1E) (5.67)

where C’;ﬁz are Clebsch-Gordan coefficients, for first two matrix elements on the
right hand side of Eq. (5.59) we have

(Re|( @ IVRgl( »)°Q)IRg) =

ZAZAZ 1A/1zf 1/\1 <Rg|<1A/IZI|VRgI(Ra( )\1A12>|Rg>*

2 asn ’ijs’)lz'cjlxs\zlz&z VaaRap) = ZAZAICJIA%ZCJI/?IZ Via(Rap) = (5.68)
ZA/\ lAl(Q A)Cllﬁ(g A)VA’A (Raw)) =

£Q
ZA 1@ —Q14 I(Q_A)CJIAI(Q—A)V(Q, Q+A)A(R (b))'
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Egs. (5.59, 5.61, 5.66 and 5.68) give diabatic potential curves and coupling between
them for the first two tiers of IP states. Let us consider some examples. For diabatic
potential curve of the D2, (j=2,Q=2,p=1) state Eqgs. (5.68 and 5.66) give

(Rg|(j =2Q = 2|VRgI(Ra(b))Ue =2Q =2)[Rg) = Cﬁncﬁnvll
= Vai(Ran) + 12(Vs(Ra) = ViRagy) )sin(Bg)-

Then Eqgs. (5.59 and 5.61) give

<Rg|<D’|VDIM |D’> \Rg>
23 ViR + 12(Va(Ra) ~ ValRe) )sin(B) + V- (R

cxab

For coupling between the f(j°=2,Q=1,p=1) and E(j =2,Q2=0,p = 1) states,
Egs. (5.68 and 5.66) give

(Rg|(j* =2Q = 1|V (Rup)|i* = 22 = 0)|Rg)
= Cﬂlocfglovlo + C%(IJIIC%(()—I)IIVO(—I)

=—\/— (Vz - Vn(R <>))Sin(ﬁa<b>)cos(5a<b>>

and from Egs. (5.59 and 5.61)
(Rel (B1V i EVRE) = £ /165 (Ve(Ra) = Vin(Ro) ) s (B )cos (B,). For

coupling between the f(j°=0,Q=0,p=1) and D(j*=2,Q=0,p= — 1) states,
Egs. (5.68 and 5.66) give

(Rel( =04 = 0|Vt (Ra))/° 72970>|Rg>
= C(l)(l]l( C%n( Vll + C 1(-1 11C2(()71)11V(71>(*1)
+ C010CTo10V 00
V2

=% (VZ(Ra<b)) - Vn(Ra(b>)) (1 - 30052(ﬁa<b)))-
Then (Rg|(f|Vpn|D)|RE) = va — v, where
Vo) = 13 (Ve (Ra) = Vit(Ragy)) (1 = 3052 By ) ). High-quality ab initio
potentials Vp, Vs, V_ are available from Ref. [63]. All potentials can be presented in
the form

V(Ry) = Vsr(Ra) — f(Ra)VLRr (Ra). (5.69)

where Vgr(R,) and V; x(R,) are short-range and long-range parts, f is the switching
function which provides their smooth connection. The long-range part has the form
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Dy  Ds  Ds

Vir(Ra) = PR TR (5.70)
where D,, coefficients include both induction and dispersion terms,
1
D, ZE(Xn/zq +C, (5.71)

where C, =0, a1, @y, a3 are static dipole, quadrupole and octupole polarizabilities
of Rg, respectively.

The induction interaction is a result of the interaction between charged particle I*
and Rg atom. It is clear that in the case of the interaction between Rg and neutral
molecule I, this interaction is artificial, and should be eliminated. The modified
potentials used in the IDIM PT1 model acquire the form

VE(Re) = Var(Ra) — o) (a4 ). (5.72)
R® R
Another correction to the IDIM PT1 model is related with giant transition dipole
moment, dyqusi, nogaj () = nQw = uo, j|d.|nQw = go, j°, between IP states of
opposite permutation symmetry and the same tier [45]. The transition dipole
moment d,ouqie, nQgsi (r) play the same role for the dispersion interaction of each
state |nQw = go, %), | nQw = uc, j°) as the permanent one of polar diatomics.

V(2>n9gaj",n9gﬁj£ (Rve) = (2)”9“(’1'(""%“@1 (R7 6) - (5 73)
1 1+ 3cos<“8 ’
—Eanuoj",anﬁje (l‘)(l] %

The second order correction (5.73) should be added to the diabatic potential of each
|nQw = go, j°), | nQw = uo, j°) state calculated within the IDIM PT1 model. It can
be shown that no correction for the diabatic coupling is required.

The short-range IDIM PT1 model treats spherical top molecules as an effective
atom without internal degrees of freedom and is therefore essentially the same as
that described above [57]. The elimination of artificial induction interaction is also
similar to Rg + I, case. The difference is that the transitions between different
vibrational levels of the spherical top molecule (explicitly included to close-
coupled equations) by dipole-dipole interaction should be taken into account.
This leads to the first order correction to matrix element (5.42)

2 (V] | dngu ojf nwaj (r) |07 ) (04 |d(Q)|va
VlnQaJ’m}’j/Ui\,anm)ij (R70) = _g < | i R ‘ >< A > Ccos 9,

R3
(5.74)

where v/,|d(Q)|va is vibrational transition dipole moment of the spherical top
molecule A. Note, that vy |d(Q)|va = 0 if v/y = va. The second-order correction
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related to transitions between different electronic levels of the molecule is given by
the same Eq. (5.73)

The IDIM PT1 model properly takes into account the symmetry of the problem.
These symmetry properties are typical for all the states involved and can be
summarized as follows [31]:

1. Transitions between all states within the tier are allowed; electronic coupling
matrix elements are symmetric and antisymmetric with respect to iodine nuclear
inversion and provide selection rules AJ =0, +2,...and AJ =+ 1,£3, ... for
transitions between the states of the same and opposite inversion parity w,
respectively.

2. The maximum couplings connect the states of the same j, , and opposite
inversion parity

5.3.2.4 Collisions with Rare Gas Atoms

The majority of experimental studies concerns CINATSs from the gerade IZ(EOQ)
state [41-43, 47, 48, 50, 52, 64—70]. The nonadiabatic transitions from the Iz(fO;)
state induced by collisions with I,(X) and Rg = He, Ar, Kr, Xe [49, 67, 70], as well
as from ungerade IZ(DOI) states induced by collisions with I,(X) and Rg = He, Ar, Xe
[51, 69] have also been studied. The mechanism of population of the iodine first tier
ion-pair states following optical population of rovibronic levels of four L(EO!, DO, Iy
and D’Zg,) states in the presence of Ar atoms has been investigated in [40].

The IZ(EO;r IgDOJ) CINATs. The I,(E it D) CINAT rate constants lie in the
(10-20), (4-7), (3-8) and (0-1) (units, 10~ "' cm?/s) interval for Rg = He, Ar, Kr
and Xe, respectively in the vz = 8—40 range [31, 35, 41, 43] and (4-6.4) and (2-3.2)
(units, 10~ cm?/s) interval for Rg = He, Ar, respectively in the vy = 0-2 range
[65, 66]. CINAT cross-sections, o = k/V, are appr. independent of Rg nature, with
the exception of Rg = Xe, for which reactive quenching leading to Xel(A, X) + I(*
Pj) formation is the dominant channel in the I,(IP) + Xe collisions (see [70]).
Calculations were performed by the EVCC-IOS (6 x 6) method (see Sect. 5.3.2.3)
where all six electronic states of the first IP tier were included. Rate constant was
calculated within the HS approximation (5.52) for the E, = 300 cm ™' collision energy.

Wide vibrational and rotational distributions are typical for the I,(E R D) CINATS (see
Fig. 5.1), and width of the distributions increases with Rg masses. There is no correlation
between the population of the I,(D,vp) vibronic levels and FCFs.

The [2(E0; A D/Zg, PBlg, vl 62,) CINATs. The D state vibronic levels are mainly
populated (> 90% probability) in collisions with He atoms in the vg ~ 8—40 range,
and luminescence in D — X, D — a and D — Og+ (ab) transitions,
A~ 2700-3300 A, 33004000 A and 4300-4700 A, respectively (for vp ~ 18)
occur. However, according to [64, 65] the D/2g and f1,, state are populated in these

collisions with high, > 30%, probabilities at vi ~ 0, 1, 2. In presence of Ar, Kr, Xe,
luminescence bands, which can be ascribed to transitions from the D 2,, f1,, 71,
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Fig. 5.1 Measured (bars)
and calculated by the
EVCC-IOS (6 x 6) method
(squares) population of the
I,(D,vp) vibronic levels
populated in the Iy(E,

ve = 1905 ~ 55 % Dovp)
CINAT, Rg = He, Ar, K,
Xe. The vertical line
indicates energetic position
of the initial, vg = 19, level
[50]. Franck-Condon
factors between the vy = 19
and vp vibronic levels are
shown on lower panel

population

FCF
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62, states, occur, and integral intensity of these bands is higher than that of
corresponding to the D state (see [40, 50], Fig. 5.2) and Table 5.1.Wide vibrational

Rg
and rotational distributions are typical for the I (E = D2, plg, vl, 062,)

CINATS, also.

The I,(DO; [EEO;, D/Zg, plg, 1, 62,) CINATs.In presence of all, Rg = He, Ar,
Xe, colliding partners CINAT channel to the all the first tier IP states occur. Total
CINAT rate constants to the f, y, § and, maybe, DI, states is higher than that
of corresponding to the E state (see Table 5.2). It is shown in [40] that the D,
vp = 18 AD' and Evg =13 AL D' CINATSs do not occur. Therefore, one can
believe that these CINATS do not occur at other vibronic level of the E and D states
and, maybe, in collisions with other Rg.

Wide vibrational and rotational distributions are typical for the I,(D IE E, D/, b,
y, 0) CINATsS, also (see Fig. 5.3).
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Fig. 5.2 Luminescence spectrum observed after optical population of the I,(E,13,49) rovibronic
state. Spectral resolution FWHM = 4 A. prz = 270 mTorr, p4, = 4 Torr. Experimental spectrum,
simulations of the D — X,y — al,, c, 86— 24(aa), 2,(ab) spectra as well as differences between
experimental and simulated D — X spectra in the 2600-3300 A spectral range are shown as black,
red, green, purple and dark blue lines. Estimations of ratios of partial intensities of optical
transitions from the I,(E) to valence states correlating with the first dissociation limit of the
valence states (aa) as well as I,(D, é and y) states to valence states correlating with the second
dissociation limit of the valence states (ab) to that of from the E state are given [40]

Population of the Ilodine First Tier IP States from Quasi-Resonant Rovibronic
Levels of the I,(E, D, p and D) States The principal goal of that study [40] was
to determine, do CINATSs between IP states of the same parity with respect to
permutation of identical nuclei, EO;, D'2,, pl, occur, or these states are populated
due to optical transitions in the Arl, vdW complexes accompanied by their dissociation
and/or predissociation which produce Ar + IZ(DI, p) fragments (see Sect. 6.4).

Rate constants of population of the first tier IP states from the optically
populated (I,(E,vg =13,D,vp =18, f,vs=19 and D/Zg,va = 23) vibronic states
are given in Table 5.3).

Detailed analysis of the data obtained [40] has shown that D' state is not involved
in CINATS with other IP states of the first tier. One of the possible explanations has
been assumed that the Arl,(IP) complexes formed in collisions or products of their
dissociation/predissociation are responsible for luminescence at the 4" ~3410 A
band (see Sect. 6.4.3.3).

The L(f Oz,r X 1p ) CINATs. The Lx(f' 0; %k 0,") channel is dominant for collisions

with Rg = He, Ar, Kr, Xe [49]. No emission from other, g0, , h0,, G1, and H1,,
states of the second tier was observed. CINATS to the first tier IP states have very
low probability, and rather strong luminescence in the 4,,,, = 350-500 nm spectral
range observed for Rg = Xe is, most likely, due to transitions in Xel, vdW

complexes (see Sect. 6.4). The L(f i F) CINAT rate constants lie in the (3-7.1),


https://doi.org/10.1007/978-3-319-70102-8_6
https://doi.org/10.1007/978-3-319-70102-8_6
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Table 5.1 Partial, k (E,vg %f), and total rate constants, Z k(E7 VE M>f), (in units of 107! cm3/s)
for the CINATS from the E,vg level to the D, D', f, v, and § IP states in collisions with I, He, Ar,
Kr, Xe. The values calculated using the EVCC-IOS (6 x 6) method are given in parentheses (see

[40, 501)

KEve ™ | S k(E,ve 1)
M |D D' B v P
vp = 8§
L |60+15 <15 <15 <2 <1 60 £ 15
He [100+£25 |1.0+04 <0.1 <0.1 11.0+25
(4.8) (0.29) (0.29) (0.23) (0.17) (5.8)
Ar |7+2 8+2 1.0£05 [09+£05 [17+3
(2.3) 0.9) (1.2) 2.4) 2.4) 9.2)
Kr [36=+11 9+3 13+04 12405 [15+4
Xe |<02 1143 20406 |2+1 15+4
vg = 19°
L |52+6 <03 <03 <0.8 <05 5246
He |19+£3 <02 <02 <04 <02 20£3
(12.3) 0.7) 0.7) (0.3) (0.6) (14.6)
Ar |7.0+23 <0.1 10+3 10+04 [24+08 [22+7
(6.2) (1.2) (1.7) (6.1) (2.2) (17.4)
Kr |85+20 45+ 15 9+2 3+2 30+£15 [28+9
Xe |1.0+04 3+1 5+1 20407 |[1.0£05 12+4

“Only the sum of the CINAT rate constants for the D' and f states is determined experimentally
Rate constants given in [50] have been corrected according to data of [40]

(2.6-5.3), (2.5-3.9) and (1.3-2.4) (units, 10~'° cm?/s) interval for Rg = He, Ar, Kr
and Xe, respectively in the vy = 8-17 range. Wide vibrational and rotational

distributions are observed in the I,(f Ig F) CINATs for Rg = Ar — Xe (Fig. 5.4).
CINATS from other second tier IP states was not studied. The authors estimated
only the rate constants of total decay of the G1, and g0, states in collisions with

I,(X) and Ar; they are less than 107 cm?¥s.

R o

Total rate constants for the I,(f 2F ) CINAT are not sensitive to the resonance
conditions. Vibrational distributions exhibit clear dependence on the energy gap
and FCF's between initial and final levels only for He, but not for heavier rare gases.

Theoretical Analysis of the Experimental Data Obtained The following principal
features have been found out for the non-adiabatic transitions induced by collisions
with rare gas atoms:

1. Transitions connecting the states correlating with different dissociation limits
have low probabilities;

2. All the states of the first tier with the exception of the D’Zg are involved in
CINATS, whereas the “parallel” Q, < €, transitions with AQ = 0 are dominant
for Rg = He;
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Table 5.2 Partial k(D,vp u, f) and total, Z k(D, VD LA f), rate constants (in units of 10™"'! cm?/s)
for the CINAT’s from the D, vp levels to the first-tier IP states in collisions with I,(X) and Rg
atoms. The theoretical values obtained using the EVCC-IOS (6 x 6) method for v, = 6, 8 and
13 are given in parentheses (see [5S1]). Rate constants for E, D and p states and vp = 6, 8 and 13 are
overestimated, probably (see discussion in [40])

KDyp % | S k(D vp 2 F)

E D’ p y 8
vp=206
L 7+2 <0.2° <0.2° 7+2
He 0.8 +0.2 3.0 +0.6° <0.04 <0.04 3.8+ 0.7

(0.43) (3.45) (4.96) (0.002) (0.005) (8.8)
Ar 0.6 + 0.1 23 £+ 5° <0.01 <0.01 23+5

(0.66) (4.34) (15.8) (0.23) (0.40) (21.4)
Xe 0.4+ 0.1 16 + 3° <0.01 <0.01 1643
vp =28
L 9+2 <0.3% <0.3° 942
He 22404 23405 <0.04 <0.04 45+0.7

(0.95) (3.96) (4.93) (0.01) (0.08) 9.93)
Ar 12402 157 £2.8° <02 <0.2 1743

0.97) (5.44) 15.1) (0.40) (3.76) (25.7)
Xe 1.1+02 1242 <0.13 <0.13 <0.13 1342
vp=13
L 63+ 13 <0.2¢ <0.2° 63+ 13
He 28406 2.8 +0.7° 03401 |~05 64+ 12

(2.00) 4.32) (5.05) (0.05) (0.53) (11.95)
Ar 1.8+04 18 + 4*° 28+08 |~6° 29+ 6

(1.65) (6.68) (15.3) (0.73) (4.45) (28.8)
Xe 1.8+04 14 + 4% 27+08 |26+07° [21+5
vp =18
L 69 + 14 <2° <2° 69 + 14
He <1.0° 3.5+ 0.7¢ 40+1.5
Ar 3.1+03 <05 29+3 <2 6+1 35
Xe 1.8 +04 ~9° 5+1 11 +4° 2745

# Only the sum of the rate constants to the D’ and f states was determined

Rate constants given in [51] have been corrected to ratio of Einstein coefficients 6 — 2,(aa)/
6 — 24(aa) presented in [40] )
‘It is difficult to determine the rate constants due to strong overlapping of the E — B and D — a
spectra

9Only the sum of the rate constants to the D', f, y and & states was determined

°Only the sum of the rate constants to the y and § states was determined
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Fig. 5.3 Experimental and calculated using the EVCC-IOS (6 x 6) method VDs for the D —
E CINAT in collisions with He, Ar and Xe atoms. Vertical dashed lines indicate the positions of
the initial vp level [51]

Table 5.3 Rate constants of population of the iodine first tier IP states, k(E,13,49 A 1P),
Ar Ar Ar

k(D,18,48 = 1P),k($,19,47 = IP)and k(D/,23,48 &, IP), in units of 107! cm?¥s.
Total, for all observed CINATS, rate constants (kcjya7) are also given [40]

State EO; DO} A 3410 AP 82, 71y kemnaT
E,13,49 - 0.44(4) 0.40(4)° 0.24(2) 0.22(2) 1.3
D,18,48 0.31(3) - 2.9(3)° 0.6(1) <0.2 4.0
$,19,47 0.21(4) 0.5(1) 3.2(7) 0.7(2) <0.2 4.8
D',23,48 <0.05 <0.1 <0.1 <0.01 <1073 <02

“rate constant of collisional population of the states which are responsible for luminescence at the
At 2 3410 A band with exception of those from the $,19,47 and § states

Prate constant for the states which are responsible for luminescence at the A /2 3410 A bands
under the assumption that they are populated in CINATS

‘the D state is populated in the CINAT with very low probabilities

3. Vibrational distributions of the states populated in a CINAT are broad and
depend on Rg;

4. CINAT rate constants depend weakly on vibrational quantum numbers of
optically populated states

5. Broad rotational distributions occur at the states populated in CINATS.
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Fig. 5.4 Measured vibrational distributions P(vr) after exciting four different f,v; levels. Dashed
lines represent Franck—Condon factors [49]

An analysis has explained some of the features given above.

Experimental as well as theoretical results show that total, for all final vibronic
levels, rate constants do not show any dependence on energy gap between initial
and nearest final vibronic levels and smoothly increases with initial vibrational
excitation. All the electronic states of the first tier except the D/Zg one are populated
in CINATSs from E,D states in a statistical way for Rg = Ar — Xe, whereas the
“parallel” E < D (Q, < Q,) transitions with AQ = 0 are dominant for Rg = He.
Only the “parallel” transition f — F is observed for CINAT from f for all Rg atoms
except Xe. The VDs for transitions from all studied states E, D, f are similar. It is
resonant for He and broad for other Rg atoms. The large difference of the CINAT
branching ratios is explained by the different behavior of the potential curves. The
dipole polarizability of the He atom is 0.2 - 1072* cm?, whereas for Ar—Xe they are
about one order of magnitude larger, 1.6 —4.0- 10~>* cm? [44]. Since the dipole
polarizability determines the magnitude of the long-range interaction (see
Eq. 5.73), the depth of the He—I, potential curve is much smaller than the mean
thermal energy at 300 K, while the Ar-I, interaction strength approaches 240 cm ™"
(see Sect. 6.4.3). Also, the mean collision velocity is smaller for heavier Rg atoms.
Both factors increase the mean collision time and favor statistical population of the
CINAT channels for Rg = Ar — Xe. The “parallel” coupling between states with the
same j°, Q and opposite inversion parity ® is enhanced by the pairwise potential
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curve V_of 'S (I"('S ) — Rg) (see Eqgs. 5.59 and 5.61). The latter circumstance
has notable influence on CINAT dynamic for Rg = He. Using Egs. (5.59, 5.61, 5.66
and 5.68), one can verify that interaction with Rg couples all the states from the first
tier, whereas f and F states from the second tier correlating with the ICPy) +1°('S)
limit are uncoupled from other four states correlating with the ICP) +17('S) limit.
It turns out that f as well as F state coupled to all states of the first tier, though
transitions from f to first tire states were not observed.

One sees in Figs. 5.1 and 5.3 that the £ — D CINAT accompanied by positive
vibrational energy transfer, whereas for the D — E CINAT there is negative vibra-
tional energy transfer. The f— F transition show more pronounced propensity for
the population of the nearest vibrational levels (Fig. 5.4). This is explained by the
specific patterns of the FCFs. The splitting between E and D states is about five
vibrational quanta, whereas that of between f and F states is one quantum, only.
Moreover, the difference in equilibrium distances is 0.02 A for the f, F states and
0.06 A for the E, D states. The FCF patterns for the f— F transitions are more
sharply peaked, and the final vibronic levels with maximum Franck—Condon
overlap are near the levels closest in energy (Fig. 5.5).

5.3.2.5 Collisions with Molecules Possessing Permanent Electric
Quadrupole Moments

Substantial difference between CINAT characteristics for Rg and molecules
possessing permanent quadrupole moments, M = I, N,, CO,, is observed. It is
the consequence of various characters of long-range interaction between collision
partners. The long-range, ~ R*, interaction between the L(E0-DO;) or L(fO-FO;)
transition electric dipole moment and the permanent electric quadrupole moments
of M (O ~ 10, = 1.5 and 4.2, in units 10~2° esu, for I,(X), N, and CO,, respectively,
[45, 71, 72]) is strong in these cases (R is the distance between centers of mass of
the colliding partners). For rare gas atoms, the first non-vanishing term of multipole
expansion of the interaction potential corresponds to short-range, ~ R, dispersion
one [31, 4143, 47].

The IZ(O; %) 0,) CINATs. In pure iodine vapor, the L,(EO; ) DO') and

L(X
IZ(DOI Z(H> E0;) CINATSs are dominant due to large I,(X) permanent electric

L(X
quadrupole moment. The L(f 2<—>) F) CINAT is the only, that it has been
occurred [70]. Let us discuss these processes at first.

L(X
The L(Evy " D.vy) CINATs have been studied in detail in [39, 41, 42, 47, 50, 51,

64. 67, 69] (see [31], also). The L(Dwp % Ewvg) CINATS have been studied in

[69]. The principal features obtained are as follows (see Figs. 5.6 and 5.7):

— The u «+ g and AQ = 0 propensity rules are valid in these cases;
— CINAT total, for all D state vibronic levels, rate constants exhibit sharp maxima
as functions of vg, and near-resonant CINATSs have highest total rate constants.
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Near-resonant 0 cm ™! < IAEl < 20-25 cm™!, long-range, rate constants ~ (4—18)
10710 cm3/s), and non-resonant, IAE| > 25 cm™ !, rate constants ~ (0.7—2)'10_10
cm’/s) CINATSs occur (Fig. 5.6). The former is called as “approach-induced
non-adiabatic transitions” in [39]. Vibronic states nearest to the initial ones are
mainly populated in the near-resonant CINATSs. Similar resonant character of the
rate constant dependence has been observed in [39], but rate constants in this
work are over-evaluated (see discussion in [69]);

The AJ = £+ 1 and “AJ — large” propensity rules are valid in near-resonant and
non-resonant CINATS, respectively;

L(X) L(X) ..
The E,vg — D,vp and E,vg <~ D,vp CINAT rate constants are similar;

There are no distinct correlations between populations of vibronic states (VDs)
and FCFss of initial and final vibronic levels (see Fig. 5.7 e.g). The VDs “try” to

follow the trend in the FCF's with the initial states, but energy gap law, P ~ exp
(— |A/—),E‘> (f — is a variable parameter, usually, f# = kT) (see [18, 43] and
references) “prevents” this trend [65].

The near-resonant CINATS are governed by the permanent I,(X) quadrupole —
I,(E-D) transition dipole interaction;

Rate constants of non-resonant processes correspond to small impact parame-
ters. In these cases, the CINATS are provided by orbiting of the I,(E or D) and
IL(X) colliding partners due to dispersion, — C6/R6, interaction [42, 43]. The
orbiting leads to a population of several vibronic states in non-adiabatic transi-
tions from the initial to final I, states. Cross-section of the complex formation is

6. ~ 80 A? [42]. CINAT rate constants depending on long-range, transition

1.0 VE
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—o—38
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Fig. 5.7 Vibrational distributions (VD) for the IZ(E,VEIZ(—{) D,vp) CINATs measured in [65]

Ve

= 0) and [39]. The positions of the initial levels are marked by vertical dashed lines. Dotted

lines represent the FC factor distributions for vz = 0 and 29. Vibrational quantum numbers of the
initially populated vibrational levels of the E state are marked [31]
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I,(E-D) dipole — permanent I,(X) quadrupole, —C4/R4, interaction [51, 70]
decreases strongly in this case due to large energy mismatch.

Very similar features have been observed for the

L(X
Lo " Foy)
CINAT (see Fig. 5.8).They have been explained in the framework of the
electrostatic model (see below).

The 12(E0; o, DO/, D/Zg, Pl 62,, v1,) CINATs, M = N>, CO>. In these cases
nonadiabatic transitions to the /3, D/, 6 and y states are also observed (Table 5.4).

Integrated, for all states of the tier, rate constants depend weakly on vg for
M = N,, CO,. Vibrational distributions corresponding to the I,(E,vg,Jg o, Dyvp,Jp)
CINATS, look as sharp maxima superimposed with rather broad distribution
(Fig. 5.8), similar to those observed for Ar (see Sect. 5.3.2.4).

The former is caused by the interaction between the I,(E-D) transition electric
dipole and the permanent electric quadrupole of M, as in the case of M = I,(X), and
the latter by the dispersion one (see above). Sums of the partial rate constants
corresponding to dispersion interaction can be estimated as 70% (vg = 8), 80%
(vg = 13) and 90% (vg = 19) M = N,) and 40% (vg = 8), 35% (vg = 13) and 25%
(vg = 19) (M = CO,) of the integrated I,(E M, D) ones. Relative populations
corresponding to the dispersion interaction were calculated as sums of populations

o |l
1 [ |
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o
o
0 " " " " " "
8 10 12 14 16 18 20
Vs

L(X
Fig. 5.8 The total (1) rate constant of the Iz(ng+ '(H)FOJ) CINAT and that of nonresonant

transitions (2) plotted as functions of the v, number. Transitions to all vg levels (curve 1) and v
levels except the nearest ones (curve 2) are taken into account [70]
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Table 5.4 Partial LE % D) LE % p.LE % D) LE % pLE % 5 and LE Y

D+ D' + B +y + 8) CINAT rate constants, k., for M = N,, CO, for E,vg = 8, 13, 19;J¢ = 55. All
units are in 107'° cm?/s [47]

M VE ke — p kEﬂﬁ kg - p kEﬂy kg _ s kot

N, 8 39+£05 [31+£09 |(09+£03 |021+£0.06 |0.50+£0.15 8.6 +2.5
13 |51+08 [39+£09 |1.0x£03 0.2 + 0.06 0.75 £0.2 11+23
19 (61+09 (29+09 (0702 |0.24+£0.07 056 £02 |[10.5+2.2
CO, 8 |35+£05 |40£12 [19+£06 [0.17+0.05 |0.13£0.04 9.7+24
13 |65+09 |(45+14 |(14+04 |031£009 |034+£0.10 |[13.1+19
19 |91+14 [40£12 |<0.1 0.17 £0.05 [0.31+0.09 |139+28

of the levels lying on the dotted lines of Fig. 5.9. These lines are drawn through the
symbols of the levels which cannot be populated due to interaction between the
I,(E-D) transition electric dipole and the permanent electric quadrupole of N.
Partial rate constants corresponding to these types of interaction are presented in
columns 3 and 4, respectively, of Table 5.5.

There are significant differences of the VDs for N, and CO,. In the latter case,
there are additional maxima corresponding to the energy loss of 630710 cm ™" or
7-8 vibrational quanta for vg = 8, 19 (see Fig. 5.9). The energy loss is close to

excitation energy of CO,v5e;, vibrational mode (667 cm™ ). As it shown in the

next Sect., the sharp maximum in VDs, P(vp), of the E,vg = 19,J¢ i Dyp=17Jp
transition is caused by the interaction of the I,(E-D) transition electric
dipole and C02(0110 «— 000) v,e,, transition electric dipole. Partial rate constant
corresponding to this type of interaction is presented in column 5 of Table 5.5.

There are two CO, IR active vibrational modes that can be excited, namely,
CO,(01'0 — 000) vre;, (667 cm™ ") and CO,(001° — 000) vsa;, (2349 cm™)
[73]. The CINAT induced by the I,(E-D) transition electric dipole — COQ(OOIO
<« 000) transition electric dipole is impossible for vg < 19. The energy loss of
iodine molecule corresponding to v, mode excitation, (Avp ~ 7) become apparent
in the case of vy = 8, 19 (Fig. 5.9). This transition is the most pronounced for the
ve = 19 level since it is resonant one. The small energy mismatch (AE = — 10 cm ™ ")
compensated by the rotational energy change in CO, (J-1 «J = 10,12,14) transi-
tions. The maximum of the CO,(X) thermal rotational distribution occurs at J = 16.
One cannot observe the dipole — dipole induced transition for the vy = 13 level,
probably, due to three reasons:

— energy mismatch is rather large, AE = — 30 cm_l, for the vy = 13, vp = 11
combination corresponding to minimal energy difference,

— FC factor for this combination is 2.7 times less than that of for the vy = 19,
vp = 17 one,

— R, P branches of the CO,(010 «— 000) transition 2 times less intensive than Q one
for high rotational levels, and only the former can compensate this energy
mismatch. It is very complicated to record such slight population of the levels.
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Fig. 5.9 Populations of the 1,(D,vp,/p) vibronic levels formed from selected rovibrational levels
Ix(E,vg,Jg =~ 55) in nonadiabatic transitions induced by collisions with M = N, and CO,. The
vibrational quantum numbers of initially populated vg levels are shown. Vertical dotted lines show
energetic positions of the optically populated vg,Jg = 55 rovibronic levels relative to the vp,
Jp = 54 ones. Sums of relative populations are equal to 1 for each initial vz level. Dotted lines

show VDs corresponding to dispersion interaction (see below) [47]

Table 5.5 Partial I,(E LA D) rate constants corresponding to the I,(E£-D) transition electric dipole
— M permanent electric quadrupole, k.4, dispersion, kg and I,(E-D) transition electric dipole - M
transition electric dipole, k.4, interactions for M = N,, CO, and E,vg =8, 13, 19;Jg &~ 55. All units

are in 1071° cm®/s [47)

M VE kd-q ki ka.a
N, 8 1.5 2.4 -

13 1.1 4.0 -

19 0.8 53 -
CO, 8 1.0 2.5 -

13 3.6 2.9 <0.05

19 4.7 2.0 24
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There is broad v;™ = 6 “band” at the D state VD for M = CO, and vy = 8
(Fig. 5.9), that can be assigned to the v, mode excitation. The energy mismatch for
this combination is AE = — 50 cm™ ' and cannot be compensated by the CO,
rotational energy change. The F'C factor of this combination is only 2.7 times larger
than that of vy = 13, vp = 11 one. It is incomprehensible, can one explain this
“band” by using of the dipole — dipole interaction. It can be caused by other terms of
multipole expansion, probably (see below).

Electrostatic Model for the Ig(Og+ M’Oj ) CINATs, M = I,(X), N>, CO, A transparent
semiquantitative interpretation of CINAT with collision partners possessing per-
manent electric multipole moments relied upon the electrostatic model suggested
for the first time by Alexander [21]. The model was successfully used by Lawley
[45] and in the author’s laboratory (see [31, 47, 70] and references therein) to
analyze CINATSs. In this model, the diabatic couplings between IP states are
determined by the long-range multipole expansion.

The potential energy operator in the case of interaction between two diatomic
molecules is expanded in the standard multipolar series (see, e.g., [21]):

U(R) = ZMZUMZ JR™! (5.75)

where /; (/) is the /-th electric multipole rank of the excited (unexcited) collision
partner, [ = I; + [, U},;, are orientation dependent coefficients.
The transition probability of the process:

Iz(l'7 V,’,J,') + 12 (XO;,L,V)(,]X) — Iz(j, Vj,Jj) —|—]2(X,V;(7J;() (576)

where i and j are initial and final IP states for fixed impact parameter b, V is a
velocity of relative motion and Hunds case (c) (specification of the electronic states
by the quantum number of the projection along the interatomic axis £2) is (see
[21, 70]).

1 .
Pij= le[thvzbZI R ’QA_QI‘ > V1|V1 X,v ’QA,QZ ’X7 V>2 “CrpRi(€),  (5.77)

22[+l[(l o 1),]2

@+ i + 1)1 AL) HIxQubAQK ()" (5.78)

Cini, =

Here, Q!, is the component of /-th electric multipole operator, (J£2,/;AQ;1J,€2),
JxQx = 0L,AQx|J ;.Qz = Oare Clebsch-Gordan coefficients, R;(E) are the resonance
functions of Massey parameter £ = AEhSi(fb AEj5 76 is the energy difference between
final and initial states in process (5.76), (v v_,~>2 is FCF. The Eq. (5.77) is valid
within Franck-Condon approximation.

If one take into consideration only the first nonvanishing term of the multipole
expansion of interaction energy operator (5.75) for I,(i) + I(X) system corresponding
transition dipole — permanent quadrupole interaction, then /; = 1,1, = 2, 0" = u (dipole
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moment operator), 0° = Q (quadrupole moment operator). In this case the transition
probability and Clebsh-Gordan coefficients are:

1 ,
Py = ZMZW [{luli) ilv)* (X V[ QIX. )] - CraRi (&), (5.77a)

32 5 2
Cnn= E<J,-Q,-IIAQ,,-|J,-Q,-> (JxQxLAQx |14 Q) (5.78a)

Matrix element {jl ul i) is nonvanishing one only for optically allowed transitions
g u, AQ=0,%1,0"«~ 07,07« 0~ [4]. According to Lawley’s estimation [45],
the transition dipole moment Og+| u|0F is giant (~ 25 D) for transitions between the
states of the same tier, and vanishes for the transitions between the states of
different tiers in the model of separated atoms (see Sect. 3.1), since transitions
between the I+(3P2, 3P1, 3P0. 'D and lS) states are forbidden. The perpendicular
transitions with AQ = 0 are also forbidden in the framework of this model [45]. The
resonance function of dipole-quadrupole interaction is [46]

R3(&) =exp (—28)(1 + 1.98E +2.182E2 + 1,533 +0.933&4 +0.785&Y)

The function R3(¢) =~ 1.0 £ 0.2 in the range £ = 0-3, which corresponds to
AE' = AEgz+ AEx <1cm™'ath =30 Aand V=2.2-10* cm/s (I - I, collision).
A deficit of the energy in the I,(f,vpJp) — L(F,vp,Jp = Jy £ 1) transition can be
compensated by its surplus in the I,(X,vx.Jx) — L(X,vy, J}) one, and vice versa.
It was shown in [47] that rotational transition AJ(N,(X)) = + 2 allowed in
electrostatic model can compensate an energy mismatch, so R(£) ~ 1.

Experimental data given above for both first and second tiers (see [31, 39,42, 47,
69, 70], also) agree qualitatively with these propensity rules:

M .. .. .
— The Oz,r <—>Oj transitions between the states of the same tier is the main channel of
CINATS;

— the O; LS 0, transition between the states of different tiers has not been observed.

The rotational propensity rules are governed by the requirement on nonzero

values of Clebsch-Gordan coefficients in (5.78), and 6 channels J; — J; = %1, Jg(

—Jx = 0, & 2 are opened in the O;“ ﬁO: CINATS [18, 21]. It was shown in [37] that
L(X

the L(E,vg = 1,Jg =25) 'L) L(D,vpJp =Jg £ 1) transitions are the most probable,

and probabilities of the AJ = & 3 channels appr. 30 times less. The same feature

. . + 163 (X) +
was obtained in [45] for the Iz(ng —" FO,) CINAT.

The cross-section of a collision-induced process in the first Born approximation
is determined by the equation:

;= b’ + / P;(b)db (5.79)
be

where cut-off impact parameter b, is determined from
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P;=05 (5.80)

equality [46].

An estimation for the one of open channels of the near resonant
L(X ¢
L(f0F vy = 17" FOF vy = 17) CINAT obtained in [70], o ~ 3000 A2 agrees

satisfactorily with experimental data, o4 = ks74/V = 1500 A? (see Fig. 5.8),
V = 2.2-10* cm/s is mean velocity of I, — I, relative motion [42].

The I,(E,veJg o, D' vp . Jp and B.vsdz) CINATs. We did not observe a popu-
lation of the # and D’ states in the CINAT if M = L. In the case of M = N,, CO,
both states are populated, so both molecules act similar to rare gases, i.e. as
structureless partners.

The probability of the £ o, p CINAT is about 4 times larger than that of £ M. D' one
(Table 5.4). Vibrational distributions for the f state near the position of initially
populated vg levels are very wide as in the case of Rg (Fig. 5.10). They correspond to
the dispersion interaction.

Very intriguing is the presence of the low energy f state vibrational levels in

P(vp) corresponding to loss of about 7 vibrational quanta 590-720 cm™'in the E,vg

% B.vs CINAT. The presence of low energy f state vibrational levels cannot be

attributed to the interaction between the I,(E-f) transition electric dipole and the
CO,(01'0 «— 000) transition electric dipole in the first-order of semiclassical

perturbation theory since <ﬂ1 g|,u\E0;> = 0 [47]. Excitation of the CO, v; ey,

(667 cm™ ') decreases energy mismatches up to AE' = — 6 cm™ ', — 78 cm ™"

1+ 54 cm™! for vg = 8, 13, 19, respectively. At the two later levels, the energy
differences cannot be compensated by the CO, rotational energy change. This
feature can be due to polarization interaction accompanied by quasi-resonance
excitation of CO, collision partner.

One should note that it is impossible to describe the spectra in the
4 =3300-3550 A range completely by using the populations of the § state depicted
in Fig. 5.10b; it is necessary to use vy levels corresponding to loss up to 14 vibra-
tional quanta of the f state (Fig. 5.10c).

5.3.2.6 Collisions with Molecules Possessing Permanent Electric Dipole
Moments

According to the electrostatic model discussed in previous Sect., the Iz(Og+ & O,‘f)
CINATS have to be the most probable if M possesses a permanent electric dipole
moment. In this case, long-range interaction between the I,(E-D) transition electric
dipole and the permanent electric dipole of M, ~R~, is dominant. For these
collision partners, rate constants of quasi-resonant CINATSs have to be huge, and
VDs have to be narrow if energy mismatches have not compensated by rotational
transitions in a colliding partner. Studies carried out in M + H,0 [67-69] (dipole
moment is yy,, = 1.6 D [73, 74]), acetone, CH3COCH3 and CDsl [48] (acetone and
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Fig. 5.10 Populations of the I>(8,v4.J) vibronic levels formed from selected rovibrational levels
IL(E,vg,Jg = 55) in nonadiabatic transitions induced by collisions with M = N, (a) and CO, (b). It
is supposed that energy loss cannot be higher than corresponding to the CO5(vse;,) ~ 667 cm ™'
vibrational mode excitation. The same as in Fig. 5.10 (b), vg = 8, utilized to describe all the
A = 3300-3550 A range completely (c). The vibrational quantum numbers of initially populated vz
levels are shown. Vertical dotted lines show energetic positions of the optically populated vg,
Jg = 55 rovibronic levels relative to the v4,J; = 54 ones. Sums of populations are equal to 1 for
each initial vg level
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Table 5.6 The k(E,vEHi? D,vp) and k(D,vDHLO E,vg CINAT rate constants in units of 107 cm?/s
obtained in [67, 69]

E 8,52 D,13,55

D A2 3400 A® E A2 3400 A®

36 +6° 35° 40 +0.5° 27 +4° -

E,1325 D,18,28

D E

20 + 3° 43P 40+ 0.5° 9.4+ 1.6° 4.0+ 0.5°

“-rate constants for the states which luminescence occurs at A, ~ 3400 A, if they are populated in
CINATS

b Je =55 % 1 rotational states were populated in this work, [67]

1691

Table 5.7 Partial K™ (i, v) (i = D, D'+, 7, §) and total I(E Y p+ D' ++y+6), k%(vE), CINAT
rate constants for M = CDj3l and (CO3),CO [48]. All values are in 107'% cm?/s

M ve | KMD,vp) MO+ pve) | KNG MG.ve) | kM)
CDsl 8 1.00 £ 0.15 0.44 £ 0.13 <0.05 <0.03 1.4440.28
13 11.7 £ 1.7 0.36 £ 0.11 0.12 £ 0.04 <0.03 12.24+1.9
19 5.74+0.9 0.94 +£0.3 0.56 £ 0.17 <0.03 7.2+1.4
Acetone 8 2.6 +0.3 0.66 + 0.20 <0.1 3.3+0.5
13 155+23 0.73 £ 0.20 0.2940.09 <0.03 16.5+2.6
19 18.2 £ 2.7 0.88 £+ 0.26 0.72 £ 0.20 <0.03 19.843.2

CDsI dipole moments is 2.93 D and 1.65 D, respectively [75—77]) confirm these
expectations (Tables 5.6 and 5.7).

The L(EveJE Y D,vp,Jp) CINATSs are resonant for all populated vibronic
levels due to rotational transitions in H,0 molecules [69], vibrational populations
are broad (Fig. 5.11), and total rate constants are large even for E,vg = 8, though
energy mismatch between the E,vz = 8 and nearest D,vp = 12,13 vibronic levels
are large, AE > 30 cm™ ' (see Fig. 5.10).

In the case of M = CDsl and (COs3),CO, rotational excitation of the collision
partners can also compensate the energy mismatch between initial and final
rovibrational levels, but vibrational population profile are much narrower
(Fig. 5.12).

Dispersion interactions accompanied by quasi-resonance excitation of the colli-
sion partner vibrational modes are also occurred at v = 8§ vibronic level. They lead
to population of low, vy < 10 vibronic states [48].
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Fig. 5.11 Vibrational populations for the I,(E,vg £ D,vp CINATS in collisions with M = H,O
[69]. Vertical dashed lines indicate the positions of the initial vz levels. All the VDs are normalized
to their sums. FCF's between optically and collisionally populated vibronic levels are also shown

5.3.2.7 Collisions with Molecules Possessing Transition Electric Dipole
Moments

According to the electrostatic model, the leading term of electrostatic expansion for
collisions with molecules possessing infrared transition electric dipole moments
corresponds to E —D transition electric dipole moment — IR transitions electric
dipole moment, ~ R*3, interactions. Similar interactions are observed for M = CO,
(Sect. 3.2.5) and CDxsl, (CH3),CO (Sect. 3.2.6). These CINATS have been studied
for M + CF,, SFg in details [31, 41, 52, 57].

Collisions with both partners produce very efficient electronic energy transfer
with the total rate constant of order of 10~ cm?/s. The total CINAT probability is
predominantly associated to the transitions that lead to dipole allowed

5 = 1283 cm ! (CFy), 948 cm ™! (SFg) and vy = 631 cm™ ' (CEy), 615 cm™!
(SFg) excitations of the partner. As a result, CF, and SFg partners are efficient for I,
vibrational energy loss (Table 5.8).

The VDs for the D state reveal broad features corresponding to CINATS in which
the partner acts as a structureless particle, and narrow maxima formed by the
CINATS assisted by excitations of the dipole allowed v3 and v, vibrational modes
of the partner (see Fig. 5.13).
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Fig. 5.12 Relative populations of the I,(D,vp,/p) vibronic levels formed from selected rovibronic
levels I(E,vg = 8, 13, 19, Jg = 55) in non-adiabatic transitions induced by collisions with
M = CDsl and (CH3),CO. The vibrational quantum numbers of initially populated v levels are
shown. Vertical dotted lines show energetic positions of the optically populated vg,Jg = 55
rovibronic levels relative to the vp,Jp = 54 ones. Sums of relative populations are equal to 1 for
each initial v level [48]

Table 5.8 Partial and total X™(vz) CINAT rate constants (10710 cm3/s), M = CF,, SFs. First row —
experiment, second row — theory. Theoretical KM(D;vg) constants calculated using CC(6) model

are given in parentheses [52]

M vg | KM(Dive) KM (Bive) D vg) KM sve) MG M)
CF, 8 35+0.5 36+ 1.1 23 4+0.7 <0.1 <0.1 94
2.6 (3.3) 2.6 2.3 0.3 0.3 8.2
13 3.4 4+0.5 42+13 2.8 +0.8 0.2 0.2 10.8
8.9 (13.9) 1.1 3.0 0.8 1.3 15.1
19 33405 5.5+0.8" 0.3 0.3 94
(4.0 - - - - -
SF¢ 8 13.0 £ 19 1.54+04 14 4+04 < 0.2 15.9
6.2 (5.4) 4.8 3.8 0.1 0.1 15.1
13 33405 83+ 1.2°% <02 11.6
(6.9) - - - - -
19 4.6 £0.7 8.2 4+ 0.2° 0.1 0.1 13.0
(1.4) - - - - -

4Sum for two transitions
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Fig. 5.13 Vibrational distributions in the £ Y, D CINAT channel. Lines and squares represent the
experiment, vertical bars — theory (see [52])

According to the theoretical analysis, the former originates from transitions
induced by short-range couplings, the latter — from assisted electrostatic transitions
induced by the long-range interaction of two transition dipoles. Vibrational distri-
butions for other channels, first of all the D" and f3, exhibit the same features despite
no direct electrostatic transitions can lead to partner’s vibrational excitation
(Fig. 5.14).

The corresponding CINATS are interpreted within the post-collision mechanism
[52]. Qualitatively, it implies that, during a single collision, the long-range
transitions to D,v3 and D,v, channels are followed by the short-range transitions
to other electronic states which cannot change the state of the partner. The propen-
sity of the assisted electrostatic transitions to near-resonant energy transfer makes
overall CINAT dynamics sensitive to the accidental variations of the resonance
defects, or energy gaps between initial and closest final levels. They alter both the
branching ratio and the total CINAT rate. The CINATS to the D’ and f states
dominate among the transitions to the D state.
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Fig. 5.14 Vibrational distributions in the D’ and # CINAT channels. The legends are the same as
in Fig. 5.13

5.3.2.8 CINATs in the Third Tier

The 2u(1D2),v2u: 3,5,7 lzg) Zg(lDz) CINATS similar to those observed in the 1-st
and 2-nd tier and following u < g, AQ = 0 propensity rules have been studied in
[78]. The VDs trend to FCF's, so 2,,v, vibrational states lying up to ~ 400 cm ™!
higher than the initial 2,,v,, states are populated with (2-4)-107'° cm?/s rate
constants.

5.3.2.9 Conclusions

The following principal features have been found for the nonadiabatic transitions
between IP states induced by collisions with rare gas atoms, molecules possessing
permanent electric quadrupole and dipole moments and transition electric dipole
moments:

Rare Gas Atoms

— CINAT cross-sections, ¢ = k/V, are appr. independent on Rg nature, with the
exception of Rg = Xe, for which reactive quenching is the dominant channel in
the I,(F) + Xe collisions.
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The “parallel” £+ D (Q, + €,) transitions with AQ = 0 are dominant for
Rg = He. For Rg = Ar—Xe, all the electronic states of the first tier are populated
in CINATSs from the E states in a statistical way, and total, for 3, D, y and 0
states, rate constant is higher than that of corresponding to the D state.
Vibrational populations of the final states depend on Rg. It is resonant and
narrow for He and broad for other Rg atoms.

CINAT rate constants smoothly increase with initial vibrational excitation of the
E state;

The large difference of the CINAT branching ratios is explained by the different
behavior of the potential curves. The dipole polarizability of the He atom is
0.2-107%** cm?, whereas for Ar—Xe they are about one order of magnitude larger,
(1.6 —4.0)- 10~** cm®. Since the dipole polarizability determines the magnitude
of the long-range interaction, the depth of the He—I,PES is much smaller than the
mean thermal energy at 300 K, while the Ar-I, interaction strength approaches
240 cm™'. In addition, the mean collision velocity is smaller for heavier Rg
atoms. Both factors increase the mean collision time and favor statistical pop-
ulation of the CINAT channels for Rg = Ar — Xe.

Molecules Possessing Permanent Electric Quadrupole Moments

The long-range, ~ R™*, interaction between the L(EO, -DO;) or (0, -F0,)
transition electric dipole moment and the permanent electric quadrupole

moments of M is strong in these cases (R is the distance between centers of

L(X
mass of the colliding partners). In pure iodine vapor, the I»( O; '<<—>) 0,) are

dominant due to large I,(X) permanent electric quadrupole moment. The u <
g and AQ = 0 propensity rules are valid in these cases;

Total, for all D state vibronic levels rate constants exhibits sharp maxima as
function of vg, and near-resonant CINATSs have highest total rate constants.
Vibronic states nearest to the initial ones are mainly populated in the near-
resonant CINATs. The AJ = £ 1 and “AJ — large” propensity rules are valid in
near-resonant and non-resonant CINATS, respectively;

I (X) L (X) ..
The E,vg —" D,vp and D,vg «— E,vp CINAT rate constants are similar;

There are no distinct correlations between VDs of a state populated in CINATS
and FCFs of initial and final vibronic levels, though VDs “try” to follow the

trend in the FCF's with the initial states, but energy gap law, P~ exp (— ‘Aﬁ_E‘) B -

is a variable parameter, usually, f = kT) (see [18, 43] and references) “prevents”
this trend [65].

Rate constants of non-resonant processes correspond to small impact parame-
ters. In these cases, the CINATS are provided by orbiting of the I,(E or D) and
I>(X) colliding partners due to dispersion, — C()/Ré, interaction [42, 43]. The
orbiting leads to population of several vibronic states in non-adiabatic transitions
from the initial to final I, states.
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— For M = N,, COy, the I,(E0; ™ DOJ, D2, flg, 62, 71,) CINATS are also

occurred.

Molecules Possessing Permanent Electric Dipole Moments
In this case, long-range interaction between the E-D transition electric dipole and

the permanent electric dipole of M, ~ R~ , is dominant, and the I,( Og bk O,j)
CINATS have to be the most probable. For these collision partners, rate constants of
quasi-resonant CINATSs have to be huge, and VDs have to be narrow, if energy
mismatches have not compensated be rotational transitions in a colliding partner.

Molecules Possessing Transition Electric Dipole Moments

In this case, the leading term of electrostatic expansion corresponds to E-D
transition electric dipole moment—vibrational transitions electric dipole moment,
~ R, interactions. Collisions with these partners produce very efficient electronic
energy transfer with the total rate constant of the order of 10~ cm?/s. The total
CINAT probability is predominantly associated with the transitions that lead to
dipole allowed excitations of the partner. As a result, these partners are efficient for
I, vibrational energy loss.
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Chapter 6
Van der Waals Complexes of Iodine Molecules

6.1 General

Van der Waals (vdW) complexes are weakly-bound molecular species in which the
dominant attractive contribution are weak intermolecular attractions, the dispersion
interaction, in particular (see [1-3] and references). Therefore, interactions in such
complexes including rare gases-halogen ones have been among the most inten-
sively studied intermolecular forces.

Population and decay of vdW complexes in the gas phase play a fundamental
role in the kinetics and dynamics of excited molecular electronic states. They are
responsible for radiative emission and energy transfer in the atmosphere, energy
pooling and conversion in laser media, relaxation phenomena in chemilumines-
cence processes, plasma formation, and in many other situations, where electron-
ically excited states are involved. Description of these processes is significant for
understanding mechanisms of non-adiabatic transitions in weakly-bound com-
plexes of any molecules and clusters. Determination of propensity rules is neces-
sary for the development of dynamic description in vdW complexes. An
understanding of population and decay of vdW complexes is also essential for
interpretation and modeling of various photoinitiated processes in liquids and solids,
where the role of intermolecular interaction is greatly magnified through the formation
of solvation shell(s) and multiple collisions between a molecule and a solvent. One
should note that decay of vdW complexes has much in common with vibrational
relaxation and electronic predissociation induced by collisions with atoms and mole-
cules which, for the case of I, molecules, have been discussed in Chap. 5.

An energy of a vdW bond is minimal, less than several hundred cm™' [1]
(dissociation energies of the complexes increase from He to Kr (and Xe, probably)
due to an increase of polarizability, see Sect. 5.3.2.4). Therefore, to observe and
study vdW complexes, it is required a cooling vapor of atoms or molecules to
sufficiently low temperatures by utilizing supersonic molecular beam technique.

© Springer International Publishing AG 2018 139
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Fig. 6.1 T-shaped ¢
(® = 90°), free-rotor
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¢ '@

r

The first pioneering work devoted to studies of halogen molecule vdW com-
plexes in supersonic molecular beam was published in 1976 by D.H. Levy and his
team [4]. Nevertheless, this field of chemical physics and molecular spectroscopy is
trendy at present. One of the most thoroughly studied groups of vdW complexes are
complexes consisting of homonuclear halogens (hereafter, X;) or interhalogens
(XY) and rare gas atoms, RgX,(X0;, B0, , EO; ), RgXY(0", 1). Decades of exper-
imental and theoretical papers devoted to vdW complexes have been published (see
[5-12] and references). A large amount of experimental and theoretical data have
been obtained, and spectroscopic characteristics of the Rgl,(X, B) states have been
determined. Three conformers of Rgl, complexes have been observed and studied.
These are T-shaped (C,, symmetry group), linear (C., symmetry group) Rgl,(X,
B) complexes which vibrational wave functions are localized at ® = 90°, 0 and
180°, respectively, as well as “free-rotor” or bending complexes which vibrational
wave functions are delocalized over ® = 0 — 360° (Fig. 6.1).

Dynamics of the Rgl,(B) state electronic predissociation (EP), vibrational
predissociation (VP) involving intramolecular vibrational relaxation (redistribu-
tion) (IVR), and cage effect have been studied rather well. As to
Rgl,(IP) complexes, series of researches in which indirect spectroscopic and kinetic
proofs of their existence in gas phase at a room temperature was performed in
2004-2012 (see [13-18] and references). However, it is impossible to obtain
spectroscopic characteristics of these species under such conditions. It becomes
possible only at temperatures of about 1 K using a supersonic molecular beam
technique. Recent studies of the Rgl,(IP) complexes (see below) show that the
RgIz(EOQ, Pl < BOY) optical transitions occur, only. No Rgl,(DO;, D'2, — B0}
transitions allowed in the C,, and C,, symmetry groups are observed. Therefore,
Rg atoms do not perturb significantly homonuclear iodine molecule, i.e. act as
“spectator” (see below).
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Bound excited X,, XY valence states are perturbed by repulsive states, and
predissociation of the complexes to Rg and halogen atoms occurs. Therefore, the
only methods of studies spectroscopic characteristics and dynamics of these com-
plexes at the supersonic molecular bands are the following:

intracavity laser spectroscopy [19-21];

measurements of luminescence spectra of halogens (interhalogens) which are
the products of vibrational predissociation of the complexes; a loss of several
vibrational quanta occurs in these processes (see [4, 19-24] and references);
the pump-probe method when RgHal,(B,vg) complex VP products, e.g., pro-
duced due to absorption of a pump laser photon by a complex are excited to the
gerade (g), Halz(EOéT), for example. The IP state are populated by a probe laser

photon, and luminescence of this IP state are monitored during measurement of
excitation spectra (see [15-29] and references). Action spectra can also be
measured: wavelength of probe radiation is fixed and that of pump radiation
scan (see [28, 29] and references);

luminescence depletion techniques [28];

velocity-map imaging method [10, 30].

Below, experimental set-up designed and manufactured by the author’s
group will be we described. This experimental setup exhibits unique sensi-
tivity and possibilities for investigation of weakly-bound complexes of
halogens with rare gases (RgHal,) and molecules (MHal,) using laser-
induced luminescence spectroscopy techniques.

It allows to measure:

excitation and action spectra for transitions between valence and IP states of
complexes,

luminescence spectra of the RgHal,(IP), MHal,(IP) complex predissociation
products, Hal,(IP), as well as RgHal,(IP), MHal, themselves (if it occurs),
determine vibrational distributions in each IP state,

relative probabilities of vibrational and electronic predissociation as well as
complex binding energies [31, 32],

determine binding energies of ground and intermediate state complexes, as
well as their spectroscopic characteristics.
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6.2.1 Design and Characteristics of the Set-Up Utilized
in the Author’s Group

6.2.1.1 Supersonic Jet

Numerous papers, reviews, and books have been devoted to the nature of cooling in
supersonic jets and design of supersonic valves since pioneering work of
Kantrowitz and Grey [33] (see [34-40], e.g.).

As the gas expands from a valve nozzle, the effect an extensive cooling in the
translational and internal degrees of freedom is produced due to binary collisions in
which of stationary gas thermal (random translational and internal) energy is
transformed into kinetic energy of ordered motion of particles. The velocity of
particle random motion and translation temperature, as well as rotational and
vibrational temperatures, decreases due to T — T and R,V-T energy transfer pro-
cesses (see Sect. 5.2) as low as ~0.05, 0.5 and 50 K, respectively [4]. Gas-dynamics
convergent-divergent (de Laval nozzle) or convergent nozzles were utilized in first
experiments to produce supersonic beams (see [33—38] and references). It has been
shown nevertheless (see [36] and references) that beam flux (particle/s) can
increase up to 20% if one deletes divergent part of a nozzle. Therefore, the authors
use standard no cone (axisymmetric) Series 9 pulse valve equipped with IOTA
ONE pulse driver (Parker Hannifin Corporation) in their practice.

Below, estimations of principal parameters of a jet which correspond to exper-
imental conditions realized in first studies [31, 32] will be presented. Information
given in the literature (see [34—40] and references) has been utilized.

1. Mass flow

m= y_l 1/ \/y+ )R/M -ToA*p,. (6.1)

Here,

y = C,/C, is the adiabatic index (the specific heat ratio), y = 5/3 and 7/5 for
monoatomic and diatomic gases, respectively (see [38] and references);

R = 8.3144598 J-mol 'K~ ! is molar gas constant;

M is molar mass;

A* is a nozzle throat square; for axisymmetric nozzle diameter D = 0.5 mm, the
authors usually use, A* = 251073 cmz;

Ty and pg are a temperature of the nozzle (stagnation temperature) and gas density

in a gas reservoir.

The authors usually use helium as a carrier gas with backing pressure py, ~ 2-30-
atm. One can estimate helium flow as ~10%' atom/s for p;;, = 30 atm and a valve
duration and frequency of the opening 7 ~ 200 ps and 10 Hz, respectively. The
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Fig. 6.2 Schematic of the supersonic molecular beam setup: / — pulse valve equipped with
removable nozzle, 2 — honeycomb blackened light traps, 3 — blackened diaphragms, 4 — fused
silica windows, 5 — luminescence outputs for measurements of integral luminescence intensity
(a glass filter/photomultiplier tube) and spectral measurements (/2.5 condenser/f/2.5 monochro-
mator/PMT system)

Pfeiffer HiPace 1500 UC turbomolecular pump (pumping speed 1350 1/s for He) is
utilized to evacuate ~50 / expansion chamber (Figs. 6.2 and 6.3).

a= \/@ (6.2)

k = 1.38-10"'° erg/K is Boltzmann constant, m is molar weight (g).
For He at the reservoir (y = 1.67, m = 6.687>* g) and Ty = 300 K, sonic speed is
ao = 1.12-10° cm/s.

At a nozzle throat section, the sonic speed is a* = /h%la: 0.87ay.

2. Sonic speed is

At an expansion chamber, the local sonic speed is a = ag (1 + %Mz) _1/2;
here M is Mach number.
3. Mach number M is
M = u/a; (6.3)

here, u is stream flow velocity.
M value for Rg atoms can be calculated as:

M(x) = 3.2(x/D)*. (6.4)
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Fig. 6.3 Photo of the
experimental setup utilized
in [31, 32]

For x/D value (x is a distance from a nozzle origin to a zone of observation) x/
D = 20 (typical value in [19]), M is M ~ 24, and a =~ 0.07 ay. One should take into
account that adiabatic cooling occurs if particle concentration in a jet large enough
for fast R,V-T and T-T energy transfer processes.

4. Helium temperature is equal to

—1 -1
T = T0<1 +7/2M2) (6.5)

at M > 4. At M = 24 and Ty, = 300 K, helium temperature is T ~ 1.5 K.
Translational temperature of iodine molecule is ~10 times less [4]. The rotational
and vibrational temperatures can be determined experimentally. An analysis of the
literature data and those obtained in the author’s group shows that they depend on a
reservoir pressure.
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5. Helium concentration at a jet is

y — 1 —1/(r—1)
[He] = [He]o(l +TM2> atM >4 (6.6)
At p. = 30 atm ([He]o = 8.07-10*° cm %) and x/D = 20, [He] = 3-10"7 em .

6. Dimension of the jet for M > 4
1/3
27 -1 .\ R
r= lﬂ%(l +1— M2) D/

256 MT, (67)

For helium, M = 24, ¢ = 200 mxc, D = 0.5 mm and T, = 300 K, r &~ 2.5 cm.

It is essential that ratio of Mach numbers of massive and light species, My/Mye,
for example, is proportional to +/my,/mye. Collisions of iodine molecules and
Rgl>(X) complexes with helium atoms during expansion tend to accelerate massive
component velocity along the jet axis but are less effective for the perpendicular
component. This leads to decreasing of translational temperature and considerable
enrichment of the massive seed gases near the jet axis (see [39, 40] and references).

6.2.1.2 The System of Preparation of Gas Mixtures

The system used allows forming many-component gas mixtures consisting of
carrier gas (helium, usually), rare or molecular gas seeded and a halogen gas. The
principal units of the system are (see Fig. 6.4):

— ~1.5-liter gas reservoir,

— the circulation pump used for gas mixing similar to that of shown in Fig. 3.29 in
[41],

— the p < 1 atm and p < 100 atm manometer, used for a measurement of seeding
rare or molecular gas pressures and total pressure of a gas mixture, respectively,

— the reducer gear, which allows maintaining constant gas pressure in the flow.
Gas pressures in the reservoir and before the nozzle (baking pressure) were
p < 70 and < 30 atm, usually. The rotational and vibrational temperature of
iodine molecules were ~1 and 50 K at x ~ 5 mm distance [31]. To increase the
temperatures and, hence, populations of hot rovibrational mode, we decrease
backing pressure up to several bars.

In the case, when weakly-bound complexes of iodine with rare gases (Rgl,) or
molecules (MI,) are studied, the He/Rg or He/M mixtures are passed via bubbler
packed with a mixture of iodine crystals and Teflon facing heated up to 75 °C
(iodine vapor pressure p;; ~ 10 Torr). The inlet line and pulse valve are held at
~85 °C. In the cases, when chlorine complexes are studied, the He/Rg/Cl, or He/M/
Cl, mixtures are prepared. The [I,]/[He] ratio in the jet as high as 2-10~* and much
higher near the jet axes, so [I,] >> 6-10"* cm ™ (see above).
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Fig. 6.4 The system of gas mixture preparation

6.2.1.3 An Estimation of Concentrations of the Complexes

Let us estimate concentrations of the Rgl,(B) and Rgl,(IP) complexes if
[RgL(X)] = 10" cm ™ ([RgL(X)]/[1o(X)] &~ 0.2 [19]). It is assumed that experi-
mental conditions similar to described in [31, 32] are realized.

Two tunable dye TDL9O0 lasers (hv; and hv,) pumped by YG981C Nd:YAG (hvp)
(Quatel) are utilized for a population of the Rgl,(B) and Rgl,(E) complexes,
respectively. A time duration of the dye laser pulses is 7y, & 8 ns, and spectral
width of dye laser emission is ~0.07 cm ™. The Rgly(B,vp) and Rgl,(E,vg) com-
plexes are populated by the 4v; and /v, laser beam, respectively.

Rely (E, vg 2 B,vp L X, vy = 0,J), (6.8)

The hv, and hv, laser pulse energies in the chamber are ~4 mJ/pulse and (0.1-1)
mJ/pulse depending on 4, value, usually. The hv, and hv, beams are focused using
spherical and cylindrical lenses, sometimes, respectively, so dimensions of the
beams at ~5 mm downstream the nozzle pinhole are 2 mm and 0.2x6 mm.

1. Relative population of the Rgl(X,vy = 0Jx =~ 5) rovibronic state is
approximately 0.5 at T,,, =~ 2 K, and [Rgl,(X,vx = 0Jx = 5)] ~ 510" em .
There are ~8-10'° Regl,(X,vx = 0,Jx = 5) complexes in the Av, laser beam waist
(cylinder 0.5 cm length and 0.2 cm diameter).
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The

1016

=003 10° ~ 3 - 10 photon/ (cm” - 5) (6.9)

/‘II./]

photon emittance corresponds to 4 mJ/pulse energy at A, = 500 nm

2. One can suppose, that absorption cross-section of the Rgl,(X,vy,Jx) complexes
is approximately the same as that of I,(X,vy,/Jx) molecules. The latter can be
estimate using Einstein coefficients of the I,(B,vgJp — X,vxJx) transition
[42]. For 1,(B,19 — X,0) it is equal 2.4-10* s, and 65 29 x.0 ~ 107 cm?,
e.g., at the center of the Doppler contour.

. h . . .
Ratio of the B, vz~ X,vy=0,Jx pumping rate oM}, to pumping reverse time

. . .. hv
oMy, Tpuise 1s equal to ~3-10> >> 1. Therefore, there is saturation in the B, vg,J, B<3>
X,vx=0,Jy transition, and [B,vg,Jg] = [X,0,Jx].

3. Rate of the E,v;~> B,vy transition, oMy, ~ 10~"2.3-10** photon/s = 3-10"' s,
is ~15 times larger than rate of the Rgl,(B) complex decay, if its lifetime is
~50 ps (see Sect. 6.4). Therefore, [Rg(E,vg.Jr)] = [Rg(B,vp.Jp)], and Y4, namely,
~2:10'° ReglL(X,vy = 0,Jx) complexes in the laser beam waist are “relocated” to
complex IP state.

4. Let us estimate electron flow from a photomultiplier tube (PMT) photocathode,
if one uses a f/2.5 condenser/f/2.5 monochromator/PMT system. Let a condenser
diameter is 6 cm and photoemission quantum yield is 0.1. In this case, the part of
light emitted from the waist which gets to the monochromator entrance slit is
appr. equal to

732

=001,
47(2.5 - 6)

and the electron flow is

~2-10'°.0.01-0.1 =2-107e/pulse.

If a spectrum width is 100 nm, and one measures spectrum with FWHM = 0.2 nm,
the electron flow is huge.

Experiments confirm estimations presented above [31, 32]. The hv, laser radi-
ation is produced by mixing of the TDL laser fundamental output and fundamental
harmonic of the YG981C laser in KDP crystal, 1/, =1/ -+ vfi (Zand v}f are
generation wavelengths of the TDL laser and wavenumbers of fundamental har-
monics of the YG981C laser, respectively). The fundamental YG981C laser har-
monic consists of 4 spectral components: ufl- = 9395.12 + 0.02 cm ™, ufz- =
9393.53 + 0.07 cm ™' and 1/; = 9396.67 + 0.10 cm ™' with relative intensities of
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Fig. 6.5 Dependences of four components of the excitation band corresponding to the
Hel,(E,0 < B,19 «— X,0) excitation pathway on abatement of the /v, laser radiation intensity.
Positions of the excitation bands of the luminescence corresponding to the spectral components of
fundamental YG981C laser harmonic are shown [32]

about 1: 0.3: 0.05, and a very weak line with the frequency of 1/}‘ =9392.04 cm ..

Therefore, the hv, laser radiation consists of 4 spectral components, also. There are
four components with comparable intensities at the L(E,vy = 0,1 < B,18 and f,
vp = 5-7 < B,18) transition excitation spectra in free iodine molecules as well as
excitation bands in the Hel, complexes corresponding to the 4 spectral components of
the Nd:YAG laser generation. Studies of dependences of these four components on
intensity of /v, laser radiation in the chamber show that the high four spectral compo-

o . . hy
nents observed are comparable in intensity due to saturation at the Hel,(E,0 3 B.19)
transitions even at weakest component corresponding to 1/; =9392.04 cm ™' (Fig. 6.5).

6.3 Theoretical Models

The first-order intermolecular diatomics-in-molecule perturbation theory (IDIM
PT1) model described in Sect. 5.3.2.3 can also be applied for vdW complexes of
iodine molecules and rare gases. Similarly to the interaction of rare gases with
iodine molecules in the ion pair states, the simple analytical formulas for diabatic
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PESs of valence Rgl>(X) [43] and Rgl,(B) [44] states, Uy and Up respectively, can
be obtained:

Ux = Re|(XIVonX)Re) = 3" (Va(Ra)eos(B,) + Va(Rusin*(B,)),

(6.10)
Up = (Rg\ (B[Vpn|B)IRg)

42 (3Vz )+ Vn(Ro) — (Vz( «) — V(R ))cosz(ﬁa)), (6.11)

where Vi, Vs are nonrelativistic diatomic potentials of states 2IT, 2Z* correlating
with the limit

I(2P ) — Rg, Buw is the angle between I,,) — Rg and I —I axises, indexes a, b
distinguish iodine centers. Beyond the IDIM PT1 model, the high-level ab initio
calculations by multi-reference configuration interaction and coupled-cluster
methods briefly described below are available.

Multi-reference Configuration Interaction Method The most straightforward ab
initio method beyond the Hartree-Fock approximation is the configuration interac-
tion (CI) method [45]. In this method wave function is a linear combination of
determinants which generated by selecting occupied spin-orbitals. The type of CI
where all determinants are used is called the full CI method. This is the exact
method in a given basis set. However, the possible number of determinants which
can be generated in the full CI method is extremely large and this method is not
tractable for many-electron systems using reasonable basis set. Therefore approx-
imate schemes with selected configurations are usually used. In the most popular
multi-reference CI (MR-CI) method the wave function is written as a linear
expansion

PMR=Cl — Oy, (6.12)
where
C=1+C+Cr+C3+..., (6.13)
C = th cratap, (6.14)
C, = bezwyc,’,éa*czcafab, etc, (6.15)

¥, is a multi-reference wave function which is usually a solution of the multi-
configurational self-consistent field method, a, a,.+ are the electron annihilation and
creation operators. The expansion coefficients c;, c;. . .. are founded by diagonal-
ization of the Hamiltonian matrix computed on the selected determinants for roots
of interest. The most popular is the approximation Cr14+C +C, resulting in
MR-CI with single and double (MR-CISD) excitations method.

A method is said to be size-consistent if the computed energy of the composite
system A + B at an infinite distance from each other gives the same energy as if the



150 6 Van der Waals Complexes of lodine Molecules

method is applied to A and B separately. The natural, from a physical point of view,
requirement of size-consistency is not valid, however, for the MR-CISD method
until the full-CI limit is reached. To correct the MR-CI method to be approximately
size consistent, the so called “Davidson correction” is applied that never leads,
however, to the exact size-consistency. Some advantage of the MR-CI method is
that it can be used for calculations of the ground as well as excited states.

Coupled-Cluster Method In the single-reference coupled-cluster (CC) method [46]
the wave function is written as the exponential expansion

Y€ — exp (T)‘PO, (6.16)

where

T=T+Ty+T3+... (6.17)

is the excitation operator,

Ty =Y > ta a, (6.18)
T)= Zbﬁzrmt};ja*a(afab,etc, (6.19)

Yy is a single-reference wave function. The wave function and energy are functions
of cluster amplitudes t;, t;’ ... to be found iteratively from a non-linear set of
coupled-cluster equations. Of course in real calculations T is not an infinite series
and truncation of T has to be made. The truncation 7 =~ fl + fz gives the CC
method with single and double excitation (CCSD model). Applying the approxi-
mation T ~ Ty + T, + T one gets the CC method with single, double and trlple
(CCSDT model) excitations. Similarly, more accurate approaches where T is
truncated at a later step are introduced. In the simplest case of the closed-shell
system, ¥, is a single Hartree-Fock determinant, indices b, c. .. denote occupied
Hartree-Fock spin-orbitals and r, s. . . unoccupied spin-orbitals. In this case indices
for occupied and unoccupied spin-orbitals do not overlap, therefore T; operators
commute with each over, and we can write

CXp(T) = fl + fz + 7/;3

1. a oA 1 . 1 . 1 5 PN 1 .
+...5T%+T1T2+§T?+IT‘1‘++inT2+T1T3+ET§+
(6.20)

One sees that already in the CCSD method higher than double excitations appear
1.
due to the so-called disconnected (like ET%) terms which are the product of the

connected clusters T;. Within many body perturbation theory, it can be shown
(factorization lemma) that for exact wave function, the disconnected terms are
product of the connected ones exactly in the same way as in Eq. (6.20). Thus the
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exponential ansatz (6.16) has the correct connected cluster structure of the exact
wave function but only connected cluster amplitudes are independent parameters.
This makes the CC method to be a very efficient computational tool. Moreover, it is
not difficult to see that due to the exponential representatlon for the wave function
(6.16) the CC is a size-extensive method. Even truncated T ~ T + T generates an
infinite number of disconnected clusters. From the perturbation theory, the CCSD
energy is correct up to the forth order (where the contribution from connected triple
amplitudes appear) but many contributions are included to infinite order. Usually,
the CCSD model recovers up to 95% of the correlation energy of the full CI limit in
a given basis if Hartree-Fock configuration dominates the wave function. Further
improvement of accuracy is possible within CCSDT and higher CC methods.
However, the CCSDT method is too expensive in calculations of three- atomic
potential surfaces. In this case, the most commonly used method for preserving
triple excitations is to calculate them within perturbation theory using converged
single and double cluster amplitudes from the CCSD method. This method, denoted
as CCSD(T), is inexpensive enough to be widely used in calculations of vdW
complexes of iodine molecules.

Unfortunately, there are serious limitations for the CC method. The nonlinearity
in the coupled-cluster equations requires applying iterative procedures which may
not converge. Only the lowest state of each symmetry can be studied.

For open-shell systems, limited by the single reference approach, calculated by
the restricted (RHF) or unrestricted (UHF) Hartree-Fock methods ¥ can be used.
The corresponding CC methods are referred to as RCC and UCC. In the UHF
method, the wave function is a single determinant and CC equations are essentially
the same as for closed-shell case. Generally speaking, in the RHF method wave
function is a linear combination of Slater determinants, that makes CC equations for
RHF-based reference more complicated. In turn, CC wave function (6.16) with
UHF-based ¥, in general, is not a spin eigenfunction. Though, it was shown that
this is not a problem for the CC energy. Usually, the RCCSD(T) and UCCSD(T)
methods give very close energies. To the best of our knowledge, multi-reference
CC approaches were not yet applied for studies of vdW complexes of an iodine
molecule.

Bound State Calculations In the adiabatic approximation, the rovibrational Ham-
iltonian of Rgl,vdW complexes in the Jacobi coordinate system has the form

weE T Rl o

H=— —4+—+_——+

a2 tVe() V(R rcos0), (621
24 dR2 T 2R 2M drr T 2Mr? + Vi, (r)+V(R,r,cos6), (6.21)

where

M is the reduced mass of the I, molecule,
u is the reduced mass of the Rg + I, system,
0 is the angle between R and r vectors (see Fig. 6.1),

j is the angular momentum of the I, molecule, composed of the electronic

angular momentum fe and the angular momentum of the nuclei rotation,



152 6 Van der Waals Complexes of lodine Molecules

— Qs the projection of f on the r vector,
— I is the orbital angular momentum associated with the R vector.

V5, (r) is the I, potential function for a given electronic state with quantum
numbers n, Q, @, o (see paragraph Isolated diatomic molecule wavefunction in Sect.
5.3.2.3 for more details). V(R, r, cos@) is the adiabatic Rg + I, interaction potential.
It is given by Eq. (5. 55)

withn=n,Q=Q ,w=w,6=0 and has to be calculated by an ab initio method
(CCSD(T) or MR-CI, for example). Bound states energies and wavefunctions can
be obtained by solving the time-independent Schrodinger equation

HY,(R,r) = E,¥,(R,r) (6.22)
with asymptotic conditions (compare with Eq. 5.32)

o0, R—o00

¥, (R, r) =2 F0% 0, (6.23)

where index n enumerates bound states. Since the interaction of Rg with I, is weak,
a good approximation to Eqs. 6.21 and 6.22 is to use the vibrationally averaged
Hamiltonian [47]

~2

—n* d
y = dez R + +B,J + E;,(v) + Vy(R, cos 0) (6.24)
Hu lPum(R) = Eum lPum(R) (625)
¥,.(R) 22X, (6.26)
where
Vi (R, cos ) = (v|V (R, r, cos0)|v), (6.27)

B, = < ZA; 2|1)> (6.28)

|v) is vibrational wavefunctions of the I, molecule. In the approximation (6.24 and
6.25) bound sates of Rgl, vdW complexes are classified by two quantum numbers, v
which enumerates vibrational states of the I, molecule and m which enumerates
vdW modes (for a given vibrational state of the I, molecule). Due to the interaction
between different vibrational channels |v)(which is neglected in Egs. 6.24 and 6.25)
all bound states of Eq. (6.25) with E,, > E;,(v =0) are, in fact, quasi-bound
(or resonance) states with finite lifetimes. In scattering calculations (see Sect.
5.3.2.3) quasi-bound states manifest as resonances in elastic (as well as inelastic)
cross-section o(E), where the width of the resonance, I, is related to the lifetime, 7,
accordingly
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= 6.29
r=7 (6:29)
An alternative way to calculate vdW complexes’ lifetime is to use imaginary
optical potential. In this method, energy gets additional imaginary contribution —%.
Then the lifetime is given by Eq. (6.29).

6.4 The Rgl, vdW Complexes

The valence state Hel,(X, B) and Arl,(X, B) complexes are the most popular among
the Rgl, ones, though the first experimental data concerning the Hel,(E) complexes
were published in 2006 [8]. More detailed studies of the Rgl,(IP) complexes have
been carried out in the author’s group (see Sect. 6.4.1.3).

In this Sect., we will discuss spectroscopic characteristics of ground X, valence
B and ion-pair state vdW complexes (dissociation and binding energies, topologies
of PESs, energies of vdW levels) and data on the Rgl,(B and E states) decay. We
will begin our description with the simplest, Hel,, object.

6.4.1 The Hel, vdW Complexes

It is now installed that 7-shaped, linear Hel,(X) and free-rotor vdW complexes as
well as He,I,(X) (n = 2, 3) clusters are formed in a supersonic beam, though it was
believed up to 2004 that T-shaped Hel,(X) complex existed, only. The linear
Hel,(X) and then Hel,(B) vdW complexes were predicted theoretically in
[47, 48], respectively. Experimentally, the linear Hel,(X) complex was observed
in [8]. All the He,I,(B,vg + X,0) (n = 1-3) excitation bands are blue-shifted
relative to I,(B,vg < X,0) bands, and spectral separations between maxima of the
(B, vg = 13-26 — X,0) and He,l,(B,v5 = 13-26 — X,0) bands are ~n-3.7 cm
[4, 19]. The spectral separation between maxima of the I,(B,32 « X,0) and linear
Hel,(B,32 «— X,0) bands is ~10 cm ™' [8]. Besides, continuum, ~16 cm™" blue-
shifted relative to I,(B,vg <+ X,0) band and corresponding to bound-free transitions
of the Hel,(X,0) linear complex, was observed in [8].

6.4.1.1 The Hel,(X) Complexes

Theoretical and experimental data on dissociation energies of the T-shaped and
linear Hel,(X,vy = 0) complexes, topology of PES and energies of vdW levels are
given in several papers (see [8, 47, 49-51] and references). The principal results
obtained are as follows (Table 6.1):
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Table 6.1 Spectroscopic parameters of the Rgl, complexes, Rg = He, Ne, Ar, Kr

Hel,
T-shaped Linear (free-rotor)
Df,21 cm R, °A |Dof cm™! Ry, ¢ A Df’ cm (R, A |Do, cem™! Ry, A
X [38.92 3.84 15.51 [50] 4.36 44.28 4.83 15.72 5.34
[50] (8] (50] [50] [50] [50] [50]
16.6 [8] 4.89 16.3 [8]
[8]
B [29.48 3.96 12.33 [48] 4.58 6 [6, 32,
(48] (48] 12.8 [8] [48] 44]
E 332 4.1 16.85 [52] 10.3 [53]
[52] [52] 16.7(6) [8]
14.0(1) [32]
Nel,
X [89[54] |3.78 72.4-74.7 [55] 91 [54] |4.91 68 [54] 5.01
[54] 65.3 [28] [54] [54]
69.62 [54]
64 [56]
B 65.0-67.1 [55]
57.6 [28]
E 73 [56]
Arl,
X [235[57] | 3.96 212 [57] 268 [57] |5.05 237.8
(571 [240.5 [10] [571 | [57]
B 3.83 227 [12] 250.3
(441 [226.5[10] (101
E 410415 (see
[581)
Krl,
X 320 [58]
B 307 [58]
E 663-683 [58]

The UCCSD(T), RCCSD(T) and MR-CI methods were used in theoretical calculations, carried out
in [48, 50, 54, 57, 52], respectively

“Potential well depths

Equilibrium distance corresponding to potential well depths

“Binding energies of the lowest vdW levels corresponding to the T-shaped or linear (free-rotor)
complexes

9Equilibrium distance corresponding to n = 0 vdW levels

— potential well depths are Df’oz 4428 cm™! (linear) and 38.92 cm ! (T-shaped)
[501;

— equilibrium distance values RY-°= 4.83 A [50], 4.89 A [8] (linear) and 3.84 A [8]
(T-shaped);
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Fig. 6.6 Contour plots of the vibrationally averaged V,,(R,0) potential (see Eq. 6.27) of the
Hel,(X) complex for vy = 0, in the (6,R) plane. Contour intervals are of 5 cm ™! and for energies
from — 40 to 0 cm™". The dashed line corresponds to the energy of —18.43 cm™' of the barrier
between the linear and bent isomers [50]

— binding energies of ny = 0 vdW level are D} °= 15.72 cm™" [50], 16.3 cm ™' [8]
(linear) and 15.51 cm ™' [50], 16.6 cm ™' [8] (T-shaped);

— equilibrium distance values are R§’° =534 A (linear) and 4.36 A (T-shaped)
[507;

— the degenerate ny =0, 1 (E = — 15.72 cm™ 1) vdW levels are localized in the
linear well, whereas ny = 2 one (E = — 15.51 cm™!) is localized in the T-shaped
well (Figs. 6.6 and 6.7). The ny > 3 levels (E > —8.3 cmfl) are spread over all 0
values [50].

6.4.1.2 The Hel,(B) Complexes

Theoretical, calculated by the UCCSD(T) method, and experimental data on dis-
sociation energies of the 7-shaped and linear Hel,(B) complexes, the topology of
PES and energies of vdW levels are given in [8, 48].

The principal results obtained are as follows:

— potential well depth of the T-shaped Hel,(B,0) complex is Df 0=12948 cm™'
[48];

— equilibrium distance values of the T-shaped Hel,(B,0) complex is Rf =396 A
[48];
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— binding energy of np = 0 vdW level of the Hel,(B,0) complex is Dg,oz
12.33 cm ™' [48] and that of nz = 0 vdW level of the Hel,(B,vg = 19-23)
complex is ~12.8 cm~ ! [8];

— equilibrium distance values of the T-shaped Hel,(B,0) complex Rg 0= 458 A [48];

— the ng = 0 vdW level of the Hel,(B,0) complex (E = — 12.33 cm™ ") is localized
in the T-shaped configuration, whereas ng = 1-6 (E = — 8.36 —— 2.34 cm™ ")
wave functions are spread over all 8 values [48] (see Fig. 6.7 a, also). It can be
assumed that similar features occur at the Hel,(B,vg = 19-23) complex [8]. One
should note that the Hel,(B,0 «+— X,0) transition is impossible due to extremely

0 30 60 90 120 150 180
6,deg

Fig. 6.7 Minimum energy path of the vibrationally averaged V, , potentials, for (a) Hel,(B,20)
and (b) Hel,(X,0) as a function of angle 6. The angular probability distributions of the two lowest-
energy intermolecular vdW levels with Jy = 0 (px = +1, jx = even) for the Hel,(X,0) PES and
Jp=1(pp=—1, jp = 0dd) for the Hel,(B,20) PES are superimposed. For each eigenstate, the zero
probability corresponds to its energy value. Solid lines indicate bent/free-rotor states, where ng > 2
(a), solid line is for the state localized in the linear Hel,(X,0) well (b), and dashed lines correspond
to the ones localized in T-shaped wells (a,b) [50]
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low FCFs. Therefore, data obtained in [8] for the Hel,(B,vg = 19-23) complexes
are of great interest for experimentalists.

Analysis of the data presented in this and previous Sect. shows that the Hel,(B,
vp,hip = 0 «— X,0,ny = 2) transition occurs in the T-shaped configuration. According
to CCSD(T) calculations [48, 50], the Hel,(B,vg,ng > 1 <— X,0,nx = 0,1) bound-
bound transitions should occur in the free-rotor configuration, and the blue shift
relative to I,(B,vg < X,0) band has to be ~10 cm ™. The same shift was obtained in
[32] (see Fig. 6.8). The bound-free transitions of the Hel,(X,0) linear complex is
~16 cm ™! blue-shifted relative to I,(B,vg < X,0) band [8].

A lot of works are devoted to studies of the Hel,(B,vg) decay (see [4, 6, 59-63]
and references). At present, it can be considered as established the following
features of the Hel,(B,vy) decay:

— Vibrational predissociation of the T-shaped Hel,(B,vg = 13-26) complexes
occurs, and the Avg = 1 channel is the principal one (rate of the Avg = 2 VP
is ~30 times less than that of Avg = 1 one) (see [6, 60] and references). The
Avg = 0 VP has been observed in [55], but nobody confirms this feature since.

— quantum yield of luminescence of the T-shaped Hel,(B,vz = 13-26) VP product
population is independent of vz within ~+10% uncertainty (see [6, 19] and

. X6
1,(B.19 < X,0). .
..2‘ = 1 1 -
i | : ]
ﬂé i  T-shaped: i
? Hel (B,19) 1
o | : : x20 }
? : :
O 1 1 —
£ ' '
£ : :
37 : : £ ¢ }
| | ree-rotor 4
- | L HeLB9) he (B,19) -
- T T T ': T T A T T T T T T T T T T T T
17800 17805 17810 17815

Excitation wavelength, cm"?

Fig. 6.8 Excitation spectra of luminescence of the 15(B,19) and products of VP of the Hel,(B,19)
complexes. The PMT FEU100 + KS10 glass filter, A &gt; 600 nm, was used. Positions of
the bands corresponding to the transition to the 7-shaped and linear Hel,(B,19) complexes are
shown [32]
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Fig. 6.9 Theoretical fits T ]
(6.30) of the real-time VP 1 ; E
rates (dashed line) and the 25 L
experimental linewidth 1 e
deduced VP rates (open ’

squares) [59] for Hel,.The
real-time data [61] are
shown as filled triangles
[59]

Predissociation rate, 109 s-1

12 14 16 18 20 22 24 26

references). This feature, maybe, due to the fact that the rate of EP of the
complexes is much less than that of VP.

— VP rate increases with vz in the vz = 13-23 range (Fig. 6.9) according to Eq. (6.30)

1/t =Avj + Bvps™! (6.30)

- A=209-10", B = 6.56-10", for 12 < vz < 26 according to data of [48].

— Calculations performed in [57] shows that VP rate increases ~3.5 times with
ng = 0, 2. According to [58], this feature takes place for ngz = 4, only.

— the bound-free Hel,(B,vz < X,0) transitions of the linear complex leads to direct
dissociation of the Hel,(B,vg) complex, Avg = 0 [8].

6.4.1.3 The T-shaped Hel,(IP) Complexes

MR-CT calculations of PES and energies of vdW levels of the Hel,(E,vg = 0,ng)
complexes [52] has shown as follows:

— potential well depth of the T-shaped Hel,(E,0) complex is Df’oz 332cm™ !
— equilibrium distance values of the T-shaped Hel,(E,0) complex is Rf’o =414,

— binding energies of the ngy = 0 vdW level are D§’°= 16.85 cm™ ', and this level is
localized at T-shaped configuration;
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Fig. 6.10 Minimum energy path, V!, of the Hel,(E,0) state as a function of 6.The energies and
angular probability distributions of the lowest three bound intermolecular vdW levels for J = 0 are
also displayed [52]

— the ng = 1 level (E = — 10.68 cm™ ! relative to the dissociation limit) is localized
around @ = 70° and 110 , and ny > 2 levels (E > —7.74 cmfl) show oscillatory
character over all ® values (Fig. 6.10).

The first experimental data on the energy of the Hel,(£) T-shaped and linear vdW
complexes were obtained in [8] by the group of R.A. Loomis. They measured
excitation spectra of luminescence in the A;,, ~ 338-345 nm, where L(E — Al,,
Cl,, f1, — Al,, and D' 2, — A’2,) transitions could occur, at excitation wavelength
range corresponding to the Hel,(E,vg = 1,ng < B,23,np = 0,3) transitions. The origin
of the luminescence in the Ay, ~ 338-345 nm spectral range was not discussed.
Transitions from the ngz = 0 and 3 vdW levels have to be corresponded to T-shaped and
free-rotor conformers of the complex, respectively (see Sect. 6.4.1.2). The authors
determined the energies of the T-shaped Hely(E,vg = 1,nz = 0,1) complex (— 16.7 and
—13.8cm™ !, respectively) as well as those of the linear Hel,(E,vg = 1,nz = 0-2) one,
as they believed (— 16.7, — 13.8 and —10 cmfl).

More detailed studies of spectroscopic characteristics of the Hel,(E,vy; = 0-2,
ng) T-shaped complex as well as its VP and EP were carried in the author’s group
[32]. The complexes were populated in the
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Fig. 6.11 Excitation spectra of luminescence in the E — B transition, (lower line) and the UV
spectral range, Am ~ 2600-3800 A (upper line) at v; = 17804.94 cm™! (T-shaped
Hel,(B,19 «— X,0) transition, see Fig. 6.7). The E — B transition was monitored at Ay, = 4274 A
and 4303 A in the vy = 23,500-23,725 and 23,725-23,800 cm™ !, spectral range, respectively.
Dissociation limits of the Hel,(E,vg = 0-2) complexes) are marked out by broken lines. Assign-
ments of the I,(E,vg = 0,1 «+ B,18 and B,v3 = 5-7 « B,18) transitions are shown [32]

Hel, (E,vg = 0 — 2,nz = 0<2 B, 19, ny = 02 X, 0, ny = 2) (6.31)

excitation pathway in the (41285—41,585 cm™") energy range. The ng = 0, ngy = 0
and ny = 2 levels are localized at the T-shaped configuration (see above). Popula-
tion of the ny > 1 levels were not observed, probably, due to low FCFs of the
Hel,(E,0,ng >1 «— B,19,n3 = 0) transitions between the T-shaped and bending
(free-rotor) isomers (Figs. 6.11 and 6.12).

Three groups of the excitation bands located lower than the dissociation limits of
the Hel,(E,vy = 0-2) complexes, v, = 23566.8, 23667.8 and 23768.4 cm !,
respectively consist of the band in which the £ — B luminescence prevails (I(E,
vg) bands) and both E — B and D — X luminescence occur (Hel,(E,vx) bands) (see
Figs. 6.11 and 6.12).

Intensities of the D — X transitions are <10 2 of that of E — B at the L,(E,

vg = 0, 1, 2) bands. Detailed analysis shows that these bands are ascribed to

two-photon transitions, I(E,vg,J Ehvzﬂwl X,0,Jx) (g — g, AJ = £ 2) in a free iodine
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Fig. 6.12 Excitation spectra of luminescence at the 4;,,, = 4274 £ 5 A, (E — B transition, dotted
line) and 4,,,, = 3250 £ 5 A (D — X transition, solid line) at the 1-st group; v; = 17804.94 cm™ L.
Positions of the excitation bands of the luminescence corresponding to the spectral components of
fundamental YG981C laser harmonic are shown. The 4,,,, = 3250 + 5 A excitation bands (1B) are
saturated [32] (see Sect. 6.2.1.2)

molecule. The Hel,(E,vg = 0, 1, 2) bands are assigned to the T-shaped Hel,(E,

v .. . ..
ve=0,1,2,n;=0 2 B,19,ng = 0) transitions, respectively. Transitions to other

Hel,(IP) complexes are not observed in the energy range under study, though all
these transitions are allowed in the C», point group [64]. Therefore, one can assume
that He atom behaves as “spectator” (see [7] and references), and propensity rules
for the Hel,(IP — B) transitions are the same as selection rule for the isolated I,
molecule (see Chap. 3).

The Hel,(E) complex energy is (17788.5+ v,) cm ! (upper x-axis in Fig. 6.11).
The energy gaps, AE, between origins of the bands (17788.5 + v,) and I,(E,vg)
energies are binding energies of the Hel,(E,vy = 0, 1 and 2, ny = 0) complexes.
They are equal to 13.9(1), 14.0(1) and 14.0(1) cm” !, respectively, ~2.8 cm ' less
than those obtained in [8, 52].

The I,(E,vge = 0 — B, E,vg = 0,1 — B and E,vg = 0-2 — B) transitions are
observed at the Hel,(E,vg = 0, 1 and 2) bands, respectively. Intensities of the £ — B
and D — X luminescence are comparable at them (Fig. 6.13), and I_p/I_x are equal
to 0.14(1), 0.55(8) and 0.61(9), respectively.


https://doi.org/10.1007/978-3-319-70102-8_3

162 6 Van der Waals Complexes of lodine Molecules

0.5

laser line

Luminescence intensity

7 T T T T T T T T T T et
3000 3200 3400 3600 3800 4000 4200
}‘Iumv A

Fig. 6.13 Experimental (solid line) and simulated (broken line) luminescence spectra in the
Atm = 29004400 A spectral range at 1B, v, = 23552.9 cm™ !, band; v; = 17804.94 cm™ !, T-

shaped Hel,(B,19 « X,0) transition. Spectral resolution FWHM = 10 A. Experimental spectrum is
offset for clarity. Populations of the D,vp, vibronic levels are given in the inset [32]

The principal channel of the Hel,(E,0,n; = 0) state decay is electronic
predissociation. Weak D’ — A’ luminescence, Ip-4/Ip.x = 0.05, was also observed
at the Hel,(E,vg = 0) band. The Hel,(E,vg = 1, 2,nz = 0) complexes undergo
vibrational (Av = —1) as well as electronic Hel,(E,vy; = 1,2,n; =0 — D,vp and D’,
vp-) predissociations, and rate of VP are 1.2 and 1.6 times larger for the vy = 1,
2, respectively, than those of EP. One should note, that the HeIz(EOQ — DO:) non-
adiabatic transition is forbidden at the C,, symmetry group (Hel,(A; < B,)). It may
be allowed due to vibronic or rotational perturbations. The similar features occur
for the Arl,(BO,") EP which is due to perturbation by the Arl(alg, a’Og and (1)2,)

states (see Sect. 6.4.3.2 and [7]) and in the IZ(EOg+ gDOM*) CINATS. For He, this

CINAT is the principal channel. It is due to strong long-range electrostatic inter-
action and follows u < g propensity rule (see Sect. 5.3.2.4).

The Hel,(E,0,n = 0) state lies 13.9 cm~! below the dissociation limit and
cannot dissociate. The Hel,(E,0,nz = 0 — D,vp < 4 and D’,v- < 10) electronic
predissociations observed in the experiments are available only. Nevertheless,
luminescence, which can be ascribed to the I,(E,0 — B) transition, is observed at
the Hel,(E,vg = 0) band. One can say the same about the E,vy = 1 — B and E,
vg = 2 — B transitions at the Hel,(E,v; = 1, 2) band. Explanation of this feature
is as follows: origin of this luminescence is the Hel,(E,vg,nz) complexes.
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One can believe that EP of the Hel,(E,vg,ng) is rather slow process, and VP
channels mentioned above are energetically unavailable. Therefore, radiative
decays of these complexes are the principal channels.

The binding energy obtained in [32] is ~2.8 cm ™' less than those obtained in
[8, 52]. The excitation band assigned in [8] as corresponding to the ny = 0 (nT =0
[8]), should be ascribed to two-photon transition in a free iodine molecule, in fact.
In this case, (nT =1[8))isng =0, and D(l) has to be equal to ~13.8 cm !, similar to
data obtained in [32]. The nt=2 [8, 52] (ng = 1 [53]) level corresponds to linear
(free-rotor) configuration (see the next Sect).

6.4.1.4 The Free-Rotor Hel,(IP) Complexes

These studies were carried out at the vy = 17,811 cm ! band, free-rotor Hel>(B,19,
ng — X,0,nx) transition [53] (see Fig. 6.8). Survey excitation spectra of lumines-
cence in the I,(E — B) transition and UV spectral range, A, ~ 2600-3800 A
measured at v; = 17811.0 cm ™', maximum of the Hel,(B,19 < X,0) transition in
the linear (free-rotor) isomer, are presented in Fig. 6.14.

The mean free-rotor Hel,(E,vg = 0-6,ng) binding energy of the lowest observed
vdW levels to which the Hel,(E,vg,ng < B,19,np) transitions occur is 10.3 cm™!
(Table 6.2) similar to that of the nf=2 [8, 52]. Therefore, one can believe that it is
lowest vdW level of the linear (free-rotor) configuration, ng = 1.

One should note that binding energies presented in Table 6.2 contradict to the
data of [52].

The I,(D — X, E — B) and very weak luminescence, 4, =~ 342 nm, branching
ratios ~0.03 and 0.02 at vy = 0 and 6 bands, respectively, occurs (Fig. 6.15).

6.4.2 The Nel, vdW Complexes

The linear and T-shaped Nel,(X) vdW complexes as well as He,[,(X) (n = 2-6)
clusters are formed in a supersonic beam (see [28] and references). All the Ne,I,(B,
vg < X,0) (n = 1-6) excitation bands are blue-shifted relative to I,(B,vg <+ X,0)
bands, and spectral separations between maxima of the I,(B,vg = 13-26 +— X,0)
and Ne,L,(B,vg = 13-26 «— X,0) bands are ~n-(6.1-7.0) cm ' [28].

6.4.2.1 The Nel,(X) Complexes

Data on basic spectroscopic characteristics of the Nel,(X,0) state are given in
Table 6.1. PES of the state has two minima corresponding to 7-shaped (Df’oz
89 cm ') and linear (Df’oz 91 cm™ ') isomers. The ny = 0, 3, 6 (energies relative
the dissociation limit are — 69, — 58 and — 51 cm_l) of the T-shaped and
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Fig. 6.14 Excitation spectra of luminescence in the E — B, Ajy, =~ 4284 A, (lower line) and UV
spectral range, Aium A~ 2600-3800 A (upper line) measured at v; = 17811.0 cm™", maximum of the
free-rotor Hel(B,19 « X,0) band. Energy of transitions to the L,(E,vg = 0-6, Jp = 0) states
corresponding to the most intense spectral I/fl =9395.12 cm ™' component (see Sect. 6.2.1.2) are
marked out. Assignments of the I,(E,vg = 0-5 < B,vg = 17,18 and f,vs = 5-7 < B,vg = 17,18)
transitions are shown. Groups of excitation bands of the I,(IP — valence states) luminescence
corresponding to the Hel,(E,vg = 0-6,ng) complex states are marked out as 0-6 [53]

the ny = 1,2, 4,5 (energies relative to the dissociation limit are — 68.56 and
—55.15 cm™ ') of the linear isomers are stable due to high (energies relative to the
dissociation limit are — 49 cmfl) izomerization barrier between them. As obtained
in RCCSD(T) calculations, the ny = 0-2 states are near-degenerated [54].

6.4.2.2 The Nel,(B) Complexes

According to data of [28], the T-shaped, linear and delocalized Nel,(B,vg = 32-38)
isomers are populated in the Nel,(B,vg < X,0) transitions from single vdW level
(“zero-point level”) at rather high Nel,(X,0) complex rotational and vibrational
temperatures (Mach number is M = 9 for x/D = 12.5, see Sect. 6.2.1.1). The similar
data have been obtained in the author’s group [56] (Fig. 6.16).
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Table 6.2 The free-rotor Hely(E,vy = 0-6,n5) complex binding energies
I(E,vg = 0-6,J = 0) transition | Energy, Hel,(E,vg,ng) binding vp | vE®]

vg |energy, cm™! em™! energy, cm b.r. b.r.

0 [413553 413459 9.4 4/ -
©)* 0.97
41345.5 9.8
(B)
41345.0 10.3
(A)

1 [41456.3 41446.84 |9.5 - -
©
41446.45 |99
(B)
4144553 |10.3
(A)

2 415569 4154743 |9.5 6/ 1/
©) 0.33 [0.67
41547.0 9.9
B)
41546.55 | 104
(A)

3 |41657.0 41647.6 9.4 7/ 2/
©) 027 ]0.73
41647.18 |9.8
B)
41646.78 | 10.2
(A)

4 |41756.8 41952.37 |94 - -
©
4147697 |9.8
B)
41746.54 |10.3
(A)

5 |41856.2 41846,77 |94 - -
©
41846.35 |99
B)
4184593 |10.3
(A)

6 |41955.2 4194571 |9.5 10/ 5/
©) 021 ]0.77
4194538 |9.8
(B)

Maximal vibrational number (v;z*) of a I(IP) state populated in the linear Hel,(E,vg,ng) VP and

EP as it has been determined by simulation of the luminescence spectra measured at the Hel(E,v,
ng = 0« B,19,ng) bands. The ratios of integrated partial intensity from selected IP state to the sum
of all integrated intensities (branching ratios, b.r.) of the Hel,(E,vg,ng) VP and EP product

formation and maximal vibronic state (v,

max)
1P

populated are also given [53]

?A, B, C are excitation bands observed from lowest to highest wavenumber values
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Fig. 6.15 Experimental (solid line) and simulated (dashed line) luminescence spectra in the
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Fig. 6.16 Excitation spectra of luminescence of the I,(B,19) and products of VP of the
Hel,(B,19), Nel,(B,19), HeNel,(B,19) and Ne,lI,(B,19) complexes. The PMT FEU100 + KS10
glass filter, A &gt; 600 nm, was used [56]
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Fig. 6.17 The vibrational predissociation rate for Nel,(B,vg) complexes shown as a function of
the vp [61]

The “zero-point level” is delocalized sampling both the 7T-shaped and linear
configurations (see [65], also). This level is the near-degenerate ny = 0-2 states
[54], probably (see previous Sect.). Binding energy of the Nel,(B,vg =~ 36) com-
plexes is 57.6 + 1 cm ™' and w? ~ 20.7 cm ™' [28].

Vibrational distributions obtained for VP products of rather low Nel,(B,
vp = 13-26) T-shaped isomer populated at low, T,,, =~ 0.5 K and T,;, =~ 50 K
(see [4, 55, 66]) temperatures differ dramatically from those obtained for Nel,(B,
vp = 32-38) [28]. The Avg = 1 VP channel is the principal one for the vz = 13-26
levels; the probability of the population of the v — 1 levels is ~0.94 for vg = 21, 22
and that of vg — 2 is ~0.05. For high vz = 32-38, the probability of population of the
vg — 1 levels decreases with v and become closed for vz = 37, and the vg < 35
vibronic states can be only populated due to intramolecular vibrational redistribu-
tion (IVR, see Sect. 6.4.3.2 for details) [28]. Wide vibrational distribution, up to vz —
7, were also observed for the T-shaped and linear Nel,(B,34) isomers. Seven vdW
vibrational levels assigned to T-shaped, linear and delocalized Nel,(B,34) isomers,
as well as continuum-like bands of the Nel,(B,34 <+ X,0) transition in the (— 4 — +
47.6 cmfl) interval from the Nel,(B,34,np = 0 < X,0) band were identified in [28].

According to all literature data concerning the Nel,(B,vg) complexes [28, 55],
the principal channel decay of these complexes is VP, and its rate increases with vg
(Fig. 6.17).
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6.4.2.3 The T-shaped Nel,(IP) Complexes

Survey excitation spectra of luminescence in the I,(E — B) transition and UV
spectral range, A,y =~ 2600-3800 A measured at 4, = 5615.49 A (v; = 17807.9 cm™ ",
T-shaped Nel,(B,19 < X,0) transition are presented in Fig. 6.18.

One sees seven groups of the excitation bands located lower than the dissocia-
tion limits of the Nel,(E,vg = 0-6) complexes (zero, 1-st and so on groups) in
Fig. 6.18. One of these groups is given in Fig. 6.19 as an example. The
Nel,(IP) complex term energy relative to that of the I,(X,vx = 0,Jx = 0 is given
at upper x-axis in Fig. 6.18). The energy gaps, AE, between those of transitions to
the Nel,(E,vg = 0-6,nz = 0) complexes (see caption to Fig. 6.18) and energy of
transitions to the ,(E,vy = 0-6,Jr = 0) states are binding energies of the Nel,(E,
veg = 0-6,ng = 0) complexes (Table 6.3).

The Nel,(E,vg,ng = 0) binding energy is Dg’ "E %73 cm ™. Energies of the I(IP,
vip,J1p = 5) rovibronic levels of the first-tier iodine molecule IP states, IP :D/, p,D,
E, vy, 6 and calculated relative to that of 1,(X,0,4) and positions of Nel,(E,vg,
ng < B,19,np = 0) vibrational progression terms are given in Fig. 6.20.

The EP and VP channels are possible if energy of a Nel,(E,vg,ng) term is larger
than that of corresponding I,(E,vg,ng) dissociation limit. Nevertheless, lumines-
cence in the Ay, = 41004400 A spectral range similar to the I,(E,0 — B,vp) and
I,(E,1 — B,vg) ones has been observed in the E,vg = 0 and vz = 1 band groups,
respectively, though they are energetically forbidden (see Fig. 6.21 as an example).
Similar “energetically forbidden” transitions have been observed at all band groups
studied.

6.4.3 The Arl, vdW Complexes

The Arl,(BO;") vdW complex has received special attention of both experimentalists
and theoreticians due to very rich dynamics, VP including IVR, EP and “caging”.
The interpretation of these processes leads to many puzzles, controversies, and
surprises. These processes compete, so that it is difficult to distinguish them in
experiments. From the theoretical point of view, competing processes should be
taken into account simultaneously, which can make the problem computationally
intractable [7].

Theoretical and experimental studies of spectroscopic characteristics of the
Arl,(X, B) complexes, dynamics of the Arl,(B) decay and caging both below and
above I,(B) dissociation limit carried out up to 2003 are reviewed in detail in [7]. In
the cases, if there are no more recent data, information from the papers discussed in
[7] will be used below.

The T-shaped and linear Arly(X) vdW complexes as well as Ar,I>(X) (n =2, 3)
clusters are formed in a supersonic beam. All the Ar,I,(B,vz «— X,0) (n = 1-3)
excitation bands are blue-shifted relative to I,(B,vg < X,0) bands, and spectral
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Fig. 6.18 Excitation spectra of luminescence in the E — B, Ay, ~ 4284 A, (lower line) and UV
spectral range, Aum A~ 2600-3800 A (upper line) measured at A; = 5615.49 A (v; = 17807.9 cm ™",
T-shaped Nel,(B,19 « X,0) transition). The energy of transitions to the I,(E,vg = 0-6,J = 0)
states are marked out. Assignments of the I(E,vg < B,yg = 17,18 and f,vs «— Byg = 17)
transitions are shown. Groups of excitation bands of the I,(IP — valence states) luminescence
corresponding to the E,vg = 0-6 states are marked out as 0-6 in frames [56]
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Fig. 6.19 Excitation spectra of luminescence in the in the v, = 23522-23583 cm™! (Evg=20
group) corresponding to the £ — B, A, =~ 4284 A, (red, gray line) and UV spectral range,
Atum = 2600-3800 A (black line) at v, = 17807.9 cm ™. Assignments of the transitions observed
are shown [56]
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Table 6.3 The T-shaped Nel,(E,vg = 0—6) complex binding energies (see the text for details)

L(Eyvg = 0-6Jp =0) |Nely(E.vgng) | Nely(Eve.ng)
transition energies, energies®, binding energies, x|y |y maxy |y e
vg [cm™ cm ! cm ! /br | [br | br /br
0 41355.3 41282.7 72.6 3/ 5/ 0/ -
(ng = 0) 0.58 [0.04 |0.38
41298.7 56.6 3/ 5/ 0/
mg=1) 0.61 |0.04 |0.35
41304.4 50.9 3/ 5/ 0/
(ng = 2) 0.65 |0.04 031
1 41456.3 41383.4 72.9 4/ 5/ 1/ -
0.31 [0.02 |0.67
2 41556.9 41483.9 73.0 5/ 6/ 2/ -
0.43 |0.08 |0.49
3 41657.0 41583.9 73.1 6/ 7/ 3/ 0/
0.34 |10.05 0.54 |0.07
4 |41,756,8 41683.6 73.2 7/ 8/ 4/ 1/
0.38 [0.07 |0.40 |0.05
5 41856.2 41782.9 73.3 7/ 9/ 5/ 1/
0.37 {0.07 |0.51 |0.03
6 41955.2 41881.8 73.4 9/ 10/ |6/ 2/
0.49 |0.10 10.38 |0.02

max

Maximal vibrational number (v;;*) of a I,(IP) state populated at the Nel(E,vg,ng) VP and EP and

the branching ratios (br)* of the Nel,(E,vg,ng) VP and EP product formation and maximal vibronic

state (v populated are given [56]

%br is ratio of integrated partial intensity from selected IP state to the sum of all integrated
intensities
®All the data have been obtained for ng = 0 except those for vg = 0

separations between maxima of the I,(B,vg = 13-26 «— X,0) and Ar,l,(B,
vg = 13-26 <+ X,0) bands are ~n-13.4 cm ! [7, 19].

6.4.3.1 The Arl,(X) Complexes

Most recent theoretical and experimental data on dissociation energies of the 7-
shaped and linear Arl,(X,vy = 0) complexes, topology of PES and energies of vdW
levels are presented in [57, 67] (theory, RCCSD(T) calculations), [10, 30, 68]
(experiment). The principal results are as follows:

— the potential well depths are Df’O: 268 cm ™' (linear) and 235 cm ™! (T-shaped)
[571;

— the R equilibrium distance values R¥:= 5.05 A (linear) and 3.96 A (T-shaped)
[571;

— binding energies of the ny = 0 vdW level are Dg’oz 237.8 [57], 250(2) [68],
250.3(2.7) em™"' [10] (linear) and 212 [57], 240.5(3.6) cm ™' [10] (T-shaped);
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Fig. 6.20 Energies of the I,(IP,vip,Jip = 5) rovibronic levels of the first-tier iodine molecule IP
states, IP :D/, p, D, E, y, 6 and calculated relative to that of 15(X,0,4). Vibrational quantum
numbers of the states are indicated. Positions of Nel,(E,vg,ng < B,19,n3 = 0) vibrational
progression terms are also shown [56]

— the Rf’oequilibrium distance values are Rf’o =505A (linear) and 3.96 A (T-
shaped) [57];

— theny=0and 1 (E=—237.8and-213.7 cmfl) vdW levels are localized in the
linear well, whereas ny = 2 one (£ = — 212 cmfl) is localized in the T-shaped
well (Fig. 6.22) One should note that similar feature is observed at the Hel(X)
complex (see Sect. 6.4.1.1).

— the high, £ = 132 cm™ ! above the global (linear) minimum, isomerization
barrier presents at R ~ 4.92 A, ® =~ 52.3°, and lowest vdW vibrational states
are expected to be mostly localized in either linear (ny = = 0, 1) or T-shaped (nx
= 2) wells [57];

— the w, values are equal to 24.0 (linear) and 26.5 (T-shaped) cm” ' [57].
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Fig. 6.21 Experimental (solid line) and simulated (broken line) luminescence spectra in the 4, =
2900-4400 A spectral range at the zero group of bands, Nel,(E,0,n; = 0), vy = 17807.9 cm_l,
v, = 23538.84 cm . Spectral resolution FWHM = 10 A. Experimental spectrum is offset for
clarity. Populations of the D,vp and ,v; vibronic states are given in the inset [56]

6.4.3.2 The Arl,(B) Complexes

Structure, energetic, and PESs of the T-shaped Isomer According to experimen-
tal data and results of calculations known to date, there is only one minimum in the
Arl,(B) complex PES along the angular coordinate around the I, molecule which
corresponds to the T-shaped isomer. The binding energy is Dg V8 2227 cm” for all
studied vp (Fig. 6.23, see [12] and references).

To the best of our knowledge, there are no results of ab initio calculations of the
Arl,(B) PES in the literature, and the PES has been calculated using several
versions of semiempirical diatomics-in-molecule (DIM) method [7]. The Rf’o =
3.83 A as well as w, values for stretching (~33.2 cmfl) and bending (~18.5 cmfl)
modes have been calculated in [44]. Besides, it has been shown that Rf 22 value lies
in the 3.7-4.5 A range; it is likely that R®?2 = 4.02 A and R¥** = 4.00 A [44]. The
latter is similar to the Rf’o =3.96 A (T-shaped) [57]. An analysis of the literature
data (see [7, 12, 30, 31, 44, 69] and references) has shown that the Arl,(B,vg,
ng < X,0,nx = 2) transitions in the T-shaped conformer occur for low ng. Since
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Fig. 6.22 Potential energy curves for the Arl,(X) complex. Ab initio results are indicated by open
circles for linear isomer (®@ = Oo) and squares for 7T-shaped isomer (@ = 900). The f P2dR
distributions for the eigenfunctions corresponding to the ny = 0, 1, 2 vibrational vdW levels are
given in the insert [57]

both Arl,(X and B) PESs are similar near the bottom of the T-shaped well, the
Franck—Condon principle implies that the transition probability from the ny = 2
level has to be largest for ng ~ 0 and rapidly decreases with np; transitions to the
first three ng ~ 0-2 states are the strongest (see [7] and references).

The Photodecay Dynamics of the T-shaped Isomer: The Vibrational
Predissociation  Including  Intramolecular  Vibrational Redistribution
and Electronic Predissociation All these channels of Arl,(B) decay are observed.
Luminescence of the Arl,(B,vg-Avg) lacks for the vy < 11 levels since, as it
assumed, rate of EP is much larger than that of VP (one should note ratio of rate
constants of vibrational relaxation to electronic predissociation in the I,(B,vg) + Ar
collisions is approximately independent of v in the v ~ 6-25 range [70]).The VP
compete with the EP, and vibrational predissociation efficiencies, Avg > 3, show
strong oscillations over the vg ~ 12-26 range for ng = 0 [19, 20, 71]. Similar
oscillations were observed for the Arl,(B,vg.ng = 1,2 «— X,0,ny = 2) excitation
pathway (see [20] and Fig. 6.24).

The Arl,(B) EP may be due to the Arl,(B —al,) coupling in the 7-shaped isomer
according to selection rule, and the EP rate has to oscillate with vz due to oscillation
of FCD for B/a states (see [7, 72] and references). According to data of [72], the
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Fig. 6.23 Schematic of the Arly(B,vg = 21,n,;) bound intermolecular vibrational levels. The
levels marked as solid and dashed lines represent the states localized in the T-shaped well and
those corresponding to the linear regions of the Arly(B,vg = 21,n5;) PES, respectively. The
np; = 0-3, 3-5 and > 6 states decay via the Avg = 3, 2 and 1 channels, respectively. The
n,; = > 6 energy levels likely resemble hindered, internal rotor states with the Ar atom delocalized
about the I, molecule (see [12])

Arl,(B) EP is due to the Arl,(B — RS), RS = a’O;, alg, (1)24 (and Cl,, in a less
degree) coupling (see Sect. 5.3.1). The coupling with the a/Oz and (1)2, states is
valid since large amplitude vibration occurs at the Arl,(B,vg) corresponding to
non-7T-shaped geometries. Oscillations of Franck-Condon densities for the RS states
are out of phase, so total FCD(B/RS) = f(vp) function can be smooth (see [7, 72] and
references).

The VPE oscillations are due to /VR in the sparse limit, corresponding to the case
when half-widths of the bound Arl,(B,vg,ng) levels are less than a value of the vdW
quantum. The IVR results from quasi-degeneracy between the initial excited state
(“bright state”) ArIz(B,vB,ng ) and intermediate zero-order “dark states” with less
I,(B) vibrational excitation and more vdW bending and stretching energy, Arl,(B,
vg-1 or vB—2,ng > ng). The vibrational coupling induced by the argon atom mixes
these zero-order quasi-degenerate states, which leads to a population to the dark
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Fig. 6.24 Vibrational predissociation efficiencies (VPE) for the Arl,(B,vg,ng = 0 «+ X,0,nx = 2)
(T-shaped) transitions plotted as function of the vz [20]

states. These, in turn, provide to the Arl,(B — RS) coupling [7, 73, 74]. The IVR
leads to loss 4 1,(B,vg) vibrational quanta at high v levels and bimodal rotational
distribution of the I,(B,v-3) VP product [5].

The information given above concerns the decay of the low, ng = 0-2 states. At
higher, ng = 3-5 states, the Avg = 2 channel become energetically available. The ng >
6 states corresponding to the linear regions of the Arl,(B,vg,ng) PES, likely resemble
hindered, internal rotor states with the Ar atom delocalized about the I, molecule. The
Avg = 1 channel becomes energetically available there (see [12] and Fig. 6.23).

The Photodecay Dynamics of the Linear Isomer According to Franck-Condon
principle, the transition to the linear Arl,(B) isomer PES occur from the the ny = 0
and 1 (E = — 237.8 and — 213.7 cm™ ') vdW levels localized in the linear well (R*-°
=5.05 A), see Sect. 6.4.3.1. The transitions occur to the left branch of the Arl,(B)
PES, and continuum excitation spectra correspond to them [5, 7, 21, 30, 63,
69]. The I,(B — X) luminescence intensity integrated over transitions of linear
isomer is 2.1 times higher that total integrated luminescence intensity of the 7-
shaped isomer, though the intensities at any selected wavelength is ~15 times
weaker than the peak intensity of the T-shaped isomer, since the excitation is
continuum-like. Wide ranges of the I,(B,vz—Avp) states (from vg = 12 to 23 with
maximal population at the vz = 18 level for the Arl,(B,vg = 26 + X,0) transition
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[21]) are populated. Rotationally cold I,(B,v) fragments, T,,, =~ 5 K, consistent with
direct dissociation from a near-linear geometry are observed [5].

The One-Atom Cage Effect. This effect is subject to numerous studies since 1981,
when Saenger et al. have found it [75] (see [76], also). When the Rgl,(B) complex
is above the I,(B) dissociation limit, large range of the I,(B,vz) molecules
(23 < vp < 49 for Arl,(B) at A, = 488 nm) is produced. Similar wide vibrational
distributions than those of observed in VP were observed at the bound part of the
Rgl,(B) PESs, also. Many contradictory hypotheses have been discussed. Now, this
effect is interpreted as the purely kinematic (ballistic) mechanism, i.e. it is due to
the collision of the dissociating I atom with the argon atom near the linear
configuration which leads to stabilization of a I,(B) molecule [5, 7, 20, 30].

6.4.3.3 The Arl,(IP) Complexes

To the best of our knowledge, there were no experimental or theoretical data on
ArlL,(IP) vdW until the work [31] in which the Arl,(E O:) complexes have been
observed and studied for the first time using the experimental setup and methods
described in Sect. 6.2.

The complexes were populated in the

huy

Arly (E,ve =0—3,ng =0 —4<B,20,n — 0™ X,0,ng = 2) (6.32)

excitation pathway (T-shaped isomer) in the (~41250-41720 cm™') complex
energy range.

Binding energy of the 7T-shaped Arl,(X,0) is Dé( = (240.5 £ 3.6) cm ™' Energy
gap between maxima of transitions to the I(B,20) and Arl,(B,20) is 14 cm ™', and
energy of the T-shape Arl,(B,0) is DE =2265cm™! (see Sect. 4.3.1). The Arl,(E)
complex term energy (upper x-axis in Figure 6.25) relative to that of the [,(X,vy =0,
Jx=0)isv; + v, —Dé( =1, 4 17905.9-240.5 = v, + 17665.4 cm ™. Four, Arl,(E,
vip = 0-3 < B,20) progressions corresponding to stretching vdW modes were
found. The Arl,(E,vgy = 0-3 < B,20) transitions are the strongest in the spectral
range under study. It follows the AQ = 0 propensity rule. No progressions
corresponding to transitions to other Arl,(IP) states have been found. Therefore,
Ar atom, as Rg = He, Ne and Kr (see Sect. 6.4.4) behaves as “spectator”’, and
propensity rules for the Arl,(IP — B) transitions are the same as for the isolated I,
molecule (see Chap. 3) (Table 6.4).

Experimental luminescence spectra are simulated well as transitions in a free
iodine molecule (see Fig. 6.26). Relative populations of the D, D’ and f states as
well as those of their vibronic levels depend significantly on v,. The larger v, value
is, the higher vibronic levels of IP states which populated in EP of the Arly(E,vg)
complexes and following VP of the Arl,(IP,v;p) complexes are [77].

Partial intensities of the I,(E — B) transitions at each excitation lines
corresponding to population of the Arl,(E) complexes are much less than those
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Fig. 6.25 Excitation spectra of luminescence in the 4, =~ 2600-3800 A spectral range in the He
+ Ar mixture; v; = 17804.94 cm ™. Dissociation limits of the Rgl>(E,vg) complexes are marked
out by stars. Assignments of the transitions in free I, and discovered vibrational progressions
correlating with the Ar + I(E,vg) limits are shown

Table 6.4 Energy gaps between adjacent terms of the progressions P;(j + 1) — P« j) for Arl,

Py P, P, P, P,
P,(1)-P,(0), cm ™" 33.5(1) 35.5(1) 33.8(1) 33.5(1) 34.9(1)
P,(2)-P(1), cm ™" 30.3(1) 30.3(1) 30.1(1) 30.4(1) 31.0(1)
P,(3)-P,(2), cm ™! 4.2(1) 4.4(1) 4.2(1) 43(1) 4.3(1)
P.(4)-P,(3), cm ! 23.3(1) 23.1(1) 22.8(1) 23.1(1) 23.3(1)
DE(v), em™! 410.4(2) 413.1(2) 411.8(2) 412.6(2) 415.02)

The binding energies of the Arl,(E,vg = 0—4,nz = 0) complexes, Dg’ "E_ are equal to differences
between calculated dissociation limits of the Arly(E,vg = 0-7) complexes and the origins of the
progressions discovered [77]

of the total I,(D — X, f — A and D’ — A’) transitions (Fig. 6.26). Therefore, the rate
of VP of the Arl,(E,vg = 0-3) complexes is ~10 times lower than those of EP to the
Arl,(other IP) states.

6.4.3.4 The Rydberg Arl, vdW Complexes

Mass-resolved one-color (2 + 1)REMPI spectroscopy (see Sect. 2.1.7 and 3.4) was
used to study the X[1/2]. 6 s and X[3/2].nd, n =5, 6, Rydberg states of the Arl, vdW
complex in the ~53000-55000 cm ™' and ~62250-64000 cm™' energy range,
respectively. The long vibrational progression and the increased vibrational spac-
ing, 240 cm_l, over that of the ground electronic state, 214 cm_l, is indicative
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Fig. 6.26 Luminescence spectra in the 4, = 2900-3500 A and 4100-4350 A spectral ranges at
v, = 23811.1 em™ ! vy = 17905.9 cm™!' (Arlx(B,20 — X,0) transition). Spectral resolution
FWHM = 5 A. Partial luminescence intensities of the transitions are given [31]

of a reduction in equilibrium bond length upon excitation to the Rydberg state due to a
removal of non-bonding with some antibonding character 7, electron. Two, T-shaped
and linear isomers of the complexes were observed (see [78] and references).

6.4.4 The Krl, vdW Complexes
6.4.4.1 The KrI2(IP) vdW Complexes

To the best of our knowledge, nobody observed luminescence of the products of the
Krl,(B) complex VP, since its EP rate is much larger than that of VP, probably. The
Krl, complexes have been studied in [19] (intracavity absorption spectroscopy),
theoretically [9] and in rare-gas matrixes (see [9] and references). The Krl,(X and
B) well depths were estimated in [79] as 294 and 278 cm ™', respectively. Dissoci-
ation energies and some spectroscopic constants of the Krl,(X) linear and T-shaped
isomers had been calculated in [9] using the MP2 and CCSD(T) methods. It was
shown in [19] that energy gap between the 1,(B,vg <+ X,0) and Krl,(B,vz « X,0)
bands is ~13 cm ™', The same value has been obtained in [58] (see below).

Some spectroscopic characteristics of the Krly(X, B, E) complexes as well as
branching ratios of the Krl,(E£) VP and EP decay channels and vibrational populations
of the VP and EP products have been studied [58, 77] using the experimental setup and
methods described in Sect. 6.2. The complexes were populated in the
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Fig. 6.27 Action spectra of luminescence of the 1,(B,19) and products of VP of the Hel,(B,19),
Krl(B,19) complexes; A, = 4294 A (lower spectrum) and Ay, ~ 2600-3800 A (upper spec-
trum), v, = 23933.3 cm ™. Positions of the Hel,(B,19) and Krl,(B,19) bands are shown [58]

Krly (E,ve = 0 — 8,np < 828,19, ns 1 X, 0, ny) (6.33)

excitation pathway (T-shaped isomer) in the (~41000—41850 cm™') complex
energy range.

The Krl,(B,19) band of action spectra is narrow and very similar to those of
transitions in the Hel,(B,vg) and Arl,(B,vg) T-shaped complexes, and corresponds
to transition in the T-shaped complex. Spectral separation between wavenumbers of
this and the I,(B,19 hl/lhvl X,0 transition is ~13 cm™' (Fig. 6.27) similar to
observed in [19].

Survey excitation spectra of luminescence in the UV spectral range,
Aam A 2600-3800 A at v, = 17814.39 cm ™' measured at the He + Kr mixture
and pure He are presented in Fig. 6.28. Luminescence at the Ay, ~ 2600-3800 A
spectral range corresponds to the Iy(D — X, # — A and D’ — A’) transitions.

The Krl,(X,0; B,19 and E,vy = 0-8,nz = 0) binding energy are ~320, ~307 and
~663 — 683 cm ™!, respectively. The Krl,(IP) complex term energy (upper x-axis in
Fig. 6.28) relative to that of the L(X,vx = 0Jx = 0) is v; + v, — Dg( =
vy, + 17814.4 — 320 = vy + 17494.4. Seven I,(E,vg) vibrational quanta have to
be loss for the Krl,(E,vg,ng) VP. The w, = 34.7 cm™ ! value for Po(ng) progression
is larger than those of for P(nz) — P7(ng), and nature of this feature is unknown at
the moment. Besides, energy interval between P(0) and Py(0) terms, 93 cm ', is
less than that of I(E,1 — E,0), 101.1 cm™" (see Appendix) due to perturbation
caused by a Kr atom. The I,(E,vg = 0-1), Iz(Dl,vD/:3—10, L(B,vs = 0-6) and



180 6 Van der Waals Complexes of lodine Molecules

Energy, cm™
40800 41000 41200 41400
T T T T
) Fa 11
2 P P
g, B | — ¢ P
2 0 P T 1 8
s T ] P T T
3 P, T T Tl 3 P,
c 2
8 I
0
o
£ 4
5
-
Ly I} Iy L Ll
i By-BI8 3 4 5 6[ il
Bv-B17 5 6 7 8 9
Ev-BI8
Ev-B17 1 2
T T T T T
23200 23400 23600 23800 24000
v, cm’!

Fig. 6.28 Excitation spectra of luminescence in the UV spectral range, Ay, ~ 2600-3800 A at
vy = 17814.39 cm ™', (Krl(B,19 «— X,0) transition) measured at the He + Kr mixture. Assign-
ments of the I,(E,vg < B,vg and f,v; < B,vp) transitions and discovered Krl,(E,vg,ng < B,19,np)
vibrational progressions correlating with the Kr 4+ I,(E,vg = 0-8) limits are shown [58]

LL(D,vp = 4-5) are products of the Krl,(E,vg = 0-8,ng) VP and EP. The Krl,(E,vg,
ng) — Kr + 1,(8,v = 0-6) is the principal channel of the complex decay, branching
ratios, b.r = 0.4-0.7. The VP branching ratios is b.r. < 0.23.

The authors try to describe vibrational populations of the VP and EP products
using the models of direct coupling of the initially excited bound level Krl,(E,vg,
ng) with quasi-continuum states Kr + L(IP,vp) (“direct EP”) or a sequential
multistep process including /VR and non-adiabatic Rgl,(E — IP) transition
(“EP + IVR”) (see [80, 81] and references). The models are able to tend the main
features of the vibrational population of the EP products, only.

6.4.4.2 The Rydberg Krl, vdW Complexes

Mass-resolved one-color (2 + 1)REMPI spectroscopy (see Sect. 2.1.7 and 3.4) was
used to study the X[3/2]. 5d Q, (Q = 0, 2) Rydberg states of the Krl, vdW complex
in the ~61900-63800 cm ™' energy range [82]. Anharmonic progressions of the
vdW stretching mode with @, = 49 and 47 cm ™! values for the X[3/2]. 5d 0g and X
[3/2]c 5d 2, states, respectively, were observed.

6.4.5 The Xel, vdW Complexes

Information on the Xel,vdW complexes is very scarce. They have been studied by
intractivity absorption spectroscopy method [19], theoretically [9] and in rare-gas
matrixes (see [9] and references). The Xel,(X and B) well depths were estimated in
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[80] as 348 and 330 cm ™', respectively. Dissociation energies and some spectro-
scopic constants of the Xel,(X) linear and T-shaped isomers were calculated in [9]
using the MP2 and CCSD(T) methods. It was shown in [19] that energy gap
between the I,(B,vg «+ X,0) and Xel,(B,vg «+ X,0) is ~13 cm .

The authors tried to “catch” Xel,vdW complexes by the way which was suc-
cessfully utilized for a study of the Krl, vdW complexes but failed. Maybe, it is due
to very fast EP of the Xel,(B) complexes.

6.5 The Principal Features of Decay of the Electronically-
Excited Rgl, vdW Complexes Populated in Collisions
and Optically

It is fascinating to analyze decay of the Rgl,(B) and RgI>(E) vdW complexes which
formed in Rg + I, collisions or optical transitions. These are:

— collision-induced predissociation (CIP) of the I,(B) molecules (see Sect. 5.3.1);

— collision-induced non-adiabatic transitions (CINATSs) of the I,(E) molecules
(see Sect. 5.3.2);

— electronic predissociation of the Rgl,(B) complexes;

— electronic predissociation of the Rgl,(E) complexes.

The Rgl,(B) Complexes. The CIP rate constants for Rg = He — Xe smoothly
increase with vz. For Rg = He, e.g., it is ~5-107"2 em’/s (vg = 6) — 107" em’/s
(vg = 50) and increase in the He - Xe row due to increase of Rg polarizability. It has
been established that the Rgl,(BO) complex predissociates due to coupling with
gerade Rgly(al,, d O; and (1)2,) repulsive states, see Sect. 5.3.1. Collision-induced

1,(B,vg,J, Bﬁ B,vg £ Avg,JJg = AJg) V,R-T processes occur also. The authors could
not optically populate the Xel,(E) complexes via the Xel,(B), probably, due to a
high rate of EP of the latter, though relative ratios of rate constants of the CIP and V,
R-T processes do not differ dramatically on the Rg nature [70]. CIP rate is much less
than that of V,R-T processes for Rg = He, and quantum yield of the optically
populated Hel,(B) VP is ~1. Quantum yield of the optically populated Arl,(B,vg)
VP depends on vg. For Rg = K, Xe, it is negligibly small.

The Rgl,(E) Complexes. The experimental and theoretical studies clearly identify
two mechanisms for CINAT between the IP states of iodine molecule — “approach-
induced” for collisions with molecular partners possessing large electric permanent
quadrupole moments, permanent dipole moment, transition dipole moment, and
more common “collision-induced” one for collisions with rare gas atoms.

The following principal features have been found out for the non-adiabatic
transitions induced by collisions with rare gas atoms:
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CINAT cross-sections, ¢ = k/V, are appr. Independent of Rg nature, except
Rg = Xe, for which reactive quenching is the dominant channel in the I,(E) 4 Xe
collisions.

The “parallel” E D (Q, « Q,) transitions with AQ = 0 are dominant for
Rg = He. For Rg = Ar— Xe, all the electronic states of the first tier are populated
in CINATS from the E states in a statistical way and total, for all g, D/, y and 6
states, rate constant is higher than that of corresponding to the D state.
Vibrational populations of the final states depend on Rg. It is resonant and
narrow for He and broad for other Rg atoms.

CINAT rate constants smoothly increases with initial vibrational excitation of
the E state;

The large difference of the CINAT branching ratios is explained by the different
behavior of the potential curves. The dipole polarizability of the He atom is
0.2-107%* cm?®, whereas for Ar — Xe, they are about one order of magnitude
larger, 1.6 —4.0-107* cm®. Since the dipole polarizability determines the
magnitude of the long-range interaction, the depth of the He—I,PES is much
smaller than the mean thermal energy at 300 K, while the Ar-I, interaction
strength approaches 240 cm™'. Also, the mean collision velocity is smaller for
heavier Rg atoms. Both factors increase the mean collision time and favor
statistical population of the CINAT channels for Rg = Ar — Xe.

The following principal features have been found after study of the optically

populated Rgl,(E) complexes:

The binding energies of the Rgl,(X, B and E) complexes increase in the He — Kr
row, Dé‘ ~ 16 (He), 64 (Ne), 240 (Ar), 320 (Kr); Dg =~ 12.5 (He), 57 (Ne),
227 (Ar), 307 (Kr); D(‘)E ~ 14.0 (He), 73 (Ne), 410 (Ar), 670 (Kr), units, em LIt
is due to increase of polarizability in this row (Fig. 6.29).

The EP is the principal channel of the Rgl,(EF) decay, Rg = Ar, Kr. For He, Ne
probabilities of the VP and EP are comparable. Relative probabilities of different
EP channels depend on Rg: the He + I,(D) channel is the principal for light, He,
Ne, atoms and of minor importance for Ar, Kr, for which Rg + () channel is
the principal. The Rg + I, (D) channel has a appreciable probability for Ar
and Kr.

The propensity rule for optical transitions in the Rgl,vdW complexes, u — g, is
the same as selection rule for a homonuclear diatomic molecule, i.e. Rg acts as a
“spectator”, and Rgl,(DO,, D'2, — BO;) transitions allowed in the C,, and C,
symmetry groups are not observed.

One should note, that the HeIz(EOQ « DO0) non-adiabatic transition is forbid-
den at the C,, symmetry group (Hel,(A; <> B,)). It may be allowed due to
vibronic or rotational perturbations. The similar features occur for the Arl,(B
0,,) EP which is due to perturbation by the Arl(al,,a'0, and (1)2,) states and in
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Fig. 6.29 Binding energies of the Rgl,(X, B and E) vdW complexes as functions of the Rg
polarizability

the IZ(EO; IgDO,j) CINATS. For He, the latter is the principal channel which

follows u < g propensity rule due to high long-range electrostatic interaction.
The T-shaped Rgl,(E — B), Rg = He, Ne, luminescence occur.
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Conclusions

A variety of up-to-date methods, such as (141) two step, (1 + 2)-photon optical-
optical double resonance technique, three-step three-color and perturbation facili-
tated excitation schemes as well as resonance enhanced multiphoton ionization
(REMPI) with velocity map imaging (VMI) have been used for study of spectro-
scopic parameters of the valence, IP and Rydberg states of an iodine molecule.
Spectroscopic characteristics of the majority of these states are described well at
this point, and these techniques can be utilized for further investigation of the intra-
and intermolecular perturbations in the molecule states.

For the precise ab-initio calculation of heavy I, molecule, both correlation and
relativistic effects should be taken into account. High-precision correlation calcu-
lations by coupled-cluster and multireference configuration interaction methods
within both full electron four-component and relativistic two-component effective
core potential frameworks are available for valence states of the I,. Non-adiabatic
perturbations in the B state, which manifest in the coupling between the B and (ab)
valence states or the B state predissociation are studied in details. The work lof
Pique et al. on the mixing of (ab) states is still one of the most cited works on the
theory of the hyperfine interaction perturbations in the I,.

The IP states are well studied experimentally, but high-precision theoretical
studies are still required. The ab-initio calculations of IP states carried out at the
present are fragmental and do not give sufficient accuracy. The molecular orbital or
“atom-in-molecule” approaches provide good qualitative and sometimes quantita-
tive description of the optical IP-V transitions. Perturbations caused by HFI are still
described unsatisfactory.

The experimental and theoretical studies identify two mechanisms for CINAT
between the IP states of iodine molecule — “approach-induced” for collisions with
molecular partners possessing large electric permanent dipole and quadrupole
moments, transition dipole moment, and more common “collision-induced” one
for collisions with rare gas atoms. The approach-induced mechanism manifests

itself only in EO," < DO0," non-adiabatic transitions and gives large transition cross
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sections, including the giant ones, up to ~ 10* A? that exceed the gas-kinetic cross
up to ~ 30 times. This process is highly selective: almost 90% of the products are
formed in a single v, vibrational level with a AJ = +1 change in the angular
momentum. The necessary conditions for this mechanism to occur are the existence
of a final vp level in a quasi-resonance with initially excited v level (ca. IAEl <
25cm™ L, M= I,(X), or larger if transitions are resonant due to rotational transitions
in M molecules, M = H,0). The features of the approach-induced mechanism can
be qualitatively interpreted in the framework of an electrostatic model and the
semiclassical Born approximation.

Collisions with rare gas atoms represent a second mechanism for CINAT. For

ElgD energy transfer, much smaller rate constants and significantly broader
product state distributions (vibrational and rotational) are observed, especially
for Rg = Ar — Xe. Strict selection rules for electronic transitions lack for these
CINATS, and other IP states of the tier are also populated. The rotational product
state distributions obey the high-AJ propensity rule, thus being much broader than
those observed for approach-induced transitions. Rotational energy transfer can
play a significant role as compensating process for the energy difference between
the initial and final vibrational energy levels. This fact provides a rationale for
why CINAT with rare gas collisions results in broad vibrational product state
distributions.

Studies of non-adiabatic transitions between IP states in van der Waals com-
plexes provide more detailed and direct information on the non-adiabatic dynamics
than CINAT studies due to much more rigid constrains on available energy, angular
momentum, and average orientation of the interacting particles. They facilitate the
analysis of the symmetry selection and propensity rules for electronic and vibra-
tional predissociations of complexes and provide spectroscopic data to test directly
the theoretical PESs.

Another very interesting and challenging problem is studies of molecular struc-
tures in which interaction of the electrophilic region of a halogen atom (acceptor of
electrons) and a nucleophilic region of the other or the same molecular structure
(donor of electrons) occurs. This specific interaction specializes as halogen bond
(XB). XBs are mostly due to electrostatic interaction, but polarizing, exchange and
dispersion ones are of great importance, also. XB is considered as a specific subset
of intermolecular interactions according to IUPAC recommendation since
2013 (earlier it has been regarded as a special case of donor-acceptor, exchange
or van der Waals (vdW) interaction). Halogen bonds manifest themselves in
weakly-bound complexes with molecular partners, mainly. A large number of
complexes of dihalogens, and interhalogens, XY, with two- and triatomic mole-
cules and organic species in the ground states has been studied using spectroscopy
and supersonic molecular beam technique. The excited electronic states of these
complexes are promising objects for studies providing abundant information on
spectroscopic parameters as well as mechanism of population and decay of these
complexes.
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