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Chapter 1. Introduction
1.1. Born-Oppenheimer approximation and high-resolution laser spectroscopy
The Born-Oppenheimer approximation

By 1920s, experiments of molecular system havadlreevealed that the energy ratio
of three types of motion in molecules can be appmately described as (electronic) :
(vibrational) : (rotational) ~ 1 : 1®: 10* In order to explain this experimental result
theoretically, Born and Oppenheimer [1] introduequarameter which is sometimes called the

Born-Oppenheimer parameter,

I
K= (gj , (1-1)

wherem is the electron mass amdl is an effective average of nuclear masses. Tihery,
showed that this energy ratio can be describedsbygua power series af as (electronic) :
(vibrational) : (rotational) ~ 1%2 : ¥* and demonstrated that these three types of motan
be approximately separated. The coupling termswgrtiteem or other small terms correspond
to the higher orders of the power seriescohowever, they were not treated in their paper.
The separation of three types of motion in molexugenow called the Born-Oppenheimer

approximation.
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In this Born-Oppenheimer approximation, the Schnger equation of a molecule can
be separated into the individual equations treatiregelectronic part and the nuclear part.
Accordingly, the total wavefunction of a moleculancbe factored into the product of the
electronic and the nuclear wavefunctions, and @kl £nergy of a molecule can be given by
the sum of the electronic and the nuclear energigstheir paper, they also proved that the
eigenfunctions of the Schrodinger equation of eeteonic part play the role of potentials for
the nuclear motions. Therefore, one can deschieenmotion of nuclei classically as a
swinging ball with an effective mass on the Bornp®pheimer potential energy surfaces

generated by electrons.

Molecular rotations and vibrations[2,3]

Under the rigid rotor approximation, the rotatibaeaergy structures of a polyatomic
molecule can be completely characterized by theethotational constants,
h? h? h?
C —_

A=— B=—

Cc=" 1-2
21, 21, 21, (1-2)

Here,l,, 1, andl are thea, b, andc axis components, respectively, of the moment eftia
tensor, which are related to the geometrical stnecof the molecule in question, ahds

reduced Planck’s constant, or Dirac’'s constant. codding to the tradition of molecular

spectroscopy, three molecular axes are usuallyosggpto be chosen such thag I, <
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thereforeA>B>C.

Considering a non-lined atomic molecule, this molecule had\N(3 6) degrees of
freedom of the molecular vibrations. Then, suppgshat the amplitudes of the molecular
vibrations are infinitesimal comparing to the bdadgths and therefore these vibrations can
be treated as the harmonic oscillators obeyindgfitheke’s law, we may separate any molecular
vibrations into the (R — 6) normal vibrational modes by a transformatioatrix. Each

normal vibrational mode has the specific vibratiaregular frequency

w=_|— (1-3)

or the frequency

v=i E (1-4)
2m\ u

wherek is the effective spring constant apds the reduced mass, along the vibrational
coordinate in question. The constlrg related to the rigidity of the spring connegtimuclei,

i.e., the rigidity of chemical bonds.

High-resolution laser spectroscopy

The Bohr condition

AE =hv = hw, (1-5)
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suggests that we are able to determine directlydiberete energy separations among the
molecular electronic, rotational and vibrationakgtum levels from the frequencies of the
absorbed or emitted electromagnetic wave causeddbgcular system of interest. Hehas
Planck’s constant, andandw are frequency and angular frequency of the ele@gmetic
wave interacting with molecules, respectively.

Typical electronic transition energy is in the @rof several electron-\Volts, or ~40
cntl.  Considering the Born-Oppenheimer parametave can roughly estimate the typical
vibrational and rotational energies to be& 201F cnt! and 10 — 1@ cnT?, respectively.
Simultaneously, higher orders of the power serfes arresponding to the coupling among
the degrees of freedom of molecules and other goeallirbations, which may be called the
breakdown of the Born-Oppenheimer approximatiory beestimated to be the order of30
—102cntl.  This means, if we are able to observe absorpti@mission spectra of molecules
in high-resolution of 0.001 cthor better, we can determine the precise spectpasconstants
of molecules such as the rotational constants lamdibrational frequencies, and also we can
find some anomalies of rovibronic transitions saslthe transition energy shifts and the line
broadening. It is true that the Born-Oppenheinpgraximation has been believed as one of
the excellent approximations to treat moleculesaively. However, from the point of views
of chemistry and chemical reaction, this approxiomats crude and we must not ignore the

small breakdown of the Born-Oppenheimer approxiomtbecause this small anomaly can
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actually play an important role as the startingnpoof chemical reactions. The mission of

the high-resolution laser spectroscopy is to datezrthe precise molecular constants of the

electronically excited molecules, and simultanegusl reveal experimentally the breakdown

of the Born-Oppenheimer approximation. The preams®ecular constants provide us the

fundamentastatic information such as the molecular geometricalcstmes and the rigidity of

chemical bonds of electronically excited molecule®n the other hand, the spectral anomalies

provide us thedynamic information of the excited molecules: the enerbifts suggest the

rovibronic perturbations by surrounding other rowitic levels, and the anomalously

broadened lines, which indicates anomalously dhetime of the excited states, may suggest

the pre-dissociation of the excited molecules [#-11

Equation (1-1) suggests that molecules consisifnglatively light nuclei give the

larger Born-Oppenheimer parameteteading to the larger coupling in magnitude amtireg

three types of motion in a molecule. Thereforigtneely small and light molecules may be

suitable for the purpose of the detailed invesitgabf the intra-molecular interactions beyond

the Born-Oppenheimer approximation.

1.2. Freeradicals

Chemistry is one of the important realms of ndtscéence, which often treats the
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transformations of materials, i.e., chemical reaxti From the microscopic point of view,

we may say that chemical reactions are the praocestich old chemical bonds are broken

and new chemical bonds are created. Then, we &sily @magine that the molecules with

incomplete chemical bonds should be existed as the intermediates duringptiogess of

chemical reactions. Simultaneously, we can alsmine that these molecules should play an

important role to promote the successive chemeadtions, because theomplete chemical

bonds must show the chemical instability and must beeetmcreateomplete chemical bonds.

The wordingincomplete chemical bonds should be substituted with the wording unpaired

electrons, and the molecules with unpaired elesteose called radicals.

Generally speaking, owing to this chemical indigbiradicals are so short-lived that

people could not isolate and detect them in an¢ierds, with a few stable exceptions such as

O, molecule and nitrogen dioxide (MO That is why people had to postulate the extsten

of free radicals in the era when most of chemieattions was a kind of black box. However,

the development of spectroscopic methods has ahaisldo observe free radicals directly.

One good example of such free radicals is the €Eaegtermediate, which is one of the peroxy

radicals. The ozonolysis reaction of alkenes ébdycarbonyl compounds is one of the well-

known reactions in the field of organic chemistrypuring this ozonolysis reaction, the radical

called the Criegee intermediate, whose constitatidarmula is schematically written as

R;R,COO0O, has been predicted to be existed more thare&® ago [12,13]. Very recently
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the Criegee intermediates with simpler structurehsas CHOO, CHCHOO, (CH,),COO0,
and CHCH,CHOO were spectroscopically detected and the mememetric structures were
reported [14-21]. The Criegee intermediate ismpartance for not only the ozonolysis
reaction of alkenes but also the OH radical gerran the troposphere. Lester and her co-
workers reported that the particular vibrationaldmgromotes the unimolecular reaction of
the Criegee intermediates to generate OH radida2f3.

From the point of views of molecular science andlenular spectroscopy, free
radicals are of quite interest because of the rewo-glectronic spin angular momentum. This
new degree of freedom couples with other degreeseafdiom in molecular frameworks, and
provides us much information about radicals in tjoasthrough the fine structures and the
hyperfine structures in high-resolution spectra.

The electronic spin angular momentum also couplis external magnetic and
electric fields, resulting in the Zeeman and Stgktting of rovibronic levels, respectively.
In the case of molecules with zero electronic spid zero electronic orbital angular momenta,
the magnitude of the Zeeman splitting of the rawmiic levels is characterized by the nuclear
magnetonyy, = 5.05078 x 1¢'J T2, or 2.54262 x 1§ G cntl.  This means that we need
an external magnetic field of 4 x31G, or 40 T to observe the Zeeman splitting ofdider of
0.01 cmi.  On the other hand, in the case of free radiwitls the non-zero electronic spin,

we need only an external magnetic field of 2 *@Qor 0.02 T to observe the Zeeman splitting
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of the order of 0.01 cmy because of the Bohr magnetpg= 9.27401 x 1¢*J T2, or 4.66864
x 10° G cnt! which is three orders of magnitude larger than tlielear magneton.
Therefore, in the case of free radicals, we caremasthe noticeable Zeeman splitting of
rotational lines in high-resolution spectra, evanai weaker external magnetic field. The
distinct Zeeman splitting allows us unambiguousational assignments even in the massively

complicated spectra [23].

1.3. Nitrateradical

This doctoral dissertation focuses on nitratea@diNG;). NO; is one of the main
species of the atmospheric nitrogen oxides (N@ the environment. NQhas attracted
attention because of the characteristic properthenatmosphere. During the daytime, NO
is absent in the atmosphere, becausg IN@hotolyzed by the sunlight to generate,NCD or
NO + O,. On the other hand during the night-time witheunlight, NQ acts as a NQ
reservoir and as an oxidant among various atmogpbkemical reactions. Therefore, the
cycles of NQ concentration in day-to-day, season-to-seasonyeaadto-year as well as the
vertical distribution of NQ in the atmosphere have been monitored [24-40]. m&tous
chemical kinetic investigations on N@dical have been reviewed in a few articles [2]L,4

NO; strongly absorbs the visible light, and this strasorption is often used for the
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detection of NQin the atmosphere. More than one hundred yearsN@, was identified
by this strong visible absorption [43]. Jones amdlf also reported the absorption
spectrograms of NOn the visible region [44]. Based on the molecuwlidital theory, Walsh
[45] predicted that the ground electronic stafe of NO; has the A symmetry owing to the
...(4e)*(1e"*(1a)! electronic configuration under the assumption fé Dy, molecular

structure. He also predicted two low-lying excigdectronic states; the first excited state

with the E” symmetry owing to the ...(4&1e")*(1a,)? electronic configuration, and the
second excited stat® with the E' symmetry owing to the ...(4&)e")*(1a,)? electronic
configuration. He explained that this visible aipgion to be due to the optically alloweB
’E — )ZZAZ’ electronic transition. Later, Walker and Horslagplied the non-empirical

LCAO SCF MO method to N{and predicted that the two excited electroniestah 2E” and

B2E’ lie 0.01306 Hartree (= 2866 cth and 0.06454 Hartree (= 14170 @mrespectively,
above the ground electronic stafézAZ’ [46].

Recent spectroscopic study of Niaas been carried out for several decades. Nelson
et al., Ishiwataet al., and Kimet al. independently reported dispersed fluorescencetrspec
following the optical excitation to theB 2E’ state [47-49]. These three groups observed
almost the same fluorescence spectra; howeveragyed at different conclusions about the
molecular geometrical structure; Nelsenhal. concluded the molecular structure @s,,

whereas Ishiwatat al. concluded th®4, structure. Kimet al. interpreted the experimental
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result as following; the potential energy surfaasby, symmetry with three shallow minima,
which correspond to the locél,, structure, but on the time scale of moleculartrots the
averaged vibrations around these three minimatiedlde D5, structure. Stantod al. also
pointed out the non-rigidity of the potential enesyirface [50]. Ishiwatat al. determined
the three fundamental vibrational frequencies @dhound electronic state #NO; to bev,

(a’, symmetric N-O stretch) = 1060 chv, (€', degenerate asymmetric N-O stretch) = 1480
cnt?, andv, (e’, degenerate ONO deformation) = 380-§mnder theD,, molecular structure
consideration [48]. Friedl and Sander identifie@ temainingv, mode (&', out of plane
bending) at 762.327 ct[51]. Figure 1-1 schematically shows these faammal vibrational
modes of NQ. The first high-resolution spectroscopy of N@as carried out for the 1480
cnt! band using the infrared diode laser by Ishiwataw&guchi and co-workers [52,53].
They clarified that the upper state of this 1480%dmand has the E’ symmetry, the band origin
is located at 1492 crh and the molecule takes a regular triangle straafiD, symmetry in
the ground electronic state. Simultaneously, ttempgnized some anomalies in this 1492
cnttband. Especially, it is strange and interestivag the upper E’ symmetry state needs the
small but not negligible effective spin-orbit irdetion terms for the rotational analysis, though
the ground X 2A,’ state originally has no electronic orbital angut@omentum. Hirotat al.
discussed that these anomalies in the upper stsdt from the vibronic interactions between

the X A’ state and theB 2E’ state through the e’ symmetry vibrational moffes55].

10
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-+
+ +
)\ vy )

v, (e’)

Figure 1-1. Vibrational modes of N@ D5, geometry.

After that, many vibration-rotation spectra in fhéared region up to 3000 cthave been
observed and analyzed [56-58]. As mentioned abwveibrational assignment in the ground
electronic state has been carried out experimgntatiwever, recently Stanton and his co-
workers proposed another vibrational assignmenthiepretical calculation [59-61]. This
proposal claims that the frequency is about 1100 ctand the 1492 crh band should be
assigned as the;, + v, combination band. Stantat al. tried to explain the anomalows

progressions in the photoelectron spectrum of™NdDion reported by Weavet al. [62], in

11
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terms of the vibronic coupling, where Stanton emetbanab initio potential energy surface
developed by Koppedt al [63]. Several other groups also predicted theslowy frequency
[64-66]. Just for reference, | list here the frexcies of normal vibrational modes of NO
anion as followingy, = 1050 cm?, v, = 831 cm?, v; = 1390 cm!, andv, = 720 cmt in solution
[67,68] andv; = 1356.2 cmt for “N®0," isotopologue in neon matrix [69], which are closer
to the frequencies of the traditional vibrationasignment comparing to the new proposal.
However, | do not intend to judge which vibratioaakignment is correct. In the wake of the
proposal for the vibrational assignment, severalugs have carried out the detailed
spectroscopic studies including the hot bandslaadambination bands in neon matrix [70,71]
and in a gas phase [72-75], focusing on YN and %% vibrational isotope shifts, the
symmetry lowering fromD5, to C,,, and the perturbation analysis. If the experiraent
vibrational assignment is correct the ratio ofhlbemal mode frequencies is almogt v, @ v; :
v3=1:2:3:4, whereas the theoretical vibraticassignment leads to the frequency ratio of
vaiveivyivg=1:2:3:3. Either way, the closely-lyingxational excited states, which
include the combination bands and the overtoneg,end up with the strong Fermi resonances
and the complicated inter-vibrational states irtgoas. In spite of the deceptively simple
molecular structure consisting of only four lightms, the ground electronic state of NO
radical is still a challenging subject for both exsmentalists and theoreticians.

The first excited electronic staté 2E” is now known to be located about 7060&m

12
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above the X A, state.  Weaveet al. reported the first observation of thid 2E” state by the
photoelectron spectroscopy of N@nion [62]. Before this identification of thé 2E” state,
some scientists thought that the 1492 cband which is now assigned to the vibrational
transition in the X 2A, state was possible to be assigned to ]hé&E” — X 2A,’ electronic
transition. Kimet al. carried outab initio calculations for the low-lying electronic statds o
NO;, and their highest level calculation predictedt tiinee vertical AZE" — )ZZAZ’ energy
separation was about 3600%76]. The A2E” «— X 2A, transition is originally optically
forbidden; however, for several decades the higbiution spectra of this electronic transition
have been reported. Hiraggal. reported the first high-resolution spectroscopuclyg of this
electronic transition in the 7602 chregion, where the vibronically allowed\,” — ?A,
component of the 4 band in the A2E” «— X 2A,’ electronic transition exists [77]. The
spectroscopic study of NGn the near infrared region is under progressgutiie cavity ring
down spectroscopy, which is one of the high saeresgpectroscopic methods, by Okumura and
his co-workers [78-81]. Jacox and Thompson replaitte absorption spectrum of tha —

X transition ranging 7000 — 10000 ©nf82]. These groups obtained the evidence for the
significant Jahn-Teller interaction. The statid alynamic Jahn-Teller coupling in this 2E”
state has been analyzed theoretically [83,84]. rBgtncally speaking the,asymmetry
vibrational modes are able to mediate the vibraoigpling between theA 2E” state and the

B 2E’ state, and the appearance of the d#&RE” state can be expressed to be due to the

13
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intensity borrowing from the optically allowe® — X electronic transition.

As discussed above, the massive vibronic cou@dmgng the low-lying electronic
states X 2A,, A Z2E’, and B 2E’ should be taken into account for the appropriate
understanding of the high-resolution spectra o, NGsimultaneously, the vibronic coupling
among these electronic states was found to be tanpioior the photolysis pathways of NO

such as the roaming mechanism [85-94]. Theretbeedetailed investigation of the 2E’

state is desired to understand the intra-molecntaractions in NQ

The second excited electronic staB?E’ is located about 15100 chabove the X

A, state.  The low-resolution absorption spectra kser induced fluorescence spectra of

the B — X transition have been reported by many groups §49%4103]. Ramsay
photographed the NGbsorption spectrum for 665 — 500 nm region [93]e recognized the
vibronic bands progression with about 940 tapacing, whose vibronic bands wavenumbers
are 15093 cmt, 16043 cmt, 16969 cmt, and 17890 cm, and tentatively assigned them as

the @, 1%, 1%, and %, bands, respectively. The first high-resolutioecposcopic study of

the B — X transition was reported by Cariral. in jet-cooled condition, in 1996 [104].
They observed the fluorescence excitation spectruhigh-resolution of about 200 MHz at
low rotational temperature of about 20 K; howevhg observed spectrum was broad and
unstructured. However they also applied the Zeebeat measurement to this electronic

transition, a detailed analysis could not be swsfadlg carried out because of the complexity

14
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of the observed spectrum. Therefore, REE’ state of NQ is still remained to be far from

well understood, and we have a very limited un@eding of the vibronic coupling including

this B 2E’ state.

1.4. Aim of this study and composition of doctoral dissertation

Again, this doctoral dissertation treats only mmall polyatomic radical N©
However, this radical is of consequence for theettgment of molecular science. As
described in the previous section, the varioustspgwopic studies have revealed that the real
molecular properties of NCare fully beyond the Born-Oppenheimer approximatioThese
experimental results of NOsuggest that the breakdown of the Born-Oppenheimer
approximation might cause serious misunderstanafitige real molecular nature. Then, itis
believed that the detailed spectroscopic study®f ¥ one of the keys to createw molecular
theory beyond the Born-Oppenheimer approximation.

The present study aimed at obtaining more detaieadmation about the remaining
B 2E’ electronic state of N©radical than before, and also aimed at understgnitiie intra-
molecular interactions including th8 2E’ state. Then, high-resolution laser spectroscopi
method and the Zeeman effect observation have dygaied to the 0 — 0 band of thB 2E’ —

X 2A, electronic transition of*NO; and'°NO; isotopologues. The present study provides

15
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the new knowledge about thB 2E’ state through the detailed analysis of the olesgspectra.

Simultaneously, the present study demonstratesshatre able to analyze the high-resolution
spectrum even if it is massively complicated, by tombination of the detailed experiments
under high-resolution and high-accurate conditeomd the appropriate quantum mechanical
treatments. | believe that the present study isngportant step forward in molecular
spectroscopy and molecular science, which migid lesto the new ground in the field of
molecular science in the future.

In this Chapter 1, the brief introductions abdwg Born-Oppenheimer approximation,
molecular rotations and vibrations, high-resolutiaser spectroscopy and free radicals were
given. Then, the numerous N@xperimental and theoretical studies were intreduto
describe the current situation of this free radifralm mainly the point of views of molecular
science and molecular spectroscopy.

In Chapter 2, theoretical treatments of ]Ni@dical will be given. The quantum
chemistry calculations of the low-lying electrostates, the basis functions and the rovibronic
energy representation including the nuclear spitissics, the Zeeman interaction, the selection
rules and the transition probabilities, the perdtidn theory and the intensity borrowing
mechanism, and several examples of linewidth, lmaldescribed.

In Chapter 3, the principles of experiments anel $btup of high-resolution laser

spectroscopy of this study will be described. Teaeration methods of NQadical, the

16



Chapter 1. Introduction

molecular beam method and the light source withaarow energy width which are
indispensable for high-resolution laser spectrogctipe Zeeman effect observation using
electromagnets, the absolute wavenumber calibrapoocedures, and high-resolution
spectroscopy of NOradical will be given.

In Chapter 4, rotationally-resolved high-resolatiaser spectroscopy and the Zeeman
effect observation of'NO; radical will be reported. The observed spectraeweassively
complicated; however, it was demonstrated thaZgeman splitting under the high-resolution
and high-accurate condition is quite useful fortheambiguous rotational assignment. This
is the first study that the rotational assignmehthe NO, B2E’ «— X 2A, system was
successfully carried out. Based on the densitiy@éxperimentally identified vibronic states,
the intra-molecular interactions of N@adical will be discussed.

In Chapter 5, rotationally-resolved high-resolantiaser spectroscopy and the Zeeman
effect observation of®NO; isotopologue will be reported. This is the finitjh-resolution
spectroscopic study of the electronic transitiorths$ isotopologue. The observétNO,
spectrum was found to be much simpler than'th©, spectrum, and the rotational branch

structures were identified. The Zeeman effect nkadmn was useful for the obvious

rotational assignment, and the molecular constirttse B 2E’ state were estimated.

17



Chapter 2. Theoretical treatment

2.1. Quantum chemistry calculation

Table 2-1 lists the results of quantum chemistigudations of NQ radical with the
Gaussian 03 program [105] by usialg initio calculation and the density functional theory
(DFT) calculation with several basis sets, underftked molecular geometrical structure of
D, symmetry with the N-O bond length of 1.2378 A. isTétructure was estimated from the
recent high-resolution spectroscopic study in thfeared region [74]. Unfortunately, all
listed results using the unrestricted configuraimmeraction singles (UCIS) excited states
calculation are not consistent both qualitativelyg guantitatively with the experimental result
concerning the low-lying electronic states; thecakdtions expect the first excited electronic
state is a bright E’ state and the second is a #arktate. On the other hand, the DFT
calculation with the unrestricted B3LYP (UB3LYP) thed provided the reasonable results
which are somewhat consistent with the experimeetallts. Here, | do not intend to judge
which calculation is better for NOadical. Based on these quantum chemistry cdiong
what | would like to emphasize here are the follmyiwo points.

1. There are four excited electronic states, whighactually two doubly-degenerate

excited electronic states, within 2 eV abovegtaind electronic state.
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chemistry calculations and the experiments.

group are written in the parentheses.

of electron-Volt.

Chapter 2. Theoretical treatment

Comparison of the energies of the eglalectronic states between the quantum
Theducible representations Dy, point

The enegjitee excited electronic states are in units

~

Doublet excited electronic state

~

method A state B state C state D state
Ab initio calculation
UCIS/6-31G 0.113 (E) 0.715 (E") 3.181 (E") 4.9B5)
UCIS/6-31G(df) 0.463 (E") 1.142 (E") 3.896 (E”) 684 (E’)
UCIS/6-31G(2df) 0.497 (E)) 1.185 (E”) 3.933 (E") .659 (E)
UCIS/6-31G(3df) 0.574 (E)) 1.252 (E”) 3.964 (E") .630 (E)
UCIS/6-31++G 0.189 (E") 0.775 (E") 3.119 (E”) 48(E)
UCIS/6-31++G(df) 0.576 (E") 1.225 (E”) 3.859 (E") 5.604 (E’)
UCIS/6-31++G(3df) 0.616 (E') 1.278 (E”) 3.911 (E") 5.627 (E)
UCIS/cc-pVQZ 0.579 (E)) 1.263 (E”) 3.892 (E") 5&E")
UCIS/aug-cc-pvVQZ 0.596 (E") 1.276 (E") 3.878 (E") 5.615 (E)
DFT calculation
UB3LYP/STO-3G 0.895 (E”) 1.187 (E) 3.902 (E) .147 (E")
UB3LYP/3-21G 1.207 (E”) 1.742 (E) 4.448 (E)  .892 (E")
UB3LYP/3-21+G 1.263 (E”) 1.818 (E') 4.434 (E) 4.871 (A"
UB3LYP/6-31G 1.227 (E") 1.793 (E) 4389 (E) .868 (E")
UB3LYP/6-311G 1.230 (E”) 1.781 (E) 4.368 (E') 4.832 (E")
UB3LYP/6-31++G 1.234 (E”) 1.787 (E) 4.330 (E)) 4.796 (E")
UB3LYP/6-31++G(3df)  1.449 (E”) 1.971 (E) 4.808") 5.117 (A")
UB3LYP/cc-pVQZ 1.444 (E") 1.961 (E) 4.803 (E) 5.127 (A")
Experimental 0.875 (E"} 1.872 (E'Y 3.690 (¥

aRef. 62 (Photo-electron spectroscopyy.Ref. 95 (Absorption spectroscopy).

¢ Ref. 106.

condensed phase.

Then, this energy may be diffemmtthat in a gas phase.

This experimental result was obtainednfrabsorption spectroscopy in a
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2. The other excited electronic states lie in higiergy region such as ultraviolet
or vacuum ultraviolet.
From these two points, the excited electronic stateluding the low-lyingX 2A,’, AZE”,
and B 2E’ states are not important to discuss tBEE’ state of NQ radical, because these
higher excited electronic states are so far from B12E’ state that the vibronic coupling
between those states and tf&?E’ state should not be dominant and might be ignored
Therefore, now we can focus our attention only anttiree low-lying electronic stateX

2A,’, AZE”, and BZ2E’to deal with the intra-molecular interactionsNi; radical.

2.2. Rovibronic energy structure

Angular momenta

To describe the rovibronic energy structure of;M#&lical, angular momenta and their
projections were defined as the following (in thectoral dissertation, vectors and tensors are

written in Roman bold letters, whereas scalarsaliclunbold letters):

R the molecular rotation angular momentum.
L the electronic orbital angular momentum.
S the electronic spin angular momentum.
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J the total angular momentud € R +L +S).

N the total angular momentum excluding the electrapin N =J -9).
A the projection of. along the molecular fixedaxis.

X the projection o6 along the molecular fixedaxis.

P the projection ofl along the molecular fixegaxis.

Kk the projection oN along the molecular fixedaxis k=P —2).

M, the projection of. along the space fixed axis.

Mg the projection of along the space fixedaxis.

M, the projection of along the space fixed axis.

My the projection ol along the space fixedaxis.
These angular momenta and their projections arensafi@ally shown in Figure 2-1. Note
that the quantum numbegs 2, P, Mg and M, are half-integers, while the other quantum
number, L, N, k, 4, M, andM, are integers, when molecules in question havelgwtronic

spinS= 1/2 such as Ng{radical.

The B 2E’state of NO,

Under the Born-Oppenheimer approximation, the &snctions for the rotating

molecules in certain vibronic states are geneedlg to be described in Hund’s coupling case

21



Chapter 2. Theoretical treatment

Space-fixed Z axis

Molecular-fixed
Z axis

Figure 2-1. The definition of angular momenta dmelrtprojections.

(a), as the product of the ket vectors of the ed@at orbital part|A>, the electronic spin part
|S,2), the molecular vibrational parfiv), and the rotational part of a symmetric top molecu
|J,P,M;):
[4)S.Z)0)l 3. PM,). (2-1)
The B2E’ (v = 0) state of N@radical was found to be described well by Hund’s

coupling case (a) from this work, as later mentibire Chapter 4. In the limit of Hund'’s
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coupling case (a), the significant spin-orbit iateion splits the B 2E’ state into théE ', and
the 2E’,,, spin-orbit components. Under the assumption efltk, molecular structure, the
symmetry-adapted linear combination (SALC) for fie,, spin-orbit component can be
written as

|B%E, (0=0),J,P,2 =+05,M,)

1 (2-2)
:ﬁﬂ+1>| 05+05)0)|3,P,M,) +(-)**|~1) 05-05)|0)|J,~P,M,)]
and that for théE’,,, spin-orbit component can be written as
|B*E, (0=0),3,P, £ =-05M,)
1 (2-3)
. E[[ +1) 05-05)[0)J,-P,M, ) +(-)"**|-1) 05+05)|0)|3,P,M, ).

The rotational energy structure of each spin-orbrhgonent can be expressed in the similar
way with that of the singlet state as

E,» =T, +BJ(J +1) +(C - B)P?-D,J*(J +1)* - D,,J(J +1)P? - D,P*, (2-4)
by ignoring the small interaction terms and subshgK of the singlet molecule int®. Here
T, is the vibronic energy andC are the rotational constants, dng D, andD; are the first-
order centrifugal distortion constants.

The energy separation between the spin-orbit coemsncan be calculated by
introducing the spin-orbit interaction Hamiltonian:
Heo = Aol 05, (2-5)

whereAgg is the spin-orbit interaction constant. The diaganatrix element of the spin-
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orbit interaction is

(Z[(A]Fisd] 4) £) = A = AL, (2-6)
where(, is the electronic Coriolis interaction constamdad is Child and Longuet-Higgins’
vibronic coupling parameter which represents thgreke of quenching of angular momentum
by the Jahn-Teller effect. The proddg represents the effective value ¢ff|L,| 4) , whose
value is less than unity in magnitude, becausenbkecular axial component &f is often
partly quenched in a symmetric top molecule wi@yaxis [107,108]. Thié.d value reduces
the original spin-orbit interaction constant to thefective spin-orbit interaction constant
represented byASl in Equation (2-6). In conclusion, the rotationausture of the B 2E’

(v = 0) state including the spin-orbit interactiom dse written as

E;p=To+ Al dy

2-7
+BJ(J +1) +(C-B)P*-D,J*(J+1)*-D,.J(J +1)P* - D,P* @7

The X 2A, state of NO,

When the spin-orbit interaction is zero or negligismall in magnitude, the basis
functions of symmetric top molecules can be describy Hund’s coupling case (b) basis
| N,k,S,J, MJ>, whereN andk become the good quantum numbers. The basis fusabib
Hund’s coupling case (a) and Hund’s coupling cégar(ay be transformed to each other by
the following relationship
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|N,k,S,J,MJ>:m22(_) N-S+P

P X

{NSJ

C r - J|S,Z>|J,P,MJ>. (2-8)

Here the parentheses with 2 x 3 matrix denote tigm&Y 3-j symbols whose explicit form can

be written as [109]

(a b Cj_é \/(a+b—c)!(a+c—b)!(b+c—a)!

« By = O0uspy0 (a+b+c+1)! (2-9)

@+ @la=a) b+ AHb=AIC+ e =)

* ~tl(a+b-c-t)l(a—a-t)!I(b+-t)(c-b+a+t)(c—a—f+t)!

The sum is taken over all valuestafhich lead to non-negative factorials. The Krorezk
deltad, .4+, oin Equation (2-9) indicates that the Wigner 3-j gyis survive when the condition
a+f+y=0is satisfied. Hereafter | call this conditithe closure relationship of the Wigner
3-j symbol.

In Hund’s coupling case (b) limit, eadhlevel splits into (& + 1) spin components
by the spin-rotation interaction. Thi A, (v = 0) state of N@is known to be described
by Hund’s coupling case (b) [51-53,56-58,72-75,77Then, in this case, because of the
electronic spirS of 1/2, eachN level splits into twd=; andF, spin components whose total
angular momenta aré@ = N + 0.5 andJ = N — 0.5, respectively. SALC for thig; spin

component can be written as

| X°A; (0=0),N,k,J=N+05M,)
_ [N+k+1
2N +2
N-k+1
+
2N +2

|0)| 05+05)|0)[J, k+05,M,) (2-10)
|0)| 05-05)|0)[J, k- 05M,)
and that for thé&, spin component can be written as
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| X*A; (0=0),N,k,J=N-05M,)

==, /%| 0) 05+05)|0)|J,k+05M ) (2-11)

¥ NZIJ;k |0)| 05-05)0)[ 3,k - 05,M,).

The rotational energy structure in Hund’s couplingse (b) is calculated by

diagonalization of the Hamiltonian matrix whoseatdtlamiltonian consists of the rotational
Hamiltonian with the first-order centrifugal distien correction and the spin-rotation

interaction Hamiltonian:

q =
:BA

o L

rot T HSR A A o A o (2_12)
+(C-B)N?-D N* - D, N?N? - D, N? +& N [5,

whereD,, Dyx, andDy are the first-order centrifugal distortion conssarande is the spin-
rotation interaction tensor.

Based upon the theory of angular momentum withsgiteerical tensor operators, the
non-zero matrix elements are given by

(N, K|Hror| N, K) = BN(N +1) + (C - B)k? = DyN?(N +1)? - D, [N(N +1)k? - D_k*,

(2-13)
(N,k,S,J|Hgg Nk, S, J)
| (e —e)K® [ I(I+D) -~ N(N +1) - S(S+1) (2-14)
T T TUN(N +D) 2 !
N-1k,S,J|H.|N K,S,J) =0 e il (2-15)
< |ASR| > (e, —€..)KNN“ =k

2N

Heree,, ande, are theb andc axial components, respectively, of the spin-rotatnteraction

tensor.
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Nuclear spin statistics

Supposing that NOradical has the regular triangle structure vty symmetry and
all oxygen atoms arfO atomic isotope, thre€O nuclei are equivalent; therefore, we have to
consider the nuclear spin statistics of each mnatilevel. Becaus®O nucleus is boson,
which has null nuclear spin, this nucleus obeys Buose-Einstein statistics: the total
wavefunction of NQ must not change its sign for interchanging thigg\alent'®0 nuclei.

Under the Born-Oppenheimer approximation, theduogble representation of the
total wavefunction of molecules can be factored thie product of the representations of the
electronic wavefunction, the vibrational wavefuoati the rotational wavefunction, and the
nuclear spin wavefunction. The Bose-Einstein stia8 requests that the irreducible
representation of the total wavefunction includestotally symmetric representation. In the
case of thdg, point group it is A. When we consider the vibrational ground state,do
not need to take the vibrational wavefunction iat@ount, because the representation of the
vibrational wavefunction is A Moreover in the case of NOn Dy, the nuclear spin
wavefunction also is not needed, because the eitrogicleus lies at the center of mass and
the representation of the nuclear spin wavefunataiso A'.

In case of theX A’ (v = 0) state, only the rotational levels witlh’ Aepresentation

survive. Therefore, onlig = 0, £3, 6 ... stacks are allowed to be existed, anly oddN
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levels survive in thé = 0 stack. On the other hand in caseRfE’ (v = 0) state, only the

rotational levels with E’ representation surviveLhen onlyk = ... -5, -2, +1, +4 ... stacks are
allowed to be existed. Thekestacks correspond ®= ... —4.5, -1.5, +1.5, +4.5 ... for the
2E’,, spin-orbit component, and@ = ... 5.5, -2.5, +0.5, +3.5 ... for tif&’,, spin-orbit

component, because of the relationghipP —X.

2.3. The Zeeman effect

The Hamiltonian of the Zeeman interaction in th@leaule with the electronic spin
and electronic orbital angular momenta can be avritts

H, = gqueH B+ g, uH L, (2-16)
wheregs is the electron spig-factor, g, is the electron orbitaj-factor, ug (= 4.66864 x 10
G1cnt?) is the Bohr magneton, amtlis the external magnetic field vector.  For the?A,’
state, the second term of Equation (2-16) vanisleeause theX state does not have the
electronic orbital angular momentum. On the ottaerd for the B 2E’ state, the second term
of Equation (2-16) does not vanish.

The first-order non-zero matrix elements of the@an interaction for thex A,

state can be derived as [110]
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(N,k,S, M, |H,|N k,S,I,M,)
= ggutgH (<)M SN (20" +1)(20 +1)S(S+1)(2S +1) (2-17)

s ¥ N1
J s 1/l-m, 0o ™M,/

whereH indicates the magnetic field strength= [H|. The curly braces with 2 x 3 matrix

denote the Wigner 6-j symbols, whose explicit fasrgiven by Equations (36) and (37) in Ref.
109. The Hamiltonian matrix of the Zeeman intamactan be solved analytically, and the

solutions are given by

1 & — £ K®
E:EROT_Z|:8bb_(bb e :|

N(N +1)
1 N[ (ay-e )k ] (6 — 6. )K?
+ = N+= _ \%bb cc +2 HM _ \%bb cc + H 2
2\/( 2} |:8bb N(N +1) } QsttgM ;5| &y N(N +1)‘ (9sugH)
(2-18)
for the levels withN1,| < (N + 1/2), and
N (660K | 1
E=E + — \®bb cc + = H -
ROT T, |:gbb N(N +1) } zgsﬂB (2-19)

for the levels withM; = £ (N + 1/2). HereEgor is the rotational energy given by Equation
(2-13), excluding the spin-rotation interaction. quations (2-18) and (2-19) are exact when
the off-diagonal matrix elements of the spin-raatinteraction vanish or are ignorable. Ina
relatively weak magnetic field, thd; levels are separated approximately equally (skedal
the anomalous Zeeman effect). In a stronger magfietd, where the Zeeman splitting
exceeds the spin-rotation splitting in magnitutie,rotational leveN splits into (S5+ 1) levels

by Mg, and then eadis level splits into (Rl + 1) levels byM,, (the Paschen-Back limit). This
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means that the electronic spin is almost decoupted the molecular framework amd, and
Mg become the good quantum numbers; howeMgris still remained as a good quantum
number.

The first-order non-zero matrix elements of the@an interaction for thée'-type

vibronic state can be derived as [111]

(3P, 2, M |H,|3,P,Z, M)

NIV BN 1 J J 1 J
=u.Ho. . —\I-M, _\J-P
Mg MJ,MJZq:( ) (—MJ' 0 MJJ( ) (—P' q P]
(2-20)
x (23 +1)(2J +1)
srf S S
x| 9. {ddp pdy 5 + () \/S(S+1)(ZS+1) :
N -2 2
In case of theB 2E’ state of NQ radical, Equation (2-20) can be simplified as
(3,P, 2 =£05M,|H,|J,P,x =+05M,)
J' 1 J J 1 J
=(0)7 23 +1)(21 +1
) (_MJ 0 MJ(_P 0 PJJ( PARSY
(2-21)

X (gLCed * %)/‘BH

. Jo1 JyJ 1J
=(-)» ™" 2 +1)(2J +1 H,
) [_MJ 0 MJ][_P 0 P)J( @I+ ety

because the terms witly#0 vanish and/or are not important. | defined theeaive g-
factor of the?E’ state asg.s = g.{.d * g42, becausey (.d and g5 cannot be determined
independently in this study. When we consider that separation between the rotational
levels withJd andJ’ is large comparing to the Zeeman splitting and e terms withJ # J'

are ignorable, the matrix element (2-21) becomeshnsimpler as

30



Chapter 2. Theoretical treatment

(3,P,2=£05M,[H,|J,P,Z =205M,)

J 1 JYJ 13
=(-)?M."P 2] +1 H 2-22
(-) (_MJ 0 MJ{_P 0 PJ( ) Qerr (2-22)
_ M,P
J(J+1)geff:uB

In this caseM; is always a good quantum number, and the sepasaimong the Zeeman

components are proportional to the magnetic figkehgthH.

2.4. Selection rules and transition probabilities

The spherical components of the space fixed coatdR (X, Y, Z) and the molecular

fixed coordinates (X, y, 2 may be defined as

1%(x+|v) R=Z, (2-23)
M= Triz(x+ iy), r,=z. (2-24)

The transformation between the space fixed cootelinand the molecular fixed coordinates

can be expressed by using the rotation mafbiég,N, as

RA = z (_)i_t D}i,—t s (2-25)
t=0,+1

= > D, R. (2-26)
A=0,x1

Here, the explicit form of the rotation matriEOf,LN is given by [112]

; JEA+M)(I-M)(J+N)I(J-N)!
Disv = expli(My + No)]x Z(J M —1)1(J + N —r)Ir(r + M - N)!

QJZJ—MwLN—Zr( . ejzmm N
X| COS— Sin— )
2 2

(2-27)
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wherey, 6, andg are the Euler angles, and the sum is taken olvealales ofr which lead to
non-negative factorials.

Then, theR, component of the electric dipole moment can beutated as [113]
(£,8,2 0, 3,P' M, |fig | 4",S" 2" 0", 3", P",M")

AR AVS TS CEIERY

><<J P',M, DY, |3, P",M,") (2-28)
= Y ()M | | A" 0" s 0s 4/ (2D DI +D)

t=0,x1
S A A U VA A |
-M," M, -i)\-P" P -t)

Note that the quantum numbers of the upper statlabeled with primes, whereas the quantum

numbers of the lower state are labeled with doydsimes, by following the tradition of

molecular spectroscopy.

The space fixed coordinates are defined by anrmaitenagnetic field; th& axis is

selected to be parallel with the magnetic fieldtwgcand theX andY axes are selected to be

perpendicular to the magnetic field vector. Whea wtroduce a laser beam whose

polarization is parallel with the magnetic fieldctar (ther-pump condition) onto molecular

system, we set= 0. Then the selection ruM; =M;j" (or AM; = 0) arises from the closure

relationship of the Wigner 3-j symbol. On the otheand, when a laser beam whose

polarization is perpendicular to the magnetic fie&ttor falls onto molecules (thepump

condition), we set = £1. Then the selection ruleNs;’ =My £ 1 (orAM; = +1), because of

the closure relationship of the Wigner 3-j symiaglain.
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The (v'[(4'|i, | 4")v") part also gives some selection rules. Under thedGn
approximation, this vibronic part may be factoratbithe product of the vibrational part and
the electronic orbital part(v'|v")(4' |2, |4") . This factorization may not be a good
approximation for NQ@radical, because the degenerate normal modeseimiipresentation
have the vibrational angular momentum which is mixéth the electronic orbital angular
momentum to generate the effective angular momemapresenting the degeneracy of the
vibronic states. However, in case of the 0 — Glhzfrthe B2E’ « X 2A,’ transition of NQ,
this factorization may be reasonable, because tisen® coupling between the vibrational
angular momentum and the electronic orbital angulmmentum, because of the zero
vibrational angular momentum. The former vibratibpart gives the Franck-Condon factor,
and the latter electronic part gives the selectoles, i.e., the electronic orbital angular
momentum must be changed by unity in magnitudenduthe optical transition in this case.
Therefore we sdt= 1 in Equation (2-28). This means that thicetmic transition should
be a perpendicular transition, whose transitiomlgijpnoment is perpendicular to the molecular
fixedzaxis. From the closure relationship of the latt&gner 3-j symbol in Equation (2-28),
we obtain the selection rufeP = +1, and in case of th& 2E’ — X 2A,’ transition of NQ
this selection rule can be converted into= +1. Under the conditionk = +1, the Wigner
3-j symbol does not vanish only whdh=J" — 1,J", andJ” + 1. Then, we obtain the

selection rul\J = 0, +1.
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Table 2-2.

Honl-London factors as the functiongj@intum numbers of the ground state.

Branch F, spin component

F, spin component

B2E',,«— X 2A, transition

"R(J) (J-k+)[@ +k+)(I +k+3)
6(J +1)(2J +1)2
"QuJ) (J-k+21)?(J+k+1)
6J(J +1)(2J +1)
"P(J) (J-k-D@ -k+3)?
6J(2J +1)?

B2E',,— X 2A, transition

(I+k+3)°(I+k+3)
6(J +1)(2J +1)
(I-k+)DQ+k+3)’
6J(J+1(2J +])
(J-k=)( —k+)J +k+3)
6J(2J+1)°

"R(J) (J+k-Q+k+HA+k+3)  (J-k+)[+k+)H(+k+3)
6(J +1)(2J +1)° 6(J +1)(2J +1)°
"QuJ) (J-k-HA+k-HI+k+3)  (I-k-DI-k+)I+k+2?)
6J(J +1)(2J +1) 6J(J+1(2J +1)
"P(J) (J-k-)O -k=)J +k-3) (k= k=) —k+3)
6J(2J +1)° 6J(2J +1)°

In conclusion, the selection rules for tH&?E’ — X 2A, transition of NQ areAk =

+1,AJ =0, £1, and\M; = O for ther-pump condition oAM; = +1 for thes-pump condition.

Therefore, we observe only tie 'Q, and'R branches, when we adopt the nomenclattxé

for labeling the rotational lines of NO When all of the selection rules mentioned abanee

satisfied, the rovibronic transition probabilitiegn be calculated as the product of the Franck-

Condon factor and the Honl-London factor, by uskguation (2-28) with the symmetry

adapted basis sets, Equations (2-2), (2-3), (2-409, (2-11).

In this dissertation we are

focusing only on the 0 — 0 band of tH&2E’ — X 2A,’ transition of NQ; therefore, there is
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no need to take the Franck-Condon factor into aatcouThe Honl-London factors calculated
by taking the sum over all possible value®gfire tabulated in Table 2-2.  The actual spectral
line intensity is affected not only by the Honl-Ldwn factor but also by the thermal distribution.
Therefore, we can calculate the actual spectralititensity by taking the product of the Honl-
London factor and the Boltzmann factor, under thsuaption of the Maxwell-Boltzmann

thermal distribution.

2.5. Perturbation

Eigenstates mixing

For the simplicity, we consider a two-level systenWWe suppose that two eigenstates
/1) and |2) were orthonormal and their eigenvalues wefeandE, (E; > E,) under the
unperturbed condition. Therefore,

Ho|)=Ei), (i]i)=0d,, (,i=1,2) (2-29)
where H, is the zeroth-order Hamiltonian which has onlygdiaal matrix elements without

any perturbation. Then, we now introduce a pedtiol written by HamiltonianH'  which

has only off-diagonal matrix elements. Then theuksr equation we have to solve becomes

-0, (2-30)
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where H,,=(1/H'|2). The solutions of the above secular equatiorgien by

1 1 2 5
E,_,ZE(E1+E2)15V4|H12| +4°, 4=F-E,. (2-31)

Then, the orthonormalizeteweigenvectors of the perturbed levels can be obdalry

4)= w/4{H12|2+A2 + %|1>_ w/4{H12|2+A2 - %|2> (2-32)
2/4H, [ + 4 2|/ 4H, [ +

and

|_> 4{H12| +4 4 |1> 4{H12| +4" + 4 |2>, (2_33)

= +
2\/41H12|2+A2 2\/4“'|12|2 ta

which have the eigenvalués andE_, respectively. This result means that the pedtiob

H' mixes theoriginal eigenstate1l) and |2) to create theeweigenstateg+) and |-).

Simultaneously the energy shifts occur. The degifethe mixture of eigenstates and the

degree of the energy shifts are characterized éyattio H,,|/4.

Intensity borrowing

We suppose that we irradiate an electromagnetieveamto a molecular system to

excite it from the ground statfg) to a bright excited statéb). Also we suppose that the

molecular system has a dark excited sqai)a (owing to any selection rules or other reasons),

which is close to the bright excited state in epierglherefore, we can suppose that the matrix
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element of the electric dipole moment betwdeh and |b) is non-zero, whereas that matrix
element betweerig) and |d) vanishes. The eigenstate mixing mechanism meetdion
above indicates that in this case the bright state and the dark statéd) are able to be

mixed to generate theewexcited stategs) and |w) (“s” means strong, whereas “w” means

weak) which are written as

|S> :[WM{HMF + A7 +A]}/2|b>_[ 14{Hbd|2 + A7 —A}%|d>

(2-34)
2\/4“'|bd|2+42 2\/4{Hbd|2+4'2
2 % 2 }é
NP Rl Il O B Ry ) (2-35)
2\ AH, + 4 2\/AH, | + 4 |
when the off-diagonal matrix element mixing thegbtistate and the dark state
Hyq = (b|H|d) (2-36)

does not vanish.  When this mixing betwelds) and |d) is achieved, we may find the well-

definedsplitting of absorption or emission signal in the obsenmEtsum, where the stronger

intensity component has the transition probabdity

R0 |(s|i|g)
VAHL + 4% + 4 & A AH, " + 47 - 4 & A

= - (blajg) - . (d|2|g) (2-37)
2\/41Hbd| A 2\/4{Hbd| t A

JAH [+ a2 +4,
i j\/"{bﬂ' |2+A2 ‘<b|ﬂ|g>‘2’
bd

and the weaker additional component has the tiangtobability of
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R, Of(w|alg)
b2 %
VAH [ + 42 - 4 VAH[* + 42 + 4
SRR Y PR TR R AT 23%)
2\/4{Hbd| +4 2\/41Hbd| +4

VAH[ + 4% - 4
4| bd| + ‘<b|ﬁ| g>‘2

NN

This result can be interpreted that thigyinally dark state obtained the transition intensity from

the neighbor bright state through the coupling leetwvthem, and this is called the intensity

borrowing mechanism. Here | have dealt with thenpsest two-level system, and

demonstrated theplitting of one signal into two components by the pertudoat If a given

bright state couples with a number of surroundiakgtates, the observed spectrum becomes

much more complicated, resulting in tioeestof signals.

2.6. Spectral linewidth

Doppler broadening

Random thermal distribution of gaseous moleculestes the Doppler shifts in

absorption and emission of radiation. We suppbaethe resonant angular frequency of a

given molecular system is, in vacuum, and the propagation vector of the imcid

electromagnetic wave which interact with the molacsystem is along th¥ axis. In this
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case, the molecules, which have a component otiglo, # O along theX axis, experience a

frequency shiftp, is tuned to

o= w0(1+ ”—Xj , (2-39)
C

neglecting a small relativistic correction. Heras the speed of light in vacuum. The
velocity distribution at thermal equilibrium is debed by the Maxwell-Boltzmann

distribution; therefore, the number of molecule evhinteracts with the electromagnetic wave

with angular frequency betweenandw + dw is given by [114]

N(ew)dw = - EN'\/; exp — [MJ dow . (2-40)

OXTR
Here,N; is the number density of molecules

N. = j n(u,)du,, (2-41)
andu, is the most probable speed

u, = @ , (2-42)
whereR is gas constant is absolute temperature, awdis the molar mass. At the room
temperatureT = 293 K), the most probable speeds®fO; and*NO; are estimated to he,
= 280 m sl. Spectral intensity is proportional to the densif molecules; therefore, the

spectral shape is also given by a Gaussian function

| (@) =1, exp —[M} . (2-43)

WU,

Full width at half maximum (FWHM) of this functios called the Doppler width, and this
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linewidth is given by

Aoy, = 2% 2RTIn2. (2-44)
cV w

or in frequency,

_2v, [2RTIn2

Av
S W

(2-45)
The above equation clearly indicates that the Dappiidth is proportional to the resonant
frequency of the molecular system of interest. ré&fare, the reduction of the Doppler width
is crucial for the high-resolution laser spectrgscan the visible and/or ultraviolet region;
otherwise the details of the observed spectra maparevealed.

In case of the 0 — 0 band of tH8%E’ — X 2A, transition of*4NO, radical which is
located at 15100 cth insertingv, = 4.53 x 1&* Hz andwW = 0.062 kg mott leads ta\vy = 41
x TY2in unit of MHz. At the room temperatur€ € 293 K) the Doppler width is estimated
to be 700 MHz (= 0.023 cf). This Doppler width exceeds the spin-rotatiotetaction
constant of N@ in the vibronic ground state in magnitude [74]. heTefore, again, it is

indispensable that we reduce or cancel this Dopyldth to realize rotationally-resolved high-

resolution spectroscopy of NO

Natural linewidth broadening

The Heisenberg uncertainty principle gives theirstlinewidth in FWHM as
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Aw, -1 (2-46)
T
or in frequency,
Avy = 1 , (2-47)
2nt

wherer is the spontaneous emission lifetime of excitedecules.

Nelsonet al. reported that the NCfluorescence decay from thB 2E’ state is non-
exponential; the long-lived component (85% of thitaltemission) has the lifetime of 340 + 20
us, whereas the short-lived component (15%) hasaha? us [115]. These anomalously
long fluorescence lifetimes result from so-calleé Douglas effect [116]: the anomalously
long lifetime owes to the large vibronic and/oritenic couplings between a bright state and
the surrounding dark vibronic states. The longdiVifetime and the short-lived one give the
natural linewidth of 0.5 kHz and 5.9 kHz, respeelyy These tiny natural linewidth

broadenings can be negligible in this study.

Transit time broadening

The limited time of interaction between molecutal @&lectromagnetic wave causes
the broadening of observed spectral lines. We cspere that the electromagnetic wave

with a beam diameter af is completely monochromatic with angular frequenagy and the

speed of molecule is therefore the molecule can interact with the tetenagnetic wave for
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a finite timez,,; = d/v which is called the transit time.

The frequency distribution can be calculated ynig the Fourier transform of the

monochromatic electromagnetic wave for the finmeetr,,; as [117]

+Ti 12 _
Fo)= | Ecoset)exd-iotld=——sin %7 | (2-48)
0 Wy = 2 int

“Tine /2
where E is the amplitude of the electromagnetic wave. dBse the line intensity is

proportional tof[?, the unnormalized lineshape is given as

sinz(woz_rimj
F(o) = PR (2-49)

The normalized lineshape function is

Zsinz[wo_w rimj
2
(2-50)

1
T (00, = w)z

9(w) =

or in frequency,

g(V) - Sinz(n(v _VO)Tint) . (2_51)

TCZTim (V - VO)2

The FWHM of this function, which is called the trartsne broadening, is numerically given
by 0.89%,.

The most probable speed*@lO; at the room temperature (293 K) is estimated to be
280 m s?, again, and we suppose the typical beam waist ahthdent laser beam is 1 mm.
In this case the transit time is estimated to Be<3L0° s, leading to the transit time broadening

of 25 kHz. This tiny broadening is also negligibighis study.
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Power broadening

The application of an intense electromagneticatash to molecular system causes
the broadening of spectral lines, because the fRadpuiency promoting the cycles between the
ground state and the excited state is proportianalthe amplitude of the incident

electromagnetic wave:

HE
.

g (2-52)
Here,E is the amplitude of the electromagnetic wave,/arsdDirac’s constant. The physical

guantityu denotes a transition dipole moment, whose sqsapeoportional to the absorption

Cross sectiowm:

2 _ 3g,iC
'L{ -—
T

G, (2-53)

whereg, is permittivity of vacuum. Equation (2-52) indiea that larger amplitude of the
incident electromagnetic wave causes the higher Badillation frequency, leading to the
shorter excited state lifetime. Then, analogouslythe natural lifetime broadening, the

spectral lines become broad. The power broadeniR§MHM is given by

Dr

Av, ~ e

(2-54)
The absorption cross section*tflO; radical at around 662 nm was reported to be 2.3

x 101 cn? = 2.3 x 10 m?, by the low-resolution absorption spectroscopy.[99n Chapter

4, we will see that the density of the observed ianat lines was about 1 x 10nes/nm in
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this study. Therefore we can roughly estimate thswgption cross section per one rotational
line to be 2 x 1F*m?, and then the transition dipole moment, which $® gler one rotational
line, is able to be estimated to pe= 7 x 103 C m = 0.2 Debye. In this study, the
experimental power of the dye laser beam falling dhé NQ molecular beam was 200 — 300
mW, leading to the amplitude of the electromagnetwe of 1 — 2 x 10V m™%, when the laser
beam waist is 1 mm in diameter. Then the Rabi feaqy is estimated to be 1 x®Az,
resulting in the power broadening of about 2 MHz. isTtroadening affects the observed
linewidth, and therefore we should be careful ableigtihroadening; however, this broadening

is not so much problematic as the Doppler broadening
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3.1. NGO, preparation

Various methods to generate Nadical have been reported as following:

1) The pyrolysis reaction of @5 [118,119]:

N,Os — NO; + NO.. (3-1)
2) The photolysis reaction of,Ns:

N,Os + hv — NO; + NO,. (3-2)
3) The excimer laser photolysis reaction of peraswitate anion (835%) in the presence of
nitrate anion [120]:

S,0¢% +hv — 2SQ, (3-3)

SO + NO; — SO + NOs. (3-4)
4) The laser photolysis reaction of,@i the presence of CION(Q101]:

Cl, + hv — 2Cl, (3-5)

Cl + CIONG, — Cl, + NO,. (3-6)
5) The discharge reaction of ia the presence of nitric acid [73-75]:

F, — 2F, (3-7)
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F + HNO; —» HF + NG;. (3-8)
6) The photolysis reaction of ceric ammonium nérat

[CeY(NOs)e]* + v — [CE"(NOg)s]* + NO;. (3-9)
7) The photolysis reaction of peroxyacetyl nitridt21]:

CHsC(O)O,NO, + hv — CH,C(0)O + NQ. (3-10)

In this study, dinitrogen pentoxide {8) was selected as a precursor ofN@dical,
and NQ radical was generated by using the pyrolysis r@aaf N,Os, because this reaction
seemed to be the simplest method to generatgrdifical in the gas phase. Concerning to
the generation method of NOCarteret al. wrote in their paper that the discharge gONin
neon was difficult to obtain the stable dischargaditions, and then they turned to the
pyrolysis of NOs [104].

Professor Takashi Ishiwata (Graduate School afrimétion Sciences, Hiroshima City
University) has provided me s during the course of study. ,8 was synthesized in the
dehydration reaction of nitric acid in the preseatphosphorus pentoxide:

2HNO; + P,Os — N,Os + 2HPQ. (3-11)

In case of the spectroscopic studydfO; isotopologue®N substituted dinitrogen pentoxide
(**N,O:) was a precursor dPNO; radical, and the pyrolysis reactiondl,0; was used to

generaté®NO; radical. ®N,Os; was synthesized in the same way wWfth,0s, and H°NO,
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Table 3-1. Natural abundance of NO

Isotopologue  Natural abundance

N0, 0.994

N60,'%0 2 x103
N160217O 4 x10%
N1601802 4 x10°
N160170180 8 X 107
N1601702 2 x107
N8O, 8 x10°
N1701802 2 x10°
N1702180 3 x1010
N0, 6 x10™1

was prepared by the reaction of'fiNO; (Shoko Co. Ltd., 99.8%N) with H,SO, and purified
by vacuum distillation [72]. BDs solid was stored in a refrigerator, whose tempeeaivas
below —60°C.

The natural abundance of the atomic isotopes ydex was reported %0 (99.8%),
0 (0.04%), and®0 (0.2%) [122], resulting in the natural abundaoéeNO; radical as
tabulated in Table 3-1, where'¥; isotopologue is largely dominant. Therefore, dsw
considered that the isotopologues having dfy nuclei ¢*N%0, and*N*®Q,) have been

investigated during the course of study.
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3.2. Molecular beam method and light source
Reduction of the Doppler width

To realize rotationally-resolved high-resoluti@sér spectroscopy of molecules, the
reduction of the Doppler width is indispensable;éaese the Doppler width is proportional to
the frequency of the electromagnetic wave intengctvith molecular system, as already seen
in Equation (2-45).

One of the fundamental ideas to achieve high-oésol spectroscopy beyond the
Doppler limit is that we cross an aligned flow oblecules (a molecular beam) and the incident
electromagnetic wave at the right angles in a vacabhamber, in order to prevent molecules
from having the velocity components along the pgap@n vector of the incident
electromagnetic wave. The molecular beam is abltetrealized by using a pulsed nozzle to
eject gaseous sample into a vacuum chamber ancameahapertures to collimate a molecular
jet into a molecular beam.

When we place a mechanical skimmer whose diangeteto collimate a molecular
jet downstream of the nozzle by distanceé,dhe collimation ratio can be expressedl{gd).

Then the Doppler width can be reduced down to

. b b
Av, = Ay, tan — |~ Ay, —. 3-12
Vb Vb F(Zdj Vb 2d ( )
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Here, it was assumed thiatis much smaller thad (b << d). The molecular beam method
actually cannot eliminate the Doppler width comglet because the collimated molecular
beam has a finite beam diameter. Then, high-résalgpectroscopy using a molecular beam
belongs to sub-Doppler spectroscopic methods whiegh sometimes discriminated from
Doppler-free spectroscopic methods because of tbeepce of remaining Doppler width.

This remaining Doppler width is called the residDabpler width.
Adiabatic cooling

The pulsed nozzle is also useful for the genearatioa supersonic molecular jet by
the adiabatic expansion which enables to cool nutéscvibrationally and rotationally and
allows us to observe much simpler spectra tharetlawshe room temperature. Supersonic
molecular jet was proposed by Kantrowitz and Gne}d51 [123]. Here, | briefly summarize
the supersonic jet expansion and the adiabaticrapfl24-126].

Under an isentropic free expansion of gas, thedbwonservation in energy requires
the equation

hhy=h +u—22, (3-13)
whereh, andh,; are the enthalpies per unit mass before and #feeadiabatic expansion,

respectively, andi is the speed of molecules associated with thectdidemolecular flow.
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Equation (3-13) indicates that the random thermaions of molecules are converted into an
aligned molecular flow along a particular directionfTemperature of gas corresponds to a
variance of the Maxwell-Boltzmann distribution. i$Hact clearly shows that the aligned
molecular flow has a low translational temperaturBuring random collisions of molecules,
a part of vibrational and rotational energies carcbnverted into translational energy, toward
equilibration. Therefore, under the free expansida vacuum, gaseous molecules can be
cooled vibrationally and rotationally.

We now suppose that the expanded gas is an idsalvnich holds the relationship

hy—h =C,(T, - T) =yL_1R<To -T). (3-14)
Here,Ris gas constan€, ,is the heat capacity at constant pressure pemass, angl is the
heat capacity ratio, i.ey,= C, ./{C, , whereC, , is the heat capacity at constant volume per
unit mass. T, andT; are the temperature of gas before and after eiganespectively.
From Equations (3-13) and (3-14) one can obtainraiie of temperatures of gas after and

before expansion as

-1
L =(1+V_‘1M Zj , (3-15)
T, 2

whereM is the Mach number which is the ratio of speed wioleculeu and the speed of sound
a, i.e.,M =u/a. Equation (3-15) indicates that lard@rgives smalleil,, because is larger
than unity for all gases. Simultaneously, thisagmun also indicates that monoatomic gas is

the most suitable as the carrier gas for the frgamsion cooling, because the heat capacity
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ratioy of monoatomic gas, which is 5/3 (= 1.67), is ladd@an those of diatomic gases{7/5

= 1.40) or those of polyatomic gases=(4/3 = 1.33).

Vacuum chamber setup and light source

A differentially-pumped vacuum chamber was useatiimexperiment. This vacuum
chamber was separated into two chambers by a widlame pinhole which is a skimmer.
The first chamber in which gaseous sample is iggecs called the source chamber. The
second chamber in which sample and laser beanaatter called the main chamber. Each
vacuum chamber was independently vacuumed by adifoikion pump (Edwards, Model
250/2000M, pumping speed in air: 20007t) $ollowed by a rotary pump (Edwards, E2M40,
swept volume: 50.5 i @60 Hz). In order to enlarge the swept volumeyezhanical
booster pump (Edwards, EH 250) was attached tadtay pump vacuuming the source
chamber. The pressure of the each vacuum chanmasemenitored independently with both
a penning vacuum gauge (ULVAC, GI-PA) and an iotiravacuum gauge (ULVAC, GI-M2).
Typical pressures of the source chamber and the oh@mber were 1 x 1Pa and 3 x 18
Pa, respectively, during the sample injection.

Figure 3-1 shows a part of the experimental sefughis study. NO; vapor was

mixed with helium gas (about 1 bar) at -5°C, anédted into the source chamber through a
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Figure 3-1. Schematic experimental setup for theréscence excitation spectroscopy and
the Zeeman effect observation by using the moledadam method.

pulsed nozzle which was converted from a solenaisies(Toyota, automobile fuel injector,

orifice diameter 0.8 mm). The mixture gas was ég&b about 300°C with a heater attached

to the pulsed nozzle, to generate N@dical in a molecular jet by the,8 pyrolysis reaction:

N,Os — NO; + NO,. The heater to generate Nfadical consists of a ceramic tube (length

25 mm, inner and outer diameters are 1 mm and 2respectively) with a Kanthal wire.

Figure 3-2 schematically shows the setup of theequliinozzle and the heater for the ;NO

generation. The heater temperature was monitargdgithe experiment with an alumel-
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Thermocouple thermometer

Nozzle housing

N,O; + He |- I—|_

—_—> Pulsed nozzle |

"—

Heater wire

Figure 3-2. Setup of the pulsed nozzle and théshéar the NQ generation.

chromel thermocouple thermometer. The supersatiavas collimated into a molecular

beam with a skimmer (diameter 2 mm) and a slit avRlmm) which were placed about 5 cm

and 30 cm, respectively, downstream of the pulsetzle. With this setup of the skimmer

and the slit, the Doppler width could be reducedmto several megahertz.

A single-mode ring dye laser (Coherent, CR699e3@, DCM special, about 1 MHz

energy linewidth) pumped by a Nd: Y\({@aser (Coherent, Verdi V-10, wavelength 532 nm)

was used as a tunable light source with a narmeswlidth.  Single-mode operation of the dye

laser was achieved by inserting a birefringen¢filBRF) and an intra-cavity assembly (ICA)
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into the laser resonator. ICA consists of twod#talwith different thickness from each other.
Combination of BRF and ICA allowed us to reducedhe below the laser threshold except
only one selected frequency mode. Dye solutionclvivas a medium of the dye laser, was
prepared by dissolving powder DCM special of 1 gobynzyl alcohol of 500 mL, which was
followed by mixing with ethylene glycol of 500 mL.Benzyl alcohol was needed to dissolve
DCM special, and ethylene glycol was needed to nfakelye solution viscous for the stability
of the dye jet flow. Typical powers of the outmiitthe pump laser and the dye laser were 7
W and 600 mW (in the single-mode operation), rebpely. The wavenumber scanning was
carried out by tilting a galvanometer-driven Bresvsplate, and the drive voltage for this
wavenumber scanning of this dye laser was fed faostable DC source (Yokogawa 7651).
Typical frequency scanning rate of this study wad/Hz/s, or 0.0003 cr¥s in wavenumber.
The wavenumber of an output of the dye laser wasitored by a wavemeter (Burleigh, Wave
Meter WA-1500-VIS-KK) which includes a scanning Meison interferometer, and fringe
patterns of a reference cavity of the dye laseralss monitored with an oscilloscope, during
the experiment to check the wavenumber scanningcasasctly working.

The collimated molecular beam was crossed withrtbiglent dye laser beam at the
right angles in the main chamber in order to redinee Doppler width. High-resolution
fluorescence excitation spectra were observed biectleg the fluorescence with a

photomultiplier tube (Hamamatsu, R2758). The detésignal was amplified with a high
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speed amplifier unit (Hamamatsu, C5594) and thgutied into a gated photon counter

(Stanford Research Systems, SR400). The molebglam, the dye laser beam, and the

direction of detection were all mutually perpendicu(See Figure 3-1). Fluorescence

collecting mirror system, which consists of a hegdfierical mirror and a half-ellipsoidal mirror,

was used for the effective collection of fluoresm®n The scattered laser light was blocked

just before the photomultiplier tube with colottdils (Toshiba, an R69 and an R70 filters).

A pair of solenoids were attached outside of theréscence collecting mirror system

to observe the Zeeman effect. The details of ¢lestromagnet will be described in the

following section.

3.3. Electromagnet

To observe the Zeeman splitting of the rotatidinaks clearly, a homogeneous external

magnetic field is needed; an inhomogeneous magfieletis not suitable for this purpose,

because the interaction between the inhomogeneagasetic field and the electronic spin give

rise to the deflection of molecules, which was desti@ated by Stern and Gerlach [127] (the

Stern-Gerlach experiment), ending up with the absef molecules at the intersection with

the incident dye laser beam. In this study a hamegus magnetic field was generated by

using a pair of solenoids as a Helmholtz coil.
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Figure 3-3. Electromagnet.

A pair of solenoids was attached outside of theriscence collecting mirror system.

Figure 3-3 shows a picture of the electromagnetachEsolenoid consists of an aluminum
hollow tube whose inner and outer diameters armm80and 100 mm, respectively, with one
layer of water cooling tube of 1/8 inch in diameteade with copper which was followed by

about 1200 windings of a wire of 2 mm in diametefhe separatiobetween the solenoids

was 15 mm.
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Figure 3-4. Obtained magnetic field strength asfaam electric current at the intersection of
the molecular beam and the dye laser beam. Tieelsd is a functionH =121.2 X, where

H is magnetic field strength in unit of gauss &mglelectric current in unit of ampere.

Before the Zeeman effect observation, the perfaoneeof this electromagnet was
evaluated with a gaussmeter (Walker LDJ Scientioc MG-4D). A power supply (Takasago,
EX-375L) enabled to apply an electric current u@® A for a very short time (Figure 3-4);
however, the high-resolution laser spectroscopgs@dong time to scan the frequency of the
incident laser beam. Appling high electric currtata long time resulted in a sharp rising
the solenoids’ temperature. Therefore, the realég that an electric current was available
up to 3.0 A and a homogeneous magnetic field wéasdd up to 360 G at the intersection of

the molecular beam and the incident laser beame polharization of the incident laser beam
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was selected to be either perpendicular to the stagfeld vector (the-pump condition) or

parallel with the magnetic field vector (thgoump condition).

3.4. Absolute wavenumber calibration

To determine the precise spectroscopic constdmmlecules, we must carry out the
spectroscopic study with not only high-resolutian also high-accuracy. Then, to calibrate

absolute wavenumber of the AN6ignal in high-accuracy, a Doppler-free saturapactrum

of iodine molecule and a fringe pattern of a stabd confocal étalon were recorded

simultaneously with the NgGspectrum measurement.  Figure 3-5 shows a typozal of this
study. The upper trace is the fringe pattern efétalon. The middle trace is the Doppler-

free saturation spectrum of iodine molecule, inalilthe hyperfine structure can be recognized.

The lower trace is the fluorescence excitation spat of 1*NO,;. The details of the étalon

and the iodine spectroscopy will be described asdhowing.

Doppler-free saturation spectroscopy of iodine molule

We suppose that we introduce two tunable lasembeaith the completely same

angular frequency, into a gas cell from opposite sides each othet,adso suppose that we
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Free spectral range (FSR) = 150 MHz = 0.005 ¢cm!

]

Firinge pattern WWMMNMMMW
of etalon
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Figure 3-5. Typical scan of this study. (UppehngTransmission spectrum of the stabilized
étalon as an interpolation frequency marker. (NMajidhe Doppler-free saturation spectrum
of iodine molecule as a frequency standard. (LdwEne observed high-resolution
fluorescence excitation spectrum'®iO,.  These three spectra were recorded simultaneously

to calibrate absolute wavenumber.

observe an absorption spectrum as a function ef fmsquency by detecting the intensity of
the transmitted laser beam. In this case, beazfubke saturation effect, the population in the
absorbing level of molecules decreases, leading $mall sharp dip ab, in the Doppler-

broadened absorption profile. This dip causedaiyration of population in the absorbing
level is called the Lamb dip. This Lamb dip is adpler-free signal, because only the

molecules interacting with both two laser beam$wipposite directions simultaneously, i.e.,
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the molecules with no velocity components alongpiapagation vector of the incident laser
beams are able to contribute to this dip signal.

lodine molecule is often used as the standarth#ocalibration of absolute frequency,
because the rich rotational lines of t&3Il,*, < X ', electronic transition of iodine
molecule are widely spread in the visible regioApd0 — 20000 cm. This electronic
transition is allowed because of the strong spbitanteraction caused by the heavy atom
effect. Additionally, we can find the vast hypedisignals with sharp linewidths owing to
the total nuclear spin of iodine molecule of fitiee rotational lines with evel split into 15
hyperfine lines, and those with odd split into 21 hyperfine lines.

As the frequency standard, the Doppler-free saturapectrum of iodine molecule
was observed in this experiment, by using an iodaecell. The experimental setup for this
saturation spectroscopy is shown in Figure 3-6.poAion of output of the dye laser was split
into a strong pump beam and a weak probe beaneldyréhpolarization beam splitter (PBS1).
The pump beam was periodically chopped at aboukl2by a mechanical chopper (EG &
G Princeton Applied Research, Model 197), becabse combination of the periodical
chopping of the pump beam and a lock-in detectidhe probe beam enables us to eliminate
the Doppler-broadened background of the observectspn. Then the pump beam traveled
clockwise (M1— PBS2— M2 — iodine cell- M3 — PBS1), and finally went to a beam

catcher. On the other hand, the probe beam trdveelenterclockwise (M3~ iodine cell—

60



Chapter 3. Experiment

Todine cell

Lock-in Amp.

Figure 3-6. Setup for Doppler-free saturation sjescopy of iodine molecule. M is mirror,
PBS is polarization beam splitter, PD is photodjatel BC is beam catcher.

M2 — PBS2). Then the intensity of probe beam was tledeeith a photodiode which was
followed by a lock-in amplifier (NF Electronic Insiments, LI-570A).

The region around 15000 — 15500 “¢morresponds to the hot bands of iodine
molecule from the vibrational quantum numbers’of 2 [128]. Therefore, | had to heat the
iodine cell to about 50°C to record the Doppleefsgpectrum of iodine molecule in good

signal-to-noise ratio.
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Stabilized étalon

A confocal étalon (Burleigh, CFT-500) was usedthis study. When we use a

confocal étalon, the transmission from this étajives maxima at the condition of

M

M 3-16
Y anL (3-16)

wherev is the wavenumber of the incident laser belsins the resonance orderis refractive
index of the medium inside the étalon, dné the spacing between the two mirrors which
consist of this étalon. In this experimemtyas close to unity andwas 500 mm. The FSR
(free spectral range), which is the peak-to-peaérual in a transmission spectrum, of this
étalon was thus about 0.005¢rtr 150 MHz). The dye laser beam which was fed the
étalon was modulated in frequency by 30 MHz (= 0.601%) with an electro-optic modulator
(Newport, Resonant phase modulator, 4001). If ald the cavity lengtlh constant, we can
obtain the transmission spectrum of this étaloh witnstant FSR, which can be used as a ruler
with the constant interval of 150 MHz and the minimscale value of 30 MHz (See the upper
spectrum in Figure 3-5).

At first, another Doppler-free saturation speatops/ of iodine molecule was carried
out by using an output of a single-mode NAG laser (Innolight, Prometheus 20, wavelength
532 nm, power 20 mW). Then, the output wavenurobénis Nd: YAG laser was locked to

the o hyperfine line of theB °[ly", (v’ = 32,8’ = 53)« X T,;" (" =0,J” = 54) rovibronic
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transition of iodine molecule which is located &786.75142 cmt or 532.290005 nm in

wavelength, by using the method reported by Atial.[129]. Then, this frequency-locked
laser beam passed through the étalon, and the éawgth of the étalon was actively stabilized
to satisfy the resonance condition against thisrld®am, by using the Pound-Drever-Hall
locking method [130], as described in Ref. 131continued to confirm that the étalon cavity

locking was working well during the experiment.

Calibration

Under the assumptions that the FSR of the staliliztalon is constant within the
spectral range of the scan and that the frequdrpg of the ring dye laser are constant between
the successive fringe patterns, the absolute wanbkeaucalibration was performed with the
following procedure. At first, the FSR and abseluavenumbers of the fringe pattern peaks
of the stabilized étalon were determined accurdtaged upon the observed spectrum of iodine
molecule, by referring to the high-resolution spacatlas of iodine molecule [131]. In this
way, we can obtain the étalon markers with the teod=SR, whose absolute wavenumbers
were precisely determined. Then, the absolute wavenumber of each;N@nal was
calibrated by using this stabilized étalon markershe standard deviation of the absolute

wavenumber calibration with the high-resolutiorastis reported to be 0.000054¢fi31].
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The absolute wavenumber error can be evaluatee 181D of the minimum scale value of the
stabilized étalon (30 MHz = 0.001 chin this experiment. Therefore, the absolute

wavenumber of each N@otational line was calibrated in the accurac®.6001 crm’,

3.5. NG, spectroscopy

| also observed high-resolution fluorescence akom spectra of NOby using
commercially available NOgas (Sumitomo Seika Chemicals Co. Ltd., purity 9969 to
discriminate the N@signals from the N@signals experimentally, because th®Npyrolysis
reaction generates not only NOut also NQ, and NQ also absorbs the visible light. This
visible absorption of N@mainly corresponds to thed B, — X A, electronic transition.
NO, was mixed with helium gas at —10°C and expandtxtire vacuum chamber. N@as
was not heated, because N®pyrolyzed to generate NO + (132-135], ending up with the
low signal-to-noise ratio. The other experimergedup was the same as that of the;NO

experiment.

64



Chapter 4. High-resolution laser spectroscopy ofNO, radical

4.1. Result and analysis

Spectral feature

Figure 4-1 shows the high-resolution fluoresceexetation spectrum observed by
using the NOs pyrolysis reaction: pDs; — NO; + NO,. The observed region was 15070 —
15145 cmt, where is assigned to the 0 — 0 band of B#&E’ «— X 2A, transition [95]. In
this region, intense signals concentrate at ardis@B5 cm?, 15100 cmt, 15115 cm?, and
15130 cm? region. This spectral feature is similar to teatfire reported by Cartet al.
previously [104]. A portion of the observed spapir(0.4 cm?) is shown in Figure 4-2 (a).
Each signal is the rotational line. Typical lineti of the observed rotational lines was about
25 MHz in full width at half maximum, which is mdyndue to the residual Doppler width and
the frequency jitter of the dye laser. Any hypeefstructures originated from tH& nuclear
were not recognized in the spectral resolutionhig study: 0.0008 chh  In the 15070 —
15145 cm region, about 150 strong rotational lines and ntlea® 3000 weak rotational lines
were found. The rotational line density was abbut 1G lines / nm. The rotational

assignment seemed to be difficult, because thevddspectrum did not seem to have the
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>

A AaA

15070 15080 15090 15100 15110 15120 15130 15140

1
Wavenumber / cm

Figure 4-1. The observed high-resolution fluoreseeexcitation spectrum &fNO,;. The

red circles and the blue triangles indicate thational line pairs with 0.0246 crispacing and
are assigned to the transitions to the lowestvels, i.e., théE’,, (I’ = 1.5) levels andE’),

(J’ =0.5) levels, respectively. See the text.

regular rotational branch structures.

In this study the BDs pyrolysis reaction: bO; — NO; + NO, was used to generate
NOs. In this case, the NQOcontamination to the NQOspectrum is unavoidable. In the
observed 15070 — 15145 chregion, four vibronic bands of NChave been reported at
15097.6 cmt, 15135.2 cimt, 15138.0 cimt, and 15150.1 cnh by Smalleyet al[125]. Then,
in order to discriminate the NGsignals from the N@signals, | also observed the high-
resolution fluorescence excitation spectra of (N@g. A part of the observed NGpectrum

is shown in Figure 4-2 (b), where the two rotatidimes with the hyperfine structures appeared
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l&>| 0.0248 cm!

() N,0; — NO, + NO,
(b) Pure NO,
1R F, RALY (s
15100.0  15100.1 151002 151003
1

Wavenumber / cm’

Figure 4-2. A portion of the high-resolution flescence excitation spectrum. (a)
Fluorescence excitation spectrum observed by ubmibO; pyrolysis reaction: pDs; — NO;
+NO,. One rotational line pair with about 0.0246-¢spacing can be seen at about 15100.2
cntl.  (b) Fluorescence excitation spectrum observedidiyg commercial pure NQyas.

The rotational lines of NQare indicated by the arrows. Note that the spatt(b) is

magnified by five in intensity.

as indicated by arrows. They were assigned aktlaadF, spin components of tH&,(4)

line of the 15097.6 cm band, referring to the reported molecular constfi?5]. Here, we

adopt the nomenclatuféAN,. (N”) in labeling the NQrotational lines. NQis a prorate-like
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asymmetric top molecule, akds the projection o along the molecular fixealaxis. These
9R,(4) lines were the most intense lines in this 1569hT! band under the experimental
condition of this study; however, they were notrfdun Figure 4-2 (a). Other rotational lines
of the 15097.6 cm band were also not found in the spectrum obsebyedsing the NOg
pyrolysis reaction. The other three vibronic baofdO, around 15100 crregion have the
similar band intensities with the 15097.6¢1f125]. Therefore, it was confirmed that the
NO, contamination to the NQspectrum can be ignored around 15100cragion. As
mentioned in Section 3.5, N@ay be pyrolyzed to generate NO molecule, but Nileoule

is not a problem, because the lowest electronitsitian (KZY — )?ZHr) of NO molecule

lies at around 44000 ci{136]. Here, the subscriptndicates theegular spin-orbit splitting.

Zeeman effect observation and rotational assignment

In the observed spectrum, | found more than 2Garkable rotational line pairs with
about 0.0246 cm spacing. An example of such rotational line paas be seen at around
15100.2 cmt in Figure 4-2 (a). | envisaged that these liniespgorrespond to the rovibronic
transitions with lower quantum numbers, becausg ltlage large line intensities under the jet-
cooled condition. Then | started the rotationaigrsment from these line pairs.

When we set the quantum numlbeto be zero, the rotational energies of the spin
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components in the ground state can be simplified as

E(N),, = BN(N +1) - D,N*(N +1)2+8—;bN, (4-1)
E(N),, = BN(N +1) - DyN?(N +1)2—8—;b(|\| +1), (4-2)

from Equations (2-13), (2-14) and (2-15). Thus $kearation between titg andF, spin
components is equal tg,(N + 1/2). The,, value reported by Fujimoeit al.is —0.01642(14)
cnt1[74]. Then | recognized that the observed 0.08#6 spacing is 1.5 times larger than
this reporteds,, value in magnitude: this means that the observé@46 cm® spacing
originates from the spin-rotation splitting of thé A, (v =0,k = 0,N = 1) rotational level.
Then, these line pairs were assigned to the romibrivansitions from theX 2A, (0" =0,k
=0,N" =1,J" = 0.5 and 1.5) levels to certain rovibronic extitevels. If the excited
electronic stateB2E’ was described by Hund’s coupling case (b), h3246 cm' spacing
was never directly observed in the fluorescenceta@n spectrum owing to the selection
rules:F, < F; andF, « F, are allowed, whereds < F, is forbidden, because the electronic
spin states must not change during optical tramstias expressed by the Kronecker’s delta in
Equation (2-28). Therefore, | confirmed that tB2E’ state is described by Hund’s coupling
case (a). From the selection rules of tB8E’ < X 2A,’ transition, three types of transition;

26, (P’ =15k =1,J' = 1.5)« X2A, (k" =0,N" =1,J” =0.5and 1.5),

2", (P’ =05k =1,J =0.5)— X2A, (k" =0,N’ =1,J” =0.5and 1.5),

k', (P =05k =1, = 15)— X2A,(k’ =0,N" =1,J" =0.5 and 1.5),
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J’ = 15

05
B2E’,,(P’=15,k’=1)
J' =15
r\\Q
o\ \P

1=05 W\ v
= A
XA, (k”=0,N"=1)

6 cm!

Figure 4-3. Three types of the allowed rovibramansitions from theX A, (" =0,k” =

0,N” =1,J” = 0.5 and 1.5) to thRE’, (I’ = 1.5),2E’;,, (3’ = 0.5) anctE’y, (' = 1.5) levels.

These transitions correspond to the rotationalpiaies with 0.0246 cm spacing.

correspond to the rotational line pairs with 0.0246! spacing. Figure 4-3 shows these
allowed transitions schematically. To discrimindteese transitions from each other |
observed the Zeeman splitting by applying an exiemmagnetic field, because the Zeeman
splitting depends on the quantum numbers of thewuapd lower levels (See Section 2.3) and
thus it is useful for unambiguous rotational assignt.

Figures 4-4 and 4-5 show the observed Zeematisglfor thes-pump andt-pump
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rQy(1.5)
"R ,(0.5)

0.0248 cm!

190 G

A A ‘I L A 225G
A A }‘ A A 245G

A ’\ A f\ 280 G
NN }l oM N 305G
335G

360 G

| |
15100.20 15100.25

-1
Wavenumber / cm

Figure 4-4. Fluorescence excitation spectrum of; M® around 15100.2 ¢ty and its

variation with the external magnetic field strenktfor thes-pump condition. In this region

one pair ofRy(0.5) andQ(1.5) of the’E’;,, X %A, transition were assigned.
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A JUL " M 710G
A l\ . }W\ . 100G

A A ‘\M 125 G
\ }\ ; " M 165 G

A A ﬁ A 190 G
" A A ’\ M 225 G
A ’\ ,J\ M 245 G

A n b '\ﬂ 280 G
A A S M 305G
\ A A A ,\ 335G

360 G

| I
15100.20 15100.25

1
Wavenumber / cm

Figure 4-5. Fluorescence excitation spectrum of; M®© around 15100.2 ¢ty and its

variation with the external magnetic field strengtifior thez-pump condition.
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conditions, respectively, of the 15100.1990 trand 15100.2238 crth line pair. The
selection rules of the-pump andt-pump conditions ar&M; = £1 andAM; = 0O, respectively,
whenM; is a good quantum number. For t@ump condition, the 15100.1990 Tntine
splits into four Zeeman components, and the 15238 2n! line splits into six components
(three of the six components are almost in supérpos  On the other hand for taepump
condition, the 15100.1990 cfnline splits into two Zeeman components whereas the
15100.2238 cmt line seems to split into three, actually four, @@® components. After
several trials, | found that this line pair corresgds to the transitiofE’;, (P’ = 1.5,J' = 1.5)

— X A’ (K" =0,N” =1,J” = 0.5 and 1.5), by comparing the observed Zeepiitirsy and

the calculated splitting using Equations (2-18x19) and (2-22). They-factors were
determined by least squares fittinggas= 2.020(36) for the ground state agg (= g,{d +
042) = 0.889(30) for this excited state. Numberparentheses denote the standard deviation,
and apply to the last digits of the values. THeuwated and the observed transition energies
of the Zeeman components of the line pair at 121@01! for the s-pump andr-pump
conditions are shown in Figures 4-6 and 4-7, respdg. The observed transition energies
are plotted by the filled circles, and the calcedatransition energies with the determirged
factors are shown by the solid lines. The obsetraatsition energies are in good agreement

with the calculated ones. Therefore, | successadbigned this rotational line pairi(0.5)

and'Qy(1.5) of the’E’,, «— X 2A, transition. Here, we adopt the nomenclattire,. (3")
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Transition energy / cm-!

15100-26_ (MJ” MJ”)
J=15<15 Fg-g .y
15100.24 ~0.5, —115}
i g-(l).s, -(()).5
15100.22 e, a8
. (+0.5, +1.5)
15100.20 (+1.5, +0.5)
j (=0.5, +0.5)
(+0.5, -0.5)
15100.184 J=1.5 — 0.5
(-1.5, —0.5)
15100.16-
"
’f
15095.62 - J - 1.5 P 2.5 (+1.5, +2.5)
i (+0.5, +1.5)
15095.60 - (+1.5, +0.5)
E_O'S’ +0.sg
- +0.5, -0.5
~1.5,-0.5
15095.58 e i
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B ) ' ] ' | ' |
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Figure 4-6. Transition energies of the observeehZan components at around 15095.6'cm
and 15100.2 cm region for thes-pump condition at the various magnetic field sgtés are
plotted by the filled circles. The solid lines icate the calculated Zeeman splitting with the
determinedy-factors:gs = 2.020 for the ground state agg = 0.889 for this excited state.
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Transition energy / cm’!
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(+1.5, +1.5)
15100.20
(+0.5, +0.5)
15100.184 J =1.5 — 0.5 (-0.5, -0.5)
15100.16
’0
‘,O

15095.62- J=15«25

2 (+1.5, +1.5)
15095.60- (+0.5, +0.5)
i (0.5, -0.5)
15095.58 -
(-1.5,-1.5)
15095.56-
T 1 T ) ' I : |
0 100 200 300 400

Magnetic field strength / G

Figure 4-7. Transition energies of the observeehZan components at around 15095.6'cm
and 15100.2 cm region for ther-pump condition at the various magnetic field sgtbs are
plotted by the filled circles. The solid lines icate the calculated Zeeman splitting with the
determinedy-factors:gs = 2.020 for the ground state agg = 0.889 for this excited state.
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in labeling the rotational lines of NO The'Py(2.5) line of this’E’, « )ZZAZ’ transition,
which shares the uppér= 1.5 level with thes#R,(0.5) andQy(1.5) lines, was expected to be
located at around 15095.597 drbased on the ground state combination differecalesilated
from the molecular constants [74]. Then the rotal line located at 15095.5971 ¢rwas
assigned to théPy(2.5) line. Figures 4-8 and 4-9 show the Zeemalittisg of the
15095.5971 crt line for thes-pump andr-pump conditions, respectively. For tigoump
condition the 15095.5971 ciine seems to split into five Zeeman componentsreas for
thew-pump condition, four Zeeman components. This Zeeaplitting is consistent with the
rotational assignment t®,(2.5), as illustrated in Figures 4-6 and 4-7 whbeeobserved and
the calculated transition energies of the Zeemampoments of the 15095.5971 crtine agree
well. Therefore, these 15095.5971¢m5100.1990 cm, and 15100.2238 crhlines were
unambiguously assigned 18,(2.5), "R,(0.5), andQy(1.5) of the?E’s, < X 2A,’ transition,
respectively. These are the first rotational assignts of'*NO; radical in its electronic
transition in the visible region. In a similar wayy using the ground state combination
differences and the Zeeman splitting, rotationasilocated at 15097.8878 ¢n5097.8300
cnt?, and 15102.4565 cthwere assigned {@,(3.5),'Qo(2.5), andRy(1.5) of the?E’ 5, — X
A’ transition, respectively, sharing the upfer,, (P’ = 1.5,' = 2.5) level. Assuming these
six transitions t@’ = 1.5 and)’ = 2.5 belong to a single vibronic band, the effecimolecular

constants of thi&E’;,, state were estimated to Be= 0.447 cm! andT, = 15100.0 crm, under
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Figure 4-8. Fluorescence excitation spectrum of Alround 15095.6 crand its variation

with the external magnetic field strengtHsfor the c-pump condition. In this region the

'P(2.5) line of the?E'5, < X ?A, transition was assigned.
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Figure 4-9. Fluorescence excitation spectrum of Alround 15095.6 cand its variation

with the external magnetic field strengthgor ther-pump condition.
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the oblate symmetric-top model, in which the simpletational energy form is expressed as
E;p=To+BJ(J+ 1)+ C-B)P?andC=B/2. HereB andC are the rotational constants
andT, is the band origin. The assigned rotational limgsich belong to théE’;, « )ZZAZ’
transitions, and the determingg values of the rovibronic excited levels are tatedan Table
4-1, where the observed vibronic bands of;Ne@re named after the lower line positions of
the rotational line pairs with 0.0246 chspacing corresponding to the transition to theektw
J', because many vibronic bands were identified & 16070 — 15145 crhregion. For
example, the vibronic band including the 15100.1890" and 15100.2238 cthline pair was
named the 15100.2 cirband.

Seven rotational line pairs with 0.0246¢spacing, which were assigned to tfg,,
— )ZZAZ’ transitions by their Zeeman splitting, were fouleddistribute in the region below

15105 cm®.  On the other hand, 15 rotational line pairs,althivere assigned to tRE’;, <

X 2A, transitions, were found above 15112¢m The positions of the rotational line pairs
are shown in Figure 4-1, where the filled circledi¢cate the transitions to tRE’;, spin-orbit
component, and the filled triangles indicate tlasitions to théE’;,, spin-orbit component.
As an example of the rotational line pairs corregdog to the’E’;, < X 2A,’ transition, the
Zeeman splitting of 15130.7423 chand 15130.7670 crhlines which were assigned to
'Qy(0.5) andPy(1.5) respectively, is shown in Figures 4-&pump) and 4-11atpump). For

the s-pump condition, the15130.7423 chand 15130.7670 crhlines seem to split into two
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Table 4-1.

The transition energies of the assigoeational lines which belong to tRE’ ),

— X A, transition, the effective rotational constantgiud upper states, and the determined

effectiveg-factors of théE’;, (3') levels.

The transition energies are in unitwavenumber.

The assignments of all rotational lines listed hesxe confirmed by the Zeeman splitting.

Number in parentheses with thg(J’) value denotes the standard deviation.

J Po(J" +1) "Qu(J") "Ro(J" — 1) ert(J)
15085.4 cm* band

15 15080.7537 F, 15085.3816 F; 15085.3565 F, +0.45(12)
15091.0 cm! band

1.5 a 15090.9777 F,  15090.9534 F, +1.05(6)
15099.9 cm* band

15 a 15099.8970 F, 15099.8725 F, +0.66(9)
15100.2 cm! band (B = 0.447 cm?)

15 15095.5971 F, 15100.2238 F; 15100.1990 F, +0.89(3)
2.5 15097.8878 F; 15097.8300 F, 15102.4565 F, +0.75(14)
15101.8 cm! band (B = 0.509 cm?)

15 15097.2112 F, 15101.8383 F; 15101.8135 F, +0.92(6)
2.5 15099.8156 F; 15099.7578 F, 15104.3853 F; +0.75(14)
15102.4 cm! band B4 = 0.518 cm?)

15 15097.8445F, 15102.4716 F; 15102.4468 F, +0.14(4)
2.5 15100.4820 F, 15100.4237 F, 15105.0511 F; b

3.5 15095.7930 F, 15104.1196 F,; 15104.0628 F, b
15103.1 cm* band

15 15098.4747 F, 15103.1014 F,; 15103.0766 F, +0.66(12)

aNot found.

bn these upped’ levels, g is close to zero.

determined precisely.
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Figure 4-10. Fluorescence excitation spectrum @ Mt around 15130.75 cthand its

variation with external magnetic field strengthgor thes-pump condition. In this region a

pair of "Q,(0.5) and'Py(1.5) of the’E’;,, « X A, transition were assigned. The arrows

indicate the signals originated from the perturber.
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Figure 4-11. Fluorescence excitation spectrum @k Mt around 15130.75 ctand its
variation with external magnetic field strengtHsfor the z-pump condition. The arrows

indicate the signals originated from the perturber.
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and three, but in verity two and four, Zeeman congmnts, respectively. On the other hand
for the n-pump condition, the 15130.7423 Thseems to remain one component and the
15130.7670 crit line splits into two components. This Zeemanttipdj is consistent with
the"Qy(0.5) and'Py(1.5) rotational assignment, as shown in Figurd? 4s-pump) and 4-13
(z-pump) where the comparisons between the obsemgdaculated transition energies of
the Zeeman components at 15130.75'cragion are illustrated. The observed transition
energies of Zeeman splitting are plotted by thiediland blank circles. The calculated
transition energies using the determimefctorsgs = 2.020 (fixed) for the ground state and
Oett (= 0.8d — g42) = —0.725(91) for this excited state are drownthe solid lines. The
observed transition energies are in good agreemiémthe calculated ones. An anomaly of
the Zeeman splitting was recognized when an exXtenagnetic field larger than 150 G was
applied. This anomaly can be explained as a j[pedlrbation with a neighbor level with the
same quantum numbbt;.  From Equation (2-21) the neighbor level with slaeneM; is able

to perturb when the selection rule = 0, £1 is fulfilled, because the off-diagonal nrat
elements do not vanish. In Figures 4-12 and 4-&Xan see only thiely = —0.5 level is
perturbed by the neighbor level. The filled ananil circles indicate the transition energies
to the perturbedM; = —0.5 level and the perturbing; = —0.5 level, respectively. The
Zeeman components of the perturber are indicatemttowvs in Figures 4-10 and 4-11. The

assigned rotational lines, which belong to4fg, < )ZZAZ’ transitions, and the determined
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Figure 4-12. The transition energies of the obsgXeeman components at around 15130.75
cnt region for thes-pump condition at the various magnetic field sités are plotted by the

filled circles. The blank circles indicate therts@ion energies to thié; = —0.5 level of the

perturber. The solid lines indicate the calculaZegman splitting with the determined
factors:gs = 2.020 (fixed) for the ground state ampg = —0.725 for this excited state.
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Figure 4-13. The transition energies of the obsgXeeman components at around 15130.75
cnt! region for ther-pump condition at the various magnetic field sftes are plotted by the
filled circles. The blank circles indicate therts@ion energies to thié; = —0.5 level of the

perturber. The solid lines indicate the calculaZegman splitting with the determined
factors:gs = 2.020 (fixed) for the ground state ampg = —0.725 for this excited state.
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Table 4-2. The transition energies of the assigogational lines which belong to tRE’,

— X A, transition, the effective rotational constantglud upper states, and the determined

effectiveg-factors of théE’,, (3') levels.

The transition energies are in unitwavenumber.

The rotational assignments whose uppeas 0.5 were confirmed by the Zeeman splitting.

3 Py + 1)

"Qo(J)

R(I" - 1)

geff(‘],)

15113.0 cm! band

0.5 15113.0540 F
15113.1 cm! band

0.5 15113.1374 F,

15113.0293 F;

15113.1129 F,

15113.4 cm! band (B4 = 0.502 cm?)

0.5 15113.4225F,
15 15110.3025 F;

15113.3978 F;
15114.9292 F,

15114.0 cm! band (B4 = 0.502 cm?)

0.5 15113.9904 F,

15 15110.8720 F,
15114.6 cm! band

0.5 15114.6642 F,
15114.8 cm! band

0.5 15114.8049 F,

15113.9660 F;
15115.4984 F,

15114.6394 F,

15114.7802 F,

15124.9 cm! band B4 = 0.418 cmt)

0.5 15124.9534 F,
15 15121.5824 F,
15125.2 cmt* band

0.5 15125.2321 F,

15124.9290 F,
15126.2089 F;

15125.2071 F,

15126.2 cm! band B = 0.437 cm?)

0.5 15126.1932 F;
15 15122.8793 F,

15126.1685 F,
15127.5051 F,

15128.3 cm! band (B = 0.378 cm?)

0.5 15128.3450 F,
15 15124.8526 F,
15129.5 cmt* band

0.5 15129.5022 F,

15128.3198 F,
15129.4792 F,

15129.4771 F,

15114.9046 F;

15115.4738 F;

15126.1842 F,

15127.4811 F,

15129.4548 F,

~1.35(13)

_1.04(6)

~0.81(3)

~0.59(6)

—0.74(9)

~0.85(15)

~0.80(7)

~0.70(13)

~0.76(11)

~0.77(23)

~1.00(12)
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Table 4-2 (continued).

J "Po(J" + 1) "Qo(J) R(J" - 1) Gert(J")
15129.7 cm! band B4 = 0.463 cnmt)
05  15129.6828F, 15129.6580 F, -~ ~1.05(15)

15 15126.4450 F, 15131.0720 F, 15131.0473 F,

15129.8 cm! band B4 = 0.441 cm?)

0.5 15129.7917 F; 15129.7669 F, - —-0.75(12)
15 15126.4887 F, 15131.1150 F, 15131.0902 F,

15130.7 cm! band B4 = 0.504 cm?)

0.5 15130.7670 F; 15130.7423 F, - —-0.73(9)
15 15127.6369 F, 15132.2634 F, 15132.2381 F,

15131.9 cm! band (B = 0.493 cm?)

05  15131.3363F,  15131.3115 F, _ ~0.90(24)
15 15128.1880 F, 15132.8149 F, 15132.7902 F,

Ot Values are tabulated in Table 4-2.

Most of the rotational assignment witt> 2.5 is still difficult, because these rotational

lines were not intense enough to be observed da Zleeman splitting.

4.2. Discussion

The vibronic interaction

Ifthe B2E’ (v = 0) state was not perturbed by any vibronic stairly three rotational
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line pairs with 0.0246 cm spacing must be found in the observed spectrish@sn in Figure
4-3. However, | identified more than 20 rotatiohaé pairs. This result indicates that the
B2E’ (v = 0) state massively interacts with the surrougdiiark vibronic states, and such
vibronic states appeared by the intensity borrowimmgn the optically allowedB — X
electronic transition. The candidates of the pbitig vibronic states are highly vibrationally
excited states of theA2E” and/or X %A, electronic states. In order to analyze the wizo
interactions, the density of the perturbers isogetér with the B2E’ (v = 0) state is useful.
When more than one e’ symmetry vibrational modeseacited, such vibronic states split into
substates [137,138]. We thus have to enumerateuthetates which can interact with i
2E’ (v = 0) state.

The dark A2E” state is able to interact with thB2E’ (v = 0) state through the’a
symmetry vibrational modes, because the directymaf E” (electronic) and £ (vibrational)
is E’ (vibronic). Recently the frequencies of the- 0 band of theA — X transition and
the four normal vibrational modes were reported182]. By using these normal vibrational
frequencies of theA state, we can estimate the number of the E’-tyibeomic states
originated from the A2E” electronic state to be about 15, in which abuvibronic substates
can interact with theB2E’ (v = 0) state, in the 15070 — 15145&megion: the density of the
substates is ~ 0.5 states /¢m This density is comparable with the densitytaf vibronic

states found in the observed spectrum.
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The ground )ZZAZ’ state is also able to interact with tf?E’ (v = 0) state, and in
this case the e’ symmetry vibrational modes medtagevibronic coupling, because the direct
product of A’ (electronic) and E’ (vibrational) also leads to(bronic). When we set the
frequencies of the four normal vibrational modeshef X 2A,’ state to be,, = 1050 crmt, v,
=762 cm?, v; = 1492 cmt andv, = 365 cm* referring to the traditional vibrational assignrhen
[48,51], we can estimate the number of the E'-tyibeonic states originated from thi 2N

to be about 80, in which about 500 vibronic sulestaire able to interact with thB2E’ (v =

0) state, in the 15070 — 15145 @megion. When we use the lowey frequency of about
1100 cmit [59-61], the number of the E’-type vibronic staigestimated to be 100 with about
600 vibronic substates in the 15070 — 15145'¢agion. These densities of substates (6 — 8
states / crmf) is much larger than the density of states ineoquerimental result.

Therefore, | conclude that the complicated rotetistructure of the 0 — 0 band of the
B2E’ « X 2A, transition mainly owes to the vibronic couplingtiveen the A2E” state and

the BZ2E’ state through the;asymmetry vibrational modes.

The spin-orbit interaction of the B 2E’ (v = 0) state

In this study the rotational line pairs corresgagdo the’E’;, (J' = 1.5)« >?2A2’

(k" =0,N” = 1) transitions and tH&’,, (I’ = 0.5)— X 2A,’ (k" = 0,N” = 1) transitions have
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been found in 15085 — 15103 cmegion and 15113 — 15131 chregion, respectively. |
considered the deperturbed line positions corredipgrto the transitions to the lowekbtof
the 2E’;, and ?E’;;, spin-orbit components as the intensity-weightecimpositions of the
rotational line pairs with the same assignmentghi& observed spectrum. Under this
consideration, the deperturbed transition enetgi¢ise’E’ 5, (J' = 1.5) level and théE’,, (I’

= 0.5) level were estimated to be 15100.Tcamd 15120.9 cm, respectively. This about

21 cnT! energy separation results from the spin-orbitrattion of the B2E’ (v=0) state. As
mentioned in Section 2.2, the diagonal matrix elenoé the spin-orbit interaction is given by

(Hso) = Acledr = ALY, (4-3)
where A, is the original spin-orbit interaction constanhefefore the 21 crh separation
between the’E’;, and ?E’;,, components is equal to the effective spin-orbteriaction
constant; AL = A,(.d , in magnitude. The sign of this interaction canstis negative,
because théE’;,, spin-orbit component is lower than #t&,,, spin-orbit component in energy.
Therefore the effective spin-orbit interaction dams of the B2’ (v = 0) state was estimated
to be =21 cmt.  This effective spin-orbit interaction constaswo orders of magnitude larger
than the typical rotational constant of @ ~ 0.5 cmi?; therefore again, it was confirmed that
Hund’s coupling case (a) is the appropriate limitleéscribe theB 2E’ (v = 0) state.

The determined, of the uppefE’,, and’E’,, states were found to distribute around

+0.7 and 0.8, respectively, excluding fit&,, state located at 15102 cinbased on the
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observed Zeeman splitting. This result indicates ¢, (d is estimated to be 0.2 — 0.3 in
magnitude, assuming the electronic sgifactor of the excited state is similar to thattloé
free electron. The electronic orbitpfactorg, is unity, because the excited statéEsvhose
electronic orbital angular momentumls= 1. Then/d, which is the effective value of the
molecular axial component bf, may be estimated as 0.2 — 0.3. By setting tleetdfe spin-
orbit interaction constant to be —21 ¢mand{d to be 0.2, the original spin-orbit interaction
constant of theB2E’ (» = 0) state can be roughly estimated to be —10% ¢m(-21 cn) /
0.2). This value is favorably compared with thensprbit interaction constants of nitrogen

and oxygen atoms: 73.3 chand 151 cr, respectively, in magnitude [140].

The g-factor of the X 2A,’ (v = 0) state

The electronic spig-factor of the )?ZAZ’ (v = 0) state was determined to pe=
2.020(36) based on the Zeeman splitting of the Q3BEM0 cm' and 15100.2238 crline
pair. This value is in good agreement with thevjanesly reportedy-factor determined from
the ESR study in $O/D,O matrices:gs = 2.0202 [141]. Theoretically, the three axial
components of thg-tensor are related to those of the spin-rotateraction tensae [142];

g =, —h'g 1, (=ab,0) (4-4)

whereg, is the Landé@-factor of the free electron; 2.0023Ris Planck’s constang; is theii
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component of the spin-rotation interaction tenaadl; is theii component of the moment of

inertia tensot. In the case of this study, the above relatiog bewritten as
=g —loo 4-5
gS ge 2B ( )
When we use the molecular constants reported in/db this relationship, the theoretigal

is derived to be 2.0202. This theoretical valw® agrees with the experimental result of this

study.

4.3. Conclusion

In this study, the rotationally-resolved high-resion fluorescence excitation
spectrum of jet-coole#NO; has been observed by using th@®Npyrolysis reaction: MDs
— NO; + NO,. The observed region was 15070 — 15145 cwhere is assigned to the 0 — 0
band of the B2E’ « )ZZAZ’ transition. The N@ contamination to the NOspectrum was
confirmed to be negligible in the observed regioMore than 3000 rotational lines of NO
was found in the observed region, and they seealeawe the less rotational branch structures.
Thus, the rotational assignment was difficult. Heer, more than 20 rotational line pairs
with 0.0246 cm! spacing were identified. The Zeeman splittingesization under high-
resolution and high-accurate condition is powerttibl for the unambiguous rotational

assignment, because the Zeeman splitting depentteeayuantum numbers of the upper and
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lower levels. These rotational line pairs werecsssfully assigned to the transitions from
the )ZZAZ’ (0" =0,k” =0,N” =1) level, based on the Zeeman splitting andytibeind state
combination differences. In the observed regionynabronic bands were identified. This
result indicates that theB 2E’ (v = 0) state massively interacts with the surrougdiark
vibronic states, and they appeared by the intebsityowing from the optically allowed —

X electronic transition. The effective moleculanstants of the excited electronic states

were estimated. From the density of the identifidgnfonic states, it was concluded that the
complicated rotational structure of this 662 nm damainly owes to the vibronic coupling
between theB2E’ state and theA2E” state through the,asymmetry vibrational modes.

The effective spin-orbit interaction constant o tB2E’ (v = 0) state was estimated to be —21

cnl,

4 .4. Publication statement
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Ishiwata, Eizi Hirota, and Shunji KasahalaChem. Phyd41, 184307 (2014) [143].
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5.1. Result and analysis

Spectral feature

The rotationally-resolved fluorescence excitagpectrum of°NO; radical observed
by using the®N,O¢ pyrolysis reaction, ranging 15080 — 15103 tassigned to the 0 — 0 band
of the B2E’ «— X 2A, transition, is shown in Figure 5-1 (a). When #i,0; pyrolysis
reaction is used to generathlO; radical, thé®NO, contamination is unavoidable. However,
| ignored this'®NO, contamination, because the vibronic band$®ND, located at around
15100 cm! region have relatively small intensity [144,145]in the case of“NO; we
confirmed that thé*NO, contamination can be ignored in 15100 tregion by observing the
pureNO, spectrum [143]. Then it was considered thatfate observed rotational lines in
the observed region originate frdANO; radical. In the 15080 — 15103 thmegion, about
200 strong lines and several thousand weak lings foeind. Intense rotational lines seem
to be concentrated in 15094 — 15102 tragion. Portions of the observed spectrum (*cm
and 0.15 cmmt region) are magnified in Figures 5-1 (b) andr@3pectively. Typical linewidth

of each rotational line was about 25 MHz in fultii at half maximum, which is mainly due
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Figure 5-1. Fluorescence excitation spectrudtsO; for (a) 15080 — 15103 ch(23 cnt?)

region, (b) 15097 — 15098 ch(1 cnt?) region, and (c) 15097.215 — 15097.365¢(0.15
cnt?) region.  The rotational line pairs assigned tottansitions to théE’ 5, (3’ = 1.5),%E’y),

(J = 0.5) and’E’;,, (I’ = 1.5) levels, whose assignments were confirmedheyZeeman

splitting, are indicated by the circles, trianghesl squares, respectively.
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to the residual Doppler width and the frequendgijibf the dye laser. | could not resolve any

15N hyperfine structures with the spectral resolutibithis study.

Zeeman effect observation and rotational assignment

To tell the result first, | clearly assigned otitg rotational lines corresponding to the
k = 1« 0 transition in thid°NO, study. Therefore, hereafter we focus on suclsitians.
As already mentioned in the previous chapter, tt@tional energies of the spin components

in thek = 0 stack in the ground state are given by

E(N),, = BN(N +1)- D,N*(N +1)2+8—;bN, (5-1)
E(N),, = BN(N +1) - D,N3(N +1)2—8—;b(N+1). (5-2)

On the other hand the rotational energy ofkkel stack of theB state may be expressed as
EQJ)=T,+BJ(J+1)-D,J*(J +1)°?, (5-3)

from Equation (2-4). Herd, is the effective band origin includirk) dependent term8 is

the effective rotational constant abDglis the first-order centrifugal distortion constant
Similarly to the!NO; study, | started the assignment from the rotatitina pairs

with the lowest quantum numbers. From the latedeoular constants [74], the spin-rotation

splitting of the )ZZAZ’ (»” =0,k =0,N” =1,J” = 0.5 and 1.5) levels was calculated to be

0.0237 cm!.  In the observed spectrum, | recognized manytiootal line pairs with about
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0.0248 cm spacing. These line pairs were assigned to tiee tiypes of transition from the
X2A, (v” =0,k =0,N" =1,J” = 0.5 and 1.5) levels to tRE's, (P’ = 1.5,J’ = 1.5),%E’,,
(P’=0.50 =0.5), oPE’;, (P’ = 0.5,J’ = 1.5) excited level. To discriminate these titamss
from each other clearly, the Zeeman splitting waseoved.

Figure 5-2 shows three types of the observed Zeespéitting of the rotational line
pairs with 0.0248 cm spacing for thes-pump condition with the external magnetic field
strengthH = 70 G. The selection rule of thepump condition iaAM; = £1. Figure 5-2 (a)
shows that the rotational line pair splits intorfamd six components by an external magnetic
field. From this Zeeman splitting, this rotatiorale pair was assigned t&,(0.5) and
'Qy(1.5) of the?E’5,, «— X 2A, transition. Here, we adopt the nomenclattize,.(J”) for
labeling the rotational lines 6INO,.  Two rotational line pairs in Figure 5-2 (b) seensplit
into two and three Zeeman components. Thus theg agsigned tQ,(0.5) andPy(1.5) of
the?E’ ), « X A, transitions, respectively. These two types @& Heeman splitting have
been reported in our previous studyfO, (See Figures 4-4 and 4-10 in the previous chapter)
[143]. Two rotational line pairs in Figure 5-2 @}yo split into four and six components, but
the Zeeman pattern is different from that in FigGe2 (a). This result indicates that the
guantum numbers of the upper levels are the sdimel(.5), butg,, values of the upper levels
are different from each other. The Zeeman spjjtimFigure 5-2 (c) can be explained when

these rotational line pairs are assigneé®y(0.5) andQy(1.5) of the?E’,,, — X 2A,' transition.
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Figure 5-2. Three types of the Zeeman splittinthefline pairs with 0.0248 crhspacing for
the c-pump condition, where the magnetic field vectopespendicular to the polarization of
the incident laser beam. (a) Transition to 1&g, (' = 1.5) level. (b) Transition to the

’E’» (I = 0.5) level. (c) Transition to tH&’;,, (J' = 1.5) level.
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From the observed Zeeman splitting, | finally comfed that 18 line pairs with 0.0248 ©m
spacing correspond to the transitions from tﬁéAg (»” =0,k” =0,N" =1,J” =0.5 and
1.5) levels, in which two, nine, and seven pairsengssigned to the transitions to t&s;, (J’
= 1.5),%E’'y, (I’ = 0.5), and’E’;, (I’ = 1.5) excited levels, respectively. They arevain
Figure 5-1, where the circles, the triangles, dedsquares indicate the line pairs assigned to
the transitions to thée’,, (' = 1.5),%E’,, (I’ = 0.5), andE’;, (I’ = 1.5) levels, respectively.
The Zeeman splitting of the rotational line pawas observed up to 360 G to
determine thg.y values of the excited levels. As an example, l&i¢gu3 shows the observed
Zeeman splitting for the-pump condition of the rotational line pairs at 98% cm? region,
where théQ,(0.5) andP,(1.5) line pairs of théE’,,«— X 2A, transitions appeared, as shown
in Figure 5-2 (b). In an analogous way to our fas study o*NO, [143], the effectivay-
factors of the excited levels were determinedggas(= g, {d — g42) = —0.48(18) for the
15097.6689 cmt and 15097.6933 crhline pair, andy.; = —0.95(6) for the 15097.6897 cn
and 15097.7143 cthline pair. During the analysis, tggvalue of the ground state was fixed
to 2.020 based on the Curl’s relationship [142} 9. — (6,/2B), because this relationship was
confirmed in our previous study [143] and the ESIRIg [141] to hold in the ground state of
¥NO,. Here,g, denotes the Landgfactor of the free electromy = 2.00232) and is the

rotational constant. In similar way, tligs values of the excited rovibronic levels were

determined as listed in Table 5-1.
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Table 5-1. Assigned rotational lines and the deiteedg. values of the upper levels. The

rotational assignments wittp« values were confirmed by the Zeeman splitting. is the

effective rotational constant of the upper vibrosiate.

Number in parentheses denotes the

standard deviation. Transition energie&g{J’ + 1),'Qy(J’), and'Ry(J’ — 1) lines are in units

of wavenumber.

J "Po(J" + 1) "Qu(J") Ro(J' - 1) er(J")
26", X 2A, transition
15081.9 cm! band B = 0.421 cm?)

1.5 a 15082.5781 F, 15082.5533 F, +0.73(12)
2.5 15080.1161 F; 15080.0587 F, 15084.6855 F;
15088.6 cm* band (B = 0.419 cm?)

15 15084.6049 F, 15089.2326 F; 15089.2076 F, +0.64(14)
2.5 15086.7115 F; 15086.6536 F, 15091.2809 F,

3.5 15081.3547 F, 15089.6829 F; 15089.6249 F,
2B, — X 2A, transition
15081.4 cm* band (B = 0.448 cm)

0.5 15080.8005 F; 15080.7757 F, - —0.23(13)
15 a 15082.1436 F; 15082.1191 F,
15082.3 cm* band (B = 0.416 cm?)

0.5 15081.7438 F, 15081.7198 F, —

15 a 15082.9934 F, 15082.9686 F, b
15083.5 cm* band (B = 0.526 cm?)

0.5 15083.0102 F; 15082.9856 F, — b

15 a 15084.5894 F, 15084.5650 F,
15087.6 cm* band (B = 0.469 cm?)

0.5 15087.0407 F; 15087.0160 F, —

15 15083.8193 F, 15088.4466 F; 15088.4217 F, —0.20(18)
15089.0 cm* band (B = 0.461 cm?)

0.5 15088.3757 F; 15088.3509 F, - —-0.52(23)
1.5  15085.2015F, 15089.8284 F, 15089.8039 F, b

100



Table 5-1 (continued).

Chapter 5. High-resolution laser spectroscopy°dfO; radical

J Po(J" + 1) "Qu(J) "Ro(J" - 1) ert(J")
15098.2 cm! band (B = 0.428 cm?) ©

0.5  15097.2637 F, 15097.2389 F, - —1.43(21)
0.5  15097.2845F; 15097.2595 F> - —1.00(17)
0.5  15097.3436F: 15097.3190 F2 - —0.98(9)
0.5  15097.5296 F1 15097.5050 F - +0.34(19)
0.5  15097.6933F; 15097.6689 F2 - —0.48(18)
0.5  15097.7143F; 15097.6897 F2 - —0.95(6)
1.5  15094.1707 F, 15098.7973 F; 15098.7725 F, —1.41(28)
1.5  15094.2003 F2 15098.8272 F1 15098.8022 F> -1.66(29)
1.5  15094.4285F; 15099.0551 F1 15099.0302 F> —0.83(13)
1.5  15094.4699 F> 15099.0968 F1 15099.0718 F> —1.20(27)
25  15096.1829 F1 15096.1255 F> 15100.7529 F1

25  15096.3485F; 15096.2910 F 15100.9183 F1

35  15091.1589 F> 15099.4869 F1 15099.4291 F>

45  15095.1751F: 15095.0833 F2 a

55  15087.1937 F> 15099.2226 F1 15099.1308 F>

6.5  15092.5757F1 15092.4491 F a

7.5  15082.1647F2 15097.8958 F1 15097.7698 F>

8.5  15088.8691F: 15088.7100 F> a

9.5 a 15095.9144 F; 15095.7552 F>

10.5 15083.5264 F1 15083.3351 F 15102.7638 F1

aQut of the observed region.

bn these upped’ levels, g is close to zero. Then, the effectigdactors could not be
determined precisely.

¢ Six line pairs with)’ = 0.5, four sets of lines withi = 1.5, and two sets of lines wilh= 2.5
were considered to belong to a single vibronic barfeee text.
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r0,(0.5)  "P,(1.5)
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r0,(0.5)
1
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Figure 5-3. Fluorescence excitation spectrum>nfO; at around 15097.7 cthand its
variation with the magnetic field strengthup to 360 G for the-pump condition. Blank
circles, blank squares, filled circles, and fillsquares indicate the Zeeman components

originating from the 15097.6689 ¢ 15097.6897 cm, 15097.6933 cm, and 15097.7143

cnt?, respectively.

102



Chapter 5. High-resolution laser spectroscopy°dfO; radical

Six intense pairs 6€,(0.5) andPy(1.5) and four intense pairs'®(0.5) andQy(1.5)
were closely found at around 15097.5-¢and 15098.9 cm, respectively. Th&P,(2.5) line
was expected to lie about 4.603¢imelow the R,(0.5) line from the ground state combination
differences [74], and then fotf,(2.5) lines were found at 4.6018 + 0.0001 tivelow the
four "Ry(0.5) lines. This assignment was confirmed by Zre@man splitting. As the
example, the Zeeman splitting of the rotationakdinlocated at 15094.1707 ¢mand
15094.2003 crit for the s-pump condition is shown in Figure 5-4. The obsdrZeeman
splitting is consistent with the rotational assigmito'Py(2.5). These intense rotational lines
with J’ = 0.5 (six pairs) and@’ = 1.5 (four sets) seem to belong to a single vilarband with
the regular rotational branch structure, and tllévidual rotational lines seem &xcidentally
split into several lines with the same assignments. adwdental splittingmay originate
from the vibronic coupling between the brigltitzE’l,2 (v = 0) state and the surrounding dark
vibronic state(s). Finally for this most intenset, 50 rotational lines df ranging from 0.5
up to 10.5 were assigned by using the ground statebination differences. When
characteristic Zeeman splitting was observed, & used to confirm the rotational assignment.
Figure 5-5 shows the observed Zeeman splitting aftational line located at 15096.1255
cnt?l, as an example of the characteristic Zeeman igglitt This rotational line shows the
Bell-shapeZeeman splitting for the-pump condition, and this is consistent with thiational

assignment t6Q,(2.5). The assigned rotational lines'®iO, are also listed in Table 5-1.
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'P,y(2.5)

rPy(2.5)

40 G

70 G

125 G

MG

‘H N \ 245G
,k A 305G

MI ¥ 360 G

|
15094.20
Wavenumber / cm-1

]
15094.15

Figure 5-4. Fluorescence excitation spectrunt®yO; at around 15094.2 ¢t and its

variation with the magnetic field strengthup to 360 G for the-pump condition. Thé/-
shapeZeeman splitting is consistent with tf(2.5) rotational assignment.
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'Q,(2.5)

H=0G

/m\ 70 G

9SG
MM 125 G

, " \ 190 G

245G

X2

I
15096.15

Wavenumber / cm!

I
15096.10

Figure 5-5. Fluorescence excitation spectrunt®yO; at around 15096.1 ¢ty and its

variation with the magnetic field strendthup to 245 G for the-pump condition. Th8ell-
shapeZeeman splitting is consistent with tig,(2.5) rotational assignment.
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From this rotational assignment, the ground staikecular constants were determinedBas
0.458544(2) crmt, Dy = 0.56(2) x 1 cnT?, ande,, = —0.01670(4) crt by using Equations
(5-1) and (5-2) by the least-squares fitting. tendard deviation was 0.0005 ¢nwhich

is slightly larger than our experimental accuraayt ithin an acceptable range. The
molecular constants of the excited state were astithto beT, = 15098.20(4) cri, B =
0.4282(7) cm, andD; = 4 x 10* cnt! by using Equation (5-3), under a perturbation-free
assumption, in which the original line positionsrevelefined by the intensity-weighted line
positions with the same assignments and the ofigirintensities were defined by the sums
of the line intensities with the same assignmenihis most intense band was considered as
the original B2E',, (v’ = 0)«— X ?A,’ (v" = 0) transition and named the 15098.2cband
after its band origin. Figure 5-6 shows a commeariamong the observed, the deperturbed,
and the calculated spectra of this 15098.2'drand. The observed fluorescence excitation
spectrum is shown in Figure 5-6 (a), where the exmotational lines were assigned to khe

= 1« 0 transition of the 15098.2 chband. The same marks indicate the transitioniseto
rotational levels with the sanm, e.g., the rotational lines with the circles wassigned to
"Ry(1.5),"Qy(2.5) andPy(3.5) withd’ = 2.5.  Figure 5-6 (b) shows theperturbedspectrum

of thek = 1 « O transition in the 15098.2chband, obtained from the perturbation-free
assumption. Figure 5-6 (c) is the calculated spatbf the 15098.2 cthband by using the

Honl-London factors listed in Table 2-2 and theedetined molecular constants. The
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0.5 ,
(c) Calculated 'R, ()€ 85 6.5 "I) " 5
(T, = 15 K) 15 n3-5
Q") €515 5
’Qn(J’lm.s 8.5 6.5 4.5 2.5 0.5
<I 1 | | || | | |
] | | || ] | | | |
"Py(J”) 11.5 9.5 7.5 553515
rR()(J”)
| |
1.5 3.5
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Figure 5-6. The comparison between the observedtigpn and the calculated spectrum.
(a) The observed spectrum, (b) the unperturbedspedor thek = 1« 0 stack of the 15098.2
cnt!band, and (c) the calculated spectrum fokthel < O stack of the 15098.2 chband at

the rotational temperature of 15 K with the deteai molecular constants.

indicate the transitions to the rotational levelgwvhe same upper.

The same marks
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rotational temperature was estimated to be 15 Knfibe intensity distribution of the
unperturbed rotational lines. The calculated spettagrees quite well with the unperturbed
one.

In the observed region of 15080 — 15103 ¢ridentified additional vibronic bands,
whose rotational lines were assigned by the grastate combination differences and the
Zeeman splitting. These bands were also named thi#&¢ band origins, and the assigned
lines are also listed in Table 5-1.

The rotational assignment f&f # O levels based on the ground state combination
differences seems to be possible. However, itiffcult to confirm these assignments
because most of the observed rotational lines wetdantense enough to observe Zeeman
splitting clearly. In addition, it is difficult tonake rotational assignment for rotational lines,

because of too many perturbations in excited elaatrstates.

5.2. Discussion

Eight vibronic transitions were identified in tbheserved spectrum, while only one

vibronic 0 — 0 band had been expected to appedris résult indicates that th&2E’ (v=0)
state is strongly perturbed by the surrounding déokonic states in the form of the energy

shifts of the rotational lines as well as the isign borrowing. The candidates of the
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perturbers are the highly vibrationally excitedesaof the A and X electronic states, then
the 8" and e’ symmetry vibrational modes mediate theaalic interactions with theA2E”
states and theX %A, states, respectively. In order to analyze tHeranic interactions, the
density of the perturber levels at the energy ef B (v = 0) state is useful. The frequencies
of the vy, v,, andv, vibrational modes in theA2E” state of the'>NO; isotopologue in neon
matrix can be estimated to be 770650 cm?, and 510 cr, respectively, from the result
by Jacox and Thompson [82]; however, those fregesnno a gas phase are not reported yet.
| thus assumed that there is not so much of ardiffee betweeNO,; and'*NO; in terms of
the vibrational frequencies of th&2E” and X A’ states by ignoring the vibrational isotope
shifts, as the lowest-order assumption. Under ithigyh assumption, the densities of the
perturbers originated from thé and X states at the energy of thi (v = 0) state can be
estimated to be 0.5 states /¢@nd 7 states / ct respectively. The former estimated density
is comparable with the observed density of vibrdr@nds in the spectrum. Additionally, the
latter estimated density is comparable with thesdgrof theaccidental splitrotational lines
with lower J’ of the 15098.2 cm band. Therefore, we can conclude that &’ (v =0)
state interacts with not only th&2E” state but also theX 2A, state.  In thé“NOj; study in
the previous chapter, | concluded that the vibrawapling between theB 2E’ (v = 0) state
and the A2E” state, not the)zzAz’ state, is mainly responsible for the complexitytioe

observed spectrum. The variation in the curvab@ithe potential energy surfaces of the low-
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lying electronic states caused by the vibratiosatiape effect may lead to the variation between
¥NO; and®NQO; in the strength of the intra-molecular interacsion

In contrast ta"*NO; [143], | successfully carried out the rotationahlysis of the
observed spectrum éNO,. The determined constants of theé2A,’ (v = 0) state ar® =
0.458544(2) crmt, Dy = 0.56(2) x 1¢° cnT?, ande,, = —0.01670(4) ct. These values are
close to the recently reported ones®fO; in Ref. 74, except thg,,. Thee,, value of this
study is rather consistent with those of the resauidy of'*NO, [74] and the previous study
of "NO; [72].  This result suggests that the previousporeeds,,, constant [74] may not be
able to reproduce the actual (experimental) spiatian splitting of the ground state. Further
high-resolution spectroscopic study of the grouatesmay be needed.

As already mentioned above, | considered the imtstise 15098.2 cthband as the
original B%E'y, « X 2A, transition. On the other hand, tRE',, « X 2A, transitions
were identified at 15081.9 ctnand 15088.6 cmi. When we assume the position of the
original I§2E’3,2 — X A, transition to be the intensity-weighted positiof these two
vibronic bands, we obtain the transition energy18685.5 cmt. This 12 cm' energy
separation between thB2E';,« X 2A, and the B2E’;,«— X 2A,’ transitions results from
the spin-orbit interaction in theB 2E’ (v = 0) state. From this energy separation we can
estimate the effective spin-orbit interaction cansto be —12 cm, which is somewhat smaller

in magnitude than that fNO; radical; =21 cmt [143]. In the 15080 — 15103 chegion,
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the transition intensity to thiE’;, spin-orbit component was found to be much smaftian
that to the’E’,, spin-orbit component.  Then, if the originB2E’,, < X 2A,’ transition is

identified below 15080 cm, the effective spin-orbit interaction constantteé B2E’ (v = 0)

state may become larger in magnitude, and it mayoagh the interaction constantaflO,
isotopologue. Thus, we should regard the effectjsie-orbit interaction constant —12 ¢m

estimated from this study as the lower limit okthonstant in magnitude.

5.3. Conclusion

In the present study, rotationally-resolved highalution fluorescence excitation
spectrum of jet-cooletPNO, radical was observed in the 15080 — 15103'¢agion assigned
to the 0 — 0 band of théB2E’ « X 2A, transition. This is the first high-resolution

spectroscopic study of th@ — X electronic transition of°NOQ; radical. The observed

spectrum consists of about 200 strong lines andraéthousand weak lines. THNO,
contamination to thé®NO, spectrum was assumed to be negligible in the vbderegion
referring to thé*NO, study. | recognized many rotational line pairdwd.0248 cm' spacing.
Eighteen pairs of them were successfully assigoele transitions from thex 2p, (0" =0,
k” =0,N” =1,J" = 0.5 and 1.5) levels based on the Zeeman spligimd the ground state

combination differences. Starting from these Ipaars, 90 rotational lines were finally
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assigned. The molecular constants of B’ 1 State were estimated to hg= 15098.20(4)

cntl, B = 0.4282(7) crt, andD; = 4 x 10* cntl.  Eight vibronic bands were identified in
15080 — 15103 cmregion. This spectral structure was concludebetalue to the vibronic

coupling between theB 2E’ (v = 0) state and theX and A electronic states. Both two

spin-orbit component&’,,, and?E’;, were identified in the observed region, and thveeio

limit of the effective spin-orbit interaction coast of the B2E’ (v = 0) state was estimated to

be —12 cm! based on the energy separation of these spinamtiponents.

5.4. Publication statement

This work was submitted tdhe Journal of Chemical Physies an original article

under Kohei Tada, Kanon Teramoto, Takashi Ishiwi&ia,Hirota, and Shunji Kasahara.
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In this doctoral dissertation | have reported rbtationally-resolved high-resolution
laser spectroscopic study and the Zeeman effeeradison of the electronic transition of NO
radical in the visible region.

As the introduction of this dissertation, the B@ppenheimer approximation, the
degrees of freedom of motions in a molecule, aedfithe radicals were reviewed briefly in
Chapter 1. Then the numerous papers of; M@re introduced to describe the current
situation of this radical.

In Chapter 2, the theoretical treatment of N@dical was described mainly based on
the theory of angular momentum. The derived equoatiare indispensable to analyze the
rotationally-resolved high-resolution spectra of \#d their magnetic effect appropriately.
Then, the intensity borrowing mechanism was intoedu by using the fundamental
perturbation theory. Several types of line broaageffect were shortly described.

In Chapter 3, the principles and procedures ohdné@solution laser spectroscopic
method were described. N@adical was generated by the pyrolysis reactiohlfds. A
single-mode ring dye laser, which is a tunablerlasin a narrow energy linewidth, was applied
as the light source. The molecular beam methodused to reduce the Doppler width and

to cool the molecules by the adiabatic expansighpair of solenoids was used to observe an
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external magnetic effect. A Doppler-free spectafriodine and a fringe pattern of an étalon
were recorded for the absolute wavenumber caliorati the accuracy of 0.0001 cin

In Chapter 4, the high-resolution laser spectrpgcof “NO; isotopologue was
reported. Rotationally-resolved fluorescence excitation spso was observed in 15070 —

15145 cm'* region assigned to the 0 — 0 band of tR8E’ « X ?A,’ transition. The NQ

contamination to the NOspectrum was confirmed to be negligible in theeobsd region.
More than 3000 rotational lines of N@ere found, and they seemed to have less theomdht
branch structures. In the observed region mora #@intense rotational line pairs with
0.0246 cmt spacing were identified. This spacing is the saiitie the spin-rotation splitting
of the X A, (v =0,k” =0,N” = 1) level in magnitude. The candidates of theaupgvel

of this line pairs are théE’y, (J' = 1.5),%E’y, (3’ = 0.5), ancPE’;, (3’ = 1.5) levels. The
Zeeman splitting enabled us to discriminate fromheather clearly. Seven line pairs were
assigned to the transitions to #€,, (J’ = 1.5), and 15 line pairs were assigned to those t
the?E’,;, (I’ = 0.5), based on the observed Zeeman splittingtadround state combination
differences. This is the first study that the tiot@al assignment of the8 — X transition in
NO; radical was successfully carried out. The effectiotational constants of the excited
electronic states were estimated. The magueactors of the ground state and the excited

states were determined. In the spectrum, manywibrbands were identified, while only

one vibronic 0 — 0 band had been expected to appddnis result indicates that thB 2E’ (v
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= 0) state massively interacts with the surroundiagk vibronic states, and they appeared by
the intensity borrowing from the optically alloweB — X electronic transition. From the
density of the identified vibronic state$,was concluded that the complicated rotational
structure of the observed region mainly owes tovtheonic coupling between th& %E’ state
and the A2E” state through the,asymmetry vibrational modes. The effective spibib

interaction constant of theB 2E’ (v = 0) state was estimated to be —21tmThe Curl's

relationship was confirmed to be verified in theuwrd state of NQradical.

In Chapter 5, the high-resolution laser spectrpgcof °NO; isotopologue was
reported. This is the first high-resolution spestiopic study of the electronic transition of
15NO; isotopologue.  The observed region was 15080 936, which is assigned to the
0— 0 band of theB 2E’ « X ?A, transition. Thé"*NO, contamination to th&NO, spectrum
was assumed to be negligible in this region, rafgnio the'*NO; study in the previous chapter.
About 200 strong lines and several thousand wewds livere found. Many rotational line
pairs with 0.0248 cnt spacing were recognized in the spectrum. Eighpe@s of them were
successfully assigned to the transitions from ﬂEéAz’ (»» =0,k =0,N" =1, =0.5and
1.5) levels, based on the Zeeman splitting andgtioeind state combination differences.
Starting from these line pairs, about 90 rotatidimals were finally assigned. The molecular
constants of the ground state were determine®l 2$.458544(2) cnit, Dy = 0.56(2) x 16°

cnt?, ande,, = —0.01670(4) cmt.  The molecular constants of the ’E’,,, State were
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estimated to b&, = 15098.20(4) cm, B = 0.4282(7) cmi, andD; = 4 x 10* cnt?, under the
perturbation-free assumption. Eight vibronic bandse identified in 15080 — 15103 ctn
region. This complicated structure was concluddaketdue to the vibronic coupling between

the B2E’ (v = 0) state and theX and A electronic states. Both the two spin-orbit
component$E’,,, and?E’ 5, were identified, and the spin-orbit interactiomstant of the B
’E’ (v = 0) state was estimated to be —12cas the lower limit based on the energy separation

of these spin-orbit components.
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