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This doctoral dissertation, which consists of five chapters, reports high-resolution laser spectroscopic
study of nitrate radical (NO,) and observation of an external magnetic effect.

Chapter 1. Introduction

Under the Born-Oppenheimer (BO) approximation, three types of motion of molecule
(electronic, vibrational and rotational) may be separated. The rotational constants and the
vibrational frequencies of electronically excited molecules, which are related to the geometrical
molecular structure and the rigidity of chemical bonding respectively in the excited electronic states,
can be determined precisely by using high-resolution laser spectroscopic methods. Simultaneously,
high-resolution laser spectroscopy is experimentally able to reveal the breakdown of the BO
approximation which is important for chemistry and chemical reactions.

Free radicals, which are the molecules with unpaired electrons, are of importance in
chemistry, because of their chemical instability promoting chemical reactions. Spectroscopically,
free radicals are of interest because of the non-zero electronic spin angular momentum. The
electronic spin couples with other degrees of freedom of molecular framework to provide us the
information of radicals. The electronic spin also couples with external magnetic or electric field,
leading to the noticeable Zeeman or Stark splitting of quantum levels.

NO, has two low-lying excited electronic states A’E” and B2E’ within 2 €V above the
ground electronic state ¥ 2A,’. The spectroscopic study of the ¥ state in NO, has been carried
out for several decades; however, the X stateisstilla challenging subject for both experimentalists
and theoreticians, because it is fully beyond the BO approximation, and strongly interacts with the
excited electronic states. The dark A4 state also interacts with the 5 state and appears by the
intensity borrowing from an optically allowed B — ¥ transition. The detailed investigation of
the B state is thus desired for the understanding of the intra-molecular interactions of NO,.

This study aimed at obtaining the detailed information of the B state of NO, radical, and
aimed at understanding the intra-molecular interactions including the B state. In this study, the
most intense vibronic bands located in 15100 cm™ region assigned to the 0 =0 band of the 5 — ¥
transition in '“NO, and '“NO, isotopologues were investigated by using high-resolution laser
spectroscopy. The observed spectra were complicated; however, the rotational assignment was

successfully carried out based on the detailed observation and analysis of the Zeeman splitting.
Chapter 2. Theoretical treatment

Ab initio calculation with the UCIS method and density functional theory calculation with
the UB3LYP method were performed to estimate the energies of the excited electronic states. The
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results indicate the other states excluding the ¥ and A states are far from the B state. Thus
we can focus only on the ¥ , A4 and B states to treat the intra-molecular interactions of NO,.
Various angular momenta were defined to describe the rovibronic states of NO,. The

B 2B’ state was considered to be described by Hund’s coupling case (2). In this case the B2F state )

splits into the B?E’,, and B2E’,, by the spin-orbit interaction. Then the symmetry-adapted
linear combinations (SALCs) of these spin-orbit components were derived. The X 2p,’ state is
known to be described by Hund’s coupling case (b), where each level with the quantum number N
splits into two spin components by the spin-rotation interaction, because of the electronic spin of 1/2.
The SALCs (ef the spin-rotation components and matrix elements were derived. Nuclear spin
statistics of '*O nuclei was considered under the D, structure assumption.

The Hamiltonian and matrix elements of the Zeeman interaction were introduced. It was
demonstrated that the magnitude of the Zeeman splitting of rovibronic levels depends on the
quantum numbers. The matrix elements of the electric dipole moment were introduced and the
selection rules of the B?E’ « X 2A,’ transition were derived. The Hénl-London factors were
calculated using the derived SALCs. The fundamental idea of the perturbation mechanism of a
two-level system was introduced to demonstrate the intensity borrowing mechanism due to the
coupling between a bright state and a dark state.

Several types of spectral linewidth were introduced. The Doppler broadenmng of the
spectral lines of NO, located in 15100 cm™ region in room temperature is estimated to be 700 MHz.
Natural linewidth broadening of NO, is estimated to be the order of kilohertz. Transit time
broadening is estimated to be 25 kHz. Power broadening of spectral lines is estimated to be a few
megahertz. The natural linewidth broadening, the tramsit time broadening, and the power
broadening may be neglected; however, the Doppler width has to be reduced to achieve the

rotationally-resolved high-resolution laser spectroscopy.
Chapter 3. Experiment

In this study, dinitrogen pentoxide (N,O;) was used as a precursor of NO,, and NO, was
generated by using the N,O; pyrolysis reaction: N,0; — NO; + NO,. Considering the natural
abundance of atomic isotopes of oxygen, N'0, isotopologue is largely dominant. Thus it was
considered that only “N'60, and 'N*®0, isotopologues were investigated in this study.

One of the fundamental ideas to reduce the Doppler width is we cross a molecular beam
and an incident laser beam at the right angles to prevent molecules from having the velocity along
the propagation vector of the laser beam. The molecular beam can be realized using a pulsed
nozzle to eject gaseous sample into a vacuum chamber and mechanical apertures to collimate the

supersonic molecular jet into a molecular beam. The supersonic molecular jet is also useful for the
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adiabatic cooling of gaseous sample rotationally and vibrationally which allows us to observe
simpler spectra than those in the room temperature.

The experimental procedures are the following. N,O; vapor was mixed with helium gas
at ~5°C and injected into a differentially-pumped vacuum chamber. The mixture gas was heated to
about 300°C to generate NO, radical by the N,O; pyrolysis reaction. Then, the molecular jet was
collimated to a molecular beam. An output of a single-mode ring dye laser and the molecular beam
was crossed at the right angles. High-resolution fluorescence excitation spectra were observed by
detecting the fluorescence from excited molecules with a photomultiplier tube. A pair of solenoid
was used to "generate a homogeneous external magnetic field whose strength was up tq 360 G, to
observe the Zeeman splitting of the spectral lines of NO,.

Doppler-free saturation spectrum of iodine molecule and fringe patterns of a stabilized
étalon were simultaneously recorded with the NO, measurement for the absolute wavenumber
calibration. Absolute wavenumber of each NO; signal was calibrated in the accuracy of 0.0001
cm™ by using the Doppler-free iodine spectrum as the wavenumber standard and the fringe patterns
of the étalon as the interpolation markers.

The N,O; pyrolysis reaction generates not only NO, but also NO,, and NO, also absorbs
the visible light. Then high-resolution fluorescence excitation spectra of NO, were observed by

using commercially available NO, gas to discriminate the NOj signals from the NO, signals.
Chapter 4. High-resolution laser spectroscopy of “NO, radical

Rotationally-resolved high-resolution fluorescence excitation spectrum o'f I4NO3 was
observed in 15070 ~ 15145 cm™ region assigned to the 0 — 0 band of the B2E’«— X 2A,’ transition.
The NO, contamination to the NO, spectrum was confirmed to be negligible in the observed region.
More than 3000 rotational lines of NO, were found in the observed region, and they seemed to have
less the rotational branch structures.  The rotational assignment was thus difficult. :

In the observed region more than 20 intense rotational line pairs with 0.0246 cm™ spacing
were identified. This spacing is the same with the spin-rotation splitting of the ¥ 2A2’ @"=0,k"
=0, N” = 1) level in magnitude. The candidates of the upper level of this line pairs are the ’E’,,
(' = 15), B’ ), (J' = 0.5), and 2B, (J' = 1.5) levels. The Zeeman splitting enabled us to
discriminate from each other clearly. Seven line pairs were assigned to the transitions to the 213"3,2
(/' = 1.5), and 15 line pairs were assigned to those to the 2E’ 12 (I’ =0.5), based on the observed
Zeeman.splitting and the ground state combination differences. This is the first study that the
rotational assignment of the B — X transition in NO, radical was successfully carried out. The
effective rotational constants of the excited electronic states were estimated. The magnetic

g-factors of the ground state and the excited states were determined.
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In the 15070 — 15145 cm™ region many vibronic bands were identified, while ortly one
vibronic 0 — 0 band had been expected to appear. This result indicates that the B2E’ (v = 0) state
massively interacts with the surrounding dark vibronic states, and they appeared by the intensity
borrowing from the optically allowed B — X electronic transition. From the density of the
identified vibronic states, it was concluded that the complicated rotational structure of the observed
region mainly owes to the vibronic coupling between the BZ2E’ state and the AE” state through
the a,” symmetry vibrational modes. The effective spin-orbit interaction constant of the B (v=
0) state was estimated to be —21 cm™. The Curl’s relationship was confirmed to be verified in the
ground state o‘f NO, radical.

Chapter 5. High-resolution laser spectroscopy of '*NO, radical

Rotationally-resolved high-resolution fluorescence excitation spectrum of jet-cooled
15NO, radical was observed by using the '*N,O; pyrolysis reaction. This is the first high-resolution
spectroscopic study of the electronic transition of 'NO, isotopologue. The observed region was
15080 — 15103 cm™, which is assigned to the 0 — 0 band of the B?E’ « X A’ transition. The
'*NO, contamination to the *NO, spectrum was assumed to be negligible in this region, referring to
the '“NO, study in the previous chapter. About 200 strong lines and several thousand weak lines
were found.

Many rotational line pairs with 0.0248 cm™ spacing were recognized. Eighteen pairs of
them were successfully assigned to the transitions from the X 2A, (0" =0,k"=0,N" =1,J"=05
and 1.5) levels, based on the Zeeman splitting and the ground state combination differences.
Starting from these line pairs, about 90 rotational lines were finally assigned. From this rotational
assignment the molecular constants of the ground state were determined as B = 0.458544(2) cm™,
Dy = 0.56(2) x 10 cm™, and ¢,, = -0.01670(4) cm™. The molecular constants of the B’E",
state were estimated to be 7, = 15098.20(4) cm™, B = 0.4282(7) cm™, and D, =4 x 10~ cm™', under
a perturbation-free assumption.

Eight vibronic bands were identified in 15080 — 15103 cm™ region. This complicated
structure was concluded to be due to the vibronic couplings between the B2E’ (v = 0) state and the
X and 4 electronic states. Both the two spin-orbit components 2E’, , and 2E’,, were identified,
and the spin-orbit interaction constant of the B?E’ (v = 0) state was estimated to be —12 cm™’ as the

lower limit based on the energy separation of these spin-orbit components.
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BIEZFV, TRAX—HEHE L REMAEERCET 2MERREREL TS,

AR 5 EHDEREA TV, § 1 ETIHRAMNR IUHROERPBRAEN TS, HIE
#HBETHB NOs T VW NMIEBORKIPIHEE L TARTO T PHNEISIEB W TEERZR 2%
Sieth, KELZOBRENDEL OWERLRENTHS LA, TEE=ZAR LI ERPEET
HBZ LMD, HFRFORS,IOEECHEFEREZEMTIEOOETVAF L LTHRKELS,
B L EROFEN,HEL OFERITLh TS, L LAads, IRXEROETED : B<X &
BIZOWTHALY MOBEBIZS 2 OO0, BT ECEBEEIFTcE RV RESh T
fzo 220, & EHMRENOEBERS N L RERIT L B A7 MAELOBANC X BRERR
BEITOY 2 LTS L REREEERRBT AF L 2MRE/ILEENE LTS,

& 2 ETHHHIvHFETAERNT NO;s 5 PANOEEREY CICETRHEREOEET RAX
— WA OBROEREIT., BRSh BT IR —, BRRRA: S CICEBRELHA L, KIZH
BRI X o THE LB Zeeman ZHRIC X 3 EHRHEM OB L EHRANTEHM LTV, Fh, X7 MU
B OV TOBRPBR HIT>TNB, B3 ETITE 2 OEIEERZ S8 L TER - F#IT T 5 IR Bi5
TRWEFETHINTHRE B LR L BN e L —F—SEEHALTHS, 22T &Y
IZERBHT DV T N0s DESRIZ X B NOs T DHNDAERE ERIHCOWTRIR L, Wic, 578 - B—
F— FL—P—EREI L BVT Ry 75— REORBREPRTNS, E5IZ, AR THRERARE
BREA OIER & 2 OHETFMIC OV TR %, ARZEOHETH DR EEREDOR SIToVWTHEAL
TW3, Ed. 5SECTHUTRRTE S, ERER ¥NOs T U ANVE LT ¥NOs T VA MO T OB
REREHEL TS,
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(454 ) High-resolution laser spectroscopy of “NOjz radical  (¥NOs T U VOB REE L —Y —5 %)

NO; T SHNMIREBC BV CEERRETBETH S, BRRABRIZ Lo THOETHEDIIK
SR CHERIAZVE, BRICBVWTRAKT TR SN, KEFO T VIVRIGEBOTEEREK
HEREELTWS, 20OkD, NOs IZOWTRE L OHERITOI T E R, i, ETEBTHS BE
—Xy BREIINEFHABES T, 662 nm KHWRINEESZ LML TEY, ZRUX0—0 RV FE
M B, AFFZE TR UNOs D B—X BBD 0—0 Y FIZOWTCESRARERERME R ML 2ERAIL
TekER, 3000 AL EOEGESY S L TENT 3 Z LICRIILTVS, TREHEROICTFAEND R
R MVBRE D BIEANICEVEERTH S, BEHT NOs OBSEE [N20s—NOHNO;) I k> TERL
THY., FARFICREET S NOy T VANDARY FMAROTEERRD -7/, HROEHIZ NO DHOF
SREEANY PR LT B, T DR, N,0s DFSRITOVT 662 nm A5 -CEE S h - EEE#RIL NO;
SCHNMIBET S Z L EREERIZLTWS, NOs DAY MNFEME CEEREOFENITIIE#E Th o
B, BEOEVAIEE L BB L BRI MBI (Zeeman HF) OBEAEHE L THEEFEORK
BERERITo R, ZERE XU U =05 BLY 1.5 BUILOBEBLFRICERET I LI
BEBILTW3, BEBShEEGRIE, BROCTREINIBB LY bE L —OEMPSREMBEE
Bzl o TEL DEMIZHBL, FNHDIZRAX -V T MRARY MBREEHICLTWD L EZ,
ZOBEEERL TS, EXONIHEERAORFL LTE—RERETH? 428 RiER LUEE
REEOEEBFRRET ST T, ThdOREEMOMFHEGRIRA) & BB BEEOEREN L, HEER
¥ A RED o HFELZESREEM L ORERELFAKERTZLERLTNS,

(45 5 %) High-resolution laser spectroscopy of NOs radical (SNOs T YW L DOESHREHE L — Y —53 )

B, “NO; & NO; DIENEREA RS FAOBRIN G, BoX B 0 - 050 ROy FHEERKE
CERAZLENRBEINTNS, FI T, KHFETIE, “NO;D B «XBBO0 - 03 FIZonTh,
BRI E SRR R A M ERBI X B AR MVELEBRILTWS, BRE LT, NO;
LABIZTFRESND LY B OEERIEXU J=05 BIW 1.5) ELLOBBERETDHL L
Hiz, EEHEYBHT I LR LTS, Z0LE, BHRIZHSHELEAY MBROTRAF—
7 L EBBBREYHA L CERLER L EEEERIT STV, S TERORMIICHEI LTS,
TDLE EBEREOHFEREICSOVTLINETRBRESNTVWAERL Y bEVWREDS FERE
BELTVWS, BONESFERD DERMICEBIRE L A7 MBHIEBLZHE L TREERORW
BEDANY MY ab—a TN, ZERIOXRS ML ELIW—BREFTILEZERL TN,
T 5 LEERER “NO, TR LNEI - HETH Y, RHLEOZW CHERRTIMEFREL O
THRAE—-HRBEOBVIZE Y UNO; TR & Y BRI EEAREEIC 2o T\, TRV #EHE
TRRY MVBRBE L CREIRTREL ZofediFRL TS,

AL, NOs T SHADTEKRBERICBREN S B—X BRILOVWT, BOMRESXOFEEMNTH
ADORBBITER LR, BRRBOBMER IS AT 1y 7 ARSWTEERMREBL bO L LTHE
EHHERMTHBLADB, LoT, FUHHEEO £H KF i3, Wt BF) OFI2zRITEILHD
LBDD,






