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Chapter 1

Introduction

1.0.1 Background

Diatomic carbon C; is the simplest carbon molecule consisting of two carbon atoms.
As a constituent of various substances including organic materials, its physicochem-
ical properties and formation and decay processes have been studied in detail.

This anion, C; appears as a reactant and product in various chemical reactions in
the chemical vapor deposition of diamonds [1] and the formation of C; in the gas
phase when graphite is heated [2, 3], discharged by radio frequency [4], vaporized
by laser [5-7], or bombarded with argon ion [8-12] and cesium ion [13-15]. The
existence of C; in the late-type star, comet, and interstellar medium has attracted
much attention.*!. Furthermore, in the field of laser science, it was the first molecular
anion to be proposed as a target for laser cooling [44]. Thus, it has attracted high
interest in a wide range of fields.

Since the diatomic carbon anion C; was successfully isolated via mass spectrometry
by Honig in 1954 [2], the C; anion is one of the most studied molecular anions in
the gas phase. The spectroscopic studies and quantum chemical calculations have
revealed that the molecule has a large electron affinity (see § 1.2.2) and, therefore,
multiple electronic excited states under the electron detachment threshold, called
bound excited states (see § 1.2.1). The currently known bound excited states are
AZI1, and B2¥L}, and there are numerous theoretical calculations and spectroscopic
studies (see § 1.2.3). However, due to the complex electronic structure of C;, its
reaction and transition processes, such as vibrational relaxation in isolated systems,
have not yet been elucidated.

! There are some proposals that C;, may be observed in late-type stars such as carbon stars, but there
are no reports of the observation of C; [16-20]. On the other hand, the neutral C; was observed in
carbon stars [21-24], supergiant star [25], and post-asymptotic giant branch star [26]. The existence
of neutral C; has long been proposed in a interstellar [27] and it have been observed [28-34]. It has
also been proposed that C; can be formed by proton transfer of C;H in an interstellar medium [35].
The radiative attachment (Cp + e~ — CE R CE + hv), charge transfer (C, + X~ — CE + X),
and dissociative attachment (CoX + e~ — C; + X) were also the candidate of major process of
creating C; in a diffuse cloud [36]. However C; have not been observed. C; has been observed
in comets [37-40]. The presence of neutral C; in comets has also long been proposed [41] and has
been observed [37-39,42,43].
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1.0.2 The aim of this study

C; has excited states above photodetachment threshold that undergo the electron
emission on the time scale of ms, as evidenced by lifetime measurements in ion
storage rings [45—48] and ion trap [49]. This relaxation process is called autodetachment.
However electronic configuration of the autodetaching state is clearly known.

Several calculations have been performed for highly excited electronic states not
only of AT, state and B2Y; state (e.g., *L}). Earlier calculations have shown that
some highly excited electronic states have boundnded [50-52], and recent modern
calculations with a large basis set implied there are no boundary excited states except
A1, and B2%} states [53,54]. The difficulty of the quantum chemical calculation
on molecular anions comes from the relatively large contribution of electron corre-
lation to the formation of molecular anions and the large spatial broadening of the
electronic wavefunction compared to cations. Additionaly, the calculation of C; has
the difficulty that the ground state is nearly degenerated with the first bound excited
state A %I1,.

Spectroscopic studies of C; dawned with respect to the ground state X 22; and the

bounded excited states A2T1, and B2L; since the experimental study by Herzberg
and Lagerqvist in 1968 [55]. However, the electronic excited states except A I,
and B2L} states are not well known, although they have been suggested to play
an important role in spectroscopic study and time evolution study of C;. For in-
stance, early spectroscopic experiments have shown that B2L) 0" =0 N’ = 47 and
v’ =1 N’ = 30 might be rotationally perturbed by %, and the energy levels are
shifted [55]. Moreover, the existence of a vibrational relaxation process via %) has
also been suggested through a matrix experiment [56].

In this study, we aim to experimentally clarify the electronic structure and re-
laxation processes of C, by a time-resolved high-resolution laser spectroscopy, and
study the rovibrational spectra of C; and its time evolution. Laser spectroscopy
was performed for C; stored in the recently developed RICE (RIKEN Cryogenic
Electrostatic ring), a cryogenic ion storage ring at RIKEN [57].

1.0.3 Structure of this thesis

Section 1.2 outlines the general theory of diatomic molecules including some exam-
ples of carbon dimer and its anion. Section 1.3 introduces previous spectroscopic
and theoretical studies of carbon dimer anion. Chapter 2 describes experimental
techniques for spectroscopy of highly excited states. In Chapter 3, we will discuss
the origin of the autodetachment processes from highly excited states, as well as the
acquisition and analysis of photodetachment spectra. Acquired by photodetachment
spectra for each storage time, we observe the relaxation process of C; at high tem-
peratures. The decay lifetime of each transition peak is thereby obtained. Chapter 4
describes conclusion and outlook for study of highly electronic excited state.

As an extension of this work, we plan to conduct a merged-beam experiment in
an ion storage ring for low-energy reaction studies using molecular ion beams with



well-defined internal states. The appendix describes the development of a neutral
beam for this purpose.
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1.1 Spectroscopy of diatomic molecules

This section outlines the general theory of diatomic molecules. In the beginning,
the electronic structure, its parity, and selection rules are outlined. As an example
of allowed transition spectra between low-lying electronic states, the electronic tran-
sitions of neutral carbon dimer are shown. After that, rovibrational structures are
outlined. Nonsinglet-Nonsinglet rotational transitions present a complex picture.
Carbon dimer anion, the subject of this paper, has doublet and quartet electronic
states near the ground state, which will be outlined in some detail.

1.1.1 Electronic structure and selection rule

1.1.1.1  Angular momenta and term symbols

Under the Born-Oppenheimer approximation, which regards the motion of the nu-
cleus as very slow relative to that of the electron, nuclear motion and electron motion
can be separated. Then the Hamiltonian of the electronic part of diatomic molecule
A-B is written as

. 12 Zae? Zge> ZAZB€
Hy = - L Y 1.1
el 2m, Z ! Z ATt Er A Z ATtegrgi 4n£0rAB Z Z 4nsorl] (1.1)

i j>i

where m, is the mass of an electron, Z and Zg are the atomic numbers of A and B,
ra; and rg; are the distances between electrons and each nucleus, rap is the distance
of the nuclei A and B, rij are the distances between the electrons, e is the elementary
charge and ¢ is the electric constant. The solution of the electronic Schrédinger

equation ﬁel¢el = Eq1e is the Slater determinant of molecular orbitals ¢; such that

P1(x1) - Pi(xn)
Yel(x1,...,XN) = Wi : : (1.2)
Clon(x) oo dn(xn)

and each molecular orbital is a linear combination of the atomic orbitals qb;* and (f)?
such that

i = D (Cia, @} + Cin 07). (1.3)
]

Fig. 1.1 shows the typical diatomic molecular orbital diagram. The symmetry of
the molecule is D for homonuclear and C, for heteronuclear. The irreducible
representation of D, is 0, 7, §, . . . with the subscripts of g (gerade) and u (ungerade).
The superscript asterisk * indicates that its molecular orbital is an antibonding orbital,
which means its energy level is higher than the original atomic orbital. The main
configuration of the ground state of the neutral carbon dimer represents

29420520214
1oy 10y 20, 203, 1m,,.
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Figurel.1: The molecular orbital diagram of carbon dimer C,. For the diagram of
the diatomic molecules except Li, Bez, By, C2, N, 111, and 30, are reversed.

The bond order represents the number of bonds between two atoms in a given
configuration. It derived as

(number of bonding electrons) — (number of antibonding electrons)

(bond order) = >

(1.4)

in molecular orbital theory. For example, the bond order of the main configuration
of the ground state of C; is 2.

Notice that this definition of bond order is based on molecular orbital theory, and
other theories may derive different bond orders. For example, C; has abond order of 4
in valence bond theory [58] and natural orbital functional theory [59]. The difference
in the bond order of C; between each theories is still under the discussion [60-64].

The term symbol for a diatomic molecule is written as 2°*! Ag. The meaning of each
number is the same as that of the atomic term symbols: A is the total orbital angular
momentum, 25 + 1 is the spin multiplicity, and Q) is the total angular momentum. A
is a capital letter for multi-electron molecular labels. Lowercase A is for one-electron
orbital labels.

In order to derive the selection rule, it is essential to understand the coupling
of angular momentum. For diatomic molecules, in addition to orbital and spin as
well as an atom, nuclear rotation must also be considered. Then the total angular
momentum J can be expressed as

j=L+S+R (1.5)
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‘ The molecular axis

+ nuclear

nuclear

Figurel.2: An example of the coupling of angular momenta in a diatomic molecule
employing the molecular axis as a quantization axis.

where L is orbital angular momentum, S is spin angular momentum, and R is nuclear
rotation angular momentum. The projection of the total angular momentum J onto
the molecular axis is represented as Qh = Ah + Lh where AR is the projection of the
orbital angular momentum L and Y7 is the projection of the spin angular momentum
S. Note that the nuclear rotation angular momentum R is orthogonal to the molecular
axis and does not affect the projection, as shown in Fig. 1.2.

The ground electronic states are labeled with a capital X (e.g. Co X 12;). The
other electronic states are labeled with Latin letters, beginning with A, in order of
increasing energy level. Electronic states with spin multiplicity equivalent to the
ground state are capitalized (e.g. C; A 111,); all other electronic states are lowercased
(e.g. Cp a’TL,).

Hund’s rule generally holds for molecules. For instance, the ground electronic
state of the oxygen dimer is X 32;, and the singlet oxygens a'A; and b 1):; are

excited states. For carbon dimer, X 12}, that each subshell is closed, is the electronic
ground state.

1.1.1.2 Parity related with the electronic structure

In diatomic molecules, there are four types of notable parities: total parity (+/-), ger-
ade/ungerade parity (g/u), rotationless parity (e/f), and symmetric/antisymmetric
parity (s/a). Rotationless parity (e/ f) is related to rovibrational parts and will be de-
scribed in the corresponding sections. Since symmetric/antisymmetric parity (s/a)
relates to nuclear spin, it is omitted in this thesis. Note that the nucleus of carbon is a
boson because the nuclear spin is zero. Then the nuclear spin wave function ¥ is
symmetry, and it has to be combined with the wave function of the other parts (elec-
tron spin, orbital, vibrational, and rotational parts) 1 which is symmetry. For 12;,
the rotationless parity of each rotational level, which will be decsribed, is e and the
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total parity is alternately, such that ] = 0(+),1(=),2(+), . ... The ¢ of C; is symmetry
and then the C; X 1):;]“ has only odd rotational quantum number | =0, 2,4, .. ..

M Total parity (+/—) Now we suppose the eigenfunction i of the Hamiltonian for
the entire molecule, taking into account electronic, vibrational, and rotational parts.
Let £* be the symmetry operator, which inverts all the coordinates of the nuclei and
electrons (X;, Y;, Z;) in the laboratory frame that the origin which sets to the center
of mass, that is,

EY(Xi, i, Zi) = (=Xi, ~Yi,~Z)) (16)
and we can say
Ev(Xi, Y, Zi) = +0(X;, Vi, Z)) (1.7)

since E*E*y = 4.

The wave function is divided into each part and denoted ¢ = e ¢PvibProt. The
vibrational and rotational structures will be discussed in more detail later. Since
the vibrational wavefunction ¢, depends only on the internuclear separation r, E
does not change the wavefunction ¢y, i.e. ﬁ*tpvib(r) = Yyib(r). Therefore, there is
no effect of the vibrational part on parity. The rotational wavefunction ¢, depends
on 0 and ¢, which are transformed by E into m — 0 and 7 + ¢, i.e. E*wrot(Q, ) =
Yrot(m—0, T4+ Q). Pyt is generally represented as |, |, M). According to Hougen [65],
E1Q,],M) = (-1)"92|-Q, ], M) is hold where M is the secondary total angular
momentum quantum number.

It is difficult to derive the results of the transformation of the electronic wavefunc-
tion by E* in the laboratory system. It is known that £* in the laboratory system is &,
in the molecular frame [65-67]. Thus, we can say & |S, L) = (-=1)>"*|S, =L for the
spin part and &, |A) = +(~1)" |=A) for the orbital part. When A = 0, i.e., in T state,
6y |A = 0) = £(=1)* |A = 0) is hold for the orbital part. This parity is written in the
upper right corner of the term symbol such that Z* or Z~. When A > 0, the orbital is
twofold degenerated. Therefore there are no cases for the wavefunction of the orbital
part to have only + parity or — parity. Then it is only in X that the total parity of the
orbital part is written in the upper left corner of the term symbol.

In summary,

E'Y =6, (In, A, S, Z) [0)|Q, ], M)) (1.8)
= (-1, -A, S, -X) [0) |-Q, ], M) (1.9)

ishold where 0 = 1 for X~ state and 0 = 0 for the other states. The selection rule for the
total parity is that the transition moment integral (¢ ¢ |u[;) should be positive. Since

the parity of the transition moment operator is negative, i.e. E*u = —u, one-photon
electron dipole transitions occur only when the total parity changes (+ < —).

B Gerade/ungerade parity (/1) The symmetry of the molecule is D, for homonu-
clear and Cy for heteronuclear. The gerade/ungerade parity is only concerned with
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a homonuclear molecule. Consider the inversion operator { with respect to Do,
which inverts the all coordinate of the nuclei and electrons (x;, y;, z;) in the molec-
ular frame. Note that E* is an invert operator in the laboratory frame but not in the
molecular frame.

Operator 7 only reverses the displacement of the electrons and does not affect the
nucleus. The vibration, rotation, and electron spin parts of the wavefunction are also
not affected by I. Therefore,

ta(xi, yi, zi) = +a(xi, yi, zi), (1.10)

in other words, 7 |A) = +|A).

When a wavefunction has a sign of + with respect to [, its parity is called gerade
parity, and when it has a sign of —, it is called ungerade parity. This parity is written
in the lower right corner of the term symbol such that 12; or 'A,. Since Ty = —p, one-
photon electron dipole transitions occur only when the total parity changes (g < u).

1.1.1.3 Selection rule
The six selection rules for electronic states are as follows:

1. AA=0, 1

2. AS§=0

3. AL=0

4. AQ=0,+1

5. conservation of the total parity (+/-)

6. conservation of the gerade/ungerade parity (g/u)

For example, 1y 3% is allowed in rule 1 but not in rule 2, then it is the forbidden
transition. Note that for molecules composed of heavy atoms, A and S are no longer
good quantum numbers due to the increased spin-orbit interaction and then some
selection rules no longer hold. For example, AS # 0 transitions are also optically
allowable for heavy atoms. Since each electronic transition on the photosensitive plate
appears as a bundle of many lines of rovibrational transitions, electronic transitions
are called a band system from the early days of spectroscopy.

Fig. 1.3 shows the famous allowable transitions on neutral carbon dimer. Swan [69]
firstly reported the green color light emission in the flame, and this knowledge
has been used to analyze the composition of comets [41]. The transition spectrum
he discovered (d 31_[9—91 3T1,) is called the Swan band. For 90 years until Phillips’
discovery of the A 17,-X 12; transition [70], the existence of states lower than a 31T,
state was not known. Among the many known transitions, laser cooling using Swan,
Duck, Phillips, and Ballik-Ramsay has recently been proposed [71].

1.1.2 Vibrational structure

The energy level of the vibrational transition in the spectrum, not accounting for
rotational structure, is expressed by the energy difference between the initial and
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final vibrational state, such as

ﬁvlv/l :ATE

+ (00" +1/2) — wlxh(v +1/2)* + wly, (v’ +1/2)% + wlz, (@' +1/2)° +--+)

— (@0 +1/2) = X" + 1/2% + Wyl (@ +1/2)° + @2 (0" +1/2) +---)
(1.11)

where AT, is the difference of each term energy, which means the potential minimum
of the electronic states, wy, x,, and so on are the coefficients for expansion of energy
eigenvalues in terms of vibrational quantum numbers. As an example of expansion
coefficients, we introduce an example of the Morse potential [72]

2
V(r)=D (1 - e"”(r"“)) . (1.12)
The vibrational energy level of the Morse potential can be expanded such as
E(@) = we(v +1/2) — wex.(v +1/2)? (1.13)
in the unit of cm~! where
2\ 1/2
W, = a Dh x10° (1.14)
2mcu
2
0o, = 1AX107 (1.15)
82 pc

Note that the Morse potential takes into account terms up to the second order of
the vibrational quantum number. In other words, the potential energy curve can
be derived from the vibration spectrum up to the second order of the vibrational
quantum number.

The set of vibrational transitions with the same difference Av in vibrational quan-
tum numbers, such as v’ = 0—v” = 0 (called 0-0), 1-1, 2-2,... is called a sequence. For
example, a set of the vibrational transition with 0-1, 1-2, 2-3,... is called a Av = -1
sequence. Also, the set of vibrational transitions 1-0, 2-1, 3-2,... is said to be a
Av = 1 sequence. The set of transitions with the same lower state is called lower
state progression, and the set of transitions with the same upper state is called upper
state progression. For example, 0-1, 1-1, 2-1,... is a lower state progression. This
progression is useful to examine the energy levels of the other state if one state is
reliable.

The peak intensity of the vibrational transition is determined by the intrinsic
strength of the electronic transition as well as the vibrational level population and
the Frank-Condon factor g,» = |(v’|v")|2. The intensity ratio of two vibrational
transitions with the same initial vibrational level is determined by the ratio of the
Frank-Condon factors. For example, assuming a Morse potential and the transition
between electronic states where r,, w, and x, are almost the same, the Av = 0 se-
quence has the strongest intensity since the Av = 0 sequence has the largest overlap
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of the wavefunctions of the initial and final states. If the Franck-Condon factor tends
to be large for sequences with large Av, the upper vibrational level is close to the
dissociation limit, and the molecule could be directly dissociated by the vibrational
transition.

The vibrational transition is also affected by the rotational quantum number. For
large J, the effective potential energy curve changes significantly compared to when
J = 0. For example, the silver dimer ion Ag; is electronically detached from the
high vibration state when the rotational angular momentum L = 0 (specifically,
for instance, the transition Ag; X*L} v’ = 110 - Ag, X '2} v” = 7), because the
dissociation limit of Ag; is above the detachment threshold. On the other hand,
when L = 300, there are not only the detachment threshold above the dissociation
limit but also some vibrational states (for instance, Ag, X 2L} v” > 88) above the
dissociation limit, i.e., a quasibound state, which dissociates in a finite time. This
dissociation is called tunneling fragmentation. This phenomenon has been observed
experimentally using the cryogenic ion storage ring DESIREE [73].

1.1.3 Rotational structure

1.1.3.1 Rotational energy and spectra
Assuming a diatomic molecule is a rigid rotor, its Hamiltonian can be written as
AP
H=—. 1.16
i (1.16)
Solving the Schrodinger equation, we obtain that the eigenvalue of the Hamiltonian
F(J) in the unit of a joule is

F(J)=BJ(J+1) (1.17)

where B = g—; and [ is the moment of inertia, that is, I = ur where u is the reduced
mass and 7 is the internuclear distance. The rotational wave function of a linear
molecule can be written as

Vv = YM(0,0) = (—1>M\/ A i coso)expliMg)  (118)
= N]MP]M (cos 0) exp(iM¢) (1.19)

where P;VI is associated Legendre polynomials and Njy is defined as Njy =
M [@]+]) J=M)!
(=1) i (J+M)!*
The transition dipole moment is described as

M=/¢]/M/yl,b]MdT (1.20)

where p is the dipole moment in the molecular frame

P = po(sin 6 cos ¢péq + sin O sin ¢pé, + cos 0é3). (1.21)
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Then

27 T
M=— (é1 / / N]/M/P]A,/I/ (cos 8) exp(iM’ ) sin 6 cos ¢
21 0 0

N]MP;VI(COS 0) exp(iM @) sin 0d0d P
27 T
+ éZ/ / N],M/P;\,A/(cos 0) exp(iM’ ) sin O sin ¢
0 0
N]MP]M(COS 0) exp(iM¢) sin 0d0d¢p
2n T ,
+ é3/ / N]/M/P]M (cos 0) exp(iM’ ) cos O
0 0
Ny P} (cos 6) exp(iM¢) sin 9ded¢) . (122)
From the relationship of the associated Legendre polynomials
(2] +1)cos 6P (cos 0) = (] + M)P} (cos 0) + (] = M+ 1)P (cos 6),  (1.23)

we find selection rules

AJ = 1, (1.24)
AM =0, +1. (1.25)
The series of rotational transition lines with A] = —1 in the spectrum is called P-

branch, and one with A] = 1is called R-branch. Since the frequency of the transition
line is

viry = F(J+1) = F(J)
=B(J+1)(J+2)-BJ(J+1)
=2B(J + 1), (1.26)

the transition lines are equally spaced. Note that the transitions in which the
non-rotational angular momentum (i.e., orbital, spin, vibrational angular momenta)
changes can result in the rotational quantum number change other than +1.

The homonuclear diatomic molecule has no permanent dipole moment, so there
are no rotational allowed transitions.

We have assumed that the molecule is a rigid rotor, but we must consider that
the actual molecule is affected by the centrifugal forces of its constituent atoms. The
rotational energy is expanded to a higher order, and we describe it as

F()=BJJ+1)-DJJ+ D +HJJ+ 1)’ +LJJT +1))* +- - (1.27)

where D is called a centrifugal distortion constant. As ] increases, the effect of higher
order terms on rotational energy increases. Then the frequency of the transition line
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can be described as

vis1) = F(J +1) = E(])
= (B(J + )(J +2) = D((J + D(J +2))) = (BJ(J + 1) = D((J + 1))*)
=2B(J +1) -4D(J +1)°. (1.28)
The rotational constant B and higher order constants D, H, ... are also affected by

the vibrational quantum number v. Expanding B and D with respect to v, we can
express them with v as

By =Be —ao(v+1/2) + y.(v +1/2)* + - - (1.29)
Dy =D, +Bc(v+1/2)+---. (1.30)

The eigenvalues for Morse potential (eq. 1.12) with the centrifugal term in the unit
of cm™ is derived as

E = we(v +1/2) = weXe(v +1/2)* + BoJ(J + 1) = De(J(J + 1))* = (v + 1/2)](J + 1)

(1.31)
where
Dh x 102\
=B|—— 1.32
hB x 107
wox, = B0 (1.33)
8n2uc
1 -2
8m2uric
4B3 -
D, = 5 (called Kratzer relationship), (1.35)
w@
6(wex.B3)'?  6B2
e = (@exeBe) 7 _ we (called Pekeris relationship). (1.36)
We e

Note that D in those equations is the constant of the Morse potential but not the
centrifugal distortion constant.
The Taylor expansion of molecular potential

V(&) = heao(1+ a1é + a8 + azé® + -+ +) (1.37)

where

r—"r,
&= - (1.38)

and r, is the equilibrium nuclear separation is called Dunham potential, which is a
more generalized form than Morse potential [74]. The Schrodinger equation with
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centrifugal potential is

d>p  8mtur? (

h2J(J +1)
P

- 8m2ur?(1+ &)2

¥ =0. (1.39)

Using WKB (Wentzel-Kramers-Brillouin) approximation, which is an approximation
based on first-order semiclassical quantization conditions, Dunham got the action
integral:

I = (he)™/? f (E - V)V2d& = 212 (v + 1/2) (1.40)

with the integral path of the 7~ — r, — r_ where r_ is the inner turning point for
V(r) at the energy E and r, is the outer one. He also got the eigenvalue

Eop = > Yik(o +1/2) (J(J + D). (1.41)
ik

Compared to the expansion of vibrational energy
G(v) = @e(v +1/2) = Wexe (v +1/2) + weye(v +1/2)° + weze (v +1/2)° +--- (1.42)

and rotational energy (eqgs. 1.27, 1.29, 1.30), Yik, called Dunham parameter can be
expressed by some spectroscopic constants such that

Yio ~ e, (1.43)
Yoo ~ —weXe, (1.44)
Y30 ~ @eYe, (1.45)
Yo1 ~ Be, (1.46)
Yi1 ~ —ae, (1.47)
Yo1 ~ Ve, (1.48)
Yoz ~ =D, (1.49)
Y12 ~ =, (1.50)
Yio ~ weze, (1.51)
Yos ~ H,. (1.52)
Since eqgs. 1.32-1.36, we obtain

We & yl/z, (1.53)

B, o ‘u_l, (1.54)
WeXe o 71, (1.55)

D, « y_z, (1.56)

a, oc =32, (1.57)
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Therefore,
Yy o U202 (1.58)

is obtained. This proportionality holds for general j, k. The above discussion is valid
only when the Born-Oppenheimer and WKB approximations are valid. Otherwise,
a small correction term must be added to eq. 1.41.

As described above, the Dunham potential can be used to determine the potential
from the spectral constants. However, today, when deriving potentials from spectral
constants, it is common to use the RKR (Rydberg-Klein-Rees) potential [75-77], and
the numerical software LevEL [78] is regularly used for this purpose. The RKR poten-
tial is similar to the Dunham potential in that the WKB approximation is assumed to
be well established; in other words, eq. 1.40 allows.

The RKR method determines the potential energy curve V(r) by finding _ and r,
using spectral constants. From action integral eq. 1.40, the Klein integrals

(1.59)

)= = [ = ;””G( g
voin VG(V) — G(V/

11 By dv’

@ e N / VG(©) - G) o0

min

were derived (see. Miller [79]). This equation is semiclassical, and v is a continuous
value. vmin is —1/2 and integrates over the value of v we wish to find. This allows
us to determine the energy level E;; and its wave function ¢,j(r). From the obtained
wave functions, we can obtain rotational constants, centrifugal distortion constants,
and Franck-Condon factors. LeveL [78] also performs these calculations.

1.1.3.2 Selection rules

In the case of rotational transitions with electronic transitions, the discussion on
angular momentum is complicated. Depending on the spin multiplicity of the initial
and final states, we have different selection rules.

B For singlet-singlet transitions The selection rule for Singlet-Singlet transitions is
simple and is as follows:

1. AA=0
(@) A7 =N =0
(b) A7 =N #0
2. AA=+1

The only cases that apply to 1(a) are !Z*—'2* and '2"-!X". Since A] = +1, They
have only P and R branches. Their transition dipole moments are along the z-axis.
The examples of case 1(b) are TI-!TT and 'A-!A, etc. They have P and R branches
(A] = +1) and weak Q branch (A] = 0). The examples of case 2 are TI-!Z* and
IA-IT], etc. They have P and R branches (A] = +1) and strong Q branch (A] = 0).
Their transition dipole moments are perpendicular to the molecular axis.
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The power emitted in the transition from |n'v’]’) to [n”v”]”) is

__ o4t Ny VA
 (4mep)3c3 2] +1) T

Goror|Re*S)) (1.61)

P]/]H
where P/ is the power per unit volume (Wm™), N} the number density of J’
level (m™3), vy is the frequency of emitted radiation (Hz), g~ is the Franck-

Condon factor, R, is the the electronic transition dipole moment (C - m) and Sf‘,,] is

the rotational line strength [65,80, 81]. Sf‘,,] is called Honl-London factor and is known
to be as shown in Table 1.1. The wavenumbers of the spectrum for the P, R, and Q
branches are

¥p =179 — (B’ +B")]” + (B’ = B")]"?, (1.62)
g = 79 + 2B + (3B’ = B”)]” + (B’ — B")]"? (1.63)

=7+ (B'+B")(J” +1)+(B'=B")(J" + 1), (1.64)
g =70+ (B’ =B")]"(J" +1), (1.65)

where B’ and B” are rotational constants. Let m be as the following:

=] for P h
- ] or P branc (1.66)
J” +1 for R branch
then 7p and 7 are described as
¥ip g = Vo + (B’ + B”)m + (B’ = B")m?. (1.67)

The m plot of ¥p r is called Fortrat parabola and The |m| plot of ¥p r is called Fortrat
diagram. Note that the head of rotational band 71 is not the origin ¥ but the extremum
of Fortrat parabola. Since

v
VPR _ (B 4 B") + 2m(B' = B") = 0 (1.68)
dm
Vp R reaches an extreme at
(B’ + B”)
= 1.69
my 2B~ B (1.69)

Then the head-origin separation is described as

~ (B/ + B/I)Z
4(B/ _ B//) .

VH — Vo = (1.70)

As an example of a Fortrat diagram of a Singlet-Singlet transition, the A 'T1, v’ = 3-
X 1Zg v” =1 transition of C;, (Phillips band) is shown in Fig. 1.4.
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Tablel.1: Honl-London factor referenced to Herzberg [82] and Hansson [83]. The
superscripts P, Q, and R in S indicate A] = -1, 0, 1, respectively.

forAA=0
for AA = +1
for AA = -1

GR — U/+LeA)("41-A") _ (+A)('=N)
J T Ik

gQ _ Q]"+DA _ (2]'+1DA”?
T LV VN (V)

gP — U"+AN("=A") _ (1A +1-A)
J ]’ J+1

GR — J7+2+A")(J7+1+A") _ (+A)( -1+A)
J 2(J7+1) 2]

gQ _ UHL+AN(=AR]"+1) _ ('+A)( +1=A)2) +1)
J 2] (77+D) 27 (7+1)

SP _ (]ll_l_AIl)(]ll_AlI) _ (]I+1_A/)(]I+2_A/)
I 2]” 207+1)

GR _ ("42-A("H=A") _ (P=N)(J'=1+)
J 2(]7+1) 2]

GQ _ UrH1-AN( +AN@I"+1) _ ('=A)(HHA) @) )
J 2] (7+1) 27 (7+D)

gP — UTZ1+A(7+AT) _ JHI+A)(T+2+A")
J 2J” 2(J'+1)

B For nonsinglet-nonsinglet transitions For nonsinglet-nonsinglet transitions, spin-
orbit interaction must be taken into account. The Hamiltonian is

A

H = Hy + Hyip + Hyor + Heo (1.71)

where Ay, = AL - § is a part of Hamiltonian regarding spin-orbit interaction and the
electronic and vibrational portions are assumed to be constant i.e. (Hy + Hyp) = Eev
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since only the rotational structure will be considered in this section. Here we use
the following basis: |electronic) |vibrational) |[rotational) = |n, A, S, LX) |v) |Q, ], M).
Fromeq. 1.5
Hrot = B(R)?
~B(j - L%y
= B(J* - J2)+ B(5* - $3) + B(L* - L2) - B(*L™ + ] L")

—B(J*S +] 8" +B(L*S" +L§%) (1.72)
Hy, = AL- S
f+&— , 1-C&+
oAl ALTSTHLTST) (1.73)

2

where J* =], + ify, [*=L,+ iﬁy and §* =5, + igy are ladder operators and the all

operator is in the molecular frame. Applying the ladder operator j* to a rotational
state |Q), ], M),

TR, My =T+ 1) -QQ-1)|Q-1,], M) (1.74)
JT1Q, 7, My =T +1) - QQ+1)|Q+1,], M), (1.75)

and §* can also be applied to an electronic state |A, S, £) such that

STIA, S, Z) =hyS(S+1)—Z(Z+1)|A,S, L +1) (1.76)
STIA,S,Z) =hyS(S+1)-Z(Z-1)|A, S, E—1). (1.77)

Then the off-diagonal matrix elements of j* and §* are

QF1,],M|J*1Q,],M)=hmJ]J +1)-QQF1) (1.78)
(A, S, L+1|5F|A,S,2) =h/S(S+1) - (T + 1). (1.79)

Since the electron wave function is not an eigenfunction of L, L* cannot be expressed
simply as above, with an expression that increases or decreases the quantum number
by one.

As examples of nonsinglet-nonsinglet transitions, we introduce transitions be-
tween 2X* states (|221/2>, |2):_1/2>) and between 2IT states (|2H3/2>, |2H1/2>, |2H_1/2>,
PT1-3/2))-

The 2L states can be expressed as

PZip) =In,A=0,S=1/2,£=1/2)|0) |Q=1/2,],M), (1.80)
PL4p) = In,A=0,8=1/2,% =-1/2) [v) |Q = -1/2,], M) (1.81)
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The representation matrix of H,ot with 2%, ) and [*Z_q/,) as the elements of the

basis is
CZipal Arot P12) (Tl Arot X p2) ) _ (B(I +1/27 -B(+1/2)) o
CXoap2l Heot Z172)  (E-1y2| Hrot Z21/2) -B(J +1/2) B(] +1/2) '
since
(Lyja| Hrot I*Z1)2) = BJ(J +1) — 1/4) + B(3/4 - 1/4)
= B(] +1/2)?, (1.83)
(CL_1jo| Heot PZo1/2) = B(J(J +1) — 1/4) + B(3/4 - 1/4)
= B(] +1/2)?, (1.84)
CLipal Aot PZ1/2) = BU(J +1) = QQ = 1)VA(S(S + 1) — Z(Z - 1))/2
= -B(J +1/2), (1.85)
CE1pol Heot PZ12) = BJ(J +1) = QQ = 1)VA(S(S + 1) — Z(Z — 1))/2
= —B(J] +1/2). (1.86)

Note that the Hso term does not need to be considered since the transition is between
A = 0. Diagonalizing this, it is transformed to

B(J+1/2)>-B(J +1/2) 0
0 B(J+1/2)?+B(J +1/2) (1.87)
with the following elements of the basis :
1?21 0) + PZ_1)2)
2y*(e)) = , 1.88
[“Z7(e)) N (1.88)
1°X1/2) — [PZ_1/2)
2yt = . 1.89
I“Z7(f) N (1.89)

Let a quantum number N be the total angular momentum excluding electrons and
spin of nuclei. For the ¢ level, N = ] —1/2. Then,

B(J +1/2)>-B(J +1/2) = B(IN +1)> = B(N + 1) = BN(N +1). (1.90)
For the f level, N = ] + 1/2. Then,
B(J +1/2)> + B(J +1/2) = BN?> + BN = BN(N +1). (1.91)

This indicates that these two levels are degenerate if spin-orbit interactions are not
taken into account. The energy level diagram of ?X" is shown in Fig. 1.5. As
an example of a Fortrat diagram of 2X*-2%*, the diagram of the B2L} v’ = 0-
X ZZ; v” = 0 transition of C; is shown in Fig. 1.6.
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Next, we present another example of a II-IT transition. The 2II states can be
expressed as

PMa0) = I, A=1,5 =1/2,£ =1/2) |0) |Q = 3/2,], M), (1.92)
PIhp) = [n,A=1,5=1/2,£ = -1/2) [o) |Q = 1/2,], M), (1.93)
PIl_y) = |n,A=-1,5=1/2,£ =1/2) |[0) |Q = =1/2,], M), (1.94)
PTls) = |n,A=-1,5 =1/2,£ = =1/2) |[0) |Q = =3/2,], M).. (1.95)

The representation matrix of H,ot + Hso with |2H3/2), |2H1/2), |2H_1/2> and |2H_3/2)
as the elements of the basis is

A2+B(J+1/2?-2) —-B+(J+1/2)?-1 0 0
-BJ(J +1/2)2 -1 —~A/2+B(J +1/2)? 0 0
0 0 ~A/2+B(J +1/2)? —B\J(J +1/2)2 -1
0 0 “B\JJ+1/22-1 A/2+B((J+1/2?*-2)
(1.96)
since

(T3] Hyot + Hso ’Tl3/5) = (*T13| Hior *T13/2) + (*T15, | Hso *T155)

=B((J+1/2?*-2)+A/2 (1.97)
(T /2| Hrot + Hso [Ty 2) = (*TTy jo| Hrot |*T11/2) + (T 2| Hso |*T11/2)
=BV +1/22-1+0 (1.98)

It can be diagonalized with the following elements of the basis:

°IT5) + [*T1_5/2)

*T13/0(e)) = N , (1.99)
L) = 22 :/§|2H_3/ 2 (1.100)
PTT, o (e)) = hy2) \+/§|2H_1/ 2 (1.101)
P ) = L2 _ﬁ'zn‘””. (1102)
Since the e and f levels degenerate, the Hamiltonian can be represented by
A2+B((J+1/2)?2=2) —=B+(J+1/2?2-1 (1.103)

—BJ(J +1/2)2 -1 —A/2 4+ B(J] +1/2)?
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with the basis {|*TT32(e/f)) , IPTTij2(e/ )}
The discussion on the degenerated levels depends on the strength of the coupling

between the angular momenta and is commonly discussed using the Hund'’s cases
[65,82,86,87]. Hougen [65] classified Hund’s cases using the quantum numbers that
appear in the rotational energy level and the good quantum numbers in non-rotating
molecules. Table. 1.2 summarize Hund’s cases.

Tablel.2: Summary of Hund’s cases

. Good quantum
Rotational ) .
. numbers in the Degeneracy in the
Coupling case energy level . .
. nonrotating nonrotating molecule
expression
molecule
, 1 (for L states)
Hund’s case (a) BJ(J+1) A,S,E,Q 2 (for others)
, (25 + 1) (for X states)
Hund’s case (b) BN(N +1) A,S, 2, Q 2(28 + 1) (for others)
, 1 (for O states)
Hund’s case (c) BJ(J+1) Q 2 (for others)
Hund'’s case (d) BR(R +1) L,AS,%Z,Q RL+1)(25+1)

Hund’s case (a) is the case of A > B]J, i.e., the spin-orbit coupling term I:ISO is large
relative to the rotational term H,o;. Hund’s case (b) is the other case (A < BJ). In
Hund’s case (a), the larger separation of the diagonal element AE = (A/2 + B((J +

1/2)2-2))—(=A/2+B(J+1/2)?) ~ A than the off-diagonal element —B+/(] + 1/2)2 — 1 ~
—BJ, then the energy levels are shifted by +(—BJ)?/A. The eigenvalues are

Esp(]) = A/2+ B((J +1/2 =2) + BA((J +1/2)* = 1)/ A + - -

= Aett/2 + B3 ey (] +1/2)* = 1), (1.104)
Eijo(J) = A2+ B(J +1/2 = BX((J +1/2* = 1)/A + - --
= —Aefi/2 + B1joetn (] + 1/2)* = 1) (1.105)
where
Aegt = A — 2B, (1.106)
B3 )aefr) = B + B*/A, (1.107)
Bi/aesr) = B — B?/A. (1.108)

Considering the e and f components, the energy diagram can be written as shown in
Fig. 1.7. The energy levels are twofold degenerated for each J. Considering Hund'’s
case (b) for the general states 25+1 A as well as the 2IT states, the energy levels are
Boesn](J + 1) and twofold degenerated (e/ f) [88].

Hund’s case (b) is the case of A <« BJ, i.e., the splitting between the spin components
of 2ITy j and I3, is smaller than Hund's case (a). Suppose spin-orbit coupling is
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zero, i.e., A = 0. In other words, it is a pure Hund’s case (b). Diagonalizing the
Hamiltonian, the energy levels are derived as

E.(J) = B((J +1/2)* = 1) = (4B* + 4B*((J + 1/2)* - 1))'/?/2

= B((]+1/2)2—1)iB(]+1/2). (1.109)

Then,
E. = B(N2—1)+BN =B(N(N+1)-1), (1.110)
E_ =B((N + 1)2 —1)-B(N+1)=B(N(N +1)-1). (1.111)

It means the energy levels are B(N(N + 1) — 1) and fourfold degenerated (+/— and
e/f) for each N as shown in Fig. 1.8

Considering Hund’s case (b) for the general states 25+1A as well as the 2Pi states,
the energy levels are BN(N + 1) and the degeneracy is 25 + 1 for A = O i.e. X states
and 2(25 + 1) for A # 0 [88].

Hund’s cases (a) and (b) are quite simplified and do not consider some coupling
(spin-rotation, spin-spin), A doubling, centrifugal distortion, and so on. Hund’s cases
(c) and (d) point to cases where the difference between the level of the electronic states
is smaller than A and B]J.

Hund’s case (c) is the case of small separation for each electronic state with the
large spin-orbit coupling (similar to Hund’s case (a)), i.e., A > BJ and A > AEg,
where AE, is the difference between nearby electronic levels. Molecules with heavy
atoms tend to Hund’s case (c) because spin-orbit coupling increases for Z.

In this case, since Hso induces large spin-orbit splittings and extensive mixing of
electronic wavefunctions, except for | and Q, no other numbers are good quantum
numbers. Therefore, the term symbol 25+1 A is no longer meaningful. The term
symbol in Hund’s case (c) is described as Q with parity, e.g., 0. The rotational
energy level is Beg] (] + 1) for each Q) state as similar as Hund’s case (a).

Hund'’s case (d) is the case of small separation for each electronic state with the
small spin-orbit coupling in the internuclear axis for Rydberg electrons, i.e., A < BJ
and A > AE,. The example of this case is molecules with Rydberg electronic states.
The Rydberg electron is far from the nuclei, and then the spin-orbit coupling is quite
weak. In this case, the rotational energy level is BR(R + 1) and the degeneracy is
QL+ 1)(25+1) [88].

Mulliken [89] defined Hund’s case (e) that the L and S are strongly coupled, but
the coupling of L to the electric axis is small [82]. This case is quite rare, and few
examples are reported [90].

1.1.3.3 Parity and selection rules
M Rotationless parity (¢/f) The total parity clearly depends on | —2X + S + ¢ from
equation 1.9. e/f states have different parities even though they have the same .



22 Chapter 1 Introduction

This parity is called Rotationless Parity and is defined as follows:

I:Z*lp = +(-1y for e and ] is intager, (1.112)
EA*QD = +(—1)]_1/21,l) for e and ] is half-intager, (1.113)
E*¢ = —(—1)]¢ for f and | is intager, (1.114)
ﬁ*lp = —(—1)1‘1/21p for f and ] is half-intager. (1.115)

Note that all rotational energy levels of =" states have e parity, those of 'L~ states
have f parity, and those of 'I1 states have e/ f pairs.
The allowable transitions regarding rotationless parity are

e<—e and f e f for Pand R branches (A] = £1), (1.116)
e f for Q branch (A] = 0). (1.117)
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Figurel.4d: The Fortrat diagram of the transition A 'TI, v’ = 3-X!Z; v” = 1 of the
neutral carbon dimer C; (Phillips band) as an example of Singlet-Singlet transition.
Spectral constants were taken from Davis et al. [84].
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1.2 Outline of the previous spectroscopic studies of carbon
dimer anion

In this section, the previous studies on spectroscopy and time evolution of carbon
dimer will be outlined. The carbon dimer anion C; has been the subject of extensive
spectroscopic research and theoretical calculations for over half a century. Gas-phase
and matrix studies of the Xzz;, A?T1,, and B2L} states will be outlined. The
previous study of the time evolution of electronic detachment from highly excited
states will also be outlined.

1.2.1 Electronic state of CE

Negative molecular ions have long been the focus of much attention due to their
unique characteristics. An electron experiences no net Coulomb attraction at large
distances r from a neutral molecule. However, many molecules can bind this extra
electron and thus have a positive electron affinity due in part to short-range attractive
polarization potentials, which falls off as 1/ r* [91,92]. Binding energies of valence
electrons in anions tend to be much smaller than those of neutrals and cations, and
the weakly bound electron densities make them largely polarizable and, therefore,
reactive with surrounding atoms and molecules. Molecular anions possess few, if
any, bound electric excited states, again in sharp contrast to cations and neutrals;
however, their precise properties or even existence have often been debated. This
is partly due to the need for theoretical calculations that rigorously treat electron
correlation effects, which play an essential role in anions, and partly due to the
relative lack of experimental techniques for preparing and storing these anions in a
vacuum for long periods of time.

Among the variety of molecular anions, C; is one of the most studied anions in
the gas phase ever since its successful isolation via mass spectrometry by Honig. [2].
Since it has been studied for a long time, there are several old reviews on spectroscopy
[93-96].

Fig. 1.9 shows the molecular orbital diagram of carbon dimer and Table 1.3 shows
the main configuration of C; from Zeitz et al. [52]. Since the ground state of C; is
near-degenerate from the first excited state, Hartree-Fock and density functional the-
ory are not sufficient to obtain the eigenstates. Then the eigenstates are expressed as
a linear combination of configuration state functions (CSF) by the configuration inter-
action method (CI). The configuration state function is usually called configuration for
short, and the configuration with the largest coefficient in the eigenstate is called the
main configuration. The configuration depends greatly on the internuclear distances.
For example, regarding B 2L} state, the percentage of 10510520520% 1n§3a§ is 83.5 %
at the potential minimum (1.24 A), but around 2.1 A it is 0.5 %, and the main configu-
ration is 16516%20520517’(330;171; (59.4 %), and the next is 16516%20520517’(330;271;
(20.7 %).

Using the nature that C; has multiple bound electronic states, Yzombard et al. [44]
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Table1.3: Main configuration of C; cited from Zeitz et al. [52].

State Main configurations
X225y 1021022032021730, (88.0 % at the internuclear distances of 1.24 A)
A1, 1051052052031713305 (90.0 % at the internuclear distances of 1.24 A)
B2y 165105205203[171;’;305 (83.5 % at the internuclear distances of 1.24 A)
it 10510320520%171330;271}7 (68.5 % at the internuclear distances of 1.38 A)
AT 16510%205205171330;271; (62.6 % at the internuclear distances of 1.38 A)
42— _
4z+ _
42— _

recently proposed it as a target for laser cooling, which has yet to be achieved
for any negative ion. Fig. 1.10 shows potential energy curves of C; plotted using
Morse potentials [72] based on existing experimental data [84,97-101] and theoreti-
cal calculations [51]. The proposal by Yzombard et al. [44] uses the transitions of
X?Ly e Al and XY < B2L;.

The particular feature of C; as a dimer anion is the existence of two bound electronic
excited states A %I, and B2Y%;, both of which are allowed to decay into the ground
state X 22; by electric-dipole (E1) transitions.

1.2.2 Adiabatic electron affinity of C;

C is one of the molecules with a large electron affinity.< Table. 1.4 shows the list of
the electron affinity of diatomic molecules from Rienstra-Kiracofe et al. [102].

There are two definitions of electron affinity: adiabatic electron affinity is defined by
the energy difference between the rovibrational ground states of the neutral and its
anion. On the other hand, vertical electron affinity is the difference between the energy
of the neutral’s rovibrational ground state and the anion’s potential energy at the
same internuclear distance as the neutral.

In Cy, the adiabatic electron affinity is defined as the energy of the C; X 12; v=0

-G X 22; v” = 0 transition, and this value is 3.2727 + 0.0004 eV [63].

The experimental studies of the electron affinity is listed in Table 1.5. The mea-
surement of the electron affinity of C; originated with Honig [2] and can be precisely
measured by photoelectron spectroscopy. The theoretical calculations of the electron
affinity of C, have difficulty even when large-scale basis functions can be used. Be-
cause the electronic ground state of C; is substantially multi-referential, the electron
correlation plays a crucial role [103]. The theoretical calculation is listed in Table 1.6.
Only Lu [104] is in agreement with the latest measurement results of Laws et al. [63].

2 Cp has the largest electron affinity of all the homonuclear diatomic molecules listed in a large survey,
Rienstra-Kiracofe et al. [102].
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Tablel.4: the electron affinity the diatomic molecules with molecular weight less than
57 obtained by photoelectron spectroscopy cited from Rienstra-Kiracofe et al. [102]

species EA [eV] transition (M~ — M)

LiH  0.342 +0.012 2y+ o Iy#
LiD  0.337 +0.012 2y+ , 1y+
BeH 0.70+0.10 2yt
CH  1.238 +0.008 3y~ — 201
Lip 0.437 + 0.009 2yF 12;
NH  0.370 +0.004 21 — 3y~
OH  1.827653 + 0.000004 Iy+ 5 211
OD  1.825548 + 0.000037 Iy+ 5 211

C, 3.269 + 0.006 2ry — 1oy
MgH  1.05+0.06 5 2yf

BN  3.160 + 0.005 2y+ _, 3y
13c,  3.270+0.010 2ry — 1oy

CN  3.862 +0.004 ly+ - 2y+

BO  2.508 +0.008 ly- — 2y+

SiH  1.277 +0.009 3y~ — 201

NO  0.026 +0.005 3y~ — 201

O, 0.451 + 0.007 211 — 32;

PH 1.028 + 0.010 [T — 3%~

SH 2.317 + 0.002 Iy+ 201

SD 2.315 + 0.002 Iy+ 201

FO 2.272 + 0.006 Iy+ 201
CaH 0.93+0.05 — 2yt
LiCl  0.593 +0.010 2y+ , 1y+
NaF  0.520 +0.010 2y+ , 1y+
AlO  2.60+0.01 2yt

CS 0.205 + 0.021 2T — 1zt
Na,  0.430 +0.015 2T — 12;

NS 1.194 + 0.011 Iy+ 201

PO 1.092 + 0.010 Iy+ 201

SO 1.125 + 0.005 [T — 3%~
ClO  2.276 +0.006 Iy+ 5 201

SF 2.285 + 0.006 Iy+ 5 211
CrH  0.563 +0.010 —

Al 1.46 + 0.06 —
AlSi  1.32+0.05 3y~ — 4y~
MnH  0.869 +0.010 6A — 7yt

Si, 2.202 + 0.010 2y — 3%,
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Figure1.10: Potential energy curves of C; based on existing experimental data (C; :
X235y, AP, [97,98], B2LE [99], Ca = X 'L} [84], a®T1, [100]). As an example of
existing theoretical suggestion of the quartet states of C;, the potential energy curves

of *L} and *A, calculated by Thulstrup & Thulstrup [51] are shown with dashed
lines. The electron affinity is 3.2727 + 0.0004 eV [63].

Tablel.5: The experimental studies for the adiabatic electron affinity of C;

reference year method electron affinity [eV]
Honig [2] 1954 graphite sublimation 400r3.1
Trepka et al. [105] 1963 electron impact >29
Feldmann [106] 1970  photodetachment threshold 3.54 + 0.05
Lochtet al. [107] 1970 electron impact threshold 3.3+0.2
Jonesetal [85] 1980 autodetachment spectroscopy  3.374 > EA > 3.408
Yang et al. [7] 1988  photoelectron spectroscopy 3.3+0.1
Ervinetal [101] 1991  photoelectron spectroscopy 3.268 + 0.007
Arnold et al. [108] 1991  photoelectron spectroscopy 3.273 £ 0.008

Lawsetal. [63] 2019  photoelectron spectroscopy 3.2727 + 0.0004
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Tablel.6: The theoretical calculations for the adiabatic electron affinity of C;

reference year method electron affinity [eV]
Barsuhn et al. [50] 1974 SCF CI 1.6
Thulstrup et al. [51] 1974 CI 3.5
Cederbaum et al. [109] 1977 Green’s function method 3.60
Zeitz et al. [52] 1979 MRD-CI 3.43
Dupuis et al. [110] 1980 CISD+Q/STO 3.30
Gollisch [111] 1981 density matrix 3.97
Novoa et al. [112] 1986 MP2(FC)/6-311+G(2d,2p) 343
Novoa et al. [112] 1986 MP3(FC)/6-311+G(2d,2p) 2.94
Nichols et al. [113] 1987 MCSCF-MCEP 3.112
Watts et al. [103] 1992 CCSD(T) PVQZ+sp 3.198
Sordo [114] 2001  CCSD(T) (FC)/CBS(aVDTQZ) 3.239
Sordo [114] 2001 CCSDT(FC)/CBS(aVDTQZ) 3.300
Musia et al. [115] 2003 EA-EOM-CCSDT/cc-pVeoZ 3.23
Musia et al. [115] 2003 EA-EOM-CCSDT/aug-cc-pVooZ 3.24
Lu [104] 2004 OUDQMC/FSGO-SGG 3.264 + 0.043
Feller et al. [116] 2016 CCSD(T)/aV8Z 3.267 + 0.002
Gulania et al. [117] 2019 EOM-CC/ROHF 3.42

1.2.3 Spectroscopy of the ground state and bound excited states

The beginning of C;, rovibronic spectroscopy was the discovery of the B-X transition
spectrum by Herzberg and Lagerquist [55] in absorption spectroscopy, then B—X
transition band is called Herzberg-Lagerquist band (HL band). Cathro et al. [118]
also measured the absorption spectrum in the same way.

The high intensity tunable and fixed-frequency lasers has made it possible to
perform advanced studies of the interaction of negative ions with photons such as
photodetachment spectroscopy. There are two types of experimental approach of
photodetachment [119]. The first approach is to fix the laser wavelength and detect
the kinetic energy of the photoelectron with an electron energy analyzer. A fixed
frequency laser is inserted to the ion beam. This method is suitable for measuring
the electron affinity with high accuracy. The other method is to use a wavelength
tunable laser to detach the electron and count neutralized particles or detached
electrons.

In 1972, Lineberger et al. [120] obtained the photodetachment spectra in the low-
vibration region of X state by a two-photon process through the B state. Jones et al.
[85,121], Mead et al. [119] and Mead et al. [99], also in the Lineberger group, obtained
the photodetachment spectra of the high rotational states (X v” > 6, B v > 5)
by a one-photon process. Especially, Mead et al. [99] discussed the perturbation
of B states by A2I1, state. Nakajima [122] obtained the spectroscopic constant of
B v = 4-6, which is complementary work of Jones et al. [85] and Mead et al. [99]. The
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spectroscopic constants they obtained are summarised in Table. 1.7.
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Ervin et al. [101] used photoelectron spectroscopy to determine the vibrational
ground state energies of X and A in C; and X and a in C; with high accuracy.
Arnold et al. [108] and Laws et al. [63] also obtained photoelectron spectroscopy of
C; Xand C; X and a. De Beer et al. [123] succeeded in controlling the vibrational state
by exciting X v” = O states to X v” = 1via B v’ = 0 using stimulated Raman pumping
method. They obtained the Raman frequency dependence of the population of each
rotational level by detached the electron using a two photon process from C, X
and detecting the photoelectrons. Bragg et al. [124] performed an angle-resolved
measurement of photoelectron using time-resolved photoelectron imaging technique.

The spin-splitting constants of X v” = 0 and v” = 1 were obtained by Rehfuss et
al. [98], and the spin-splitting constants of B v’ = 0 state was obtained by Royen et
al. [125] using velocity modulation laser spectroscopy. Recently, Notzold et al. [126]
precisely obtained the spin-splitting constants of X v” = 0 and B v’ = 0 using
cryogenic ion trap to study the transition for laser cooling.

Shan-Shan et al. [127] also employed a variation of velocity modulation laser spec-
troscopy [128] and obtained HL band. Mahoney et al. [1] obtained the HL band by
measuring the optical emission from the plasma produced by microwave plasma-
activated chemical vapor deposition reactor [129].

The HL band measurement was often performed spectroscopically with a rare-gas
matrices. Milligan et al. [130] obtained the absorption spectra of the acetylene and
argon matrix and tentatively assigned them to HL band. Frosch [131] obtained the
absorption and emission spectra of the HL band and the Swan band [69] (d *T1,-a *I1,,
of Cy neutral) in Ar, Kr, and Xe matrices. Graham et al. [132] obtained emission
spectra in Ar and alkali metals matrix. Brus et al. [133] found that C; in the Ar matrix
causes a Personev effect, a phenomenon in which the emission peaks of molecules
in the crystal become extremely narrow despite inhomogeneous broadening of the
absorption peaks [134]. Bondybey et al. [56] suggested that some of the relaxation
processes in the B 2%} state may go through the L) state. Rasanen et al. [135]
obtained the absorption spectra of the laser-vaporized graphite in solid neon.
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The first theoretical studies of the A state have been performed by Popkie et al. [136],
but the low-lying nature of the A state made it difficult to study it experimentally
until the development of tunable infrared lasers. The Rehfuss et al. [98] and Oka [97]
obtained the A-X transition spectrum by absorption spectroscopy and obtained the
spectroscopic constants of the A state.

We have found no reports regarding spectroscopic experiments on the other elec-
tronic excited state, especially, quartet states. However, several (often conflicting)
theoretical calculations of their potential energy curves are available [50-53,141,143].
Thulstrup & Thulstrup [51] (CI with AO basis) and Zeitz et al. [52] (MRD-CI with
AO basis) indicated that the anion quartet state ‘X exists close to and below the
ground state of neutral C,. They also suggested other quartet states such as A, and
others above *L. Shi et al. [143] (MRCI with the aug-cc-pcV5Z-dk basis) calculated
the lowest quartet state of L. However, they suggested the next higher level to be
42;. On the other hand, Gorfinkiel et al. [141] and Halmova et al. [53](CASCI with
the double-zeta plus polarization Gaussian basis set) reported a negative result on
the existence of bound quartet states. For illustrative purposes, the potential energy
curves of the quartet states *X; and *A,, calculated by Thulstrup & Thulstrup [51] are
shown in Fig. 1.10.

Table 1.8 shows the published theoretical calculations of X, A, B, and higher excited
states of C; except for the calculation of the electron affinity.

1.2.4 Electronic and vibtational relaxation processes of the bound excited
states and the ground states

The bound excited states A and B can deexcite to X by emmiting a photon. Leutwyler
et al. [144] experimentally revealed that the lifetime of B v’ = 0 is 77 + 8ns and the
lifetime of B v/ = 11is 73 + 7ns. Rosmus et al. [138] theoretically derived that the
radiative lifetimes of the A states are several tens of ps for v/ = 0-10. Table. 1.9 shows
their theoretical calculation of the lifetimes.

The vibrationally excited states of the X state de-excite via electronic transitions
to near-degenerate low-lying vibrational levels of the A states and vice versa [46,49,
138,145]. Recently, lida et al. [145] succeeded in clear observation of such relaxation
process accompanying the A-X vibronic coupling in the region of a few tens of ms
utilizing an ion storage ring (TMU E-ring).

1.2.5 Autodetachment from B2XL} state

An excited anion with potential energies above the detachment threshold can make
a transition into the neutral by detaching the excess electron. This transition is called
autodetachment. For instance, the radiative lifetime of the B state to X state is about
80ns for v’ = 0 [52,56,118,138,142-144], while, higher vibrational states (v’ > 5) also
decay into C; 12; + e~ via autodetachment.

Hefter et al. [146] found that the autodetachment rate for B v’ = 6-10 is about
107-10'%s7!. In addition, because the peak shape in the photodetachment spectrum
of B—X was not asymmetric, they revealed that the detachment from X by the one-
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Table1.9: The MCSCF-SCEP calculation of the lifetimes of C; X 22}, A?TI, B2x} by

Rosmus et al. [138]. The energy level of B 2y o’ > 5 is above detachment threshold,
but it is not taken into account.

vibrational level X 22; [ms] AZIl[ps] BZ2%] [ns]

0 — 49.9 76.5
1 — 40.6 75.8
2 — 34.6 75.3
3 2000 30.5 75.1
4 541 27.4 75.3
5 206 25.0 76.0
6 98 23.2 77.3
7 55 21.8 79.3
8 34 20.6 82.0
9 23 19.6 85.5
10 16 18.8 90.0

photon process has almost no direct transition to the continuous state. Hence, for
B v’ > 6, autodetachment is the dominant decay process of the B state.

1.2.6 Earlier experiments with ion storage rings and ion trap on autode-
tachment of C;

In several lifetime measurements using ion storage devices, autodetachment from
excited states with an extended lifetime of several ms has been observed. Pedersen et
al. [46] performed lifetime measurements by storing C; in the magnetic storage ring
ASTRID [147,148] with the cesium sputter ion source ANIS [149] and a Micro Sphere
Plate (MSP) detector. They found a decaying autodetachment component with a
lifetime of 2.5 ms and proposed that a hitherto unobserved quartet state, such as 42;
was responsible as shown in 1.11. Andersen et al. [45] employing ASTRID [147,148]
and Naaman et al. [49] employing an electrostatic ion trap for storage of fast ion
beams also reported the observation of such autodetachment component of a few
ms lifetime, and Takao et al. [47] employing TMU E-ring [150] reported the 3 ms
component.

While there is clearly a state which is autodetached on the time scale of ms in C;,
it is not clear whether this state is a highly vibrational or rotational state in the X,
A, or B states or some other electronic states. If it is a quartet state, as Pedersen et
al. [46] suggests, it is not in accord with Halmova et al.’s theoretical calculation [53]
that there are no bound quartet states.

Pedersen et al. [46] also argued that there are long-lived quartet states because the
neutral signal detached by 415nm, 478.4nm, 526 nm lived for ~ 10s. On the other
hand, Naaman et al. [49] showed that the neutral signal detached by 532 nm also lived
for long time but there are no long-lived components of the neutral signal detached
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Figurel.11: The schematics of autodetachment from the excited states with the po-
tential energy above the detachment threshold.

by 1064 nm. The energy of the vibrational ground state of the quartet states should
be higher than that of the vibrational ground state of B state, so that even at 1064 nm
(~ 10*cm™) the detachment threshold is exceeded. It implies there are no long-
lived quartet states. However, they did not take into account the possibility that it
resonates in 532 nm etc. but not in 1064 nm. To determine whether this is a resonance
or not, a wavelength scanning measurement should be performed. The presence or
absence of long-lived states other than the ground state X will be analyzed in this
thesis through the obtained time-resolved spectra.

C, storage experiments using a cryogenic ion storage ring have recently been
started. None of these results have been published. Kono et al. (private communica-
tion at a conference) [48] simultaneously measured fragment ion yield in addition to
neutral yield using a cryogenic ion storage ring DESIREE [151,152], distinguishing
between autodetachment and autodissociation. Their preliminary results show that
neutral yield has a decay lifetime on the time scale of several ms, and that autodis-
sociation is the dominant decay process after 25 ms. Gock [153] measured fragment
ion yield by storing C; in a cryogenic ion storage ring CSR [154,155] for 23 s and
520s with a fragment detector COMPACT [156]. A variety of lifetime components
are observed, then the decay of the total fragmentation was approximately 1/t. The

1/t law is also found in autodissociation of some kinds of metal dimer anions, such
as Cu, and Ag, [157].
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Experimental method

2.1 Photodetachment spectroscopy

Photodetachment spectroscopy is a technique of obtaining spectra by counting the
number of neutral particles or electrons produced by electron detachment of anions
using variable wavelength light. Photodetachment spectroscopy is a type of action
spectroscopy, that obtains a spectrum by measuring the reciprocal number of photons
required to induce a photochemical reaction.

There are three main types of anion spectroscopy: one is absorption spectroscopy.
From the absorption spectrum, we can obtain the wavelengths of optical transitions
and their transition probabilities. The HL band was first observed by absorption
spectroscopy [55]. However, absorption spectroscopy is not suitable for observing
transitions from states with small population or with small transition probabilities.

The second method, termed photodetachment spectroscopy, counts neutralized
particles by injecting a wavelength-tunable laser into the anion beam. The obtained
spectra do not simply show the difference between the energy level of the initial
state and the detachment threshold. In the case of C;, for example, the probability
of a direct transition from the C; X 22; state to the C, + e~ (i.e., the continuum

state) is very low [146]. On the other hand, from the B 2L} state (v' > 5), which
is a state higher than the energy level of the ground state X 12; of neutral Cy,
autodetachment occurs on the time scale of ns [146]. Thus, electron detachment
is induced by photo-transition from the X 22; state to the B 2%} state (v/ > 5) as
shown in Figure 2.1. Jones et al. [85] was the first to measure the HL band using this
technique. They succeeded in observing B 2%L/-X 22; transitions up to B v’ < 7
with Av = -1, whereas absorption spectroscopy by Herzberg et al. [55] only obtained
v’ < 3. If transition spectra with B v” < 4 as the final state is to be obtained using this
technique, it has to be further excited to detach the electron. There are two possible
excitation processes for the second transition: 1. direct photoexcitation from the
B 2%} state to the continuum state as shown in Figure 2.2, and 2. autodetachment by
excitation from the B 2%} state to the highly vibrational state of the X 22}“ state. If 2
is correct, the second B 2X}-X 22} transition should be represented in the spectrum,

but no such structure can be found [145]. Also, it is the transition with Av ~ 25,
which indicates that the transition probability should be very low.

39
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Figure2.1: The schematics of 1 photon detachment.

The third method, termed photoelectron spectroscopy, is to measure the energy of
detached electrons. If the wavelength of the laser for detachment is fixed, the hori-
zontal axis is the energy of the electrons, and the vertical axis is their count number,
the transition probabilities to each state of the neutral are obtained. Additionally, it
is used to measure electron affinity with high precision, as shown in Table 1.5.

In this study, photodetachment spectroscopy will be employed. This is because
Absorption spectroscopy is not sutable for observing small population states, and
photoelectron spectroscopy is difficult to perform using an ion storage ring. In order
to investigate the spectroscopic constants of the high vibrational state of the bound
excited state B (v” > 5), the process of photoexcitation to X v” — Bv’ = v” —1 and
autodetachment to neutral C; was observed as shown in Fig. 2.1. As discussed later,
the process of photoexcitation from X v” = 0 to Bv” = 0 and then photodetachment
from Bv’ = 0 was also observed as shown in Fig. 2.2. Since this photodetachment
process is not through resonance, the laser intensity must be large. The laser power
dependence of the number of detached neutrals was measured.

We performed spectroscopic experiments using a cesium-sputter ion source, which
can produce high-temperature negative ion beams. This ion source could not be
used for spectroscopic experiments since the produced beam was quite hot, and too
many transition spectra were observed to make the assignment impossible [158]. We
cooled this ion beam using a cryogenic ion storage ring RICE to produce a beam that
selectively left only the ground state and long-lived highly excited states.

A schematic of the experimental setup is shown in Fig. 2.3. The C; beam was
generated with a cesium-sputter ion source and stored in the cryogenic electrostatic
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Figure2.2: The schematics of 2 photon detachment.

ion storage ring RICE [57] with a circulation period of 15ps after mass-selection.
Ions are typically stored in this ring for several thousands of seconds. A tunable
pulsed laser was injected coaxially with the ion beam when the ions passed through
the straight section of the ring. The wavelength spectrum was obtained by counting
the neutral particles. Storage time, defined as the elapsed time from pulsing by the
chopper, was controlled by the timing of the laser insertion. The flight time until
insertion into RICE was about 15ps. Fig. 2.4 shows the brief timing chart of the
switching voltages and neutral counts.
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Figure2.4: The brief timing chart of the switching voltages and neutral counts.

2.2 lon source and mass selection

A C; beam was generated by a cesium-sputter ion source (NEC, SNICS ). Fig. 2.5 is
the brief schematics of a cesium-sputter ion source. A cesium sputter ion source is a
device that produces a negative ion beam by sputtering a target (cathode; several kV is
applied) with cesium cation, which is made from cesium vapor by surface ionization
and extracting only anion from the sputtered material. A cathode was fabricated
from isotropic graphite (Toyo Tanso, IG-11) and confined in a copper holder. C;
ions were extracted from the ion source at an acceleration voltage of 5kV and mass-
selected by a dipole magnet and Slit 1. In this study, 5kV was applied to the cathode,
3.85kV to the extractor (einzel lens), 19 A to the ionizer, 25 A to the pipe heating for
the cesium vapor, and 0.9 A to the cesium oven. The bias voltage to the entire ion
source was 0 V. An electromagnet for mass selection was operated at0.164 T (1.371 A
applied).

To confirm the resolution of the mass selection in advance, we measured the ion
beam intensity at the closed Slit 2 after passing through the dipole magnet and Slit
1. The result is shown in Fig. 2.6. The peaks at m/q= 24 and 25 are clearly separated,
and the width of each peak is consistent with the resolution defined by the dipole
magnet and Slit 1, i.e., A(m/q)/(m/q) = 2.1%. The peak m/q = 25 is considered to
include ?C,H™ in addition to 13C!2C~ because the observed intensity ratio of peak
m/q = 25 against m /q = 24 is 5%, while the natural abundance of 1*C!2C is 2%. Fig.
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Figure2.5: Brief schematics of a cesium-sputter ion source.

2.7 shows Gaussian fitting to m/q = 24,25 peaks. By accounting for the possible
overlap between peak m /g = 24 and the tail of the m /g = 25 component, we judged
that the contamination of '2C,H™ is negligibly small (< 107).

Using a chopper device, the C; ions were pulsed into bunches with a 10 us width
and injected into the cryogenic electrostatic ion storage ring RICE [57] after passing
through Slit 2. RICE is operated at cryogenic temperatures below 5K, and thus A-X
excitations due to blackbody radiation are effectively suppressed. Since RICE main-
tains an ultra-high vacuum of about 1 x 1071% Pa at a room-temperature-equivalent
pressure, the collisional detachment by residual gas is also negligible compared with
autodetachment or laser-induced detachment. The circulation period of C; ions is
15 ps at 5 keV beam energy, and the typical lifetime of the stored ions is several orders
of magnitude longer than the time region of the present study (100 ms). The purity
of the C; beam was also checked by observing the temporal evolution of the ion
bunches via the neutral particle detector. If contamination from ions with m/q = 25
occurs, broadening or an additional tail in the bunch structure would be expected as
the ions circulate in the ring [161].
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Figure2.6: A typical mass-scan of the ion beam extracted from the ion source. This
figure is quoted from lizawa et al. [159] under the CC BY 4.0 license.
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Figure2.7: Gaussian fitting to m /q = 24, 25 peaks, with logarithmic vertical axis. The
plotted data are the same as in Fig. 2.6. The peak at m/q = 26 contains >C*N~
in addition to 13C5 , 3C12CH-, 12C,D~. Cesium sputter ion sources are known to
produce larger amounts of CN™~ than C; with carbon cathode under nitrogen gas
conditions [160]. Since N, was present in the residual gas, CN~ was likely to be
generated. m/q = 27 peak is about 1072 times the peak height of n1/q = 26. Since
the natural abundance ratio of 13C is about 1072 times that of >C, this peak contains
BC6N- 12C17N- 1BC,H-, and 3C12CD-.
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2.3 Cryogenic electrostatic ion storage ring RICE

An ion storage ring is a device that uses electrostatic or magnetic fields to store
and accelerate/decelerate ion beams. The ion storage ring reduces the momentum
resolution of the ion beam Ap/p. This reduction is called beam cooling. The phase
space volume of the particles that make up the beam is called emittance and is used to
evaluate the convergence of the beam. Emittance is conserved for beam acceleration
and focusing. An ion storage ring can reduce the emittance for beam cooling.

The ion storage ring RICE, used in this experiment, has two major features: the
orbit is controlled by an electrostatic field, and the ion beam can be stored in cryogenic
environment.

The bending radius of an ion beam in a static magnetic field is proportional to

VmE/q where m is the ion mass, E is the translational energy of the ion, and g
is the ion charge, making it difficult to store low-charge, heavy ions. In addition,
the hysteresis of the electromagnets makes it difficult to modify the magnetic field
rapidly to take out the ion beam.

On the other hand, an electrostatic storage ring allows ions to orbit independently
of mass and charge because the curvature radius is proportional to E/g and E = qV
where V is electrode’s voltage, making it easy to store low-valence, heavy ions, such
as molecular ions. The ring itself is compact than a static magnetic field ring.

The first atomic and molecular physics experiment using a magnetostatic ion stor-
age ring was performed in 1993 at Test Storage Ring (TSR) [162, 163] developed by
the Max Planck Institute [164]. Although there are some examples of molecular
ion storage in magnetostatic ion storage rings, such as TRAN II at the University of
Tokyo [165], ASTRID at Aarhus University [166,167] and CRYRING at Stockholm
University [168], an electrostatic ion storage ring was necessary for large-molecular
ion storage experiments. In 1998, an electrostatic storage ring ELISA at Aarhus Uni-
versity was developed [169], followed by the development of electrostatic ion storage
rings such as ES-ring at High Energy Accelerator Research Organization (KEK) [170]
and TMU E-ring [150] at Tokyo Metropolitan University.

There are three cryogenic electrostatic ion storage rings, CSR at the Max Planck
Institute [154, 155], DESIREE at the Stockholm University [151,152], and RICE at
RIKEN [57], that can be operated at cryogenic temperatures. There are two major
advantages of these rings: 1. the stored ions are barely affected by background
radiation. 2. The residual gas density is extremely small (e.g. 2.7 X 10* cm ™2 in RICE;
pressure equivalent to 107 Pa [57]), which enables long time storage on the time
scale of 10° s.

The schematic of RICE is shown in Fig. 2.8. The RICE contains two 160° deflectors,
four 10° deflectors, and four sets of electrostatic quadrupole lenses. Table 2.1 and
2.2 shows the applied voltages to the electrodes of RICE and the beamline. Beam
injection and extraction are enabled by switching the voltage of the 10° deflectors.
Pick-up electrodes is installed at ten locations in the center of the straight section,
and the beam bunch structure can be observed.
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port 4 10° def Qd Qf Qf Qd 10° def port 3

160° def

port 1 10° def Qd Qf Qf Qd 10° def port 2
Figure2.8: The schematics of RICE
Table2.1: The applied voltages to the electrodes of RICE.
quadrupole lens
port No. | lens | horizontal electrodes [V] | vertical electrodes [V]
#1 Qd -104.072 +125.000
#1 Qf +119.010 -104.865
#2 Qd -102.793 +99.000
#2 Qf +91.456 -115.090
#3 Qd -111.713 +70.826
#3 Qf +71.844 -106.493
#4 Qd -104.072 +125.000
#4 Qf +119.010 -104.865
10° deflector

port No. | inner electrodes [V] | outer electrodes [V]

#1 +901.000 -718.700

#2 +814.700 -771.722

#3 +823.000 -772.033

#4 +901.000 -718.700

160° deflector

port No. | inner electrodes [V] | outer electrodes [V]

#1-4 +613.900 -684.433

#2-3 +697.200 -718.700




2.3 Cryogenic electrostatic ion storage ring RICE

Table2.2: The applied voltages to the electrodes of beamline.

steerer
horizontal electrodes [V] | vertical electrodes [V]
upstream 25 3
downstream 0 0
quadrupole lens (lens 1)
horizontal electrodes [V] | vertical electrodes [V]
upstream +10 -10
middle -20 20
downstream 0 0
quadrupole lens (lens 2)
horizontal electrodes [V] | vertical electrodes [V]
upstream -97 +97
downstream +97 -97
offset horizontal electrodes [V] | vertical electrodes [V]
upstream +9 -5
downstream +6 -5
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2.4 Tunable laser

Light pulses from a tunable OPO laser (Continuum Sunlite, 10 Hz) were injected
collinearly to the stored ion beam at the straight sections from port 2 to port 1. The
laser pulse energy was measured by an energy meter (Coherent FieldMaxII-TOP) at
port1,asshowninFig.2.3. Fig. 2.9 is the schematics of laser system. The wavenumber
of the laser was simultaneously monitored during measurements using a wavemeter
(HighFinesse WS-6).

The typical linewidth is 0.075 cm™! and the pulse width is 10 ns. The Doppler shift
correction was taken into account. Since 12C; is stored at 5.0keV, the translational
velocity of the ion beam is 2.0 X 10° m/s. Therefore, the Doppler correction can be
made as in

1— 2.0x10°
AN=A < ~A(1-6.7x107% (2.1)

2

where A is the measured wavelength, A’ is the wavelength after Doppler shift cor-
rection, and c is the speed of light. The wavenumber 18500.0 cm™! is shifted toward
larger 12.3cm™! by the Doppler shift correction.

The wavenumber range used for the measurement was around 1760018 600 cm™*
(537.63-568.18 nm in wavelengths). The fluctuation of the center of the wavenumber
for each pulse was around +0.01cm™! (1¢). The maximum laser pulse energy was
5m]J, and since the diameter of the beam was about 50 mm at the port 2 of the RICE
the energy density is 2.6 X 107 mJ/cm?. The laser pulse energy was mainly used
as 1mJ (5.1 X 1072 m]J/cm? in energy density) to prevent two-photon processes. The
fluctuation of the laser pulse energy for each pulse was evaluated to be £27% (10).
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2.5 Neutral particle detector

Fig. 2.10 shows the schematics of the graphene-based neutral particle detector devel-
oped by Warbinek et al. [171], which was installed at the port 2 of RICE as shown in
Fig. 2.3. When a neutral particle strikes a graphene plate to which a negative voltage
is applied, secondary electrons are emitted. These secondary electrons are collected
by a channel electron multiplier (Dr. Sjuts Optotechnik GmbH KBL 25RS) through
electrostatic lens and counted by a discriminator and a time-to-digital converter. The
graphene plate as shown in Fig. 2.11 was fabricated by transcription of two 75x75 mm
graphene sheets made by chemical vapor deposition (CVD) to 85 x 85mm ¢ = 2.0
tused silica plate (Shibuya optical WQ2-80S). The four corners of the plate were gold
coated for voltage application. Since the bi-layer graphene has 5% absorbance around
500nm [172] and the nominal absorbance of the fused silica plate is 7% absorbance
at 500 nm, the graphene plate has 12% absorbance.

.,

.
o

grapheﬁe plate

Figure2.10: The schematics of the neutral particle detector

The typical dark count rate of the CEM is below 0.02 cps, and the typical transit
time is 26 ns when the back voltage of the CEM is 2.3kV. In this experiment, =500 V
was applied to the graphene plate, —1300V to the lens, 0V to the front of the CEM,
and 2300V to the back of the CEM. The output (anode) of the CEM was high-pass
filtered as shown in Fig. 2.12, amplified by a preamplifier (ORTEC VT120), and then
discriminated and counted using a time-to-digital Converter (TDC) (Signadyne SD-
PXE-TDC-HO0003). The discrimination threshold was set to be —0.02'V at falling edge
for stop signal and 0.20V at rising edge for start signal. The TDC can time tag
multiple stop signals for a single start signal. Since the nominal maximum pulse rate
is 150 MPulses/s, and the detectable signal interval is 7 ns if the signals are always
input at the same interval.

The start signal employed a signal from the trigger of the Nd:YAG laser for OPO,
delayed by a delay generator (Stanford Research Systems DG645). The delay time
was adjusted using a silicon photo detector (Electro-Optics Technology ET-2030) at
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Figure2.11: The graphene plate, which was fablicated by transcription of two 75 X
75 mm graphene sheets to 85 x 85 mm ¢ = 2.0 fused silica plate.

anode

—F——o to preamplifier

1000 pF

front back [}
|::|10MQ 1 MQ

Vo +23kV ©

6_#

Figure2.12: Voltage application circuit to CEM and high pass filter.

the window of the neutral particle detector to match the timing. The delay time set
was 292.605 jis.

The substrate emitting the secondary electrons can be a metal mirror instead of a
graphene plate. The neutral particle detector with a metal mirror reflects the laser,
while the neutral particle detector with a graphene plate transmits the laser. Fig. 2.13
shows the counts when only the laser is injected without any ions or neutral particles
into the detector with an aluminum mirror. There are signals emitted when the
laser is just injected and signals after the laser insertion. Since the neutral particles
(the beam energy is 5keV) emitted from the RICE do not reach the neutral particle
detector until after 7 ps from the laser incidence, the signals emitted when the laser
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prompt signals induced by laser insertion

104,
3]
” 10
C
é’ 1024 thermion signals from the alminium mirror
I >
101,
o] | kallby it |1l ]
0 200 400 600

Time from laser insertion [ps]

Figure2.13: The typical signal count of the neutral particle detector utilizing alu-
minum mirror [174] with laser insertion and no ion and neutral particle. The wave-
length was 400 nm and the laser pulse energy was 200 pJ (1.0 X 1072 mJ /cm? in energy
density).

is just injected can be ignored. The signals after the laser insertion are an obstacle
for counting. The neutral particle detector with a graphene plate produces less than
0.01 counts per laser shot by 541 nm laser, making it more suitable for this experiment
than one with an aluminum mirror. The absorption rate at around 500 nm is about
8% for aluminum [173], compared to about 12% for the graphene plate as mentioned
above. Thus, the emission of thermal electrons due to photoabsorption is not a reason.
There are two expected reasons why the neutral particle detector with a graphene
plate has a few signals after the laser insertion. First, graphene is less susceptive to
surface oxidation than aluminum. Secondly, the graphene plate has less roughness
than the aluminum mirror and less molecular adsorption, which is delayed release
by visible lasers.
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Result and discussion

3.1 Counting detached neutral particles without laser

The C; beam was stored in the RICE, and the number of neutral particles ejected
from port 2 was counted with the neutral particle detector. Fig. 3.1 shows a histogram
of the number of detected neutral particles with a bin size of 167.772 us. The number
of ion beam injections is 3048000, and the measurement took 84 hours 40 minutes.
The obtained decay time was 2.905 +0.011 ms. Pedersen et al. [46] reported the decay
time of 2.5ms, Naaman et al. [49] a few ms, Takao et al. [47] 3ms, and Kono et al.
(conference poster) [48] a few ms. The decay time obtained here is in good agreement
with those previous studies.

108

107.

-

106 A T=29ms

105_

Neutral counts

104_

103 ; . . .
0 20 40 60 80
Time [ms]

Figure3.1: The histogram of the number of detected neutral particles ejected from
port 2 of RICE. This figure is quoted from lizawa et al. [159] under the CC BY 4.0

license.

Pedersen et al. [46] pointed out that it could be a component of a quartet state,
for example, 427, due to autodetachment, but theoretical calculations by Halmova et
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al. [53] suggested there are no bound quadruplet states. In another possibility, this
component is due to the high vibration state of the X state. Since the A and B states
relax on the time scale of us and ns as shown in table 1.9, respectively, they are not
the cause of the component.

3.2 Laser-induced photodetachment spectroscopy: the B—X
transition

The transition spectrum between B and X (HL band) was then measured for Xv” > 6,
Bv" > 5 after 10 ms storage. By identifying the largest vibrational level of X at which
the transition spectrum is observed, we can restrict the peaks that can be explained
by the transitions between X, A, and B.

Under the laser pulse energy condition of 1m]J (5.1 x 1072 mJ/cm?) at a storage time
of 10 ms, we measured photodetachment spectra over a wide range of wavenumbers
from 17608 to 18588 cm™!, where the B—-X Av = —1 transitions of v/ = 5-8 are in-
cluded. We selected the condition of 10 ms storage time because the autodetachment
component, which is regarded to be the background against photodetachment, is
sufficiently suppressed to observe B—X transition. According to the theoretical calcu-
lations by Rosmus et al. [138], the lifetime of X v” = 6-10 is several tens of ms. Then
the peaks oriented from X v” = 6-10 can be observed even after 10 ms if the X state
is produced by the ion source. Also in lida et al. [145], X v” = 6,7 has been observed
even after tens of ms storage.

Fig. 3.2 shows the number of counts obtained with the neutral detector. The
number of neutral particles was counted only during the time window in which the
neutral particle arrived from the straight section of ports 1-2. Since a 5keV carbon
dimer (m=24) reaches the detector at 7.2-11.1 us after laser insertion, the region of
interest (ROI) was set to 7.2-11.1 us.

We performed this measurement by changing the laser wavenumber, and the
obtained spectrum is shown in Fig. 3.3. The ion beam was injected 50 times per
point (5s) and the step was 0.001nm (0.03cm ™). The total measurement time was
about 43 hours. Since the number of incident ions and their angular spread vary
depending on the condition of the ion source, the spectrum has to be normalized
for each shot by the number of accumulated ions after a certain storage time. The
number of accumulated ions is proportional to the number of the detached neutral
particles at the same time, and then we normalized by the sum of the number of
neutrals from 500 to 1298 ps.

In obtained wavenumber range, Av = —1 spectra were seen. Then we used the
spectral simulation program pGoPHER to make spectral assignments for Av = —1. The
spectral constants of the X states are referenced to Jones et al. [85]. We found that the
maximum observable vibrational level of X state is v” = 9, and no more vibrational
states can be observed.

The intensity of the band head of X v”” = 6 — B v’ = 5is weaker than that of other
transitionbands (X v/ =7 > Bv' =6, X0v" =8> Bv' =7, X0v”" =9 —> Bv' =8),
which was already reported by Jones et al. [85]. This is due to the competing radiative
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Figure3.2: The typical count of the neutral particle detector.

Furthermore, a number of peaks were observed that cannot be assigned with
B-X Av = —1. These peaks are discussed in detail in the next section.

Table. 3.1 and Fig. 3.4 shows the obtained spectral constants of B. Although the
obtained constants are not directly relevant to future discussions, the rotational con-
stants obtained in this study are an improvement in accuracy over previous studies,
and they will serve as a benchmark for future quantum chemical calculations.
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Figure3.3: Laser-induced photodetachment spectra at 10 ms storage with a laser pulse
energy of 1m]. Wavenumber increment was set to 0.03cm™! steps. The spectral
simulation by pGoPHER is also shown for B-X (Av = v’ — v” = -1) transitions for
v’ = 5-8 assuming a molecular temperature of 5000 K. The spectral constants for the
B state were fitted to the line positions of experimental spectra. The marks on the
experimental spectrum indicate the peaks used for the fitting. See text for the details
of the simulation and fitting. This figure is quoted from lizawa et al. [159] under the
CC BY 4.0 license.



3.2 Laser-induced photodetachment spectroscopy: the B—X transition

59

Table3.1: The spectroscopic constants for the highly excited vibrational levels based
on the assignments shown in Fig. 3.3. The term values T, of the vibrational levels
of the X 22; and B2%; states were taken from the paper by Nakajima [122], which
is complementary to the works of Jones et al. [85] and Mead et al.. [99] The constants
of the electronic ground state X 22; were adopted from the paper by Jones et al. [85]
The values in parentheses indicate 10 uncertainty. The rotational constant B, and
the centrifugal distortion constant D, of B v" = 8 obtained by applying Av = -1
transition peaks have not been previously reported. The appendix in the paper by
Mead et al. [99] reports the spectroscopic constants of B v’ = 8 obtained with Av = -2.

Vibrational quantum

Rotational constant B,

number of B2L} This work Jones et al. [85] Mead et al. [99]
(Av =-1) (Av =-1) (Av =-2)
5 1.768481(22) 1.76808(63) 1.767953(62)
6 1.745290(47) 1.74488(61) 1.744358(75)
7 1.722835(36) 1.72108(76) 1.719350(75)
8 1.692944(21) N/A 1.69240(14)

Vibrational quantum
number of B2L}

Centrifugal distortion constant D,

This work
(Av =-1)

Jones et al. [85]
(Av =-1)

Mead et al. [99]
(Av = =2)

® N o G

7.876(12) x 107°
9.179(47) x 107°
1.0929(22) x 107°
1.0036(11) x 107°

7.61(49) x 107°
9.01(45) x 10°°
9.66(61) x 107°
N/A

7.5013(85) x 107°
7.790(20) x 107°
8.259(29) x 107°
9.002(57) x 107°
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3.3 Laser-induced photodetachment spectroscopy and temporal evolution

61

3.3 Laser-induced photodetachment spectroscopy and
temporal evolution: the unassigned transitions

In the previous section, we noted that a number of peaks were observed, and they
could not be explained by B—-X Av = —1. Hence we obtained time-resolved photode-
tachment spectra and determined the lifetimes of these peaks.

Only for the spectrum with a storage time of 0.1 ms we subtracted the counts of
neutrals not attributable to the photodetachment. Fig. 3.5 shows the counts of neutral
particles detected by the neutral particle detector when the laser was injected with a
storage time of 0.1 ms. The count in the ROI includes the count of neutral particles
that are not caused by the laser. Hence, the counts in the ROI were subtracted by the
averaged counts in the portion of the ion beam bunch width of 10 ps, excluding the
0.4 ps at the rising and falling edges and the ROL

5 o ROI

o i T T T T ]
g 8 7.2 us 11.1 ps

g7 1
T 6 time window including the counts
§ 51 not due to the photodetachment
g a4 :
s 3| 34ps | I{IW [’ 12,6 ps ]
5 27 ]
§ 8 ] | ! ! ! |
S o 2 4 6 8 0 12 14 16 18 20

Time after the laser injection [us]

Figure3.5: The typical raw count of the neutral particle detector at the storage time
of 0.1 ms.

Fig. 3.6 (a) shows the obtained time-resolved photodetachment spectrum. The
measured wavenumber range is from 18448 to 18 567 cm™!. There isno B—X Av = —1
transition peak in this range, as described in the previous section. The storage time
was changed by laser delay, and spectra were obtained for accumulation times of 0.1,
1, 2,3, 4,10, 20, 40, and 80ms. The number of ion beam injections per point was 30
injections (0.1, 1 ms), 50 injections (2-20 ms), 150 injections (40 ms), and 600 injections
(80ms). The total measurement time was about 106 hours. Fig. 3.6 (b) shows the
spectrum of B v/ = 0-X v” = 0, the only B-X transition in this wavenumber range
with a laser pulse energy of 5m]. Simulations were performed in PGOPHER using
Jones et al’s spectral constants [85]. These peaks are not observed in the spectrum (a)
measured at 1 m] because this process is a two-photon process, as shown in Fig. 2.2,
and requires a large laser pulse energy.

A number of the peaks seen at 0.1 and 1 ms in Fig. 3.6 (a) disappear after 2-3 ms
storage time. On the other hand, some peaks remain until 80 ms. If these peaks are
derived are B—X or A-X transitions, there are three possibilities in this wavenumber
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Figure3.6: (a) The laser-induced photodetachment spectra of C; from 18448to
18567 cm™! at 1mJ. The spectra were measured at storage times of 0.1, 1, 2, 3, 4,
10, 20, 40, and 80 ms. Wavenumber increment is set to 0.03 cm ™! steps. For the peaks
with triangular marks, the decay time constant of the peak intensity was analyzed.
The resulting time constant of each peak is shown by the color of the triangles: orange
(> 3.0ms) and blue (< 3.0ms). All spectra were normalized to the intensity of Peak I.
(b) The same spectrum at 40 ms, but with a laser pulse energy of 5m]. The lower blue
line shows the pGoprHER simulation of the X 22}“(0" =0) — B2% (v’ = 0) transitions.
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range. The first is B-X Av = =1 (v” > 9). This possibility is rejected by the analysis
performed in the previous section. The second possibility is B-X (X v” <= 5), but as
mentioned above, this is a two-photon process, and we know that it is observed when
measured at 5 mJ but not when measured at 1 mJ. Therefore, itis rejected. The third is
the A-X transition. The energy level of A v’ > 15 is above the detachment threshold
and would be photodetached. In this wavenumber range, there are transitions of
Av =11, such as A v" = 16-X v” = 5. However, the Franck-Condon factor is very
small (< 107*). Then this possibility is also rejected.

In addition, as shown in table 1.9, it is theoretically derived that the A state re-
laxes in the us order and the B state in the ns order; then, these peaks cannot be
attributed to the transitions from the A and B states. Furthermore, transitions such
as those discussed above have not been observed in the previous experiments in
this wavenumber range. Then, these peaks cannot be explained by the transitions
between X, A, and B (doublet-doublet transitions). Therefore, it is reasonable to
assume that they originate from bound electronic states other than X, A, and B.

3.4 Normalization for spectra of each storage time

In order to quantitatively compare the spectra measured at different storage times, it
is necessary to normalize each spectrum by the number of ions in the ring at the time
of laser irradiation.

Let Nx(t) be the number of ion in the X state at the time ¢ and S be the set of the
vibrational states of the each electronic state other than X, ie., S = {Av =0, Av =
1,..,Bv=1,Bv=2,.,2 v=0,..}. For any i € S, N;(t) is defined as the number
of ions in the i state at the time . For example, Np,=(t) means the number of ions
in the Bv = 2 state at the time ¢. The respective peak height h;;(t) (i,j € S) in the
phoyodetachment spectrum resulting from an optical transition from state i to state
j can be written as a constant multiple of N;(t), that is

hij(t) = cijNi(t) 3.1)

where c;; is a constant. Nj;(t) decreases due to autodetachment or due to collisions
with residual gas and fall out of the storage ring. The former is an exponential
decrease with a lifetime 7; unique to each state, while the latter is a state-independent
but time-dependent decrease A(t). Nx(t) is only decreased by the latter, then

dN;(t) _ 1

2 = =N - AONI) 62)
dl\gi ® _ _Ao)Nx (). (3.3)
Solving this, we find that
¢ t
Ni(t) = Ni(0) exp (—T— —[ A(cf)dcf) (3.4)

Nx(t) = Nx(0) exp (— /1 A(é)dcz) . (3.5)
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Since we want to find 7;, the height h;j(t) of each peak in the detachment spectrum
should be normalized by the amount of ions in the X 22; state, Nx(t), as in

hij(t)  ciiNi(0) ( t) (3.6)

Nx(t)  Nx©0) P\'7

instead of the total amount of ions, Ny (f) = >; Ni(t) + Nx(f).
The time evolution of the ratio of the nubmer of ion in each vibrational state of X 22;

to the sum of the ion abundances of the doublet states X 22; and A 211, is shown in
Fig. 3.7. The A coefficient of each vibrational state was derived using the program
LEVEL [78], which finds the Frank-Condon coefficient by solving the Schrodinger
equation in the radial direction. It was calculated by solving the rate equation
with the initial temperature as 4500K and the vibration state under calculation as
X 2¥} v = 0-10, A *T1, v = 0-10. Transitions from the quartet states to the doublet

states are not considered because they are forbidden. In addition, since A 2[1, and
B 2% relax immediately, the number of the X 22; states can be regarded as the total
number of the doublet state. The change of relative population during the storage
time at 0.1-80 ms is less than 4%, which is small enough to be regarded as constant in
the present study. Therefore, the height of the detachment peak from X 22} v =0

through B 2L} v’ = 0 is proportional to the total number of ions in the doublet states.
Therefore, by normalizing h;;(t) using the peak height of v” = 0 — v’ = 0, it is
possible to determine ;.

For this normalization, we observed the resonance-enhanced two-photon detach-
ment (REMPED) of the X 22; v = 0 state with an increased laser pulse energy at

5m]J (2.5 X 107! mJ/cm?). Fig. 3.6 (b) shows the photodetachment spectrum at 40 ms
obtained with a laser pulse enegy of 5 m]J, exhibiting additional peak structures that
were not present at a pulse energy of 1 m]J. The positions of additional peaks agreed
well with the spectral simulation for the Xv” = 0 — Bv’ = 0 transition obtained
by PGoPHER assuming a typical initial temperature for a cesium-sputter ion source
(5000K) [175]. Although these peaks are suitable in principle for normalization, the
spectrum at 5mJ is more complicated due to the two-photon processes and power
broadening. For this reason, we paid attention to a peak at 18511 cm™!, hereafter
called Peak I, which is intense even after 80 ms of storage time. At the laser pulse
energy of 5m]J, we compared its peak intensities relative to the ro-vibrationally well-
resolved transition of P(40) (the transition peak of the P branch (A] = —1) whose initial
rotational quantum number is 40) at 18549 cm™! among the Xv” = 0 — Bv’ = 0
transitions, and found a near-constant intensity ratio of 2.9 + 0.3 over the range of
20-80ms as illustrated in Fig. 3.8. Assuming that this behavior also holds for storage
times earlier than 20 ms, we were able to use Peak I to normalize each spectrum at the
laser pulse energy of 1 m] instead of the P(40) transition originating from the ground
state X.

Here we describe additional information on the laser pulse energy dependence of
the spectra. We measured the laser pulse energy dependence of Peak I and peak
P(40). As shown in Fig. 3.9, the intensities of Peak I saturate with weak laser pulse
energies less than 1 m]J. This explains our observation that the intensity of Peak I at
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Figure3.7: Simulation of the time evolution of the population of the doublet state.
The vertical axis shows the ratio of the population of each vibrational state of the
X 22; state to the total population of the doublet state.

40 ms is comparable at both 1 and 5m] pulse energies. This feature is also seen in
the other unassigned peaks. Therefore, every unassigned peak in the spectra of 1
and 5m]J at 40 ms in Fig. 3.6 is considered to be saturated. It implies that they result
from a one-photon process if we assume a typical cross-section for allowed bound-
bound transitions. In contrast, the peak P(40) belonging to the B—X transition is
observable in the spectrum at a laser pulse energy of 5m] but not at 1 m]J, as already
described. Their intensities are linearly correlated with the laser pulse energy, as
shown in Fig. 3.9. Lineberger and Patterson [120] explained that the transition from
X v” =0to B v’ = 0is readily saturated, and the transition probabilities from bound
to continuum states C5 (B v" = 0) — C(X) are linearly correlated.
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Figure3.8: The intensity ratio of Peak I and X v” = 0 — B v’ = 0 P(40) as a function
of storage time. The red straight line is the average weighted by the error bar of each
ratio. The gray-filled area shows the standard deviation of the average. This figure
is quoted from lizawa et al. [159] under the CC BY 4.0 license.
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Figure3.9: Laser pulse energy dependence of the intensities of Peak I observed at
a storage time of 20ms (blue circle) and that of P(40) in X v” =0 — Bv' =0 ata
storage time of 40 ms (pink square). The straight line shows a linear fitting of P(40).
This figure is quoted from lizawa et al. [159] under the CC BY 4.0 license.
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3.5 Lifetime analysis of the unassigned peaks

The normalization described in the previous section was performed, and the decay
times of the 110 unidentified peaks were determined from the photodetachment
spectra shown in Fig. 3.6(a). These peaks were selected that we recognize as peaks in
the 1 ms spectrum that could also be confirmed in the 2 ms spectrum. The peaks for
which lifetimes were determined are indicated by v in the 1 ms spectra in Fig. 3.6(a).
The heights of these peaks were determined for each storage time from 0.1 to 80 ms,
and the decay times were obtained by curve fitting with a single-exponential function
f(t) = =Noexp(—t/7) + a. Assume a 30% uncertainty in peak height to account for
the stability of the population of each vibrational and rotational state in the ion
beam during the measurement time of several months. Introducing this uncertainty
contributes a more accurate evaluation of the y? and confidence interval but does not
change the trend of the obtained time constant distribution.

The peaks were classified into long-lived and short-lived ones, and background
settings were adjusted for each class. When the arithmetic mean of the peak heights
at 40 and 80ms is greater than 1/10 of the peak height at 0.1ms, this peak was
classified as a long-lived peak. If the 40 or 80 ms peak was not used for fitting, the
peak height of the longest storage time was used as the reference. The other peaks
were classified as short-lived peaks. Note that the 36th peak from the left in Fig. 3.6
is judged as a long-lived peak, but the peak is just picked up by the shoulder of
the neighboring peak and makes the peak appear higher. Then the 36th peak was
manually classified as a short-lived peak. The background a was changed depending
on whether it is a long-lived or short-lived peak. For the short-lived peak, the peak
height with a long storage time has decayed sufficiently, and the heightis regarded
as the background. Then the background a is defined as the arithmetic mean of the
peak heights at 40 and 80ms. If the 40 or 80 ms peak was not used for fitting, the
background a is defined as the peak height of the longest storage time. For the long-
lived peak, the background cannot be obtained from the peak heights, and then the
background is defined as the integral over the wavenumber band of the 10, 20, 40,
and 80 ms spectra in which no peak appears (gray part of fig. 3.10).

There are long-lived peaks whose height decays rapidly at 0.1 ms and 1 ms even
though the peak height is large enough at 40 and 80 ms to be judged as a long-lived
peak. In this case, 0.1 ms and 1ms data were not used for fitting. On the spectra,
there are some peaks whose height is unstable or takes a strange behavior such that
suddenly peaks appear or grow. In this case, the corresponding data were not used
for the fitting. The fitting results are shown in fig. 3.13. The data not used for fitting is
indicated by gray color. The chi-square for each peak is shown in Fig. 3.12. There are
many peaks with reduced chi-square x?/(degree of freedom) < 1, but this is mainly
due to the small sample size and not considered an incorrect choice of model.

The obtained lifetime for each peak is shown in Fig. 3.11. Peaks with lifetimes
longer than 10s are removed from the plot. The error bars are 95% confidence
interval. Since the maximum storage time of the spectrum acquired in this study is
80 ms, peaks with lifetimes longer than around 100 ms have large error bars.



68

Chapter 3 Result and discussion

L | i _
WALl ”«‘)‘u il et {P,Vr‘ A AL b
" ﬂj i \H\y‘ﬁy\ fw w‘f“’” J\l[r\\)ﬁw‘ Nwl‘,w \‘V‘M‘,ﬁ“\“u"‘ Wy /1‘1\"k,¢vw,fv\)1[‘m%,iﬂ‘%\‘f\f ‘WW ’t/()‘ V\l'fa%“ﬂ\yv\)p/ A)v \ ’M"P Li\\'\M\N‘MLA V‘“\“rﬂN\rﬂL/aA Mﬁwﬂ% 0.1 ms
_ 1ms
a W}f | ) | | |2
— ul | | I [N |
€ L "\f Wby LVM wardV WMNM\JMMWMM‘«MMMMWWMMWWA,«MMWh‘w W”;Mwmuw AN WWWM ST SVIRTR T ms
3 3ms
o
2 || |
N \ “ ‘ i r‘ i ‘
% A N ‘f\‘LW"WWWW V‘mw\,“.w\w’-*\‘ww"‘w»kw»mmww st W i D oAl Wi 4ms
g 10 ms
2 ,
U : VY » 20 ms
- L// W mh \"-UA"M.M.,,AM._W“M,,,NL. A M/ lj“)LJJH\A»/J*J ‘r‘/f“ LAl | ULl*\,A_M»*
40 ms
L‘ | J\‘ |
‘/ %m\ Moot ol o I phad s | . L -"N“»/"W' A"“”m ,L“‘ i f‘f‘wm“l‘wﬁ‘" L 80 ms

18510 18515 18520 18525 18530 18535 18540 18545 18550
wavenumber [cm'1]

Figure3.10: The wavenumber bands used to derive background for short-lived peak
(gray part). The band of the spectrum from 10-80 ms in which the short-lived com-
ponent is sufficiently decayed was selected.

The results show that the peaks can be roughly divided into two groups: peaks with
lifetimes of 1.5-3.0ms and those with longer lifetimes, and there is more scatter in
the latter group. The former lifetime is in good agreement with the autodetachment
lifetimes observed without laser irradiation as discussed in § 3.1. It is clear from the
previous discussion that these peaks with lifetimes of 1.5-3.0ms are not doublet-
doublet transition peaks. Therefore, the initial states of the transitions from which
these peaks originate are responsible for autodetachment.

We also found that there are peaks with lifetimes longer than 100 ms. Since these
are also not doublet-doublet transition peaks, the long-lived states other than the
ground state X 22} that exceed 100 ms exist. This suggests the possibility of the

existence of bound excited states other than the X 22;’, AZ2T1,, and B 22;; states.
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Figure3.12: The chi-square for each peak. Because of small sample size, the reduced
chi-square x?/(degree of freedom) is tends to be smaller than 1.

Asnoted in § 1.2.6, Pedersen et al. [46] observed an autodetaching component with
a lifetime of 2.5 ms and proposed that the transition is due to %;. Transitions from
these states to the electronic ground state X 12;’ of the neutral C; are forbidden and
thus are expected to have long lifetimes on the time scale of ms. In addition, as shown
in the potential energy curve (Fig. 1.10), the position of the potential minimum of
Y.} is significantly shifted from that of 4 3T, in C,. Therefore, even if 42 relaxes to
a T, in Cy, it is not at all strange that a possible *L; state has a long lifetime due
to the small overlap of their wavefunctions. Moreover, the transitions from “L to
X ZZ;’, A°I1,, and B2L} are spin forbidden as described so far, and the overlap of
the wavefunctions is also tiny, then the transition probabilities have to be extremely
small.

If these peaks are optical transitions from the 4 state, another higher quartet state
decaying to neutral C; is required. Indeed, the laser power dependence measure-
ments shown in Fig. 3.6 (a) and (b) indicate that most of the long-lived unidentified
peaks originate from bound-bound transitions. Although only *Z; and %A, are
plotted in Fig. 1.10, the upper quartet states 42; and *T1, of the allowed transitions
have also been calculated. These overlaps are generally significant. A possible curve
crossing mechanism between a quartet state, produced after laser excitation, and the
a 31, state of C; may also contribute to neutralization via purely electronic autode-
tachment [113]. The assignment of these peaks requires precise information about the
potential curves of these highly excited electronic states and associated vibrational
levels.
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Figure3.13: The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.
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Figure3.13: (cont.) The fitting curves for each peak.

3.6 Negative ion formation in the cesium-sputter source

All of the autodetachment experiments of C; reported so far have been performed us-
ing cesium sputter ion sources. On the other hand, no peaks other than X 22;—3 2yt
were reported in the photodetachment spectroscopy experiments using a discharge
ion source, and the unidentified peaks discussed in this paper were not observed.
Similarly, the present peak was not observed in the photodetachment spectroscopy
performed using a laser ablation ion source. Therefore, the negative ion formation
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process in the cesium sputter ion source causes the long-lived excited state of C;
observed in this experiment.

As already mentioned in § 2.2, the Cs sputter ion source produces negative ions
by sputtering the sample cathode with thermally ionized Cs*' cations. However,
the detailed mechanism has yet to be fully elucidated, and no established theory
exists. Nevertheless, there have been several studies on the electronic and vibrational
temperatures of molecular anion beams produced by Cs sputter and gas discharge
ion sources. Corderman et al. [175,176] measured the temperature of O, produced
by Cs™ sputtering of an Fe metal target. They reported the electronic and vibrational
temperatures to be Ty * 1500 + 500K and Ty = 5000 K, respectively. In contrast,
they found that O, produced by gas discharge of neutral O; has electronic and
vibrational temperatures of about 1000 K. Similarly, Breitenfeldt et al. [177] compared
different ion sources, the metal-ion sputter source (MISS) and laser vaporization
source (LVAP), and found the temperature of Co, from the MISS to be much higher
than those from LVAP.

According to a recent Vogel’s theoretical suggestion [178-180], in anion production
in cesium-sputter sources, resonant electron transfer from excited neutral cesium is
considered to play an important role. In the present case, this would contribute to
producing the C; in highly excited states because the electron binding energies of
excited cesium are much smaller than that of the ground-state C;.

Safvan et al. [181] claimed that the C; produced by the cesium sputter ion source
is almost the ground electronic state. They have measured the ratio of dissociated to
non-dissociated cross sections in two-electron detachment by collisions with argon
gas. Assuming this ratio should be different depending on the states of C;, they
delayed the time-of-flight of C; ions produced by the cesium sputter ion source to
decay the A 2I1,, state, and found no change in the ratio. They, therefore, concluded
that the C ions produced by the cesium sputter ion source populated is a very
few amount of A I, state and were predominantly in the ground electronic state.
However, this report does not assume any state other than X 22; and A 2T1,. We have

observed many transition peaks that cannot be explained by any of X 2y+ A211,, or
B2%}, which negates their claim.






Chapter 4

Conclusions

Although the diatomic carbon anion C; is one of the most well-studied molecular
negative ions, its reaction and transition processes are not fully understood due to its
complex electronic structure. Previous experiments suggested the autodetachment
process C;* — C; + e~ takes place via an unidentified spin-quartet state. There were
several theoretical calculations on the quartet states, but whether or not such bound
states exists in the C; is still being debated.

In this thesis, I have performed an experimental study on the electronic excited
states of C; and their relaxation dynamics using a cryogenic ion storage ring RICE
combined with a high-resolution laser spectroscopy technique. First, the rate of
autodetachment of C; was measured in the RICE. A cesium sputter ion source,
which is expected to produce beams with high electron and oscillation temperatures,
was used as the ion source. From the temporal decay rate of the C; beam intensity
in the ring, the autodetachment rate was obtained to be 2.929 + 0.011 ms, which is in
good agreement with previous studies.

Second, to elucidate the origin of the autodetachment process, I have performed
a high-resolution photodeatchment spectroscopy using a pulsed optical parametric
oscillator (OPO) laser. At 10ms storage time, the photodetachment spectrum was
obtained by detecting neutral C; molecules produced by photodetachment C5 +hv —
Cy+e~. From the obtained spectrum, the spectroscopic constants for B2L} v’ = 5-8 by
applying the B—X transition of Av = —1 was determined using spectrum simulation
program PGOPHER. Since no peaks attributable to X v” > 9 were detected and A and B
states are quickly decayed in ps and ns order, the initial states to be considered in this
spectrum are restricted to X v” < 9. The precisions of rotational constants obtained
in this study are higher than those of previous studies. These improved experimental
values are expected to serve as a benchmark for quantum chemical calculations.

Fianlly, we observed a large number of unassigned peaks found in the photodetach-
ment spectrum. These unassigned peaks could not be explained as the transitions
between the well-investigated electronic states of X 22;, A?TI, and B2L%]. Therefore,
supposing the existence of an additional electronic excited state, I have studied the
lifetime of this state by observing the storage time dependence of the photodetach-
ment spectra: the time-resolved high-resolution spectroscopy of C;. In the result,
about one third of the unassigned peaks were found to decay with a lifetime of 1.5ms
to 3ms. These lifetimes well agree with the autodetachment lifetime of C; which was
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2.9ms. This suggests a possible detachment channel from the unidentified bound
states we observed. In addition, the long-lived states other than the ground state
X ZZ; were found with a lifetime longer than 100 ms. This suggests the possibility of
bound excited states other than the X ?X}, AT, and B2L} states.

To summarize, the results obtained in this study strongly suggest the existence of
long-lived bound states other than the known bound states (X °2}, A *IT, and B2L}),
which are involved in the long-unresolved ms order autodetachment. Although the
origin of the unidentified peak is not yet known, the results of this study are expected
to be the starting point for many future experimental and theoretical studies as a clue
to elucidate the details of the electronic structure of C;.

This study also demonstrates that time-resolved photodetachment spectroscopy
using ion storage rings is an effective method for studying the bound excited states
of molecular anions. This method, together with the recent lifetime measurements
of the long-lived excited states of CH™ (> 10s) at DESIREE [182], will be a powerful
technique for analyzing long-lived excited states.

For further understanding, spectra should be obtained by varying the initial elec-
tronic temperature of the ion beam. There were no unidentified peaks in previous
spectra obtained with the discharge-type ion source and with the laser ablation ion
source. These ion sources are known to produce the molecular ion beams with lower
electronic and vibrational temperatures than the cesium sputter ion source, which
was used in this study. Similar results are expected to be obtained with these ion
sources even if measurement is performed in the cryogenic ion storage ring RICE,
where there is no effect of background radiation.

To obtain the lifetime of the long-life component it is nessesary to conduct exper-
iments using a cesium sputter ion source with an extended storage time of a few
seconds. If the storage time is increased by a factor of ten, the time required for mea-
surement will also increase by a factor of ten, and the number of stored ions will also
decrease. For example, it is expected to take several months to obtain the spectrum of
Fig. 3.3 with a storage time of 1 second. During this time, the ion source has to be in
stable operation. Therefore, it will be necessary to develop a technology to make the
ion source output at the electronic, vibrational, and rotational temperatures stable
for an extended time.



AppendixA

State-selective ion—Neutral
low-energy collision experiments

In this appendix, the state dependence of chemical reactions will be dis-
cussed. When atomic molecules collide at very low energies, the reaction
branching ratio is highly dependent on the electronic, vibrational, and ro-
tational state of each atomic molecule. This may be why many molecules
exist in interstellar space, although the density of matter is rare and the
chance for collisions between atoms and molecules should be rare due
to the extremely low temperatures. Therefore, we planned to conduct
an ultra-low-energy collision experiment using the merged-beam method.
We focus on neutral-ion collisions, an exothermic reaction, and present
the results of testing a beam source that produces neutral beams with
controlled internal states.

A.1 Background from astrochemistry

Since 1937, when it was discovered that molecules exist in interstellar space [27],
about 200 species of molecules have already been discovered [183]. In 2016, the
Atacama Large Millimeter/submillimeter Array (ALMA), the world’s largest radio
telescope developed jointly by the United States, Japan, and Europe, will begin
full-scale operations, collecting astronomical data with unprecedented sensitivity
and resolution. Radio observations with high spatial resolution using ALMA have
revealed the distribution and diversity of matter in the forming regions of planetary
systems [184], and the study of the origin of planetary systems has made great strides.

The surrounding physical and chemical conditions determine the evolutionary
process of molecules in this region. Therefore, it has been newly recognized that the
chemical-physical knowledge of interstellar molecules is crucial to investigating the
origin of the solar system and various forms of exoplanets. Against this background,
the study of elementary processes of reactions by atoms, molecules, and photons in
low-temperature and dilute environments is becoming increasingly important.

The reaction between neutral atoms and molecular ions is one of the significant
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chemical reactions in interstellar space. In recent years, the reaction between neutral
atoms and molecular ions has attracted much attention as an essential reaction process
in the formation of complex organic molecules (COMs) [185,186], the building blocks
of life. Unfortunately, however, experimental studies of low-energy atomic and
molecular reaction processes involving neutral atoms have not progressed because it
is difficult to control the motion of neutral atoms by electric or magnetic fields since
they have no electric charge, and experiments controlling the collision velocity have
rarely been performed. Therefore, we planned to conduct a merged-beam experiment
using ion and neutral atomic and molecular beams in order to experimentally pursue
the process of matter evolution in interstellar space by measuring its cross section and
state dependence and use this knowledge to further our understanding of the origin
of star and planet formation. This appendix describes the evaluation of neutral atomic
beams suitable for merged-beam experiments and the progress of the preliminary
merged-beam experiments [187].

A.2 Overview : merged beam experiment

The merged-beam method is a method in which two or more beams are merged with
equal velocity so that their particles collide with each other at a relatively low velocity.
In the merged-beam method, the collision energy itself can be controlled, whereas in
the ion trap method, only the temperature, i.e., the collision energy distribution, can
be controlled. Therefore, the collisional cross-section, rather than the reaction rate,
can be measured, and more physically essential discussions can be made.

The primitive merged-beam experiments were alpha particle-electron collisions
performed by Davis and Barnes reported in 1929 [188]. The first fruitful result using
the merged-beam method was the cation—neutral collision cross-section measure-
ment of Trujillo et al. [189], and Belyaev et al. [190,191] in 1966. Trujillo et al. [189]
observed charge transfer from Ar to Ar" and neutral Ar beam is generated with
charge transfer cell. Belyaev et al. [190,191] observed charge transfer from H to H,
and neutral H beams were produced by collisions with He 1.

In low-energy collisions, the collision energy and the internal state affect the re-
action cross section. In recent years, it has been known that not only electronic and
vibrational states but also rotational states affect the reaction cross section [193,194].
To measure such state-selective cross sections, it is necessary to conduct a merged-
beam experiment with a molecular beam whose internal state is controlled. For
this measurement, an ion storage ring is appropriate for generating molecular anion
beam [195]. Ion storage rings have the advantages of not only phase space com-
pression of ion beams but also vibrational and rotational cooling for molecules with
permanent dipole moments.

All of the recently developed cryogenic ion storage rings are also designed for
merged-beam experiments, with ion-electron and ion-neutral collisions planned for
CSR [154,155], positive ion-negative ion collisions for DESIREE [151,152], and ion-
neutral collisions for RICE [57]. CSR have already been used for ion-electron merged-

* Their paper published in 1967, uses CO; to produce neutral H beams [192].
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beam experiments [194] and ion-neutral merged-beam experiment [196].

A.3 Overview : neutral beam source

A.3.1 Requirement of neutral beam source

The merged beam experiment requires controlling the collision energy by controlling
the collision velocity. Let the velocities of the two beams be v; and v, and the

angle between them be 0, then the relative velocity is v, = \/ v% + v% — 20107 cos 0.

Therefore, the relative energy E, at the center-of-mass system in the non-relativistic
limit is

E, = 1[403 =pu (ﬂ + L2 _ 2 E1Es cos 9) , (A1)
mq nio mimoy

where E; and E; are kinetic energies, m1 and my are masses, u is a reduced mass, i.e.,
p = mymy/(my +my). As seen above, controlling the relative energy requires not only
reducing the variance of E; and E; but also reducing the variance of 0, i.e., the angular
spread of the beam. The phase space of the molecular ion beam is compressed by the
ion storage ring. The neutral atomic beam is generated by neutralizing the collimated
anionic beam to control the kinetic energy and angular spread of the neutral atom
beam.

The internal state must be controlled to measure the state-selective cross-section.
The molecularion beam is radiatively cooled employing the cryogenicion storage ring
RICE. The neutral atomic beam does not need to consider vibrational and rotational
levels, so only the electronic state needs to be considered.

Therefore, the requirements to be satisfied by the neutralization apparatus for a
neutral atomic beam source are: 1. the variance of kinetic energy and angular spread
should not be increased by neutralization, and 2. no electronic excitation should
occur. There are two possible neutralization methods, detachment by collision with
gas and photodetachment at wavelengths near the electron affinity. In the present
study, we employed photodetachment, which satisfies both requirements.

A.3.2 Neutral carbon atomic beam

In this study, neutral carbon atoms are produced photodetached with a photon at
808 nm. The energy diagram of C~ and C is shown in Fig. A.1. There are two
electronic levels in C~ below the detachment threshold, #S and 2D [197-201]. If the
C~ beam consists only of the *S state, the C transitions to the neutral ground state
C 3P by photodetachment. Note that we cannot control the level of fine splitting,
3Py, °P1, and >P;. If the C beam contains 2D, and ?Ds)s, it can transition to C 'D
by photodetachment. Since the lifetime of C 3P is 10°~10% s [202], it is not relaxed
before arriving at the interaction region of the merged beam apparatus. Therefore,
the photodetached beam will contain electronically excited states.

According to Scheer et al. [199] and Takao et al. [47], the C beam produced by
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FigureA.l1: Energy Diagrams for C~ and C based on [197-201,203]

a cesium sputter ion source contains almost few 2D states. Therefore, the cesium
sputter ion source is employed in this experiment.

The beam intensity needs to be 10nA in terms of monovalent ions. For example,
suppose the reaction cross sections of C + H — CH" + H? and C+ H} — CHj +H
are to be measured on the condition that H; is on the order of 1uA, the beam
diameter of both is about 20 ¢, the beam energy of both is about 21keV in C, and
the merging region is about 1 m. Then the neutral carbon atom beam of the order of
10nA is required to detect the sub cps order of the reaction product since the reaction
cross-section is around 1071°-1071¢ cm? [204].

Fig. A.2 shows a typical mass spectrum of the output from the cesium sputter ion
source SNICS II with a carbon cathode. To obtain an output of about 10nA from this
source, the detachment efficiency has to be about 1 %.

To minimize the momentum perturbation of the neutral carbon beam due to resid-
ual gas, the flight distance should be shortened. Therefore, a semiconductor laser
array (808 nm, 60 diodes, 105 mm width, 5000 W, custom-made by Northrop Grum-
man) was orthogonally set up to the C~ beam.

The photodetachment efficiency is obtained by

Po
n=1-exp (—va) (A.2)

where P is the laser power, E is the laser energy, o is the photodetachment cross
section, v is the beam velocity and w is the laser spot width along the beam. Since
the photodetachment cross-section is about 1.4 X 10717 cm? for photon energy of
1.5€eV [205-208], the photodetachment efficiency is on the order of 1073 and does not
meet the necessary requirement. Therefore, an optical amplifier with three dielectric
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FigureA.2: Typical Mass to charge ratio of carbon ion obtained by the SNICS II.
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FigureA.3: Scheme of the optical amplifier for anion neutralizer.

multilayer mirrors was built to improve the photon flux density. Fig. A.3is the scheme
of the optical amplifier.

The amplifier is installed in a vacuum chamber. For this reason, the amplifier
should be water-cooled. Because the water-cooling system must be made of a material
with high thermal conductivity, arc welding and resistance welding cannot be used.
Then, machining and EB welding were mainly used with alminium for base material.

Three AR-coated cylindrical lenses made of synthetic fused silica are used for
longitudinal focusing, as shown in fig. A4. Lenses made of BK7 are unsuitable
for this experiment because they quickly break due to large coefficient of thermal
expansion.

Other examples of photodetachment devices are introduced here: O’Connor et
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[ { 200 mm

FigureA.4: Scheme of the optical system and laser path for the optival amplifier.

al. [204] have developed a device without mirrors and put the laser at a slight angle
to the C~ beam. This device eliminates the possibility of cooling water leakage into
the chamber and maintains low pressure because there are no devices in the chamber.
Bresteau et al. [209,210] use a low-power laser and amplify the light using a cavity
outside the chamber. This apparatus does not need a high-power laser and increases
safety, but it is not easy to maintain stable oscillation over a long time using a cavity.

A.3.3 Brief evaluation of neutral beam source

An optical lay tracing simulation by Zemax Optic Studio estimates that the amplified
total photon flux is 8 times as much as that expected in the single-pass configuration
at a reflection rate of 95%. The efficiency was enhanced by an order of magnitude
by the optical amplifier. At a laser power of 5000 W, the expected neutral C beam
intensity would be ~ 25nA out of 1 1A negative ion beam in preliminary trial.

This optical amplifier has two problems: 1. The EB welds are damaged by the
piping removal and attachment due to the adjustment. Then the cooling water
significantly leaked, and the chamber pressure deteriorated. 2. Due to the optical
durability of the dielectric multilayer, the laser power that can realistically be input is
about 2kW. These problems could be solved by developing an optical amplifier that
uses a gold mirror and is formed by machining with a cooling section.

A.4 Outlook: merged beam experiment with RICE

The cation beam’s state is controlled by a cryogenic ion storage ring. Therefore,
the ion without a permanent dipole moment is unsuitable for the target ion. For
instance, HD™ is appropriate, but not H} or H}. Fig. A.5 (a) shows a radiative cooling
simulation of HD*, obtained by the solving rate equation [211]. The Einstein’s A
coefficients are taken from Amitay ef al. [212] and Pilén et al. [213], and the initial
distribution is assumed to be the Boltzmann distribution at 1000 K. The cooling time
that the 80% ions are in the ground state is the order of 10% seconds.

The bottleneck of the cooling process is the long time to stay in v = 0, ] = 1 state.
Pumping up from the v = 0,] = 1 state to the v = 2, ] = 0 state by photon (2.68 pm)
can speed up the cooling time. Fig. A.5 (b) shows a cooling simulation with the
pump-up laser, which can bring about 80% of the system to the ground state in the
order of 10! seconds.
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FigureA.5: (a) The radiative cooling simulation of HD*. (b) The simularion with
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Fig. A.6 shows the schematics of the merged beam experiment with RICE. There are
three issue that will make this scheme feasible. The first is the stable operation of the
ion and neutral beam sources. As mentioned earlier, the neutral atom beam source
is being redeveloped for stable operation. The second is the development of product
detectors. O’Connor et al. [204] and Hillenbrand et al. [214] employed three 90-degree
deflectors to separate C*, CH" and CH; . The detector for our experiment is currently
under development. The third is the decrease in the number of stored ions during
cooling. The number of stored ions decreases by two orders of magnitude or more
from the number of incident ions after storing the order of 10? seconds. Therefore,
long time measurement is necessary. Before conducting a merged-beam experiment
using RICE, we should try merging the beams extracted from the ion source without
the storage ring.
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