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We study radiative cooling processes of N,O™ ions isolated in vacuum by taking advantage of the extended
storage times possible with a cryogenic electrostatic ion storage ring. The temporal evolution of the internal state
populations of the N,O™ ions after being stored in the ring was state-selectively measured by action spectroscopy
via a predissociation process using a wavelength-tunable pulsed laser. The rotational level population remained
unchanged up to about 200 s after ion storage, which is consistent with theoretical predictions and the small
permanent dipole moment. On the other hand, we found that depletion of the vibrational excited states in the
NN-O stretching mode proceeded within 5 s, while a noticeable increase of the ground-state population was not
observed. This implies that the initial populations of the vibrational excited states are relatively small. We discuss
such behavior in the context of the initial population distribution of ions extracted from the ion source with a

simulation based on simple cascade modeling.
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I. INTRODUCTION

Excited molecular ions isolated in vacuum dissipate their
internal energy solely via spontaneous emission. This radia-
tive cooling (RC) is one of the fundamental processes in
molecular science. The RC process involving multiple internal
degrees of freedom (electronic, vibrational, and rotational)
reflects molecular properties including the electronic structure
and the molecular geometry. Understanding this process has
been indispensable in studying slow unimolecular dissocia-
tion and controls the extent of thermalization of molecular
ions in ion traps [1]. It is also essential in predicting the
radiative properties of the constituent molecules of interstellar
molecular clouds.

Historically, advanced experimental devices like ion traps
and storage rings for confining and controlling ions in vacuum
for sufficiently long times have enhanced both experimen-
tal and theoretical research of RC dynamics in molecules.
Ion-beam storage devices in particular, with their ability to
trace the temporal evolution of internal state conditions and
excellent product detection efficiency, are ideal for observing
very slow processes beyond the millisecond timescale [2].
For instance, H;r, with its equilateral triangular structure, is
a key species in the evolution of molecules in space. It has
attracted much attention for a long period of time due to its
very slow cooling rate coupled with the existence of highly
excited forbidden rotational Rydberg states [3,4]. The cooling
process and their initial condition in the ion source have been
studied by Coulomb explosion measurements and dissociative
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recombination (DR) imaging experiments at the Heidelberg
Test Storage Ring (TSR) and the CRYRING storage ring
at Manne Siegbahn Laboratory, Stockholm University. The
DR processes of HD' in selected vibrational states were
also studied in detail [5]. As an alternative approach, the
observation of depletion of thermalized polyatomic molecular
ions using wavelength-tunable pulsed lasers has provided the
vibrational cooling rates of molecules kept isolated on the
100 ms timescale [6,7]. Although this approach did not reveal
state-selected populations, the study has led to recent findings
of inverse internal conversion followed by recurrent fluores-
cence, which plays a crucial role in the electronic cooling of a
variety of molecules such as small carbon cluster anions (e.g.,
C,, C;) [8-10] and polycyclic aromatic hydrocarbon (PAH)
cations (e.g., Ci4Hj,, CioHy) [11,12]. The observed elec-
tronic and vibrational RC behavior has been well described
by statistical treatments based on the density of states and
detailed balance theory [13], and the initial internal energy
and its distribution have been important topics of discussion
[14,15].

Recent developments of the cryogenic ion storage rings
DESIREE [16], CSR [17], and RICE (Riken cryogenic elec-
trostatic ion storage ring) [18] have realized far longer storage
times, sometimes beyond hours, and have enabled the explo-
ration of very slow RC processes. The temporal evolution
of the internal energy of small carbon cluster anions and
metal cluster anions involving vibrational RC was observed
up to about 60s storage time at DESIREE [19-21]. The
rovibrational-state-selective observation of the RC processes
of diatomic hydride molecular ions such as CH™', OH™, and
HeH™ was demonstrated at CSR [22-24] and DESIREE [25].
These heteronuclear diatomic molecules have high rotational
cooling rates due to large rotational constants and dipole
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moments, allowing rotational RC to the ground state to be
accomplished within 1000 s ion storage time.

In this paper, we report on the RC process of a triatomic
molecular ion observed with RICE. This possesses new chal-
lenges in the understanding of quantum systems with multiple
vibrational degrees of freedom. In general, the rotational RC
process of triatomic molecules is slow, due to small permanent
dipole moments and rotational constants. Additionally, the in-
creased complexity due to multiple vibrational and rotational
modes and their mutual interactions makes the dynamics
complicated. In spite of this, their cooling dynamics are still
governed by the discrete level structure rather than the density
of states. Here we employ the linear triatomic molecular ion
N,O* as the target of our study. Since NoOT has a linear
structure with a central N atom, it has two rotational degrees
of freedom. For vibrations, there are three modes (v v, v3): a
NN-O stretching (v;), a bending (v;), and a N-NO stretch-
ing (v3). A theoretical dipole moment of —0.6933D was
reported [26]. In contrast with HY, N,O™ is characterized by a
lower degree of symmetry, which leads to allowed vibrational
transitions and the decoupling of vibrational and rotational
modes. We take advantage of this simple property of NoO™
to clarify the effect of the multimode nature of molecules
on their RC behavior, which is our primary motivation for
the present study. In addition, the level structures of N,O
and the dissociation processes have been extensively inves-
tigated [26-50] because it is an intermediate product in the
ion-molecular reaction Ot + N5, which is one of the most
important reactions in Earth’s upper atmosphere [51,52]. The
rovibrational population in the X*IT electronic ground state
can be probed by UV photoexcitation spectroscopy to the
predissociative AZYt state, with experimental observations
having been reported for supersonic-expanded [53,54] and
buffer-gas-cooled [55] ions. Storing the N,O" molecule in
cryogenic ion storage rings enables the temporal evolution
of its rovibrational population distribution to be traced in
real-time over an extended time period.

II. EXPERIMENT

We observed time evolution of the internal state population
of an N,O" ion beam stored in RICE by the detection of
neutral N produced by the active predissociation process

N,OT (X *IT) + hv — N,OT(A4 %)
— N,O* (1 *I1)
— N,OT(14%7)
— NO*(X 'ST)+N(*s), (1)

with tunable pulsed laser irradiation. The potential-energy
curves of the N,O" molecule are shown in Fig. 1. The
ions in the X2IT electronic ground state are photoexcited to
a specific vibrational level of the A>X ™ electronic excited
state. Through spin-orbit coupling with the 1 *IT state, they
are transferred to the dissociative state 1 *X~ with a certain
lifetime. It has also been proposed that another dissociation
path opens via vibronic coupling with the XIT state when the
vibrational energy is high, as observed in photofragmentation
spectroscopy [42,45,47]. A theoretical study by Meng et al.
[46] proposed different dissociation mechanisms via 14X,

(RN 25~

2A

- NOI) + N*(°P)

NO*('s*) + N(3P)
NO*('=*) + N(3D)

(Al

RN-NO

FIG. 1. The potential-energy curves of N,O" as a function of
the N-NO distance Ry_no in the N-N-O collinear dimension. Note
that the vibrational transitions which we observe correspond to
the NN-O stretching mode. The blue curves indicate the electronic
states involved in the predissociation path shown by the arrows.
Reproduced and modified from relevant literature [45].

not 14T, in both paths with bent structures. An additional path
to N (?D) assuming the coupling to 2%~ /?A via 1 4TI was
proposed to explain the observations [45].

Figure 2 shows the schematic setup of the laser dissoci-
ation experiment with RICE. The detailed descriptions are
given in Refs. [18,56]. N,O" ions are produced in an elec-
tron cyclotron resonance (ECR) ion source (PANTECHNIK,
Nanogan) under low rf power conditions. The hot N,O™ ions
were injected into RICE as a 10 keV ion beam with a bunch
width of 13 us, which is in accordance with their circulation
period in the ring. The ions are stored in RICE at cryogenic
temperatures (=4 K) and ultrahigh vacuum conditions [18],
which enables long-period ion storage over 100 s. The typical
number of stored ion were on the order of 10°-10° at 1 s after
injection.

The stored beam produced neutral species either by laser-
induced predissociation or collisions with residual gas (mostly
H;) in the ring. We detect neutral N fragments by action
spectroscopy and note that the different predissociation paths
do not affect the results because the N fragments are detected
regardless of the electronic state. These neutrals produced

ECR ion source

Neutral Detector

.......... ).\’\
Tunable Dye laser ‘

FIG. 2. Schematic overview of the present experimental setup.

023119-2



RADIATIVE COOLING DYNAMICS OF ISOLATED ...

PHYSICAL REVIEW A 102, 023119 (2020)

2000

(200-(000) o
T 1

(8300)-(100) o

1500 Fl

1000

Neutral yields [count]

500

(400)-(200) x
T 1

30700 30800 30900

31000

31100 31200 31300

Wave number [cm ]

FIG. 3. A’X*-X2TII photodissociation spectrum of N,O* measured at a storage time of 90 ms. The wavelength region corresponds to the
Av; = 2 sequence, with the main features attributed to the rotational bandheads of the (v; 0 0)-(v{ 0 0) transitions. The filled yellow area
represents the measured region of Fig. 4. By the circle, diamond, and cross symbols, we annotate the bandhead positions considered in Figs. 5

and 6.

in the straight section of RICE travel to the neutral particle
detector placed at the extension of the straight section. The
detector consists of a channel electron multiplier (CEM:
SJUTS, KBL25RS) and an aluminum mirror. The neutral
products impinge on the mirror surface, resulting in secondary
electrons emitted from the mirror surface due to the 10 keV
kinetic energy of the products. These secondary electrons
are accelerated by a bias voltage of 500 V and detected
by the CEM. The decay of beam intensity in the ring was
continuously monitored by measuring the neutral yield due to
collisions with the residual gas. The laser predissociation ex-
periment was performed at different storage times up to 200 s
for the rotational cooling study and up to 5 s for the vibrational
cooling study. The laser system consists of a second-harmonic
generator coupled to a dye laser (Sirah Cobra-Stretch, Exciton
DCM/Ethanol dye mixture) pumped by the second harmonic
of a Nd:YAG pulse laser (Cutting Edge Optics Gigashot at
100 Hz). The timing of laser irradiation was synchronized
with the ion injection. For long-time storage measurements
over 10 ms, we irradiated with a train of laser pulses by
operating a mechanical shutter placed in front of a view port of
the RICE chamber. The wavelength of the laser was monitored
by a high-precision wavelength meter (High Finesse, WS6).
To avoid saturation of the detector, we measured the laser-
power dependence of the neutral yields and fixed the power to
be lower than that which induced saturation at the most intense
bandhead as the experimental condition. The power output of
the dye laser was kept constant over the scanning region of
316-326 nm.

III. RESULTS AND DISCUSSION

A. Rovibrational spectroscopy and rotational radiative cooling
dynamics

Figure 3 shows a photodissociation spectrum of N,O" at
a storage time of 90 ms. The neutral yield was accumulated
over 50 repetitions of injection and dumping of the ion bunch.

The spectrum covers the Av; = v —v{ =2 sequence of
A2Yt-X2T1 transitions, where vy and v are the vibrational
quantum numbers of the upper and lower states, respectively,
in the NN-O stretching mode. The most intense features are
assigned to the (v 0 0)-(v{ 0 0) bands. For each vibrational
transition, four rotational bandheads are assigned to the P and
Q branches of the transitions with the spin-orbit splitting in the
ground state, A>’S-X2T1;, and A>E+-X?I15),. Due to the
inverted spin-orbit parameter (A” = —132 cm™!) in this state
[35], the energy levels of 14 /2 components are lower than
1, /2, and the transitions from them to the common upper
vibrational levels in the A> X state appear on the blue side of
the spectrum.

We focused on the rotational structure in the vicinity of
the main bandhead of A>Z+(2 0 0)-X*I13,2(0 0 0), the filled
area in Fig. 3, and investigated changes in their spectral shape
during storage. The predissociation spectra were observed at
a storage time of 9 ms and compared with a simulation using
the PGOPHER [57] program in Fig. 4. The simulated spectra
were fit to the experimental data by using the molecular
constants and the rotational temperature as variable param-
eters. The observed spectrum was well reproduced by the
simulation supposing a rotational temperature of 320(%20) K
[compare Figs. 4(a) and 4(b)]. The error was evaluated by
taking into account the uncertainty in the molecular con-
stants from the spectral simulation. Details of the molecular
constants determined in this study are reported in a separate
paper [58].

The predissociation spectra at longer storage times of
9.5-9.9s and 195-200s are shown in Figs. 4(c) and 4(d).
The beam intensity in the ring decays with the storage time,
and hence the neutral yield is shown after normalization to
the bandhead intensity. The number of laser pulses per ion
injection were 40 and 485 for Figs. 4(c) and 4(d), respectively.
The spectra remain essentially the same shape within this
time range due to the fact that the rotational RC lifetime is
much longer than the timescale of the present experiment.
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FIG. 4. Storage time dependence of the photodissociation spec-
trum in the main bandhead of A2X (2 0 0)—X21'I3/2(0 0 0). (a) The
simulated spectrum assuming a rotational temperature of 320 K. The
experimental spectra (b)—(d) were measured at storage times of 9
ms, 9.5-9.9s, and 195-200s, respectively. The assignment of the
rotational structure is indicated in panel (a).

This behavior is qualitatively supported by our rotational RC
simulation, as summarized in the Appendix.

B. Vibrational radiative cooling dynamics

Vibrational population evolution is described indepen-
dently of the rotational RC process to an adequate approxi-

10" T
Pe® ® (a)

= ®
2 &
5 e ®
8 10° @
~ &
= Q) :(200)-(000)
é ¢ :(300)-(100)
g >I(>I< o X 1 (400)-(200)
S0 X 7
£ X
3 ¢

X X
107 >I<—

| | | | | |
1 2 3 4 5
Storage time [s]

w

c T T T T T T T T

3 10° -
g ]
lg‘ -
2 ]
= 1
g

g J
g 10", ) ! \ I \ I \ =
é) 1 2 3 4 5

Storage time [s]

FIG. 5. (a) Neutral yields produced via laser-induced predissoci-
ation at each transition as a function of ion storage time before laser
irradiation. The error bars represent the statistical error. (b) Storage
time dependence of the neutral yields produced by ion-residual gas
collisions, corresponding to the relative stored ion beam intensity.

mation. In general, the cooling behavior of rotational states is
slower than vibrational cooling. We estimated the population
evolution of the X 2T1; ,2(000), (100), and (2 00) vibrational
states from their spectral intensities at the bandheads indicated
by the symbols in Fig. 3. The band-structure changes due to
rotational radiative cooling are negligibly small during the
time range of several seconds, which is verified by comparing
spectra with different storage times up to 200s, as demon-
strated in Sec. III A. Thus, Fig. 5(a) shows the bandhead
intensities observed at different storage times up to ~5s. For
this storage time, neutral yields from residual-gas collisions
were also recorded as a measure of the beam intensity in
the ring for normalization [Fig. 5(b)]. In the time range
earlier than 1 s, the rapid decrease of the neutral yields is not
explained solely by collisions with residual gas or intrabeam
collisions. These neutral yields do not correctly provide the
number of stored ions on stable trajectories. Therefore, we
only show storage times longer than 1 s.

The absolute population of each vibrational state was
estimated from the bandhead intensities as shown in Fig. 6.
Normalization of the populations required a three-step
process. First, we took into account the normalization
to the beam intensity after subtraction of laser-induced
background. Second, the resulting populations are further
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TABLE 1. A list of wave number, wavelength, back-
ground, and relative predissociation probability fr(v] 00)
[= fais(v] 00)/ f4is(000)] for each observed transition. The laser
wave number P corresponds to the vibrational bandheads in the
electronic transition A>X+-X 215/, of N,OT, and X represents the
corresponding wavelength in vacuum. The background of the neutral
detectors was measured at each wavelength. f.;(v{ 00) represents
the laser-induced dissociation probability for the (v{0 0) populations
with regards to the (0 0 0) ground-state population in X *ITs».

Transition D A
(v 00)-(v{00) [cm~!]  [nm]

Background
[count/laser shot]  fre (v} 00)

(200)-(000) 309084 32354  2.5x 1073 1
(300)-(100) 311056 32149 85 x 1073 3.8
(400)-200) 31311.5 319.37 1.5 x 102 25

corrected by the relative predissociation probabilities
St 00) [= fuis(v] 00)/fais(000)] for each transition
(v] =0, 1,2). The f4(v{00) was obtained by multiplying
the relative transition probability for each laser excitation and
the branching ratio between the predissociation process and
the deexcitation process to X2IT. The former is estimated
by using the Franck-Condon factor of each transition, as
described in detail in the Appendix; for the latter, the reader
is referred to the relevant literature [40]. We note that the
observed (2 0 0) vibrational state is coupled with the (1 2
0) state via a Fermi resonance [26], and that this bandhead
intensity is shared with the other bandhead coupled with the
(200) and (1 2 0) states [48,58] according to the theoretical
(2 0 0) composition of 0.55 [26]. Table I summarizes the
laser wavelengths used, the corresponding wave numbers,
the detector background, and fi.(v} 00) for each transition.
To compare these measured relative populations with the
absolute simulation results, the photoexcitation cross section
and the experimental conditions like the detector efficiency
are needed, but they are practically difficult to obtain in the
current experimental setup. Instead, to finally arrive at the
absolute populations, the experimental values were further
normalized to the value of the (0 0 0) state at 4.9 s storage
time, because the (0 0 0) population will eventually reach 1.0
after sufficiently long storage times.

In Fig. 6, the (1 0 0) and (2 0 0) populations decrease
with a decay constant of about 1 s~!, whereas the (0 0 0)
ground-state population does not show significant changes
within this timescale. This implies that the initial populations
of the vibrational excited states are relatively small. To un-
derstand this behavior, we performed a theoretical simula-
tion on the cascade transition of vibrational RC processes.
The simulation assumed two different conditions for the
initial vibrational population distribution of N,O%1 ions in
the electronic ground state; the thermal-equilibrium model
distribution of the Boltzmann type defined by a tempera-
ture T, and the nonequilibrium model distribution produced
by Franck-Condon-type transitions from neutral N,O. The
thermal-equilibrium model assumes that the ions in the ECR
plasma reach thermal equilibrium through multiple collision
processes. Here, we adopted an initial temperature of 3000 K
as a typical vibrational temperature in plasmas, referring to
the vibrational temperature of N in a laboratory plasma

1o°‘///(1]éi%~(L % % J‘

Population

N
SON

10*F O 1(000) M

O 1(100)
X 1(200)
Dotted  : Thermal-equilibrium
Solid : Nonequilibrium
10°[ N
! | ! | ! | ! | !
0 1 2 3 4 5

Storage time [s]

FIG. 6. Observed and simulated population evolutions for each
vibrational state as a function of ion storage time. The dotted and
solid lines represent simulation results under initial distributions in
thermal equilibrium and nonequilibrium, respectively. The errors in
the experimental values were determined by the uncertainty in the
beam intensity, the statistical errors of the neutral yield and the
subtracted background, and the propagation of the normalization
error. The colors used correspond to the observed levels as shown
in Fig. 5(a).

experiment [59]. The nonequilibrium model is based on the
assumption that the ionic vibrational population distribution is
determined by Franck-Condon transitions from neutral N,O
at room temperature and is not influenced by any collisions
after ionization. The details of the simulation procedure are
summarized in the Appendix. The results from the simulations
are shown in Fig. 6 by dotted and solid lines for the thermal-
equilibrium and nonequilibrium models, respectively. The vi-
brational relaxation process from the excited states (1 0 0) and
(2 0 0) proceeds to the ground state through successive decays
by Av; =1 transitions because the vibrational RC process
for each mode develops independently reflecting the limited
contribution of intermode transitions and Fermi resonances.
Thus the simulated behavior shows that the population is
depleted in order from the upper level. On the other hand,
the population of the vibrational ground state (0 0 0) increase
over time as a result of deexcitation from the higher excited
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FIG. 7. The initial populations of ground, v;-, v,- and v3-excited,
and multimode- excited states of N,O* for the thermal-equilibrium
and nonequilibrium models. Note that a sum of the populations in the
excited states (v; = 1, 2, 3, ...) for each mode is shown.

states in all the vibrational modes. A comparison with the
simulation indicates that our experimental results are reason-
ably explained by the nonequilibrium model assuming the
initial population determined by the Franck-Condon principle.
In particular, the plateau shape of the (0 O 0) population
strongly supports the nonequilibrium model rather than the
thermal-equilibrium model. The decay rate of (1 0 0) and
(2 0 0) population was also reproduced by the nonequilibrium
model. We note that the experimental data for the (1 0 0) and
(2 0 0) populations in Fig. 6 are considered to have some
systematic errors related with the normalization procedure
through the factor f;(v{ 00) in order to discuss the absolute
population. One of the origins of these systematic errors is
the uncertainty of the calculated predissociation probabilities
[40]. Additionally, each bandhead is composed of unresolved
rotational lines, and thus its spectral intensity depends on
the rotational structure of the vibrational state; this is not
considered in the present study. However, these issues only
affect the normalization and not the relative temporal behavior
of the vibrational states, i.e., the decay time profiles.

In the following, we discuss how the two models result
in such significantly different behavior, which is crucial in
understanding the dynamics of vibrational RC in molecules
with multiple vibrational modes. In the present case, the key
process governing the vibrational RC is the excitation of the
vy bending mode. Compared with the v; and v3 stretching
modes, the v, mode has a smaller energy-level spacing and
therefore a lower RC rate on the order of seconds. Therefore,
the population of the v, excited state makes an obvious contri-
bution to the slow increase in the (0 0 0) population. Figure 7
shows the initial population distributions of each vibrational
mode under the two initial conditions. Here, the excited states
are categorized into single-mode (either v, vp, or v3) and
multimode excited states. In the nonequilibrium model, more

than 70% of the N,O" ions stay in the ground vibrational
state (0 0 0) from the beginning because the Franck-Condon
factor to the vibrational ground state is significantly high due
to the electronic structures of N,O and N,O™ [40], and the v,
mode is less populated. This reasonably explains the plateau
behavior of the (0 0 0) population in Fig. 6. On the other
hand, in the thermal-equilibrium model, most of the ions are
vibrationally excited and the highest population is found in the
v, excited states. This high population of the v, state slowly
decays into the (0 0 0) state in the thermal-equilibrium model,
making a significant difference in the behavior of the (0 0 0)
population in this time region. The initial population is also
distributed to the multiple excited states (1 v, 0) and (2 v, 0)
in the thermal-equilibrium distribution, which contribute to
the transient increase of the (1 0 0) and (2 0 0) population
within 1s. Note that the RC simulation with the thermal-
equilibrium model shows different behavior depending on the
initial temperature. The plateau behavior of the (0 0 0) state
can also be reproduced by the thermal-equilibrium model by
assuming an initial temperature as low as 300 K. However,
in this case, the populations of (1 0 0) and (2 0 0) are sup-
pressed by several orders of magnitude and do not match the
experimental result. Therefore we conclude that the initial dis-
tribution of the stored ions obeys the nonequilibrium model.

This conclusion is relevant to the effective rotational tem-
perature of 320 K determined in the previous section. The v;
vibrational excited states observed in the experiment cannot
be populated under the effective rotational temperature of
320 K, thus the ions injected into RICE did not satisfy
thermal equilibrium. We further confirmed this from the time
evolution of the population distribution of the vibrational
state with multiple degrees of freedom because the population
distribution in each mode reflects its specific character, as
explained. Note that the behavior of the v, mode populations
was not readily measured because of the relatively small
intensities detected by action spectroscopy. In addition, the
absolute population of each vibrational mode cannot be pre-
cisely evaluated by the spectral analysis due to the ambiguity
of the dissociation probability.

IV. SUMMARY

The rovibrational RC processes of the triatomic N,O" ion
were studied by predissociation spectroscopy in the cryogenic
electrostatic ion storage ring, RICE. High-resolution rovibra-
tional spectra were obtained for 316-326 nm, in which the
A%X*t-X2I1 transitions were observed for the (2 0 0)-(0 0 0),
300)-(100), and (4 0 0)-(2 0 0) vibrational bands. We
estimated the rotational temperature of the N,O™ ions at 9
ms storage to be 320 K. This rotational population did not
show any significant change at storage times up to 200 s, being
consistent with the slow rotational RC rate attributed to the
small electric-dipole moment and rotational constant of the
N,O™ molecule. On the other hand, we clearly observed the
RC behavior for the vibrationally excited states of (1 0 0) and
(2 0 0) over a period of several seconds, while the noticeable
increase of the population of the ground state (0 0 0) was not
observed. This behavior was reasonably reproduced by our
RC simulation by assuming the initial vibrational distribution
through Franck-Condon-type transitions rather than a Boltz-

023119-6



RADIATIVE COOLING DYNAMICS OF ISOLATED ...

PHYSICAL REVIEW A 102, 023119 (2020)

mann distribution. The comparison between the experiment
and the simulation demonstrated that the vibrational RC be-
havior of N,O" strongly depends on the initial population
distribution of multiple vibrational modes, especially since
the energy-level spacings and resulting RC rates are different
between these modes, and their interplay is negligibly small.
In summary, we found both vibrational cooling within 5s
and unchanged rotational behavior in the same molecule. This
sharp imbalance between vibrational and rotational cooling,
which has been well known both in theory and experiment,
was clearly observed by the combination of long-time storage
and high-precision spectroscopy. Furthermore, the cooling
dynamics were traced in real time and revealed the relevant
mechanism inside. These dynamics in a simple system such
as triatomic molecules are essential as a fundamental aspect
of understanding nonthermal and nonequilibrium behavior.
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APPENDIX A: ROTATIONAL AND VIBRATIONAL
RADIATIVE COOLING SIMULATIONS

To discuss the observed RC dynamics, we constructed a
simulation program for the level population evolution based
on a simple cascade model. We considered rotational and vi-
brational RC separately. Both are regarded to proceed through
spontaneous deexcitation from the upper levels.

1. Rotational radiative cooling simulation

Regarding rotations, the linear triatomic molecule N,O"
has two degrees of freedom, corresponding to rotation about
the two orthogonal axes perpendicular to the symmetry axis.

The A coefficients of the allowed rotational transitions with
AJ = %1, 0 were calculated by using PGOPHER [57].

For the rotational RC simulations, excitation due to black-
body radiation (BBR) was taken into account. The B coeffi-
cient is derived by the relation between the Einstein A and
B coefficients, A = 8”0—/3”’33 (h is Planck’s constant, ¢ is the
speed of light), and the radiation density o(v;;) for photons
with energy hv;; (for the transition between states i and j) is
given by Planck’s law assuming an environmental temperature
of 4 K.

When we define the population of Nr(?), and A; ; and B, ;
between the state i and j, the rate equation for a rotationally
excited level i under spontaneous emission, induced emission
and induced absorption, is given by

dNg(1)
dt

= Aj i1 Nig1 () — A1 iNi (1)

+ B ix10(Viig 1 )Ni41(t) — Bim1,ip(vie1,))N;i(t)

+ B i—10(vii—1)Ni—1(t) — Biy1,ip(vig1,))N;(2).
(A1)
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FIG. 8. Results of the rotational RC simulation with an initial
rotational temperature of 400 K. The spectra (filled with pink) were
constructed from the simulated rotational population at storage times
of (a) 200s, and (b) 10°s. The dashed curves in panels (a) and
(b) represent the spectra using Boltzmann distributions at 400 and
120 K, respectively.

We traced the evolution of the population by numerically
solving the above rate equation under the initial condition of
a specific rotational temperature. In the present simulation,
we considered all rotational states with j < 100. Figure 8
shows the spectra constructed from the simulated rotational
population under initial temperature of 400 K. As shown in
Fig. 8(a), the simulation spectrum at 200 s is unchanged and
is well reproduced by a Boltzmann distribution under the
initial effective temperature. The small rotational spontaneous
emission rates of N,O" require a long storage time to ex-
hibit a significant population change. It is clearly shown for
10° s storage in Fig. 8(b). The obtained spectrum cannot be
described by a Boltzmann distribution; for instance, when
we assumed an effective temperature of 120 K so that the
highest population level with a Boltzmann distribution may
coincide with the observed spectrum, the population of the
lower rotational levels largely deviated from the simulated
spectrum.

2. Vibrational radiative cooling simulation

As previously discussed, N,O" has three vibrational
modes: a NN-O stretching mode (v;), a bending mode (v,),
and a N-NO stretching mode (v3). The bending mode is
doubly degenerate, and the combination of these vibrations
produces the angular momentum along the molecular axis.
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TABLE II. Frequencies and anharmonic terms of vibrational
modes of N,Ot [em™!] [54].

(] wy w3 X11 X13 X12 X33 8

1138.29 45228 1756.8 —14.16 13.69 —4.81 —21.58 3.05

This vibrational angular momentum is represented by /. Here-
after we denote the vibrational state of NoO™ as (v; vé v3).

The vibrational term G(v; vé v3) including the anharmonic
term can be written as follows:

1 1
G(v vy v3) = @y (Ul + 5) + w2 (v2 + 1) + w3 <v3 + 5)
1\2
+x11 (Ul + E) + x22(v2 + 1)

1\’ 1
+x33 <U3 + 5) +x12<vl + 5)(112 +1)

1 1
+x13(v1 + E) <v3 + 5)

+x23(v2 + 1)<U3 + %) + gl°. (A2)
Note that the reported experimental values listed in Table II
are employed for the frequency and the coefficient of the
anharmonic term. The values of x,3 and x,, have not been
determined experimentally, but were calculated by Gritli ez al.
[26] to be —0.7543 and —0.6902 cm™!, respectively. How-
ever, we assumed xp3, xpp = 0, partly because deviations of
about =1 cm~! often exist between experiment and theory for
the anharmonic term, and partly because they are close to zero
and thus have little effect on the results.

When the ground state is used as an energy reference, the
state energy E, is given by

Ey(v1 vhv3) = G(v1 vhvs) — G(00O). (A3)

Using Eq. (A2), the vibrational ground-state term G(0 0 0) is
calculated to be 1891.908 cm™~'. Thus, the transition energies
between the states are obtained for all transitions considered
in accordance with the selection rules Av =1, Al = 1.

The A coefficients of the vibrational transitions were cal-
culated by Gaussian 09 [60] using the B3LYP method with
the aug-cc-pVDZ basis set. We obtained two different values
for the frequency and the intensity in the degenerate v,
bending mode, indicating the Renner-Teller splitting in the I1
electronic nature of the ground state X. We adopted the larger
intensity for simplicity. The A coefficient for each vibration
mode is given by

. 8mv

8t(vF1) 8mv
A= ==

)\2 vy vy — 7 V3.
(A4)

(R vy

Here, A and S,, represent the wavelength of the transition
and the band intensity for the fundamental transitions, re-
spectively. v and / represent the vibrational quantum number
and the vibrational angular momentum of the upper level.
Note that we employ the reported transition frequencies from
experiments [54] for use in Eqs. (A2) and (A3), not from

A 4
3 A 4
5x10%-
E':
4 x10°F -1
— —
A 4
A 4 —_——
,:__‘ T
£ 3x10%
KA fr— c—
2
?:) h 4
Yooxi0t I
A 4
—_ ¥
v
1x10°+ v
A 4
v v v
(v, 00) (0 v, 0) (00 v)

FIG. 9. Schematic energy levels of three vibrational modes of
N,Ot.

our calculation by the Gaussian code, because the former are
considered to be more precise. Figure 9 shows the vibrational
energy levels except for multimode-excited states. We employ
the calculated value obtained with the Gaussian code for S,,, .
As an example, the obtained A coefficients for the fundamen-
tal transition of each mode are summarized in Table III, and
the other transitions related to higher states were treated in the
same manner.

In this case, excitation due to BBR was not taken into
account because the energy of the first vibrational excited
level is significantly larger than the BBR at 4 K. Also, the
intermode transition (IMT) probability between different vi-
brational modes is negligibly small, and thus we ignored this
contribution. These are schematically shown in Fig. 9. There-
fore, when we define the population of the state (v; v v3) =
(ijk) as Niji(t), and A;; as the A coefficient for each
transition, the rate equation for a vibrationally excited level
(i j' k) under spontaneous emission is simply given by

dN; i (1)

T = Aiir1Nigr i 1 (1)

—Ai 1N j i (2)

+Aj jr-iN; - (@)
— Ay 1N ()
+Aj N e (@)
—Aj_ 1 jiNi (1)

+ Ak k1N ji kg1 ()

— A= 1N 1 1 (1) (AS5)

Here, the population falling into the state of Av = —1 and
that of falling from the state of Av = +1 due to spontaneous
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TABLE III. Calculated A coefficient for the fundamental transi-
tion of each mode.

Transition Als1]
Mode 1 (10 0)-(0 0 0) 131
Mode 2 010)-(000) 0.30
Mode 3 00100 0.94

emission are taken into account. In the bending mode v;, the
transitions with the vibrational angular momentum Al = +1
were also included. Once the initial distribution and the A
coefficients are determined, the level population at an arbitrary
time can be obtained. We took into account the states up to
(v; v v3) = (10 0 0), (010'°0), (0 0 6), and multimode-
excited states where two vibration modes are actively excited
simultaneously like (1 2 0) are considered up to (2 2 2). We
treated the levels whose relative population is larger than 1%
of the whole.

‘We do not include contributions from overtone transitions;
however, Fermi resonances were considered. The resulting
resonance levels and their intensities have been reported [26],
and we included them into the calculation by using the values
listed in Table IV for the corresponding states, with each
state being expressed as the sum of its constituting states.
For example, the (1 1 0) ?As, and (030)k *As), states are
considered by coupling the (1 1 0) and (030)x states, as
shown in the last two columns of Table IV. The state marked
with k represents the higher-energy component of the states
split by the Renner-Teller effect. As already mentioned, we
replaced two different bending modes by double counting of
one specific mode with a larger amplitude, which corresponds
to the higher-energy component in the present case. This may
lead to overestimation to some extent for the decay rates;
however, the overall contribution to the cascade is small.

For the Fermi resonances, the populations of the coupled
states were regarded as the sum of the constituting component
populations with the configuration weight summarized in
Table IV. The transitions of the constituting components were
separately treated, and the transition rates were also weighted.

TABLE IV. Vibronic levels in the Fermi resonances of N,O™.

Level Energy [cm™!] Configuration
(040)c *M32 2066.90 0.93 (040)k, 0.05 (120)«
(200)°T13, 2210.82 0.55(200),0.42 (120)«
(120) 2TI3 223578 0.52 (120)kc, 0.45 (20 0)
(110)2As)2 1558.70 0.71(110),0.28 (030)k
(030)c 2Asp 1588.41 0.71 (030)«,0.28(110)

APPENDIX B: THE INITIAL VIBRATIONAL POPULATION
OF N,0" THROUGH FRANCK-CONDON-TYPE
TRANSITIONS FROM THE NEUTRAL BY ELECTRON
IMPACT

We performed a simulation by assuming the initial popu-
lation of ions produced by electron impact, where transitions
obeying the Franck-Condon factors (FCFs) hold. When we
assume that the vibrational motions are independent of the
electronic degrees of freedom upon ionization by collisions
with electrons in the plasma source, the FCFs determine the
vibrational population of the produced ions. In the FCF calcu-
lation, we adopted a simple model used by Tokue et al. [40],
which successfully explains the intensity ratios of the A-X
fluorescence spectrum of NoO™ produced by electron impact
of N,O. The degeneracy of the bending mode was included
by doubling the population of this mode in the calculation.
The neutral N,O in its ground state and the cation N,O™ in
the X and A states have linear configurations (C,). Following
the treatment in the relevant paper [40], we approximated the
neutral and the ion with the Do, symmetry and ignore the
Duschinsky effect that describes the rotation of the normal
coordinates in the transitions [61]. The three independent har-
monic oscillators were used as the vibrational wave functions
whose frequencies were taken from Ref. [40]. The ionization
branching ratio to the ionic ground state X and the rest to the
excited state A by electron collision is not known. Here, we
simply assumed an approximate ratio of 1 : 1, according to the
results of photoelectron spectroscopy [62]. Then, according to
the fluorescence quantum yields summarized in Ref. [40], this
population was redistributed to the vibrational levels in the
ground state. The fluorescence yields of the levels that are not
referred to in Ref. [40] were taken to be null.
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