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Energy transfer mechanisms in backward scattering of Cs+ ions from N2 molecules
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The energy transfer processes in Cs+−N2 collisions were experimentally studied at laboratory (lab) collision
energies Elab = 50−250 eV and lab scattering angles θ > 2◦ via differential scattering spectroscopy. A classical
trajectory calculation method was used to analyze the experimental results. We observed specific electronic
excitations to the Cs+ + N2(A3�) and Cs+ + N2(a1�) states in the energy-transfer spectra with significant
excitation probabilities in backward scatterings at lower center-of-mass (CM) energies E = 13.6−18.3 eV
(Elab = 78−105 eV) and a CM angle � ∼ 165◦ (θ = 5◦). The results of the simulations of energy transfer
spectra through classical trajectory calculations indicate that electronic transitions occur around the molecular
orientation γ = π/2 and at vibrotational excitation energies �E/E < 0.12. The potential crossings for the
N2(A3�) and N2(a1�) excitations are located at the intermolecular potentials of VIM(R, γ = π/2) = 13.4
and 16.4 eV, respectively. N2(A3�) excitation is the dominant electronic excitation process at lower energies
of E < 17.5 eV (Elab < 100 eV). Evaluations using an empirical charge-overlap model reasonably reproduce
intermolecular potential crossings. Moreover the proposed model can provide effective information on the
spin-changing N2(A3�) excitation.
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I. INTRODUCTION

Measurements of differential cross sections (DCSs) in
atomic and molecular collisions provide effective information
on energy transfer mechanisms. Collisions between closed-
shell atoms and ions, such as rare-gas atoms (Rg) and alkali
ions (M+), have been studied by measuring the energy trans-
fer spectra. One- and two-electron (1e and 2e) excitations
have been observed simultaneously in Rg–Rg [1] and M+–
Rg [2–4] collisions. Excitations occur through rotational and
radial couplings [5,6]. Most excitations proceed through radial
couplings around the potential crossings at distances RC and
potential heights V (RC). We have extensively studied exper-
imentally excitation processes in moderate-energy M+–Rg
collisions using a crossed beam apparatus [7]. The results
were discussed by referring to ab initio calculations, electron
promotion models, and empirical model potentials [8–10].
These studies were expected to provide information on the
electronic excitation processes in M+−N2 collisions. Excita-
tions in M+–Rg collisions were observed at V (RC) > 35 eV
[7,8,10–12]. The excitation probabilities Pex depend strongly
on the collision systems; Pex is high for quasisymmetric
Li+–He, Na+–Ne, and K+–Ar systems. For M+–Ar systems,
excitations with moderate or high Pex were observed in Li+–
Ar and K+–Ar collisions at the laboratory (lab) energies of
Elab > 100 eV. Meanwhile, those in Na+–Ar collisions were
observed with lower Pex at higher energies of Elab > 500 eV.
Furthermore, exclusive 2e excitation with a higher Pex was
observed at Elab > 400 eV for the heavier Cs+–Ar system
rather than 1e excitation.
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The energy transfer processes in the molecular M+−N2

collisions of closed-shell systems have also been experi-
mentally studied via differential scattering spectroscopy. In
Li+−N2 and K+−N2 collisions [13,14], electronic 1e and
2e excitations were observed (similar to atomic systems) in
addition to the momentum transfer (vibrotational excitations)
of N2 molecules. Electronic excitations in the Li+−N2 system
were observed at Elab > 100 eV and laboratory angle θ < 50◦
[intermolecular potential height VIM(RC) = 28 eV], and those
in the K+−N2 system were observed at Elab > 200 eV and
θ < 10◦ [VIM(RC) ∼ 15 eV]. The VIM(RC) is approximately
related to the reduced threshold angle Elabθth in small angle
scattering. With reference to the one-electron excitations of
the N2 molecules, electronic transitions to the a1� state with
excitation energy �Eel = 9.2 eV and the a′1� (or w1�) state
with �Eel = 10.3 eV were observed in the impulsive Li+−N2

and K+−N2 collisions, respectively. The excitations occurred
owing to vertical electronic transitions around the equilibrium
distance re of the N2 molecules. Furthermore, the excitation of
the N2 molecules to the a1� state was observed in the impul-
sive He–N2 collisions at Elab = 1.0 keV and 0.2◦ � θ � 2.0◦
[15]. Meanwhile, significant electronic excitation was not ob-
served in Na+−N2 collisions at Elab < 350 eV. The rotational
and vibrational excitation processes in forward scattering,
which is defined in Eq. (1), have been studied extensively
[16–19]. Rotational excitations into the higher energy levels
with higher probabilities for the Na+−N2 system were ob-
served. This is expressed as the rotational rainbow [20–22]
that appears at the molecular orientation of γ0 ∼ 50◦ (and
130◦) defined at the turning point in the collisions [16]. Fur-
thermore, the dissociative processes of N2 molecules through
the rotational excitations (angular momentum transfers) in
Na+−N2 collisions were studied at Elab = 200 and 350 eV
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[19]. These studies indicate that the energy transfer by rota-
tional excitations is equal in importance to that by vibrational
excitations even at moderate energy collisions. The system
dependence of the electronic excitations in M+−N2 collisions
resembles that of M+–Ar collisions [7,10,12].

This study experimentally investigated the energy transfer
processes in the backward scattering of heavier Cs+ ions
from N2 molecules at collision energies of Elab = 50−250 eV,
which correspond to center-of-mass (CM) energies of E =
8.8–43.6 eV. Electronic excitations of N2 molecules into the
A3� and a1� states accompanied by vibrotational excita-
tions were observed extensively at lower collision energies
E = 13.6−18.3 eV (Elab = 78−105 eV) and a large CM angle
� ∼ 165◦ (θ = 5◦). The threshold collision energies for these
excitations were observably lower than those for the atomic
M+–Rg collisions. The spin-changing N2(X 1�) → N2(A3�)
transition proceeds through spin-orbit coupling [23] between
the electronically excited quasimolecular (CsN2)+∗ states.
The experimental energy transfer spectra were analyzed
using the classical trajectory calculation (CT) method [16,24].
Furthermore, the intermolecular potential crossings between
the ground and excited states were evaluated using the em-
pirical charge-overlap model [10] to understand the lower
threshold energies for electronic excitations.

II. EXPERIMENTAL DETAILS

A. Apparatus

Differential scattering measurements were performed us-
ing a crossed-beam apparatus [7,25]. Primary Cs+ ion and
secondary N2 beams crossed perpendicularly at the scatter-
ing center. The primary Cs+ ions were produced through
thermionic emission and accelerated to the desired energies.
A supersonic N2 beam with a mean velocity of V0 = 7.85 ×
104 cm/s was used as the secondary target beam [26]. The
scattering lab angle θ was determined with respect to the pri-
mary ion-beam axis. The Cs+ ion beam for the time-of-flight
(TOF) measurements was pulsed using a pair of condenser
plates [27]. The flight path length from the scattering center to
the detector was approximately Lf = 49.5 cm. The time reso-
lutions �T/T in the TOF measurements were approximately
1/300–1/800 full width at half maximum (FWHM) for ion
energies of Elab = 50−250 eV and scattering angle of θ = 2◦.
The overall angular resolution of the scattered particles was
0.2◦–0.5◦ FWHM. At lower energies around Elab = 50 eV,
the measurements were performed under lower angular and
time resolutions (�θ ∼ 0.5◦ and �T/T ∼ 1/300) to over-
come the lower scattered intensity. In our experiments the
scattered Cs+ ions were detected using a secondary electron
multiplier composed of Cu-BeO dynodes (detection efficiency
ε = 1) [8].

B. Differential scattering measurements

The intensity I (θ ) of the particles scattered at a lab an-
gle θ corresponded to the relative DCS σ (θ ). In this study,
collision experiments were performed at lab energies Elab =
50−250 eV and angles θ > 2◦. In the Cs+−N2 collision sys-
tem, the mass of the Cs+ ions (m = 132.9 u) was significantly
larger than that of the target N2 molecules (M = 28.0 u).

Δ

FIG. 1. TOF spectra measured at collision energies of Elab = 50
and 250 eV, and scattering angle of θ = 5◦. The abscissa indi-
cates the reduced flight time Tf/Tf0, where Tf0 denotes the flight
time of the incident beam. The signals F and B correspond to for-
ward and backward scatterings, respectively. The scale �E/E and
arrow C denote the reduced energy transfer and cutoff energy po-
sition [(�E/E )C = 0.861], respectively, for backward scattering at
Elab= 250 and θ = 5◦.

Moreover, scattered ions were observed only at smaller an-
gles θ < 14◦, which was owing to the kinematical effect
[see Eq. (1)], as observed in the Na+−N2 [18] and K+−N2

collisions [28]. The magnitudes of the DCSs σ (θ ) were de-
termined using the calculated statistical potential. This is
explained in detail in Sec. III.

1. TOF measurements

The velocities of the scattered particles were analyzed
using the time-of-flight technique. Figure 1 shows the TOF
spectra of the scattered Cs+ ions measured at the collision
energies of Elab = 50 and 250 eV and a scattering angle
of θ = 5◦. The abscissa indicates the normalized flight time
Tf/Tf0, where Tf0 indicates the flight time of the incident ion
beam. Furthermore, the intensive peak F and weak peak B
represent the forward and backward scattering signals, respec-
tively. Under our experimental conditions, the velocity vp of
scattered projectiles at a lab angle θ is given by [25]

υP = mυ0

m + M

{
cos θ+ MV0

mυ0
sin θ ±

[(
cos θ+ MV0

mυ0
sin θ

)2

−m2 − M2

m2
− M2�E

m2E

] 1
2

⎫⎬
⎭, (1)

where m and M are the masses of the projectile and target, re-
spectively; v0 and V0 are the initial velocities of the projectile
and target, respectively; and �E/E is the reduced excitation
energy. Terms with the sign ± in Eq. (1) correspond to forward
scattering (CM angle �F < �C), and backward scattering
(�B > �C), respectively, where �C is the cutoff angle in the
CM system. The cutoff angle θC in the lab system is defined
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FIG. 2. Collision energy dependence of energy transfer spectra
for backward scattering in the lab system measured at Elab = 50–
105 eV and θ = 5◦. The energy transfer spectrum structures observed
at Elab = 50 and 65 eV are because of typical rotational and vi-
brational excitations. An additional peak signal Z1 is observed at
collision energies of 78 � Elab � 100 eV, whereas another signal Z2

is observed at Elab = 95–100 eV.

by the zero condition of the square root in Eq. (1). Assuming
a stationary target, the cutoff angle for elastic scattering is
given by θC = sin−1(M/m) = 12.2◦, whereas the CM angle
�C = cos−1(−M/m) = 102◦ [29]. Thus, we have two types
of signals at a certain angle θ < θC. The backward signals for
Elab = 50 and 250 eV in Fig. 1 were intensified by factors of
70 and 30, respectively. The �E/E scale yields the reduced
energy transfer for backward scattering at Elab = 250 eV and
θ = 5◦. Thus, a larger time-of-flight corresponds to a lower
energy transfer �E/E for backward scattering. The arrow C
indicates the largest energy transfer (cutoff energy) position
for backward scattering determined kinematically by(

�E

E

)
C

= 1 −
( m

M

)2
sin2θ + mV0

Mυ0
sin 2θ. (2)

The cutoff energy (�E/E )C corresponds to the energy
transfer at the cutoff angle θC, which also originated from the
zero condition of the square root in Eq. (1). For Elab = 250 eV
and θ = 5◦, the energy transfer (�E/E )C is approximately
0.861. In an additional high-energy measurement at Elab =
350 eV (and θ = 5◦), the gross features of the TOF spectrum
were almost identical to those for Elab = 250 eV.

2. Energy transfer spectra

Figure 2 shows the energy transfer spectra determined
from the backward-scattering signals in the TOF spectra

Σ

Δ

Π

FIG. 3. Collision energy dependences of peak positions of sig-
nals Z1 and Z2 observed in the experimental spectra in Fig. 2.
The dashed and dot-dashed lines indicate the excitation energies
for electronic transition into the N2(A3�) (�E1 = Q1 = 6.17 eV)
and N2(a1�) (�E2 = Q2 = 8.55 eV) states, respectively, of the N2

molecules, where Qi denotes the electronic excitation energy.

measured at Elab = 50–105 eV and θ = 5◦. The elastic
scattering signal in the Cs+–Ar collisions was used to
determine the elastic position (�E/E = 0) in the energy-
transfer spectra of the Cs+−N2 collisions. Furthermore,
the backward-scattering signals had weak noise intensities
(Fig. 1). Therefore, the evaluated energy transfer spectra
were convoluted using Gaussian functions with widths d =
0.4–0.6 eV FWHM, which depended weakly on the collision
energy (d = 0.4 eV at Elab � 65 eV. The energy transfer spec-
tra for the backward-scattering measured at a lab angle θ = 5◦
are discussed in this paper. As observed in the figure, the
spectra are almost identical at the lower energies Elab = 50
and 65 eV, whereas additional signals Z1 and Z2 are observed
in the spectra at Elab � 78 eV. As shown in Figs. 1 and 2,
the energy transfer �E/E increased as the collision energy
increased. This study primarily discussed the energy transfer
processes in the backward scattering at Elab = 50–105 eV.

Figure 3 shows the collision energy dependence of the
energy transfer �E for the additional signals Z1 and Z2. At
Elab = 78–88 eV the �E of the signal Z1 (�EZ1) has an
almost constant value of approximately 6.2 eV. Meanwhile,
at Elab > 90 eV, �EZ1 increases slightly as Elab increases. The
energy �EZ1 ∼ 6.2 eV nearly equals the electronic excitation
energy QZ1 = 6.17 eV for the transition N2(X 1�)(v = 0) →
N2(A3�)(v′ = 0) of N2 molecules [30,31], where v and v′ are
vibrational quantum numbers. The singlet–triplet transition is
generally prohibited for closed-shell systems, such as lighter
systems of Li+−N2 and K+−N2 [13,14]. This is based on the
Wigner spin conservation rule. The reaction observed in our
experiments for the heavier Cs+−N2 system is interpreted to
proceed through a spin-orbit coupling interaction [23,32,33]
between the electronically excited quasimolecular (CsN2)+∗

states. This is discussed in Sec. V B 2. Conversely, the energy
transfers �EZ2 for the signal Z2 observed at Elab � 95 eV are
close to the electronic excitation energy QZ2 = 8.55 eV for
the transition N2(X 1�)(v = 0) → N2(a1�)(v′ = 0) [30,31].
Thus, the additional signals Z1 and Z2 can be attributed to the
electronic transitions into the N2(A3�) and N2(a1�) states.
Furthermore, the energy transfers of the signals Z1 and Z2
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Π 

Σ 

FIG. 4. Energy transfer spectra for backward scattering in the
lab system determined experimentally and simulated by classical
trajectory (CT) calculation at energy Elab =250 eV and angle θ =
5◦. The open circles and solid curve denote the experimental and
simulated spectra, respectively. The calculation was performed for
the electronic transition to the Cs+ + N2(a1�) state with excitation
energy Q = 8.5 eV. The dotted curve shows the CT calculation for
the electronic ground state with Q = 0 for comparison.

in Fig. 3 are represented by �Ei(Elab) = Qi + �εi(vi′, Elab),
where Qi and �εi(vi′, Elab) are the electronic and vibrational
excitation energies, respectively. According to the discussion
in Sec.VA, the contribution of the rotational excitation was
omitted in this study.

Figure 4 shows the energy-transfer spectrum for the back-
ward scattering signals measured at Elab = 250 eV and θ =
5◦. The experimental spectrum shown by open circles has a
sharp quasi-rainbow peak around �E/E = 0.86 originating
from the cutoff structure in the TOF spectrum shown in Fig. 1.
The intensities of the experimental energy-transfer spectra
at larger energy transfers �E/E are strongly influenced by
the kinematical �E/E dependence in the Jacobian factor
J (θ ) = d�CM/d�lab, where d�CM and d�lab are infinites-
imal solid angles for the CM and lab frames, respectively.
Omitting the contribution from the initial target velocity to
simplify our discussion, the Jacobian is given by J (θ ) =
J (�)−1 = (1 + γ 2 + 2γ cos �)3/2

/(1 + γ cos �), with γ =
(m/M )(1–�E/E )−1/2 [29]. Thus, J (θ ) has a singularity peak
(quasi-rainbow) at the cutoff energy (�E/E )C = 0.861 and
CM angle �C = cos−1(−1/γ ) = 94.5◦, as shown in this
figure. Therefore, the energy-transfer spectra in the laboratory
system were transformed into spectra in the CM system to
eliminate the kinematic effect.

The energy-transfer spectra for backward scattering signals
measured at Elab = 50–105 eV and θ = 5◦ were transformed
into a CM system. The lab angle θ = 5◦ was approximated
to the CM angle � = 165◦. This was because θ = 5◦ corre-
sponds to � = 160–170◦ under our experimental conditions.
The energy transfer spectra in the CM system for Elab = 50
and 84 eV are shown in Fig. 5. This study exclusively dis-
cussed backward scattering at a CM angle of � = 165◦ (lab
angle θ = 5◦).

Θ 

FIG. 5. Experimental energy transfer spectra for backward scat-
tering in the CM system. (a) At CM energy E = 8.8 eV
(Elab = 50 eV) and angle � = 165° (θ =5°) and (b) at E = 14.7 eV
(Elab = 84 eV) and � = 165° (θ =5°).

III. REPULSIVE POTENTIAL CALCULATIONS

The interaction potentials were calculated using a scaled
statistical model to investigate the energy transfer mechanisms
[34]. The intermolecular potentials under our experimental
conditions were repulsive in the energy range 1 < VIM(R) <

100 eV. However, the repulsive potential of the Cs+−N2

system has not been reported. The interaction potential for
closed-shell systems, such as the Rg–Rg and M+–Rg systems,
was reproduced effectively by the scaled statistical model.
Furthermore, the potentials between M+ ions (M+ = Li+,
Na+, and K+) and N atoms provide reasonably good ex-
perimental potentials for molecular M+−N2 systems [35].
Because the correction factors δi for kinetic, exchange, and
correlation energies in the scaled statistical model depend
on the total number of electrons n in the interacting system
[34], the factors δi of the Cs+–N system were evaluated
using interpolation procedures. Potential calculations were
performed using charge densities ρi, j for the Cs+ ion and
N atom determined from the Hartree-Fock wave functions
[36]. Furthermore, the intermolecular potential VIM(R, γ ) for
the molecular system Cs+−N2 was evaluated by assuming
the additive potentials of the Cs+–N systems, VIM(R, γ ) =
VA(r1) + VB(r2), where γ is the angle between the vector R
and the molecular axis, which is the molecular orientation.
Figure 6 shows the geometrical parameters r1–r3, R, and

γ

FIG. 6. Schematic of the coordinates for the Cs+−N2 system.
The coordinates r1 and r2 are the interatomic Cs+–N distances, and
r3 is the intramolecular N–N distance. R is the distance between the
Cs+ ion and the center of gravity G of the N2 molecule, and γ is the
orientation angle between the vector R and molecular axis.
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TABLE I. Potential parameters for Cs+−N2 and Cs+–CO sys-
tems evaluated using statistical potential model. The function
VIA(r) = A exp(−Br) provides the interatomic potentials at 1 <

VIA(r) < 100 eV. The function VIM(R) = A exp(−BR) provides the
intermolecular potentials averaged over the molecular orientation
angles γ and the potentials VIM(R, γ ) for the orientation γ = 0 and
π/2, at 1 < VIM(R) < 100 eV.

System A (eV) B (1010 m−1)

Cs+–N 2450 3.30
Cs+−N2 5780 3.22
Cs+−N2 (γ = 0) 15 500 3.31
Cs+−N2 (γ = π/2) 2730 3.15
Cs+–C 1700 3.13
Cs+–O 3300 3.49
Cs+–CO 5300 3.20

γ used to describe the interaction potentials. Furthermore,
the intramolecular N–N distance r3 equals the equilibrium
distance re; that is, r3 = re = 1.098 × 10−10 m [30] and
the intramolecular potential VC(r3) = 0. Although the inter-
molecular potential used here is simple, it reproduced the
ab initio potential VIM(R, γ ) for the Li+−N2 system reason-
ably well [13]. The evaluated interatomic potentials VA,B(r1,2)
and spherically averaged VIM(R) could be approximated effec-
tively in an exponential form at 1 < VA,B(r1,2) and VIM(R) <

100 eV. The potentials of the Cs+–C, Cs+–O, and Cs+–CO
systems were calculated for comparison. The N2 and CO
molecules are isoelectronic systems. The potential parameters
for the interatomic VIA(r1,2), the intermolecular VIM(R), and
the VIM(R, γ = 0 and π/2) at the orientations γ = 0 and π/2
are listed in Table I. The potential VIM(R) = 1–100 eV for the
Cs+−N2 and Cs+–CO systems are almost identical (with a
difference of a few percentage points). This is almost similar
to the experimental results for the M+(M+ = Li+, Na+, and
K+) –N2 and –CO systems [37]. This occurs because the re-
pulsive potentials for closed shell systems are strongly related
to the numbers of electrons of the interacting particles [10].
The potential VIM(R) for the Cs+-N2 system is higher (∼35%)
than the statistical and experimental potentials for the Cs+-Ar
system [10].

The total DCSs for the molecular collisions at small angles
are represented by the elastic DCS evaluated using the spheri-
cal potential VIM(R) [18]. The DCSs measured in this study
for Cs+−N2 collisions at Elab = 50−250 eV were relative.
The magnitude of the experimental DCSs were determined
by normalizing the total DCS measured at small angles θ <

5° to the elastic DCS calculated using the spherical potential
VIM(R) in Table I.

IV. DCS AND ENERGY TRANSFER
SPECTRA CALCULATIONS

A. DCSs calculated using a classical trajectory method

The DCSs in the CM system were calculated using the CT
method [16,24]. It considers the momentum transfer (vibro-
tational excitation) in the collisions. The interaction potential
for the Cs+−N2 collision system was approximated using the

following additive interaction:

W (r1, r2, r3) = VA(r1) + VB(r2) + VC (r3), (3)

where the distances r1 – r3 are defined in Fig. 6. The Cs+–N
interactions VA and VB are listed in Table I as the interatomic
potentials VIA. The N–N interaction VC was approximated by
the Morse function using the spectroscopic data [30]:

VC (r3) = De{1 − exp[−a(r3 − re)]}2 + Qe. (4)

The potential parameters of the electronic ground-state
potential VC1(r3, X 1�); and electronically excited-state po-
tentials VC2(r3, A3�) and VC3(r3, a1�) are summarized in
Table II(a). The potential parameters in the table are the
dissociation energy De, exponential constant a, equilibrium
intramolecular distance re, and excitation energy Qe. The
intramolecular potential crossing distances r3C for the excited-
state potentials discussed in Sec. V B 1 [Fig. 11(b)] are also
indicated in the table.

CT calculations of the deflection functions for the CM
systems using the vibrating-rotor model were performed
as functions of the polar angle α, azimuth β (which de-
fine the molecular orientation in the space-fixed coordinate
system), and vibrational initial phase η in addition to the
impact parameter b, i.e., CM angle �(α, β, η; b). The cal-
culations were performed at the angles of α = β = 0–π ,
η = 0–2π , and �b = (1.0–2.5) × 10−12 m. Furthermore, the
number of trajectories for the phase η was nη = 8–16 in
our calculations considering vibrational excitations in the
backward scattering for the Cs+−N2 collisions depending
on the initial phase η. Moreover, a period of the initial
zero-point vibration was addressed by dividing it into nη

phases.
The DCSs σ (�) in the CM system were calculated by

summing up the impact parameter b(α, β, η; �) for α, β, and
η at each angle �, using the following relation [18]:

σ (�) = 1

N0

n(�)∑
i=1

bi(α, β, η; �)�b

sin ���
, (5)

where N0 is the number of points selected for the molec-
ular orientations α. β and vibrational initial phase η. The
DCSs σ (�) were evaluated by sorting 2 00 000 trajectories
of b (α, β, η; �) into bins of width �� = 2◦ centered at
each angle �. The calculated DCS σ (�) monotonically de-
creased as the angle increased. However, σ (�) had small
constant values (within 10%) at large angles of � > 150°.
The σ (�) at � = 165° weakly depended on the collision
energy, i.e., σ (� = 165 ◦) = (0.52−0.46) × 10−20 m2/sr at
E = 8.8−18.3 eV (Elab = 50–105 eV). The DCS σ (�)CT cal-
culated at the small angles � < 60° using the CT methods was
almost identical to the elastic DCS σ (�)EL obtained using the
spherical potential VIM(R) indicated in Table I. Meanwhile, at
the large angle � = 165° and energies E = 8.8–18.3 eV, the
DCS σ (�)CT was moderately (∼15%) smaller than σ (�)EL.
This should be owing to the multiple collision effect discussed
in Sec. V A.
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TABLE II. (a) Intramolecular potential parameters for the N2(X 1�), N2(A3�), and N2(a1�) states, and potential crossing distances rc

evaluated from the data of Refs. [30] and [31]. The potentials are given by the Morse function of V (r) = De{1− exp[−a(r − re )]}2 + Qe. (b)
Intermolecular potential parameters for electronically excited states evaluated experimentally for the Cs+−N2 system at molecular orientation
γ = π/2, and potential parameters at potential crossings. The potentials are given by VIM(R, γ = π/2) = A exp(−BR) + Q. The data in
parentheses indicate crossing parameters evaluated using the charge-overlap model. H12 provides coupling energy at the potential crossing
between the ground and excited states.

(a)

State De (eV) a (1010 m−1) re (10−10 m) Qe (eV) rc (10−10 m)

N2(X 1�) 9.905 2.689 1.098 0 −
N2(A3�) 3.681 2.732 1.287 6.224 1.24
N2(a1�) 6.083 2.470 1.220 8.590 1.18

(b)

State A (eV) B (1010 m−1) Q (eV) Rc (10−10 m) V (RC) (eV) H12 (eV)

Cs+−N2(A3�) 12 070 4.40 6.17 1.69 13.35 0.33
(1.62) (16)

Cs+−N2(a 1�) 2860 3.65 8.55 1.62 16.4 —
(1.50) (24)

B. Energy transfer spectra through classical
trajectory calculations

The energy transfer spectra at the CM energies of E =
8.8–18.3 eV (Elab = 50–105 eV) and � =165° (θ = 5◦) were
calculated by CT methods using vibrating-rotor and rigid-
rotor models. Trajectories of total numbers n = (2–5) ×
10 000 that fell within the interval �� = 2◦ were sorted into
bins of width �(�E/E ) = 0.001 or 0.005, and the raw spec-
tra were convoluted using Gaussian functions for comparison
with the experimental results. Figure 7 shows the energy trans-
fer spectra in the CM frame at E = 8.8 eV (Elab = 50 eV)
and � = 165° (θ = 5◦). In Fig. 7(a), the spectrum obtained
by the vibrating-rotor model calculations is compared with
that obtained experimentally, which is identical to Fig. 5(a).
The solid curve shows the spectrum convoluted using the sum
of double Gaussian functions with widths w ≡ �(�E/E ) =
0.04 and 0.14 FWHM. Thus, the simulated spectrum effec-
tively reproduces the experimental result. The dashed curve
represents the raw CT calculation. The rigid-rotor model spec-
trum is compared with the vibrating-rotor model spectrum in
Fig. 7(b), to demonstrate the contribution of the rotational ex-
citation in the vibrating-rotor model calculation, in which the
abscissa has a narrow range of �E/E < 0.15. The rigid-rotor
model spectrum (solid curve) comprises a sharp peak around
�E/E = 0. Meanwhile, the vibrating-rotor model spectrum
shown by the dotted curve in Fig. 7(b) has the appreciable
onset energy of (�E/E )on ∼ 0.02, which depends on the
vibrational initial phase η. Therefore, the raw spectrum cal-
culated using the vibrating-rotor model in Fig. 7(a) has a
structure that is significantly broader than that of the rigid-
rotor model spectrum at �E/E < 0.1.

Figure 8 shows the spectra calculated using the vibrating
rotor model and that determined experimentally in the CM
frame at E = 14.7 eV (Elab = 84 eV) and � = 165° (θ = 5◦).
Here the abscissa is given by �E to illustrate the absolute
energy transfer, which is different from Fig. 5(b). The solid
curve in Fig. 8(a) shows the CT spectrum convoluted using

the sum of double Gaussian functions with widths w = 0.035
and 0.10 FWHM, and the dashed curve shows the raw CT
spectrum. The experimental spectrum (open circles) has an
additional signal Z1. This is attributed to the electronic excita-
tion into the N2(A3�) state (excitation energy Q = 6.17 eV).

Θ

η η

FIG. 7. (a) Energy transfer spectra simulated through CT cal-
culation using the vibrating-rotor model (VRM) and determined
experimentally at CM energy of E = 8.8 eV (Elab = 50 eV) and
CM angle of � = 165° (θ =5°). The solid curve denotes the
spectrum convoluted using double Gaussian functions. The dashed
curve denotes the raw spectrum decreased by a factor of 1/8. The
circles denote the xperimental spectrum, and are identical to those in
Fig. 5(a). (b) Spectra calculated by using a CT method in a narrow
range of �E/E < 0.15. The solid curve shows a rigid-rotor model
(RRM) spectrum decreased by a factor of 1/2.5. The dotted curve
denotes a vibrating-rotor model spectrum for a phase ηm = 0.7π

of zero-point vibration, which provides the highest onset energy of
�E/E ∼ 0.02.
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Θ 

FIG. 8. Energy transfer spectra in the CM system simulated
through CT calculation using the vibrating-rotor model and deter-
mined experimentally at E = 14.7 eV (Elab = 84 eV) and � = 165°
(θ =5°). (a) The solid and dashed curves show the convoluted and
raw-CT spectra, respectively. The raw-CT spectrum decreases by
a factor of 1/4. The experimental energy transfer spectrum shown
by circles is identical to that in Fig. 5(b). The spectrum has an
additional signal Z1. It can be attributed to electronic excitation to
the N2(A3�) (Q = 6.2 eV) state. The energy scale v indicates the
vibrational energy levels for the electronic transition N2(X 1�) (v =
0) → N2(X 1�) (v � 3) → N2(A3�) (v’ = 0). (b) Energy transfer
spectra at a narrow range of �E < 2.6 eV. The peak PX in the raw-CT
spectrum is related to the discussion of the electronic excitation
process (Figs. 11 and 13). The arrows L and H denote the lowest
and highest energy transfers �EL and �EH, respectively, used for
the intensity evaluation of PX.

Thus, the contribution from the electronic excitation is observ-
able, and the agreement between the vibrating-rotor model
calculation and experiment is insufficient for the Cs+−N2

collisions at E > 14.0 eV (Elab > 80 eV) and � =165°
(θ = 5◦). To obtain information regarding the electronic ex-
citation process, the potential parameters in Eq. (4) for the
excited N2(A3�) state were evaluated using the optical data
[30,31]. The potential parameters of VC2(r3, A3�) are listed in
Table II(a). Since the electronic transition (electron promo-
tion) time tel (∼ a range of attosecond) in the intramolecular
system is much shorter than the vibrational period tvib

(∼ 10 fs) of the N2 molecule and the effective collision
time tcol (∼ 5 fs) for the collision energies in this study,
we assumed here the vertical electronic transition around an
intramolecular distance of r3 = 1.24 × 10−10 m [Fig. 11(b)].
The vibrational-energy scale in the figure was evaluated by
referring to the potential curves for N2(X 1�), and N2(A3�)
determined above and the potentials by Gilmore (1965) [31].
It indicates feasible vibrational energy levels for the vertical
electronic transition of X 1� (v = 0) → X 1� (v � 3) → A3�

(v′ = 0), where v and v′ provide vibrational quantum numbers
[see Fig. 11(b) as well]. The vibrational level in the N2(A3�)
state was assigned to be v′ = 0 because of the experimental
result of �E = Q = 6.2 eV at lower collision energies of Elab

< 90 eV (Fig. 3). The energy transfer spectra in the narrow
range of reduced energy transfer �E < 2.6 eV are shown in
Fig. 8(b). The prominent peak PX in the raw CT spectrum

Θ

γ

Θ 
Δ

FIG. 9. (a) Energy transfer spectra evaluated at E = 8.8 eV
(Elab = 50 eV) and � = 165° using the CT rigid-rotor model (RRM-
CT) and hard-shell model (HSM) calculations. The solid and dotted
curves denote the RRM-CT and HSM spectra, respectively. The
RRM spectrum (solid curve) is identical to that in Fig. 7(b). The
dotted curve indicates the HSM spectrum multiplied by a factor
of three. The dashed curve comprising a sharp peak at the en-
ergy transfer of �E/E = 0.13 denotes the HSM spectrum revised
considering angular momentum conservation. (b) Orientation γ0 dis-
tribution of scattered intensity I(γ0) at the reduced energy transfer
of 0 � �E/E � 0.01, which corresponds to a sharp peak position
in the rigid-rotor model spectrum in Fig. (a). The prominent peak is
located around γ0 = 89°.

is located around �E = 1.0 eV. This is almost equal to the
middle energy of the vibrational v = 3 and 4 levels. The peak
PX in the raw spectrum is discussed in Sec. V B.

V. DISCUSSION

A. Rotational excitations

Rotational excitations in lower-energy molecular collisions
are explained using a hard-shell model [20–22]. Specific
structures in the experimental energy transfer spectra for
moderate energy Li+−N2 and Na+−N2 can be reproduced
using a hard-shell model [16,38,39]. Figure 9(a) shows the
energy transfer spectra evaluated by CT rigid-rotor and hard-
shell model calculations for the Cs+−N2 collisions at E =
8.8 eV (Elab = 50 eV) and � =165°. The spectrum obtained
from the rigid-rotor model calculation has a sharp peak at
approximately �E/E = 0. The spectrum obtained using the
hard-shell model (dotted curve) exhibits a maximum at a
large energy transfer �E/E of approximately 0.85. In this
model, the hard shell was approximated using an equipotential
surface with distance R(γ ) depending on the orientation γ .
Here the potential surface is defined by the height VIM(R0)
(= 8.67 eV) at the distance R0 of the turning point in the
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collisions [16]. The impact parameter for this treatment is
a small value of b = 0.22 × 10−10 m. Therefore, it may be
crucial to convert the angular momentum during backward
scattering. Here, as an estimate, the maximum rotational
angular momentum Jr was assumed to be determined by
the total angular momentum in the collision system L =
bμv0, where b, μ, and v0 are the impact parameter, reduced
mass of the collision system, and initial projectile velocity,
respectively. Consequently, the maximum rotational energy
[rotational cutoff energy (RC)] was evaluated as (�E/E )RC =
Be(2πL/h)2/E , where Be and h are the rotational and Planck’s
constants, respectively. For the impact parameter b = 0.22 ×
10−10 m, we obtained a cutoff energy of (�E/E )RC = 0.13.
The dashed curve in Fig. 9(a) shows the energy-transfer spec-
trum obtained using the revised hard-shell model. However,
the revised model still provided a significantly higher energy
transfer.

The rotational excitation mechanisms in impulsive molec-
ular collisions are understood effectively using the molecular
orientation γ0 defined at the turning point in the collisions
[16,38]. The molecular orientation γ0 dependences of the in-
tensity defined by I (γ0) = d2σ (�,�E/E , γ0)/(d�E/Edγ0)
were evaluated by CT rigid-rotor model calculations to de-
termine the origin of the sharp peak in the spectrum around
�E/E = 0. Figure 9(b) shows the intensity I(γ0) at an en-
ergy transfer of 0 < �E/E < 0.01, which corresponds to the
sharp peak position in the spectrum shown in Fig. 9(a). The
prominent peak of I(γ0) is located at γ0 = 89°. [An additional
analysis at � = 150° revealed that the intensity I (�E/E )
broadened slightly around �E/E = 0. However, I(γ0) was
almost identical to that in Fig. 9(b). Meanwhile, at � = 179°
(±1°), the prominent peak of I(γ0) was located around γ0

= 90°.] This dramatic phenomenon can be attributed to the
multiple-collision effect discussed by Buck et al. [40]. Lighter
target molecules rotate to the molecular orientation with the
lower energy VIM(R, γ ) during collisions. At γ = 90°, the po-
tential VIM(R,γ ) has the lowest value, as illustrated in Table I.

The final rotational excitation energy in the backward scat-
tering of Cs+ ions from the N2 molecules was significantly
small, as discussed above. Therefore, the energy (momentum)
transfers in the spectra calculated by the CT vibrating-rotor
model shown in Figs. 7 and 8 were exclusively owing to the
vibrational excitations of the N2 molecules. The molecular-
orientation-dependent intensities, I(γ0), were also evaluated
for the energy transfer spectra calculated using the vibrating-
rotor model at E � 18.3 eV (Elab � 105 eV) and � =
165°. The results indicate that the prominent peak in I(γ0)
at the vibrational energy transfer 0 < �E/E < 0.1 was lo-
cated around γ0 = 89°, similar to I(γ0) in the rigid-rotor
model calculations around �E/E = 0. This was owing to
the multiple collision effect in the vibrotational excitation
processes, similar to rotational excitations. In this study, vi-
brotational excitations were calculated using the CT method
with a vibrating-rotor model. However, evaluations using the
classical sudden model [41] should also be useful for dis-
cussing momentum transfers in backward scattering.

The electronic excitation signal Z1 observed in the experi-
mental energy transfer spectra for the Cs+−N2 collisions can
be attributed to the electronic excitation from the N2(X 1�)
state to the N2(A3�) state. Z1 has narrow peak structure in the

Θ
Σ

Π

FIG. 10. Collision energy dependences of excitation probabili-
ties Pex for electronic transitions into the N2(A3�) and N2(a1�)
states at � = 165° (θ = 5◦). The open and filled circles connected
with thin curves (Expt1 and Expt2) show the experimental Pex evalu-
ated from the excitation signals Z1(A3�) and Z2 (a1�), respectively,
in the energy transfer spectra. The dashed curve (Calc1) shows the
Pex(Z1) evaluated by assuming the electronic LZ transition at a po-
tential crossing between two interacting states. The dot-dashed curve
(Sim1) shows Pex(Z1) evaluated from the spectra calculated using
a CT vibrating-rotor model (Fig. 13). The two-dot-dashed curve
(Sim2) shows the Pex(Z2) evaluated by simulation procedures of the
signal Z2 in the energy transfer spectra [Fig. 13(b)].

spectra, as shown in Fig. 8(a). This indicates that electronic
transition occurred at a limited range of molecular orientations
γ0. Thereafter, we analyzed the experimental DCS and energy
transfer spectra for the electronic excitations by assuming an
electronic transition accompanied by the vibrational excita-
tions around the orientation γ0 = 90°.

B. Electronic excitations accompanied by vibrational excitations

1. Excitation mechanisms

(a) Experimental excitation probability. Referring to the
spectra calculated by the CT vibrating-rotor model (Fig. 8),
the collision energy E dependence of the excitation probability
Pex(A3�) for the N2(X 1�)→N2(A3�) transition with excita-
tion energy Q = 6.2 eV at � = 165° (θ = 5◦) was deduced
by evaluating the intensity IZ1 of Z1 and total intensity IT,
i.e., Pex = IZ1/IT. At a higher energy of E = 18.3 eV (Elab

= 105 eV), Z1 and Z2 were almost combined (Fig. 2), and
the intensities IZ1 were evaluated at E � 17.5 eV (Elab � 100
eV). The open circles connected to the thin curve in Fig. 10
indicate the experimental excitation probability Pex(Z1).

The transition probability p through the spin-orbit cou-
pling interaction at a potential crossing can be represented
by the Landau-Zener (LZ) formula [23], similar to that for
radial coupling [6]. Assuming LZ transitions through the po-
tential crossing, the potential for the excited state and the
potential parameters at the crossing were evaluated using
the fitting procedure of the probability Pex(Z1) in Fig. 10 to
obtain rudimentary information on the electronic excitation.
The electronic transition presumably occurred at the molec-
ular orientation γ = π/2 under the collisional conditions
discussed above. The fitting procedure was conducted using
the potentials VIM(R, γ = π/2) and VIM(R) listed in Table I,
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and the adjustable potential VIM (R, γ = π/2)* for the excited
Cs+ + N2(A3�) state. The excitation probability was eval-
uated using the relation Pex = σ (�)ex/σ (�), where σ (�)ex
is the excitation DCS calculated considering the electronic
transition between the potentials of VIM(R, γ = π/2) and VIM

(R, γ = π/2)*. σ (�) is the total DCS calculated using the
spherical potential VIM(R). The excited-state potential func-
tion VIM (R, γ = π/2), excitation energy Q, intermolecular
potential crossing distance RC, potential height V (RC) at RC,
and coupling energy H12 at the crossing deduced through
the DCS calculations are summarized in Table II(b). The
deduced transition parameter �12 = (H12)2/�F12 determining
the transition probability was 1.0 × 10−12 eV m, where �F12

is the difference in slope between the potentials VIM1 and VIM2

around the potential V (RC) = 13.35 eV. The small transition
parameter �12 = 1.0 × 10−12 eV m is almost identical to
those for the quasisymmetric Li+–He, Na+–Ne, and K+–Ar
systems studied experimentally [8,10,11]. The dashed curve
(Calc1) in Fig. 10 denotes the excitation probability calculated
using the potential parameters determined through the fitting
procedure. Thus, the calculations reproduced the experimental
results satisfactorily.

A significant electronic excitation into the Cs+ + N2(a1�)
state was also observed at collision energies of E � 16.6 eV
(Elab � 95 eV), i.e., the signal Z2 in the energy transfer spectra
shown in Fig. 2. The excitation probabilities Pex(a1�) for Z2

evaluated approximately from the experimental spectra at E
= 16.6 and 17.5 eV (Elab = 95 and 100 eV) are denoted by
the filled circles in Fig. 10. The potential crossing parame-
ters and excited-state potential at the molecular orientation
γ = π/2 estimated using the experimental data are listed
in Table II(b). The excited-state potential VIM(R, γ )* of the
excited Cs+ + N2(a1�) state are composed of the interatomic
potential VIA(r)∗ = 3080 exp(−3.85r) eV of the imaginary
Cs+–N* system. The potential height VIM(RC, ) = 16.4 eV for
the Cs+ + N2(a1�) state shown in the table is nearly equal to
VIM(RC) ∼ 15 eV evaluated for the K+−N2 collisions [14].

(b) Electronic excitations through momentum transfer. As
described in Sec. IV B, the electronic excitation process was
analyzed by evaluating the momentum transfer in Cs+−N2

collisions. Figure 8(b) shows the energy transfer spectra in
a narrow range of �E < 2.6 eV calculated at E = 14.7 eV
(Elab = 84 eV) and � =165°. The energy E = 14.7 eV is
slightly higher than the potential height of VIM(RC) =13.4 eV
at the crossing distance RC for the N2(A3�) excitation. The
prominent peak PX in the figure is located around the energy
transfer of �E = 1.0 eV. This is almost in the middle of the
vibrational energy levels of v = 3 and 4. For vertical elec-
tronic transition between the N2(X 1�) and N2(A3�) states,
the feasible transition path is given by X 1�(v= 0) → X 1�(v
� 3) → A3�(v′ = 0) at the intramolecular distance r3 = 1.24
× 10−10 m [Fig. 11(b)]. Therefore, the vibrational number v

= 3 is the lowest intermediate energy level for the electronic
transitions. At E = 14.0 eV (Elab = 80 eV) and � = 165°, the
peak PX is located at �E ∼ 0.81 eV. This is almost identical to
the vibrational energy level of �E = 0.85 eV for v = 3. The
collision energy E = 14.0 eV was nearly equal to the threshold
energy of Eth ∼ VIM(RC) (= 13.4 eV) for electronic excitation.
Thus, the peak Px is closely related to the electronic excitation
process.

Θ

FIG. 11. (a) Raw energy transfer spectrum in the CM system
evaluated through CT vibrating-rotor model calculation at E = 17.5
eV (Elab = 100 eV) and � = 165°. The arrows L and H indicate
the energy positions to evaluate the electronic excitation probabil-
ity Pex(A3�) from the energy transfer spectrum. The energy scale
v indicates the vibrational energy levels v = 0–9 for the ground
N2(X 1�) state. (b) Intramolecular potential crossing model between
the N2(X 1�) (VG) and N2(A3�) (VE) states for Cs+−N2 system. At
the potential crossing C, the distance is r3C = 1.24 × 10−10 m, effec-
tive potential height W (r3C)eff = VIM(RC) = 13.35 eV, and molecular
orientation γ = π/2.

An analysis of the classical trajectories included at �E <

1.5 eV in Fig. 8(b) of E = 14.7 eV indicated that the energy
transfers depend directly on the initial vibrational phase η.
This is because the classical trajectories for each phase η

have different onset energies. PX appears around the phases of
ηm = 0.15π and 1.65π , which provide the largest onset en-
ergy (�E/E )on, as shown in Fig. 7(b). Thus, PX is attributed
to a type of pseudo-rainbow effect in the vibrational initial
phase η. The phases ηm depend on the collision energies, e.g.,
ηm = 0.7π and 1.2π for E = 8.8 eV shown in Fig. 7.

Figure 11(a) shows the energy transfer spectrum in the
range of �E < 3.5 eV, calculated at E = 17.5 eV (Elab =
100 eV) and � =165°. The spectrum for this higher col-
lision energy exhibited no signal around �E = 0 and had
an onset energy �E = 0.10 eV. The prominent (pseudo-
rainbow) peak PX for this higher energy was located around
�E = 1.6 eV, which was the middle energy for the levels
v = 5 and 6. The location �E (PX) = 1.6 eV was higher
than �E (PX) = 1.0 eV at E = 14.7 eV. The PX locations
were considered to explain the collision energy dependences
of �E (Z1) shown in Fig. 3 and Pex(A3�) in Fig. 10. These
features of the calculated spectra were interpreted using the
intramolecular potential crossing [42] shown in Fig. 11(b).
This figure shows the crossing between the effective potentials
VG(X 1�) and VE(A3�) for the electronic ground N2(X 1�)
and excited N2(A3�) states. In this crossing model, the energy
level v = 3 of VG(r3) coincides (crosses) with the energy
level v′ = 0 of VE(r3) at a distance of r3C1 = 1.24 × 10−10 m.
The intramolecular crossing distance r3C1 is also indicated in
Table II(a). The potential height of VG,E(r3C) at the crossing
point C was assumed to be equivalent to the experimental
intermolecular potential of VIM(RC) = 13.35 eV at the dis-
tance RC. Consequently, the potentials VG(r3) and VE(r3) in
the figure are given by VG = VC1(r3, X 1�) + 12.35 eV and
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Θ

FIG. 12. Intramolecular distance r3 spectrum at collision energy
E = 8.8 and 18.3 eV (Elab = 50 and 105 eV) and scattering angle
� = 165°. The distance r3 is defined at the turning point in the
collisions, and the resolution width is �r3 = 0.01 × 10−10 m. The
open circles with dashed curves and filled circles connected with
solid curves show the spectra at E = 8.8 eV and 18.3 eV, respectively.
The arrow r3(v0)e shows the equilibrium molecular distance (r3 =
1.098 × 10−10 m) of the ground electronic X 1�(v = 0) state. The
scale r3(v)out indicates the outermost r3 distance for each vibrational
state v. Furthermore, the arrow r3C1 indicates the crossing distance
between the potentials of the levels v = 3 for the N2(X 1�) state and
v′ = 0 for the N2(A3�) state shown in Fig. 11(b).

VE = VC2(r3, A3�) + 7.04 eV, respectively, from the poten-
tials VC1(r3, X 1�) and VC2(r3, A3�) evaluated above. The
intramolecular crossing corresponds to that between the inter-
action potentials W(r1, r2, r3) given by Eq. (3) for the ground
Cs+ + N2(X 1�) and excited Cs+ + N2(A3�) states at RC

and the orientation γ = π/2, assuming a vertical electronic
transition [13].

The N2(A3�) excitation was assumed here to proceed
through the intramolecular crossing at r3C1 = 1.24 × 10−10 m
shown in Fig. 11(b). To evaluate the assumption, we analyzed
the intramolecular distance r3 at the turning points in the
collisions. In our case, the turning point distance R0 was close
to the potential crossing RC. This was because the collision
energies E studied here are nearly equal to the threshold colli-
sion energy of Eth ∼ VIM(RC) (= 13.35 eV). Figure 12 shows
the distributions of the distances r3 at collision energies E =
8.8 and 18.3 eV and scattering angle � =165°. E = 18.3 eV is
the highest energy for our detailed study. As is evident in the
figure, the vibrational excitation to r3 > 1.21 × 10−10 m can
be observed at E > 8.8 eV (Elab > 50 eV). r3 = 1.24 × 10−10

m at v = 3 corresponds to the intramolecular crossing distance
r3C1 between the potential curves of the X 1� and A3� states.
This is likely to be the reason that the N2(A3�) excitation
was observed significantly in the collisions at energies 14 <

E < 18 eV and angle � = 165°. The r3 distributions at the
turning points in the L+−N2 and K+−N2 collisions were also
analyzed around the threshold angle θth(�th < �C), where the
electronic excitations of the N2 molecules were observed as

mentioned above [13,14]. For these systems, the intramolec-
ular distances were located at r3 < 1.2 × 10−10 m. This is
smaller than the crossing distance r3C1 = 1.24 × 10−10 m for
the N2(A3�) excitation. Thus, the vibrational excitations in
the Cs+−N2 collisions near the threshold energy Eth differ
significantly from those in the Li+−N2 and K+−N2 colli-
sions. Accordingly, the electronic excitation around the angles
θth in these lighter systems is considered to occur through
the vertical electronic transition around the intramolecular
equilibrium distance r3 ∼ 1.1 × 10−10 m [13].

In the Cs+−N2 collisions at higher energy of E =
17.5 eV (Elab = 100 eV), another N2(a1�) excitation was
observed with an observably high probability. Therefore,
the experimental spectrum can be reproduced considering
both transitions to the N2(A3�) and N2(a1�) states. In the
vertical electronic transition N2(X 1�) → N2(a1�), the in-
tramolecular potential crossing was evaluated to be located
at r3C2 = 1.18 × 10−10 m between the vibrational level v =
1 for N2(X 1�) and v′ = 0 for N2(a1�). Therefore, the fea-
sible initial vibrational levels are primarily owing to 1 �
v < 3 for excitation to the N2(a1�) state, considering the
N2(A3�) excitation occurring at v � 3 [Fig. 11(a)]. The
intramolecular potential parameters for the excited-state po-
tential VC3(r3, a1�) of the N2(a1�) state are also given in
Table II(a).

(c) Simulations of energy transfer spectra with electronic
excitations. Figure 13(a) shows the energy transfer spectra
calculated by CT vibrating-rotor model and obtained exper-
imentally at the CM energy E = 14.7 eV (Elab = 84 eV)
and an angle � =165°. The CT calculations were performed
considering the electronic transition N2(X 1�) → N2(A3�)
(Q = 6.2 eV). The signals around the dominant peak PX in the
raw CT spectrum at energies of �EL−�EH shown in Fig. 8(b)
were promoted to the signal PX′ located at �E (= Q) = 6.2 eV
in the dashed curve, where �EL corresponds to the vibrational
energy for the v = 3 level. Meanwhile, �EH is arbitrarily
assumed to correspond to the excitation energy yielding half
the peak height of PX. The transition was also assumed to
occur for trajectories with molecular orientations of 88 < γ

< 90° (�γ = ±1°), according to the discussion in Sec. V A.
The calculation reasonably reproduces the experimental Z1

peak and the distinct shallow minimum in the experimental
spectrum around �E = 1.2 eV (the arrow SM in the figure)
as an inclining structure around the arrow INC in the figure.

Figure 13(b) shows the experimental and simulated energy
transfer spectra at E = 17.5 eV and � = 165°. In the raw CT
spectrum, the peak PX′ for Z1 mostly originates from the peak
PX mentioned above [Fig. 11(a)]. In contrast, the peak PY′ for
Z2 is mostly given by the signals at the vibrational level v < 3
shown in Fig. 11(a). The peak was finally determined through
curve fitting by adjusting the correction factor F of the peak
height, orientation width �γ , and energy width �(�E ) to
reproduce the tail intensity at the large energy transfers of �E
= 9.5–11.5 eV. The simulated spectrum with the excitation en-
ergies of �EZ1 = 7.0 eV [�εZ1(= �EZ1–QZ1) = 0.8 eV] and
�EZ2 = 9.0 eV (�εZ2 = 0.5 eV) effectively reproduces the
experiment (Fig. 3). The correction factors evaluated through
the simulations were F = 0.4, 0.8, and 1.0 at E = 16.6,
17.5, and 18.3 eV (Elab = 95, 100, and 105 eV), respectively
[Moreover, F < 0.05 at E = 15.9 eV (Elab = 91 eV)].
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Θ
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FIG. 13. Energy-transfer spectra in the CM system simulated
through CT vibrating-rotor model calculations. The solid and dashed
curves show the convoluted and raw CT spectra, respectively. The
raw calculations decrease by a factor of 1/4. The open circles show
the experimental spectra for comparison. (a) Spectra at E = 14.7 eV
(Elab = 84 eV) and � = 165° revised from Fig. 8(a) by consider-
ing the electronic transition into the N2(A3�) state. The peak PX′

in the raw CT spectrum represents the excitation signal Z1 in the
experimental and convoluted CT spectra. The arrow SM indicates a
shallow minimum position in the experimental DCS, and the arrow
INC indicates an inclining structure position in the convoluted CT
spectrum. (b) Spectra at E =17.5 eV (Elab = 100 eV) and � = 165°
simulated considering electronic transitions to the N2(A3�) (signal
Z1) and N2(a1�) (signal Z2) states. The peaks PX′ and PY′ in the raw
CT spectrum represent the excitation signals Z1 and Z2, respectively.

The excitation probabilities Pex [= SPX′ (SPY′ )/Stotal] for the
electronic transitions of X 1� → A3� and a1� were deduced
by evaluating the integrated intensities SPX′ and SPY′ of the
raw excitation signals PX′ and PY ’[Figs. 13(a) and 13(b)], and
Stotal of the total raw CT signals. The dot-dashed (Sim1) and
two-dot-dashed (Sim2) curves in Fig. 10 show the energy de-
pendences of the probabilities Pex for N2(A3�) and N2(a1�)
excitations, respectively, evaluated using the spectra simulated
by the CT vibrating-rotor model. The calculations effectively
reproduced the experimental energy dependence. As shown
in Fig 10, the probability Pex (Z2) for the N2(a1�) excitation

increased abruptly as the collision energy increased. This indi-
cates that the excitation probability was primarily determined
by the Pex (a1�) at energies E > 17.5 eV (Elab > 100 eV). The
probability was estimated to be Pex(a1�) = 1 at the higher
energies of E > 26 eV (Elab > 150 eV).

The energy transfer spectrum in the laboratory system at
high-energy Elab = 250 eV (E = 43.6 eV) and angle θ = 5◦
was calculated using the CT vibrating-rotor model to interpret
the specific experimental spectrum. The solid curve in Fig. 4
shows the simulated energy-transfer spectra at Elab = 250 eV
and θ = 5◦. The simulated spectrum (solid curve) was ob-
tained using the intramolecular potential VC(r3, a1�) for the
excited N2(a1�) state with the excitation energy Q = 8.5 eV
[listed in Table II(a)] under the assumption that Pex(a1�) = 1.
In the simulation, the potential VIM(R, γ )* for the excited Cs+

+ N2(a1�) state was evaluated using the interatomic function
VIA(r)∗ = 3080 exp(−3.85r) eV , as determined above. For
comparison, the dotted curve in the figure shows the spectrum
calculated for the ground-state potential VC[r3, N2(X 1�)] with
Q = 0. Thus, the pseudo-rainbow structure observed in the
experimental spectrum at large collision energy was repro-
duced effectively through simulation under the assumption of
N2(a1�) excitation with Pex(a1�) = 1. Additionally, refined
CT calculations using the vibrating-rotor model considering
potential surface crossing [13] and intramolecular crossing
would provide more detailed information on the electronic
excitation processes.

2. Charge-overlap model potentials

In the ion-molecule (and -atom) collisions, charge ex-
change reactions were generally observed with high probabili-
ties as well as direct particle excitations [7,13]. However, only
the excitations of the N2 molecules (rather than the charge
exchange reaction) were observed in the Cs+−N2 collisions.
To understand the experimental results, the diabatic inter-
molecular potentials at the molecular orientation γ = π/2
for the ground Cs+ + N2 state, charge-transferred Cs(6s)
+ N+

2 state, and two electronically excited Cs+ + N2(A3�

and (a1�) states were evaluated using the empirical charge-
overlap model [10]. The model was applied successfully to
discuss the excitation processes in atomic collisions between
the closed-shell particles A and B. Therefore, the excited-state
potential of A + B*, where B* is in an excited state, could be
evaluated approximately by the overlap of the charge densities
between the particles A and B+, omitting the promoted outer
electron of particle B* [43]. For the excited N2(A3�) and
N2(a1�) molecules, the electrons in the molecular orbital 1πu

and 3σg, respectively, are promoted to the outer 1πg orbital.
Furthermore, the intermolecular potentials VIM(R, γ = π/2)
for Cs+ ion excitations to Cs+* + N2, and Cs2+ + N−

2 states
were calculated using the empirical model to obtain informa-
tion on the spin-changing electronic transition [N2(X 1�) state
→ N2(A3�) state].

(a) Charge transfer and N2 excitations. The ground-state
Cs+ –N2 potential was evaluated using the overlap of charge
densities ρi, j between the Cs+(5p6) ion and N(2p3) atom [36],
similar to the statistical model calculations in Sec. III. The
potential for the charge transferred Cs + N+

2 state (Q =
11.7 eV) was evaluated using the potential of the imaginary
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γ 
π

FIG. 14. Diabatic potentials at molecular orientation γ = π/2
for the ground and excited electronic states evaluated using the
charge-overlap model by Ref. [10]. The electronic states of model
potential curves at the separated distances are as follows: (1) Cs+ +
N2(X 1�), (2) Cs+ + N2(A3�) (Q = 6.2 eV), (3) Cs2+ + N−

2 (Qeff =
21.0 eV), (4) Cs+ + N2(a1�) (Q = 8.5 eV), (5) Cs(6s) + N+

2 (X
2�) (Q = 11.7 eV), and (6) Cs+*(5p56s) + N2(X 1�) (Q = 13.4 eV).
The open circles show the statistical ground-state potential for com-
parison. The filled circles C1−C3 indicate the potential crossing
positions.

Cs(6s)–N*(2s22p2.5) system, considering the total number of
electrons n = 13 for the N+

2 ion. The N2(A3�) and N2(a1�)
molecules were considered as N+

2 ions based on the analogy
of atomic collision systems to evaluate the potentials of the
electronically excited Cs+ + N2(A3�) and Cs+ + N2(a1�)
states. Herein, the intermolecular potentials were determined
using the spectroscopic data of the equilibrium N-N distance
re and excitation energies Q. Figure 14 shows the calcu-
lated model potentials at the molecular orientation γ = π/2.
Ground-state potential curve 1 agrees well with that evaluated
using the statistical model shown by the open circles in the
figure. Excited-state curves 2, 4, and 5 cross curve 1 at points
C1−C3 shown by the filled circles. The potential parameters
of the crossings C1 and C2 listed in Table II(b) agree reason-
ably with the experimental values. The crossing C3 is located
at RC3 = 1.36 × 10−10 m and VIM(RC3) = 40 eV. The potential
height VIM(RC3)= 40 eV is observably higher than the exper-
imental VIM(RC1)= 13.4 eV and V (RC2) = 16.4 eV. This is
likely to be reason that the charge exchange reaction was not
observed in this study. The model potential for the Li+−N2

system calculated additionally also reproduces the potential
crossing for the excited Li+ + N2(a1�) state evaluated by ab
initio calculations and experiments [13].

(b) Cs+ excitation and ion-pair formation. The potential
VIM(R, γ = π/2) for the excited Cs+*(5p56s) + N2 state
was evaluated by calculating the potential for the Cs+*–N
system using the charge overlap model. Curve 6 in Fig. 14

shows the potential for the Cs+∗(5p56s) + N2 state (Q =
13.35 eV), which crosses potential curve 1 at a higher poten-
tial VIM(RC, γ = π/2) of approximately 120 eV. Therefore,
the spin-change process cannot be interpreted by considering
this excitation process.

The potential for ion-pair formation in the Cs2+ + N−
2

state was calculated as a final attempt. The electronic ion-pair
configuration of Li− + He2+ was reported in the ab initio po-
tential energy calculation for the Li+–He system, which was
identified down to a shorter distance of R = 0.25 × 10−10 m
[8]. Similarly, the electronic excitation processes in K–N2

and –CO collisions were discussed considering the ion-pair
formation of the K+ + N−

2 and CO− states [44]. The inter-
molecular potential of the Cs2+ + N−

2 state was calculated
by assuming the relation of VIM(R, γ = π/2) = VOV(R, γ =
π/2) + VCoul(R) + Qeff , where VOV(R, γ = π/2) is the inter-
molecular potential for the Cs2+ + N2 system given by the
charge overlap model, and VCoul(R) is the Coulombic potential
between the positive charge (zi = 2) on the Cs2+ ion and the
additional negative charge density −ρe on the N−

2 ion (total
charge ze = −1) [45]. The charge density ρe was evaluated
using the normalized radial wave function of the s-type or-
bital RWF(r) = Arn exp(−αr) centered at the center of gravity
of the N2 molecule. The intramolecular equilibrium distance
for the N−

2 molecule was assumed to be re ∼ 1.1 × 10−10 m,
which is equal to that of the ground-state N2 molecule. Curve
3 in Fig. 14 shows the potential for the Cs2+ + N−

2 state
fitted at the crossing C1 in the figure between curves 1 and
2 [VIM(RC1) = 16 eV] by adjusting the orbital function RWF

and effective excitation energy Qeff . The result was obtained
using n = 2 and α = 4.7 × 1010 m−1, which yields the maxi-
mum radius of the charge density ρe of rmax = 0.4 × 10−10 m.
The effective excitation energy was Qeff = 21.0 eV. This is
moderately lower than the ionization energy IP = 25.1 eV of
the Cs+ ions. The Coulombic potential is given by VCoul(R) =
−28.8 × 10−10/R(eV) at R > 1.0 × 10−10 m.

(c) Spin-changing electronic transition. As discussed
above, the spin-changing reaction occurs through the two-
step process of Cs+ + N2(X 1�) → Cs2+ + N−

2 → Cs+ +
N2(A3�). Total spins of the initial Cs+ + N2(X 1� ) and final
Cs+ + N2(A3�) states are S = 0 and 1, respectively, whereas
the total spins of intermediate Cs2+ + N−

2 state are S = 0
and 1. First, an electronic transition occurs at the crossing C1

in Fig. 14 between curves 1(Cs+ + N2) and 3 (Cs2+ + N−
2 )

through radial coupling [6]. The Cs2+ ion has doublet states of
Cs2+(5p52P3/2) and Cs2+(5p52P1/2) with an energy difference
�Q = 1.7 eV. Second, during the Cs2+−N−

2 collisions along
curve 3 at R < RC1, the initial total spin S = 0 of the interme-
diate system is modified to S = 1 owing to spin-orbit coupling
[23,33] through the interaction between the quasimolecular
Cs2+(2P3/2 and 2P1/2) + N−

2 states [46]. Finally, at the second
passage of C1, the electronic transition from curve 3 (Cs2+ +
N−

2 , S = 1) to curve 2[Cs+ + N2(A3�), S = 1] occurs via the
radial coupling [6], involving electron exchange [47]. These
processes result in a spin-changing N2(X 1�) → N2(A3�)
excitation. Thus, electronic N2(A3�) excitation occurs at the
second passage of C1 following the transition to the Cs2+
+ N−

2 state at the first passage of C1. Furthermore, the in-
tramolecular potential VC(r3) for N−

2 is estimated to be almost
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equal to the ground-state potential for N2 molecule. This is
why the N2(A3�) excitation can be interpreted reasonably
considering the pseudo-rainbow effect on momentum transfer
in Cs+−N2 collisions, as discussed in Sec. V B 1.

VI. CONCLUSION

The energy transfer processes in the Cs+−N2 collisions
were studied experimentally at the laboratory collision ener-
gies of Elab = 50−250 eV and scattering angles of θ > 2◦ via
differential scattering spectroscopy. The experimental results
were analyzed using the classical trajectory (CT) calcula-
tion method. Specific electronic excitations to the N2(A3�)
and N2(a1�) states were observed with significant excitation
probabilities Pex in the backward scattering at lower CM ener-
gies E = 13.6−18.3 eV (Elab = 78−105 eV) and a CM angle
� = 165° (θ = 5◦). CT calculations using vibrating-rotor
model indicated that the electronic transition to the N2(A3�)
state occurred mostly around the molecular orientation γ0 =
π/2 in the collisions and at vibrotational excitations �E/E <

0.12.
By analyzing the E dependence of the experimental proba-

bilities Pex(E) for the N2(A3�) excitation, the intermolecular
potential crossing for the orientation γ = π/2 was deter-
mined to be located at a distance of RC = 1.69 × 10−10 m and
a potential height of VIM(RC) = 13.4 eV. The experimental
Pex(E) for the N2(a1�) excitation approximately provided
VIM(RC) = 16.4 eV at RC = 1.62 × 10−10 m. Furthermore,
the probabilities Pex for the N2(A3�) and N2(a1�) excitations
were evaluated by simulating the experimental energy transfer
spectra. The simulations indicated that N2(A3�) excitation
was the dominant excitation process at lower energies of
E < 17.5 eV (Elab < 100 eV). The analyses, where the tran-
sitions into the N2(A3�) and N2(a1�) states were assumed
to occur primarily at vibrational levels v � 3 and 1 � v < 3,
respectively, were related to the crossings between the in-
tramolecular potentials of the electronic ground and excited
states.

Finally, the diabatic intermolecular potentials of the elec-
tronic ground and excited states were evaluated using an
empirical charge overlap model. The evaluations effectively
reproduced potential crossings between the ground and ex-
cited states, and reasonably interpreted the spin-changing
excitation mechanism for the N2(X 1�) → N2(A3�) transi-
tion.

In the impulsive Li+−N2 and K+−N2 collisions at small
scattering angles studied earlier, vertical electronic transitions
to the N2(a1�) and N2(a′1� or w1�) states, respectively,
were observed to occur around the intramolecular equilibrium
distance re. Meanwhile, no singlet-triplet transition was ob-
served. These results differ from our results. There are two
likely causes of this inconsistency. First, the Li+−N2 and
K+−N2 systems have no coupling energy for the singlet-
triplet transition, i.e., Hi j = 0. The other originates from the
fact that the vibrational motion of the N2 molecules dur-
ing the Cs+−N2 collisions is considerably large and the
intramolecular distance r3 reaches to the crossing distance
r3C = 1.24 × 10−10 m in the backward scattering around the
threshold collision energies.
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