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Allowed vibronic transitions to the two lowest singlet electronic terms induced by electron impact in the
cesium dimer are theoretically investigated in the frame of the semiclassical impact parameter method. All
relevant quantities characterizing the transitions, i.e., transition dipole moments, Franck-Condon factors, and
vibronic moments, are derived and compared with results in the literature. Total and vibrationally resolved cross
sections for excitations initiated from υ ′′ = 0–45 vibrational levels of the ground electronic state are calculated
and the role of vibrational excitation is discussed.
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I. INTRODUCTION

Theoretical and experimental investigation of the Cs2

dimer has been, in recent years, mainly oriented to the
spectroscopic characterization of electronic states, due to their
relevance in laser applications [1]. The optically allowed
excitation to the first excited states A 1�+

u and B 1�u have
been studied, extracting the spectroscopic parameters [2,3] and
the Franck-Condon factors for (υ ′,υ ′′) transitions [4–8]. The
high-lying excited singlet states, C 1�+

u and D 1�u have been
investigated extensively [9,10], being the main components
of the visible absorption spectrum of Cs2, with vibrational
progression strongly perturbed by spin-orbit interaction with
triplet terms, and contributing to the atomic cesium budget
through predissociation mechanisms [11–13].

However, the wide interest in cesium is also motivated in
literature by the role played in modern negative ion sources
for fusion applications [14–16], whose efficiency has been
observed to be highly sensitive to the presence of atomic
cesium at a low concentration. The mechanism is still not
clear and is debated in the literature. In fact direct conversion
at the cesiated surfaces of the reactor has been conjectured
[17–19], though the role of gas-phase processes, governing
the H− formation in old volume sources, is to be considered
[20]. Recently, in the development of accurate spectroscopic
techniques (cavity ring-down spectroscopy) for the reliable
estimation of H− absolute volume density in rf-driven sources,
a large enhancement of negative ion production in cesium-
seeded operation has been shown, also measuring an additional
adsorption in the afterglow of the discharge that has been
attributed to the Cs2 dimer [21].

Modeling of negative ion sources, assisting the designing
phase, has shown that non-equilibrium conditions in plasma
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systems are critically important, affecting the rate of produc-
tion of negative hydrogen [22,23]. This consideration justifies
the efforts made toward the inclusion of a detailed kinetics
in the modeling of these devices, allowing the description
of nonequilibrium features of internal distributions and the
estimation of the role of excited species. The main requirement
for state-to-state kinetics is state-specific dynamic information
for elementary processes. Thus the derivation of a complete
set of cross sections, with dependence on the internal quantum
states of colliding species, could be considered the first step
toward an accurate and realistic simulation. Attempts have
been made to include cesium kinetics in the modeling of mod-
ern negative ion sources [15,24,25], but the poor knowledge
of cross sections for elementary processes involving cesium
represents the main obstacle. Theoretical investigation has
focused on electron-impact-induced ionization and excitation
of atomic cesium [26–28].

In the present work electron-impact-induced excitation
processes in vibrationally excited Cs2 molecules to the two
lowest excited states, i.e.,

Cs2(X 1�+
g ,υ ′′) + e → Cs2(A 1�+

u or B 1�u,υ
′) + e, (1)

have been studied, in the frame of the semiclassical impact
parameter method (IPM), with the perspective of creating
a database for modeling and trying to remedy the lack
of information in the literature on the dynamics of e-Cs2

collisions.

II. METHOD OF CALCULATION

The IPM, in its original formulation for optically allowed
transitions induced by electron impact [29,30], has been widely
used in the calculation of state-to-state cross sections for a
number of processes involving vibrationally excited diatomic
molecules [30–33]. The basic idea of the method, which does
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not include exchange [29], consists in a classical description
of the incident electron motion (for which a straight-line
trajectory is assumed), with the further constraint of the
dominance of “distant collisions,” to avoid overlap effects
with the molecular cloud, which would require a quantum
description of the incident electron motion.

In this approach, the electron-target interaction potential,
expressed in terms of classical trajectory, is a time-dependent
function, and consequently, the collisional dynamics is also
described by a time-dependent Schrödinger equation. The
initial and final states of the molecular target are described
fully quantum mechanically with respect to both electronic
and nuclear motions.

The IPM provides an accuracy comparable with that of the
Born approximation, to which it reduces at very high energies.
In fact a better behavior of the cross section obtained in the IPM
is observed for intermediate and lower energies with respect to
the Born approximation, which overestimates the cross-section
value as the incident energy decreases toward the threshold.
Near the threshold, however, the IPM becomes less accurate
and a quantum description of incident electron motion in this
energy region becomes necessary.

Recalling briefly the main formulas, the state-to-state cross
section σ

αi→αf

υ ′′,υ ′ (E) for an electron-impact-induced transition
from the υ ′′ vibrational level of the αi electronic state to the υ ′
vibrational level of the final αf electronic state of a diatomic
molecule is expressed as

σ
αi→αf

υ ′′,υ ′ (E) = S
αi,αf

υ ′′,υ ′ D
αi,αf

υ ′′,υ ′ (E), (2)

where E is the collision energy. The “structural factor” S
αi ,αf

υ ′′,υ ′ ,
related to the quantum structure of the target, is defined by

S
αi ,αf

υ ′′,υ ′ = m2e2

3gih̄
4 (2 − δ�i,0)(2 − δ�f ,0)

∣∣∣∣
∫ ∞

0
dRχ

αf

υ ′ (R)M
αi,αf

�i ,�f
(R)χαi

υ ′′(R)

∣∣∣∣
2

, (3)

with m, e, h̄, and gi the mass and charge of the electron,
Planck’s constant, and the degeneracy factor for the αi state,
respectively. χα

υ (R) is the vibrational wave function, which
depends on the internuclear distance R, and M

αi,αf

�i ,�f
(R) is the

usual electronic transition dipole moment characterized by
the quantum numbers of the projection of electronic angular
momentum on the internuclear axis �i and �f .

The “dynamical factor,” describing the inelastic scattering
effects on the motion of incident electron, is given by

D
αi,αf

υ ′′,υ ′ = 2πh̄2

m2u2
i

{
γi

[
K0(γi)K1(γi) − π2

4
S0(γi)S1(γi)

]

+ γf

[
K0(γf )K1(γf ) − π2

4
S0(γf )S1(γf )

]
+ γ [K0(γi)K1(γf ) + K0(γf )K1(γi)]

+ γ
π2

4
[S0(γi)S1(γf ) + S0(γf )S1(γi)]

+
(

u2
i − u2

f

u2
i + u2

f

)[
ln

(
γf

γi

)
+ π

2

∫ γf

γi

S0(γ )dγ

]}
, (4)

where Ki and Si are the modified Bessel and Struve functions,
respectively, and ui and uf are the initial and final electron
velocities. Moreover,

γi = ρ0
υ ′′,υ ′

∣∣E
αi,αf

υ ′′,υ ′
∣∣

h̄

1

ui

,

γf = ρ0
υ ′′,υ ′

∣∣E
αi,αf

υ ′′,υ ′
∣∣

h̄

ui

u2
f

, (5)

γ = ρ0
υ ′′,υ ′

∣∣E
αi,αf

υ ′′,υ ′
∣∣

h̄

2ui

u2
i + u2

f

,

where E
αi,αf

νi ,νf
= ε

αf

υ ′ − ε
αi

υ ′′ is the transition energy, with εα
υ

the energy eigenvalue of the υ vibrational level of the α

electronic state. ρ0
υ ′′,υ ′ is a cutoff parameter introduced in the

IPM to avoid divergent cross sections, whose value is set by
equating the impact parameter and Born approximation cross
sections at high energies.

The dissociative cross section σ
αi→αf

υ ′′ (E) is defined by the
integral

σ
αi→αf

υ ′′ (E) =
∫ εmax

εth

dσ
αi→αf

υ ′′,ε (E)

dε
dε, (6)

where σ
αi→αf

υ ′′,ε (E) is readily obtained from Eq. (2) by simply
replacing the final quantum number υ ′ with the continuum
energy ε. The integration on the continuum spans from εth,
i.e., the dissociation threshold for the excited electronic state,
to εmax = E + ε

αi

υ ′′ . The total cross section results from bound-
bound and dissociative contributions.

One last remark is about the arising, in the original
formulation, of a low-energy peak [34] due to the behavior of
one term in the dynamical factor, i.e., u−2

i γ π2

4 S0(γi)[S1(γf ) +
S0(γf )S1(γi)]. This term has a first derivative that becomes
negative in the region close to the threshold. In the present
paper a constant extrapolation has been applied to this term as
E tends to the threshold value, thus producing an automatic
smoothing.

III. COMPUTATIONAL DETAILS

A. Potential energy curves

Due to the high sensitivity of the Cs2 system, potential
energy curves as accurate as possible have been used for vibra-
tional level calculation. For the ground state X 1�+

g (Fig. 1),
in the region of the well, the Rydberg-Klein-Rees (RKR)
potential of Amiot and Dulieu [35] was used, derived from the
analysis of vibronic molecular spectra of Cs2 and in excellent
agreement with older results of Raab et al. [11]. The long-range
part of the curve, correlating with the most accurate exper-
imental value for the dissociation limit De = 3649.84 cm−1,
has been described through the Morse/long-range model
expansion with additional parameters [36]. The short-range
repulsive branch of the potential has been extrapolated for
R < 6.6023 bohr, by using the physically sound exponentially
decreasing function, i.e., V (R) = α exp (βR), whose parame-
ter values α = 18.9498 a.u. and β = −1.0672 a−1

0 have been
optimized through a best-fit procedure, to ensure a smooth
connection with the potential energy values corresponding
to the lowest R values in the RKR potential. Vibrational
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FIG. 1. (Color online) Potential energy curves of the ground state
X 1�+

g and the two lowest excited states A 1�+
u and B 1�u of the

Cs2 molecule. Solid lines, reconstructed from RKR potentials in the
literature; dotted lines, from Ref. [37]; symbols, ab initio results of
this work.

eingenvalues (υ ′′
max = 134) for the ground-state X 1�+

g of
the Cs2 dimer, obtained by direct numerical integration of
the constructed potential in the radial Schrödinger equation,
reproduce excellently the levels in the literature [35].

An analogous procedure has been adopted for the potential
energy curves of the two excited states, correlating with
Cs(2S) + Cs(2P ). The accurate value of the dissociation limit
has been derived by adding to the molecular ground-state
dissociation limit, Cs(2S) + Cs(2S), the energy for the ex-
citation of atomic cesium to the (2P ) state, averaging in
the statistical weight the two sublevels, (2P1/2) and (2P3/2),
leading to the value 11 547.627 cm−1, which is in excellent
agreement with the experimental value reported in Ref. [38].
For the A 1�+

u state no extended RKR potential is available,
therefore reference is made to theoretical ab initio results of
Krauss [39], however, data have been shifted so as to fit the
experimental R

exp
eq = 10.00 bohr (T exp

e = 9627.06 cm−1 [4] is
close to the value of T theo

e = 9620 cm−1 [39] from theory). The
short-range exponentially decreasing extrapolation function
has been adopted for R � 5 bohr, with parameters α =
0.27484 a.u. and β = −0.2108 a−1

0 , while for R > 20 bohr
the usual asymptotic inverse power expansion, including terms
due to electrostatic interaction and dispersion forces, has been
considered:

V (R) = De + C3

R3
+ C6

R6
+ C8

R8
. (7)

The C6 = −26 087 hartree a−6
0 and C8 = −6 416 535 hartree

a−8
0 values have been taken from Ref. [40], while the C3

coefficient has been set to 30.0 hartree a−3
0 with respect to the

theoretically predicted value of 24.27 hartree a−3
0 , to smoothly

connect with theoretical ab initio results.

TABLE I. Vibrational eigenvalues (from the minimum of the A

state) of the excited state A 1�+
u of Cs2 compared with the literature

[4].

υ ′ εv′ [4] (cm−1) εv′ (cm−1)

0 18.185 20.624
1 54.915 53.993
2 92.327 87.269
3 130.33 120.45
4 168.85 153.51
5 207.79 186.47
6 247.10 219.30
7 286.70 252.01
8 326.53 284.60
9 366.54 317.06

In Table I a comparison is shown of the first few vibrational
eigenvalues, of the large number of levels (υ ′

max = 347)
sustained by the excited state A 1�+

u (v′ = 0–9) with results
from fluorescence spectroscopy of Verges and Amiot [4]. The
fundamental level is satisfactorily reproduced, however, for
higher vibrational levels deviations, in any case below 16%,
are observed that could be ascribed to the shape of the potential
energy curve of the excited term.

The B 1�u potential energy curve has been constructed
starting from the RKR data in Ref. [8] for R values in
the interval 7.87–10.94 bohr. As before, the region of small
internuclear distances has been described through the exponen-
tial decay function (α = 0.18453 a.u., β = −0.13856 a−1

0 ),
while the curve to the dissociation limit through Eq. (7) with
coefficients C3 = 10.87 hartree a−3

0 , C6 = −13 210 hartree
a−6

0 , and C8 = −2.078 × 106 hartree a−8
0 [40,41].

Seventy bound vibrational levels (υ ′
max = 69) are sustained

by this potential energy curve. It is interesting to note
the special feature affecting the long-range portion of the
B-state potential (see Fig. 1), which exhibits a barrier of
∼302 cm−1 above the dissociation limit, located at R = 16.2,
a0 = 8.6 Å, determined by the repulsive positive C3/R

3 term
in the long-range expansion [Eq. (7)], in satisfactory accord
with theoretical results of Jeung et al. [42], locating the
barrier at R ≈ 8 Å, with a rise of 250 cm−1 above De.
The presence of this maximum causes the existence of 18
quasibound vibrational levels, i.e., levels with energy above
the dissociation threshold, characterized by the probability of
tunneling the energy barrier leading to dissociation. These
levels are resonances in the scattering dynamics in cesium
atom collisions, corresponding to the physical occurrence of
trapped atoms in the molecular system. The numerical module
handling the vibrational structure of electronic states, included
in the impact parameter code, is able to estimate the position
and the energy width (�) of these resonances in the frame of
the internal amplitude method [34]. The width of the resonance
�, related to the surviving time of the quasibound state against
tunneling (τ = h̄/�), except for the last four levels, lying very
close to the barrier top, is so small that these levels can be
regarded as bound.
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B. Ab initio calculations of transition dipole moments

Electronic structure calculations, at the MRCI level in-
cluding singly and doubly excited configurations, have been
performed with the GAMESS package [43] for electronic term
energies and transition dipole moments, in allowed transitions
under consideration, neglecting spin-orbit and relativistic
effects. Core electrons have been described by means of
an effective core potential (ECP) [44], leading to a reduced
18-electron dimer system. The adopted basis set is a triple-ζ
(7s,6p,3d) contracted to (5s,3p,3d) [45] with eight virtual
orbitals in the active space. Molecular geometries in the
interval 6.0–12.0 a0 of R have been considered. In Fig. 1 ab
initio energies for the three electronic states under investigation
have also been reported and compared with reconstructed
potential energy curves and ab-initio results in literature [37],
showing a good agreement in the potential well region, the
equilibrium internuclear distance values for the three states
being well reproduced (RX

eq = 8.7 bohr, RA
eq = 10.0 bohr, and

RB
eq = 9.0 bohr, compared to 8.74, 10.11, and 9.23 bohr

from Ref. [39], respectively). Upon increasing the nuclei
separation (R > 12.0 a0), some discrepancies arise, probably
due to a deficiency in the active space; in fact the dominant
configuration-state functions, ensuring a correct estimation of
the correlation energy for the electronic terms, change with
the internuclear separation and the ground-state dissociation
energy is not accurately reproduced.

The behavior of the transition dipole moment, reported
in Fig. 2 for the two excitations, shows a weak monotonic
increase with the internuclear coordinate. Transitions initiated
from excited vibrational levels are expected to be slightly
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FIG. 2. (Color online) Transition dipole moment for transition
to the A 1�+

u and B 1�u states in Cs2. Open diamonds, ab initio
results from this work; dotted lines, ab initio results of Ref. [37];
solid lines, phenomenological approach [46]; filled diamond, value
for the X → A transition derived by Smirnov [5] from an analysis of
vibronic spectra.
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FIG. 3. (Color online) Frank-Condon factors, for the X 1�+
g →

A 1�+
u transition in Cs2, for selected initial or final vibrational levels.

Open symbols, present results; filled symbols, results from Refs. [6,7].

favored; in fact, considering vertical transitions, these levels
are characterized by the value of the transition dipole moment
corresponding to the outer classical turning point, progres-
sively moving to the region of higher R values.

The R dependence of transition dipole moments for the
considered transitions have been published in very recent
papers [37,47], where also the spin-orbit coupling with the
triplet term b 3�u is taken into account. In Ref. [47] ab
initio calculations have been performed with the MOLPRO

code, including dynamical correlation effects by the internally
contracted multireference configuration interaction method
(MRCI), the complete active space (CAS) consisting of
the 7σg,u, 4πg,u, and 2δg,u optimized molecular orbitals.
The �-independent core-polarization potentials have been
used, implicitly accounting for core-polarization effects, with
explicit treatment only of the two valence electrons in the
MRCI. In the present ab initio calculation no core polarization
potentials are included, not being available for the GAMESS

code, and the core polarization has been included considering
four active electrons in the CAS, generating the reference
configuration-state functions. Core-polarization effects act to
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FIG. 4. (Color online) Frank-Condon factors, for the X 1�+
g →

B 1�u transition in Cs2, as a function of the final vibrational quantum
number υ ′ for selected initial vibrational levels, υ ′′. Open symbols,
present results; filled symbols, results from Ref. [8].

shorten the bond length and thus attain the experimental value
for the Req of electronic states [42].

Despite the satisfactory accord of the potential energy
curves (see Fig. 1), only a semiquantitative agreement is
found for transition moments (see Fig. 2). The monotonic
increasing behavior for R in the interval 6–11 a0 is confirmed,
however, with lower absolute values in Refs. [37,47], leading
to discrepancies of around 7% and 15% for the X → A

and X → B transitions, respectively. The impact on the
corresponding IPM excitation cross sections could be roughly
estimated considering vertical excitations and the propagation
of differences in the structural factor, Sαi,αf being proportional
to the square modulus of the transition dipole moment at the
classical turning point and thus lowering the cross-section
values of approximately 15% and 30%, respectively.

It should be pointed out that the present results are
predictively reproduced using a phenomenological approach
proposed by Woerdman [46], assuming a value for the oscilla-
tor strength for transition (6s → 6p) in atomic cesium equal
to 1.21 [48]. The approach has been validated for the dimers of
elements in the first group of the periodic table, finding a close
agreement with ab initio methods for Li2 and Na2. In Fig. 2
the value for the X → A transition, derived by Smirnov [5]
from the experimental determination of the electron transition
strength in the interval R = 0.454–0.475 nm = 8.579–8.976
a0 ∼ RX

eq is also reported.

C. Vibrational analysis

A (υ ′-υ ′′) matrix for υ ′′ = 0–45 for Franck-Condon fac-
tors has been derived for the Cs2(X → A) and (X → B)
transitions. Also, the contribution coming from the vibra-
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FIG. 5. (Color online) Symbols represent Franck-Condon factors
(left axis) and dotted lines represent structural factors (right axis) as
a function of the final vibrational quantum number, υ ′, of the excited
state for selected values of the initial vibrational quantum number,
υ ′′, of the ground state, in the Cs2 X 1�+

g → B 1�u transition.

tional continuum has been considered, estimating the Franck-
Condon densities, corresponding to the integration of the vi-
brational overlap in the continuum. In the limit of completeness
of the vibrational ladder of the excited state, the sum of the
Franck-Condon factors and density should approach 1, due to
the closure relation. The overlap of the ground-state vibrational
levels with the continuum is found to be small, leading to
the general conclusion that, in the considered transition, the
vibronic excitation is the dominant process, while dissociative
channels are not favored and are therefore neglected. In Fig. 3
Franck-Condon factors have been compared with those in
Refs. [6,7]. Except for the first few levels, increasing the final
vibrational quantum number corresponds to a dephasing of
the two series of data, with a shift of the predicted maxima to
higher values of υ ′. A better agreement is found for υ ′ = 0,
giving a strong indication of the sensitivity of this system to
the relative position and shape of the potential energy curves
for the two electronic terms.

For the X 1�+
g → B 1�u transition a comparison with

results in Ref. [8] is displayed in Fig. 4. Actually the Franck-
Condon factors in the literature refer to the rotovibrationally
excited Cs2 dimer, in particular, the Q branch, i.e., j = 0,
transitions with j = 50, while the results obtained in the
present work assume a rotationless dimer, i.e., j = 0. For
low-lying vibrational levels, i.e., for υ ′′ = 5 and 22, the
rotational perturbation seems not to be effective, resulting
in an excellent agreement of Franck-Condon factors, as is
appreciable in Fig. 4.

Structural factors follow closely the position and relative
intensity of maxima in the profile of corresponding Franck-
Condon factors (see Fig. 5), due to the smooth R dependence
of the transition dipole moment. Therefore they could give an
indication of the favored vibronic transitions and, in turn, the
state-resolved cross-section dependence on the initial and final
vibrational quantum numbers.

IV. RESULTS

A. Born cross sections

The cutoff parameters, ρ0, are energy-independent param-
eters whose values are chosen so as to ensure the correct
high-energy behavior of the IPM cross section, avoiding the
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divergence of the probability. In the computational procedure
the cross section is required to coincide with the value ob-
tained in a different approximation, accurate at high collision
energies, i.e., the Born approximation. Born cross sections
have been obtained from the ab initio MRCI wave functions
of electronic states αi and αf ,

(
σ

αi,αf

υ ′′
)B

(E) = 〈υ ′′| 4πme4

h̄2k2Eαi,αf

∫ k+k′

|k−k′|
dK

FB
αi ,αf

(K)

K
|υ ′′〉,

(8)
with K the momentum transferred in the collision and F the
generalized oscillator strength for the electronic transition,
i.e.,

FB(K) = 2m

h̄2K2
Eαi,αf

(R)
∫

dR̂

4π

∣∣∣〈αf |
∑

j

e(iK·rj )|αi〉
∣∣∣2

.

(9)
The number of levels is limited by the interval of inter-

nuclear distances explored in the ab initio step; in fact, the
convergence of the integral in Eq. (8) forces constraints on
the integration limits compatible with the region of R values
where the probability of the vibrational wave function is
different from 0. Highly excited vibrational states are usually
characterized by a maximum of probability in proximity to
the external classical turning point that gives the dominant
contribution to the integral in Eq. (8) and that is progressively
shifted in the region of high R values, which requires the
corresponding value of σαi,αf (E,R) . The number of levels
actually considered for Cs2 is υ ′′ = 45. The vibrationally
resolved values for total cross sections in the Born method and
the IPM have been required to coincide at E = 1000 eV. The
vibrational profile, displayed in Fig. 6, exhibits for both transi-
tions a monotonic increasing character in the explored range,
reflecting the behavior of transition dipole moments. The
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energy, for different initial vibrational levels. Inset: Magnification of
the threshold region.

dependence on υ ′′ is actually weak, with quite high absolute
values, depicting a very favorable transition not significantly
affected by the vibrational excitation of the target molecule.

B. IPM total cross sections

The total cross sections for the process X 1�+
g → A 1�+

u

are shown in Fig. 7 as a function of the incident energy. Each
curve is labeled by the value of the initial quantum number υ ′′,
varying in the interval 0–45.

The first aspect to be pointed out is that the absolute
value of cross section is quite high, with a maximum of
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excitation of Cs2, in the transition X 1�+

g → A 1�+
u , as a function of

the collision energy, for a selected initial vibrational level υ ′′ = 0 and
different final vibrational levels υ ′.

100 Å2 at low electron energies, localized at approximately
5 eV, thus showing the high probability of this process. The
excitation does not result in dissociation, the overlap with the
discrete levels of the excited states being extremely favored
for the X 1�+

g → A 1�+
u transition. As expected, the initial

vibrational excitation produces a shift of the threshold to lower
energies, correlated with the lowering of the transition gap
and with the corresponding shift of the cross-section peaks.
Actually, as in the Born cross section, the vibrational energy
content of the target Cs2 dimer does not affect the cross section
strongly, though a monotonic increase with υ ′′ is observed. The
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excitation of Cs2, in the transition X 1�+
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and different final vibrational levels υ ′.
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FIG. 11. State-to-state cross sections for electron-impact vibronic
excitation of Cs2, in the transition X 1�+

g → A 1�+
u , as a function

of the final vibrational quantum number, υ ′, for different initial
vibrational quantum numbers, υ ′′, at collision energies E = 4.0 eV.

vibrational profile is governed by the structural factor summed
over the final vibrational ladder and, thus, almost unchanged
with collision energy.

The same considerations can be applied to the
X 1�+

g → B 1�u transition, displayed in Fig. 8 for selected
initial vibrational levels, with a vibrational dependence even
weaker than in the previous case, requiring a magnification of
the peak region.

C. IPM state-to-state cross sections

In the case of state-to-state cross sections a huge number of
data have been derived, [50] which need careful analysis for
the outline of general trends, the dynamical quantity, συ ′′,υ ′(E),
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FIG. 12. State-to-state cross sections for electron-impact vibronic
excitation of Cs2, in the transition X 1�+

g → B 1�u, as a function of
the collision energy, for a selected initial vibrational level υ ′′ = 0 and
different final vibrational levels υ ′.

being dependent on the initial and final vibrational quantum
number and on the collision energy; therefore different groups
of results are considered, restricted to energy or vibrational
profiles.

In Figs. 9 and 10 the state-specific cross sections for X → A

vibronic excitation in Cs2 are reported for selected values of
the initial and final vibrational levels. In this case a large effect
is connected to the vibrational excitation of the target; in fact
the corresponding cross sections need a logarithmic scale to
be simultaneously displayed. The energy profile follows the
expected behavior, with a sharp rise at threshold, a maximum,
and a smooth monotonic decrease to the high-energy value.
The chosen representation allows us to appreciate that, except
for the absolute value, the cross sections have a shape with the
collision energy that is essentially unaffected by the vibrational
levels involved in the vibronic transition. This observation
confirms a substantial insensitivity of the vibrational profile
of the energy, except in the threshold region. The large and
irregular variation of the cross-section value with the initial
vibrational quantum number is modulated by the oscillatory
behavior of the structural factor. The energy separation of
electronic terms actually being small, the thresholds of these
processes are localized in a narrow region of low-energy
values. Once υ ′′ is selected the increase in υ ′ produces a shift in
the threshold energy, reflecting a higher value of the transition
energy.

In Fig. 11, the corresponding vibrational profiles are
displayed a at fixed value of the collision energy, selected to
be close to the cross-section maximum. Moreover, increasing
from υ ′′ = 0 to 45, the profile changes markedly from the usual
bell shape for the fundamental level to irregular oscillatory
features. It is interesting to note that the high-energy part of
the excited vibrational ladder is efficiently populated only by
transitions from the high-lying vibrational levels of the ground
state, thus in the present work, limited to υ ′′ = 0–45, only

100

101

0.0 5.0 10.0 15.0 20.0

7

52

34

55

S
T

A
T

E
-T

O
-S

T
A

T
E

 C
R

O
S

S
 S

E
C

T
IO

N
 [

Å
2 ]

ENERGY [eV]

υ' =32

υ''=45

35
33

37

60

47

FIG. 13. State-to-state cross sections for electron-impact vibronic
excitation of Cs2, in the transition X 1�+

g → B 1�u, as a function of
the collision energy, for a selected initial vibrational level υ ′′ = 45
and different final vibrational levels υ ′.

levels up to υ ′ = 140 of the 348 are actually involved in the
excitation process.

The state-to-state cross sections for the X 1�+
g → B 1�u

transition are reported in Figs. 12 and 13 for selected initial
vibrational levels υ ′′ = 0 and 45. The final vibrational levels
were chosen from among those having a higher contribution to
the total cross section. As in the case of the X → A transition
the vibrational excitation of the target molecule promotes
significant excitation to higher levels of the excited state.

V. CONCLUSIONS

Total and state-to-state cross sections for vibronic tran-
sitions to the two lowest excited states, A 1�+

u and B 1�u,
induced by electron impact on Cs2 have been calculated in the
frame of the IPM, with the perspective of establishing detailed
dynamic information for kinetic models of nonequilibrium
plasmas containing cesium. Analysis of the results, following
a critical comparison of the ab initio data with results in
the literature, showed clearly that the excitation processes
under investigation are strongly favored, with high absolute
values of the cross section. The vibrational dependence of
the total cross sections, in both transitions, is weak, with
a small enhancement with the vibrational excitation of the
target, reflecting the almost-constant behavior of the transition
dipole moment with the internuclear distance. On the contrary,
a large effect is observed in state-to-state cross sections,
modulated by the overlapping of vibrational wave functions
coupled in the excitation transition. The contribution of
excitations leading to dissociation is negligible, the initial
vibrational levels considered in this work being effectively
coupled only to the discrete vibrational ladder of the excited
states.

Assessment of the accuracy of the present results would
require a comparison with experimental cross sections or with
other theoretical results obtained in the frame of different
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approaches, not available for this system . Uncertainties within
15%–30% could arise in the evaluation of the dipole transition
strength. General considerations regarding the accuracy of the
IPM are expected to be valid, i.e., the IPM is a first-order
theory, giving a reliable high-energy estimation of the cross
section and improving the Born approximation results in the
low-energy region. The results obtained for different molecular

targets (H2, O2) [32,33,49] have demonstrated a satisfactory
agreement with more sophisticated theoretical approaches,
while, in general, theoretical values overestimate experiments
by a factor of 2.

Future research activity should focus on high-lying elec-
tronic terms of the cesium dimer, accounting for both dissoci-
ation and predissociation mechanisms.
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