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Abstract
Low-energy electron scattering calculations on the open-shell CN radical are performed using the
fixed-nucleus R-matrixmethod for several internuclear separations (R). The elastic,momentum
transfer, differential and electronic excitation cross section are presented at various target and
scatteringmodels.We report fiveCN− core-excited shape resonances lying above thefirst electronic
excitation threshold, namely 3Σ+, 1 3Π, 2 3Π, 3Σ− and 1Σ−. TheCN− resonance curves are analyzed
as a function ofR, confirming that the resonances become narrowerwith increasingR and in general
their energies drop; the 3Σ+ resonance becomes bound forR> 1.3918Å. The designation of these
resonances are discussed. By the analysis of changingR, the difference on themagnitude of cross
sections is prominent happening at the peak positions. The results obtained here provide a starting
point for studies of electron-impact resonant vibration excitation and otherCN− resonance-driven
phenomena in plasma.

1. Introduction

The cyano (CN) radical and its counterpart anionCN− are fundamentalmolecules found in numerous
environments, ranging from the sun’s atmosphere to terrestrial plasmas. TheCN rotational spectrumhas been
used tomeasure the temperature of the cosmicmicrowave background along different lines of sight [1, 2].
Information on low-energy electron scatteringwithmolecule is important as such collisions can cause electronic
excitation leading to observable emissions in plasma and astronomical environment. Notably theA 2Π andB
2Σ+ electronic excited state undergoes transition to theX 2Σ+ ground state resulting in source of the ‘CN red’ [3]
and ‘CNviolet’ [4] electronic bands respectively, which are widely used tomonitor CN, see [5] and references
there in.

CN− is one of a small number of anions observed in the interstellarmedium (ISM) [6], while its origin and
abundance are still disputed. The existence of negative ions in ISMwas historically associatedwith radiative
electron attachment. RecentlyDouguet et al [7] andKhamesian et al [8] investigated the formation of theCN−

ion by radiative electron attachment, who suggest that CN− ions are unlikely to be formed by radiative electron
attachment in the ISM.Harrison andTennyson [9] suggested that themajority interstellar CN− is likely formed
by dissociative attachment to aCNcontaining species. The various possible paths to formation of CnN

− species
in the ISMwere also proposed byCarelli et al [10].More recently, Gao el al [11] provided experimental evidence
that CN− species are produced by dissociative electron attachment to BrCN; they assumed that the
superexcited-state CN−** are possibly produced by the electron attachment toCN radical, because ofmany low-
energy electrons and free CN radicals in the interstellar space. In a study of theCN− anion, Skomorowski et al
[12] predict seven low-lying singlet and triplet resonances by employing the equation-of-motion coupled-
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clustermethod, and they classified thesemetastable states as shape resonances which correspond to valence
π→π* orσ→π* excitation from the (bound) ground state of the anion.

A literature survey reveals only a few studies of electron impact on the open-shell CNmolecule, especially
ones that consider different geometry structures. Rotational excitation cross sections of CNby electron impact
were calculated some time ago byCrawford et al [13] andAllison andDalgarno [14]. Total ionization cross
sections of the electron-impact on target CNwas performed by Pandya et al [15] employing theComplex
potential ionization contribution (CSP-ic)method, at incident energies from ionization threshold to 2 keV.
Harrison andTennyson [9] employed the R-matrixmethod [16, 17] to calculate bound and resonance states of
CN− at several internuclear separations, as well as elastic cross sections and electronic excitation cross sections in
the equilibrium structure for electron scatteringwithCN in the groundX 2Σ+ state. Subsequently, Harrison et al
[2, 18] extended their work to treat explicitly spin-coupled rotational excitation cross sections and rate
coefficients. Derouich et al [19] provided polarization transfer rates associatedwith theA 2Π andB 2Σ+ excited
states. CN radicals are highly reactive and therefore difficult species toworkwith in the laboratory. Several
groupsmeasured the absolute cross sections for electron-impact detachment, ionization and dissociation of
CN− andCN+ ions respectively [20–22]. The absolute photodetachment cross sections of CN−weremeasured
at an energy near the photodetachment threshold byKumar et al [23]. To our knowledge, there are no available
measurements of CN− resonances and cross section for low-energy electron collisionwith the open-shell CN
radical.

Thefixed-nucleus R-matrixmethod [16, 17] can give accurate descriptions of elastic and inelastic processes
in the low-energy scattering onN-containingmolecules according to our previous studies [24–26]. The aimof
this paper is to investigate electron collisionswith CN radical for a range of internuclear distances by employing
the R-matrixmethod for incident energy up to 10 eV. The formation of CN− resonance alongwith elastic and
electronic excitation cross sectionswere discussed as a function of C−N internuclear separation. The paper is
organized as follows, section 2 introduces the R-matrixmethodology, section 3 presents the target and scattering
calculation details, then section 4 discusses the results for the studied collision processes. andfinally, we present
our concluding remarks and perspectives.

2. R-matrixmethodology

The calculations reported in this work are performed using thefixed-nucleus R-matrixmethod the details of
which can be found in the reviews [16, 17]. The electron-molecule scattering calculations were performed using
theQuantemol ElectronCollision (QEC) code [27], which runs bothMolpro [28] for targetmodels and theUK
molecular R-matrix (UKRmol+) [29] code for scattering processes.

The fundamental idea underlying the R-matrixmethod is the division of configuration space into an inner
and outer regionwhich are separated by a sphere of radius r= a.The inner region is assumed to be sufficiently
large contain to the electronic charge density of targetN-electron targetmolecule; hence in this region there are
N+ 1 indistinguishable electrons, where the+1 accounts for the scattering electron. In the inner region, short-
range interactions such as exchange and electron–electron correlationmust be explicitly treated. The results
obtained in the inner region are fed to the outer region via the R-matrix which is constructed on the boundary.
In outer region only the long-rangemulitipole potentials are considered.Within theR-matrix sphere, the
calculations start by considering theN-electron target problem. Then theN-electron target plus scattering
electron calculation gives a full description of the target interacting with the scattering electron. Thewave
function ofN+1 electron system in afixed-nuclei approximation is expressed in the inner region as [16]:
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WhereA accounts for the anti-symmetrization operator which ensures that the Pauli principle is obeyed by the
electrons. Coefficients aijk and bik are variational parameters which are determined as a result of thematrix
diagonalization. i

Nj is thewavefunction of the ith target state, and xN is the spatial and spin coordinate of the
Nth target electron. uij are the continuumorbitals used to represent scattering electron. In equation (1), thefirst
termdefines the target plus continuum states. The second termprovides short-range correlation effects in the
formof the i

N 1c + configurationswhich are L2multi-centered, square-integrable correlation configuration
functions given by placing all electrons in targetmolecular orbitals. In our calculations, both target and
continuummolecular orbitals were represented by linear combinations ofGaussian type orbital (GTOs).

In the outer region, solves energy-dependent scattering problem is by propagating theR-matrix which is
built at the boundary of the R-matrix sphere using the inner region solution. This R-matrix is thenmatched to
asymptotic solutions ofGailitis expansion [30] giving theK-matrix. The outer region calculations are rapid and
can be repeated formany scattering energies. FromK-matrices, one can obtainT-matrices, which are further
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used to obtain the scattering observables and the various scattering cross sections. Eigenphases are obtained by
diagonalizing theK-matrix, which are used to determine resonance parameters.

3. Calculation details

3.1. Targetmodels
CNradical has 13 electrons; it is a linear open-shellmolecule belonging to theC∞v point group.Heremolecule is
treated in the lower symmetry C2v, asQEC [27] in commonwith nearly all other electronic structure codes, only
provides Abelian point group symmetries. Themain configuration of the initialX 2Σ+ electronic ground state is
1σ22σ23σ24σ21π45σ1, and theA 2Π electronic excited states are described as 1σ22σ23σ24σ21π35σ2.We perform
state-averaged complete active space self-consistent field (SA-CASSCF) calculationswith a cc-pVTZ basis set to
generatemolecular target orbitals for the following close-coupling (CC) scattering calculations. Several
complete active space configuration-interaction (CAS-CI) calculationswere tested to ensure we have a robust
representation of low-energy electron scattering fromCN.As the targetmodel is improved the corresponding
scatteringmodel becomes computationallymore expensive and ultimately unmanageable. Considering the
target description accuracy and computational resources,finally we present results of calculations generated
using twoCAS-CImodels for comparison. Infirst, CAS(5, 7)model, eight core electronswere frozen in doubly
occupied 1σ, 2σ, 3σ and 4σmolecular orbitals and five valence electrons are distributed in the 5σ, 6σ, 7σ, 1π and
2π valencemolecular orbitals, and thismodel can represent awide range of internuclear separations.
Alternatively, four core electronswere put into in doubly occupied 1σ and 2σmolecular orbitals, and remaining
nine valence electronsmove freely in a complete active spacewhich also includes the 6σ, 7σ and 2π virtual
orbitals, described as theCAS(9, 9)model. A total of 71CN geometries with 0.9718�R� 1.6718Å on a grid of
0.01Åwere considered in theCAS(5, 7) calculations, while four structures with 0.9718�R� 1.2718Å and a
grid of 0.1Åwere computed at the computationally-expensive CAS (9, 9) level. In theCC scatteringmodel,
between 20 and 66 target electronic states are considered in theCAS(5,7)model, and 29 to 39 for theCAS(9,9)
model, depending on internuclear separation (R). For the equilibrium structure,Re= 1.1718Å, we also provide
a calculation usingHartree–Fock (HF) target orbitals computedwith a cc-pVTZbasis set, and a static exchange
(SE) level scattering calculation.

Table 1 gives the ground target energies, excitation energies, ground dipolemoments and electron affinities
at a range ofR. AtRe, it can be shown that our results in the target CAS (9, 9) calculation compare verywell with
the results ofHarrison andTennyson [9]whichwere obtained using natural orbitals with an aug-cc-pVTZ basis
set. It is necessary to consider theCN target properties, particularly its permanent dipolemoment, as dipole
interactions dominate the low-energy electron scattering process. The deviation of the ground dipolemoment
between theCAS(9,9) calculation and the experimental value [32] is only 0.017D, indicating that all the
scattering results based on thismodel are theoreticallymore accurate than those of CAS (5, 7) orbitals. The
adiabatic electron affinity of 3.826 eV at theCAS(5,7) level is closer to the adiabatic experimental data of 3.862±
0.004 eV [33] than that of CAS(9,9) result. Thefirst vertical excitation energy of 0.955 eV at theCAS(5,7) level
agrees well with the adiabatic experimental value of 1.151 eV [31]. The adiabatic electron affinities are in the

Table 1.CNgroundX 2Σ+ andA 2Π target energies (inHartree for the lowest state), excitation energies (in eV), dipolemoments
(μ inDebye) and electron affinities (in eV) for a range of internuclear separations (R,Å).

R Method X 2Σ+ A 2Π B 2Σ+ μ Electron affinity

0.9718 CAS(5,7) −92.1840 2.639 1.962 3.477

CAS(9,9) −92.2404 3.120 3.321 1.750 3.412

1.0718 CAS(5,7) −92.2844 1.715 1.968 3.664

CAS(9,9) −92.3471 2.275 3.452 1.598 3.510

1.1718 equilibrium HF −92.2174 2.261 2.645

CAS(5,7) −92.3070 0.955 1.890 3.826

CAS(9,9) −92.3772 1.613 3.575 1.433 3.583

R-matrix [9] −92.3810 1.515 3.491 1.612 3.407

Expt. 1.151 [31] 3.197 [31] 1.45 [32] 3.862± 0.004 [33]
1.2718 CAS(5,7) −92.2887 0.318 1.715 3.953

CAS(9,9) −92.3662 1.082 3.628 1.279 3.617

1.3718 CAS(5,7) 0.519 −92.2636 0.093 3.823

1.4718 CAS(5,7) 1.540 −92.2443 0.058 3.290

1.5718 CAS(5,7) 1.597 −92.2145 0.213 3.038

1.6718 CAS(5,7) 1.548 −92.1849 0.350 2.779
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range of 2–4 eV for all the geometries considered. Our calculations alsofind that theA 2Π state becomes the
electronic state with the lowest target energy forR> 1.2718Å.

3.2. Scatteringmodels
Having constructed a reliable targetmodel, several scatteringmodels can be tested by use of appropriate choices
in equation (1). The simplestmodel, static exchange (SE) approximation, uses only theHartree–Fock ground
state target wave function, thus the SEmodel is only capable of describing elastic scatterings and shape
resonances.More sophisticatedmodels, the CC approximation, includes a number of ground and excited
electronic states, which are represented by a configuration interaction (CI) expansion. This approximation level
can give accurate description of excitation cross sections especially in the low energy ranges, and therefore are
very suitable for studying different types of resonances. TheCC scatteringmodel was used to study resonances
and cross sections as a function ofR for this work. The calculations are performed by invoking the fixed nuclei
approximation. This corresponds to the neglect of nuclearmotion and therefore all the calculated quantities
depend parametrically onR. For differentR, themolecular CN axis isfixed in the z direction but the partial wave
expansion used to represent the scatteringwavefunction ensures that collisions electrons in all orientations are
considered; this allows differential andmomentum transfer cross sections to be computed. Hartree–Fock and
SA-CASSCF orbitals obtained from the above targetmodels were used in SE andCC scattering calculations,
respectively. Specifically, the electron-CN scattering channels investigated in the present work are listed below:

e−+CN (target state)→CN− (resonant state)→ e−+CN (scattering state)
elastic e−+CN (X 2Σ+)→ e−+CN (X 2Σ+)
electronic excitation e−+CN (X 2Σ+)→ e-+CN* (A 2Π andB 2Σ+)

Wechoose anR-matrix radius of a= 10 a0 for the scattering calculations, see figure 1, and use a compact cc-
pVTZGTObasis set to represent the target. Use of a larger radius, a= 14 a0,made little difference to the
scattering results in test calculationswith a cc-pVDZbasis set. In order to represent the scattering electron, we
included continuumorbitals as bond-centredGTOsfitted to Bessel functionswith l� 4 [34]. The higher partial
waves are included in the scattering T-matrices via analytic Born T-matrices to ensure the effect of rotation
involved; a similar approach [35]was used to Born-corrected the electronic excitation cross sections considered
herewhich are both dipole-allowed. ProgramRESON [36]was used to automatically detect andfit resonances
using a Breit−Wigner profile. A resonance appears in the eigenphase sum as a jump of approximatelyπ radians,
that reflects the resonance position. Differential andmomentum transfer cross sections were generated using
programPOLYDCS [37]; this code allows for the explicit inclusion of rotationalmotionwhich is particularly
important for a dipolar system such asCN [38].

4. Results and discussion

4.1. Resonances
Resonances form an important feature of low-energy scattering as their presence leads to greatly enhanced
vibrational excitation cross sections and the possibility of dissociative electron attach leading to a neutral and an

Figure 1.The space of electron scattering onCN radical is divided into an inner region and an outer region by R-matrixmethod, and
the boundary is given by a sphere of radius a= 10 a0 centered on the target center-of-mass of g.
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anionic fragment. Table 2 gives theCN− resonance positions andwidths at a rangeR calculated using theCC
model with targetmolecular orbitals of CAS(5,7) andCAS(9,9). It is notable that there are no resonances present
in our SE calculations.We find five resonances atRe, namely 1 3Π, 3Σ+, 3Σ−, 1Σ− and 2 3Π in energy order.,We
distinguish two 1 3Π and 2 3Π resonant states at the CAS(9,9) level, compared to the single 3Π symmetry
resonance given byHarrison andTennyson [9]. As the second 2 3Π resonance is located at high energy, it is
difficult to detect this new resonant state using theCAS(5,7) targetmodel. The present results for CN− can be
related to the electronic structure of isoelectronic diatomicmolecule, N2. All predictedCN

− resonance
symmetries follow closely the corresponding energy order ofN2 low-lying excited electronic states [24]with
same symmetries. AtRe, the 1

3Π resonance energy in theCAS(9,9) calculation is 0.265 eV lower than the value
given byHarrision andTennyson [9]. Indeed, oncewe adjust for the fact that Skomorowski et al [12]use the
CN− bound state as their zero of energy (a shift of 3.99 eV atRe), there is a reasonable correspondence between
the position andwidth of the 3Σ+, 1 3Π, 3Σ− and 1Σ− resonances, between our calculations atRe and the result
of Skomorowski et al [12]. In particular, our 3Σ−with position of 4.155 eV for theCAS(9,9) levelmatches the
resonance energy of 4.19 eV calculated by Skomorowski et al [12] verywell.

In order to explore theCN− resonant and bound properties, we extend our analysis on the behavior of the
3Σ+, 3Σ−, 1Σ− and 1 3Π resonance symmetries with geometry grid of 0.01Å from the R-matrix withCAS(5,7)
described above infigures 2 and 3. The complete resonance and potential energy curves are given in the
supplementarymaterial. On thewhole, the resonance energies obtained fromCAS(5,7) level lies at lower energy
than theCAS(9,9) calculation results for different target structures, except for 1 3Π resonant state at 1.1718 and
1.2718Å. The resonance widths in theCAS(5,7) calculations are broader than the results of theCAS(9,9)model.
Combining table 2 andfigure 2, these resonance widths appear to be strongly dependent onR. The four resonant
widths increase with the decreasingR; that such broad resonances eventually become undetectable at short bond
lengths. Conversely at largeR, electron collisions with the stretchedCNmolecule leads to the formation of long-
livedCN− anionswhich turn into stable valence bound states (i.e. states of zerowidth)upon crossing the target
curve. It would appear that 3 of the 4 resonances depicted infigure 2 do indeed become bound. These four
resonance position curves show a small jump at around 1.2818Åwhich corresponds to the crossing point
between the groundX 2Σ+ andA 2Π electronic states; and there is one additional jump at 1.4318Å for 3Π
symmetry. The discontinuities in the resonance position are associatedwith the underlying target electronic
structure at these geometries. The potential energy curves of CN target electronic states, computed point by
point at the CAS(5,7) level, are not continuous at 1.2818Å and 1.4318Å using the underlyingMolpro program
run from theQEC code. Failure to detect the 3Σ− and 1Σ− resonances beyond 1.4Å internuclear distances is
also probably due to the limitations of our resonance fitting procedure.

TheCNmolecular potential energies of the lowest twoX 2Σ+ andA 2Π electronic states are calculated using
multi-reference configuration interaction (MRCI) approachwith aug-cc-pVTZ basis set infigure 3. The four
CN− potential energy curves are obtained by adding the ground target state energy to the resonance position at
eachR. In addition, the bound 3Σ+ potential curve at largeR comes from anMRCI calculation performedwith
Molprowhich extends the curve to its asymptotic limit. This curvematches the resonance curvewell at the

Table 2.Resonance positions andwidths (in eV) for CN radical in theCC calculations withCAS(5,7) andCAS(9,9) targetmolecular
orbitals. a indicates amanualfit from [9].

R (Å) Method 3Σ+ 1 3Π 2 3Π 3Σ− 1Σ−

0.9718 CAS(5,7) 6.338 (1.754) 7.270 (2.248) 7.989 (2.656)
CAS(9,9) 6.826 (1.561) 8.001 (2.309) 7.723 (1.957) 8.646 (2.560)
R-matrix [9] 7.55 (2.01) 9.72 9.04 (2.89)

1.0718 CAS(5,7) 4.282 (1.054) 5.300 (1.488) 6.054 (1.688)
CAS(9,9) 4.685 (0.873) 6.943 (1.486) 5.779 (1.257) 6.648 (1.558)
R-matrix [9] 5.71 (1.35) 7.76 (3.14) 6.64 (1.73)

1.1718 equilibrium CAS(5,7) 2.542 (0.521) 3.087 (1.173) 3.569 (0.942) 4.416 (1.093)
CAS(9,9) 2.974 (0.357) 2.943 (0.978) 6.256 (0.841) 4.155 (0.821) 4.918 (0.915)
R-matrix [9] 4.526 (1.186) 3.208 (1.084) 4.881 (1.084)
CCSD [12] 2.35 (0.20) 2.63 (0.61) 4.19 (0.64) 4.3 (0.65)

1.2718 CAS(5,7) 1.134 (0.209) 2.261 (0.648) 2.059 (0.476) 3.047 (0.749)
CAS(9,9) 1.692 (0.116) 2.175 (0.589) 5.714 (0.496) 2.778 (0.425)
R-matrix [9] 2.08 (0.25) 2.64 (0.84) 4.1a

1.3718 CAS(5,7) 0.176 (0.021) 2.226 (0.331) 1.085 (0.208) 2.127 (0.483)
R-matrix [9] 1.03 (0.08) 2.08 (0.52) 2.40 (0.43)

1.4718 CAS(5,7) 2.457 (0.116)
1.5718 CAS(5,7) 2.023 (0.035)
1.6718 CAS(5,7) 1.587 (0.009)
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crossing point. AsN does not have a bound anionic state, one can assume that the asymptote is C−+N; our
curve give an asymptotic electron affinity of 1.09 eV, in reasonable agreementwith the experimental value of
1.26 eV for carbon atom [39]. It can be seen that we successfully performed 3Π, 3Σ− and 1Σ− resonant states
calculations upR= 1.6718, 1.4218 and 1.4218Å, respectively. For the 3Σ+ resonance infigure 2, it disappears at
R beyond 1.3918Å, which is exactly the crossing point between the curves of 3Σ+ resonance state and lowest
groundA 2Π target state, then becomes a stable bound at largeR as shown infigure 3. Although the trend of the
other three resonance curves is not clear at largeR, the 3Σ− and 1Σ− appear to going to cross the target state and
become bound states.

Figure 2.Electron-impact CN− resonance positions (black dots) andwidths (red dots)withΣ andΠ symmetries as a function of
changing internuclear distances (R).

Figure 3.Comparison of potential energy curves for theCNgroundX 2Σ+ andA 2Π electronic states (solid lines) alongwith theCN−

resonance energy curves withΣ andΠ symmetries (dashed lines). Resonance energies below the corresponding ground state energies
represent the formation of CN− bound state.
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Comparison of our resonances with those given by Skomorowski et al [12] shows the quantitative
consistency between our R-matrix and their CCSD calculations. Skomorowski et al [12] analyzed these
resonances and categorized them all as typical shape resonances, as they claimed all resonant states can decay to
the 2Σ+ or 2Π parent radicals in a one electron process. A shape resonance is formed by an electron attaching to a
molecule in its ground electronic state, usually at incident electron energies below the first target excited
threshold energy. However, all our resonances lie above the firstA 2Π orX 2Σ+ excited state for each geometry as
shown in tables 1 and 2.Moreover, we did not detect any resonances using the SEmodel which should capture
shape resonances. Feshbach resonance can the thought of as core-excited resonancewhich lie below their parent
target state; they generally lifetimes than core-excited shape resonance as they cannot auto-ionize to give heir
parent target state. AtRe in table 2, nearly all the R-matrix calculated resonances present very broadwidthswith
around 1 eV. Thus thefive resonances can be reasonably classified as core-excited shape resonance.

4.2. Elastic and inelastic cross sections
The elastic and electronic excitation cross section results are discussed in this section. Various calculated levels
are compared to get the reliable values as there are no experimental results available in the literature.Wefirst
discuss total elastic cross sections (TECS), momentum transfer cross sections (MTCS) and differential cross
sections (DCS) for CN radical in theRe, andwe also compare cross section curves at several internuclear
separations based onCCwithCAS(9,9) orbital calculations. AtRe, the TECS infigure 4 andMTCS infigure 5
overall decrease as incident electron energy increases. Especially our cross section curves becomeflat beyond 4

Figure 4.Total elastic cross sections ofX 2Σ+→X 2Σ+ for CN radical with andwithout Born corrections atReusing different scattering
models.

Figure 5.Momentum transfer cross sections for elastic scattering of electrons byCN radical atRe computed using theCCmodel.
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eVwhich is in good agreementwith the elastic cross section ofHarrison andTennyson [9], presumably due to
the formation of stable bound state with electron affinity of around 3.8 eV as shown in table 1. There is a
prominent peak at 3 eV fromTECS andMTCS in theCC calculations, which is a reflection of the 3Σ+ and 1 3Π

resonance states. Figure 5 shows there are also twoweak humps forMTCS located at 4.1 eV and 6.5 eVwhich can
be respectively associatedwith the 3Σ− of 4.155 eV and 2 3Π of 6.256 eV at CC/CAS(9,9) level. The TECS
obtained fromSEmodel are very smoothwhichmeans there are no indications of a resonance over thewhole
range.Moreover, it is found that inclusion of the effect of higher partial waves using the Born correction leads to
significant increases in the TECS. Particularly themagnitude of Born-corrected TECS at all energies is about
three times larger than the corresponding TECSwithout correction for the SE level calculation. In general, the
CC/CAS (5,7) calculations possibly overestimate the elastic cross section in the low energy region, as thismodel
yields larger ground state dipole than those of CC/CAS (9,9) calculations as shown in table 1.

As theR increases, the peaks in the TECS shown infigure 6 andMTCS infigure 7 get higher and the
corresponding electron energies become lower, which is consistent with the trend in the resonance energies.
Moreover, theweak humps between 2 eV and 8 eV forMTCS infigure 5 are closely related to the resonances
obtained in table 2. Above 8 eV, ourCC calculationsmay be suffer from the presence of pseudo resonances
which appear as very narrow spikes in theMTCS.

TheDCS atRe shown infigure 8 generally decrease with increasing incident energy or scattering angle. At 1
eV, the calculatedDCS from theCC/CAS(5,7) level are slightly higher than that of the CC/CAS(9,9)model for

Figure 6.Comparison of total elastic cross sections with differentR (inÅ) obtained using theCCmodel at theCAS(9,9) level.

Figure 7.Comparison ofmomentum transfer cross sections for differentR (inÅ) obtained using the CCmodel at the CAS(9,9) level.
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all scattering angles.We note that theDCS curves tend to beflat for scattering angles above 60°with increasing
incident energy. Conversely, below 60°, theDCS rapidly increase as the scattering angle tends to zero, and the
distribution characteristics is consistent with scattering from a dipolarmolecule. OurDCS calculated results
with differentRnearly overlap each other infigure 9, especially at the low incident energy of 1 eV.

Figure 8.Elastic differential cross sections for incident energies of 1, 3, 6 and 10 eV atRe obtained from theCCmodel.

Figure 9.Comparison of differential cross sections at the incident energies of 1 and 10 eVwith differentR (inÅ) obtained using the CC
model at the CAS(9, 9) level.
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Analysis of the inelastic electronic transition can provide additional information about resonances lying at
energies beyond thefirst vertical excitation energy.Moreover,modelling electronic emission spectra following
electron impact excitation requires knowledge of appropriate electronic excitationmechanisms.Herewe
discuss electronic excitation cross sections on bothA 2Π andB 2Σ+ excited states from the groundX 2Σ+ state
usingCCmodel withCAS(9,9) level. The excitation thresholds shown infigure 10 correspond to the vertical
excitation energies given in table 1.

Considering theX 2Σ+→A 2Π andB 2Σ+ electronic excitation cross sections atRe shown in the upper panels
offigure 10, the Born correction contributes significant especially at energies above thefirst peak, presumably as
high partial waves become increasingly important. Compared to the results fromHarrison andTennyson [9]
based on their natural orbital calculations, themagnitude of our cross sectionswith andwithout Born
corrections are slightly lower, while there are similarities in the shape. For theA 2Π state, the peak structures of
electronic excitation cross section between 2 eV and 4 eV aremainly attributed to the formation of three 3Σ+, 1
3Π and 3Σ− symmetry resonances in table 2.We have noticed that theA 2Π excitation state contributesmore
than theB 2Σ+ excitation state especially at the separate peak positions. In addition, the 2 3Π resonance
symmetrymake largely domination to theX 2Σ+→B 2Σ+ excitation cross section at around 6 eV.

The lower panel offigure 10 shows the differences in electronic transition cross sections as a function ofR.
The changes are significant for near threshold for excitation toA 2Π state, and but show less variation forB 2Σ+

state except for region of the peak positions. Combiningwith above elastic scattering analysis, we conclude that
theR plays an important role in themagnitude of scattering cross sections particularly at the resonance peak
positions. For theX 2Σ+→A 2Π excitation process, the cross section generally becomes higher asR increasing,
whereas the corresponding peak position decreasingwhich is in good agreement with the trend of above
resonances. There is a very pronounced resonance peak below 1 eV at the bond length of 1.2718Å forA 2Π state,
which is a reflection of the detected 3Σ+ resonance located at 1.692 eV.

5. Conclusions

We investigate in detail a set of resonances alongwith scattering cross sections for the low-energy electron
scattering on open-shell CN radical at the equilibrium and extended target structures. To the best of our
knowledge, themomentum transfer and differential cross sections for CNare investigated for the first time.Our
previous study [24, 26] onN-containingmolecules using theR-matrix approach have shown good agreement of

Figure 10.Electron impact electronic excitation cross sections ofA 2Π andB 2Σ+ states atRe (upper panels) andwith differentR (inÅ)
(lower panels) obtained using the Born-correctedCCmodel at theCAS(9,9) level.
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the cross sectionwith the experimental and theoretical results. In absence of any experiments on electron-CN
collisions, this gives us the confidence that the results presented here for CNusing a similarmethodology are
reliable, especially at the high-level CC/CAS(9,9) calculations.

We found five low-lyingCN− resonance states, in energy order 1 3Π, 3Σ+, 2 3Π, 3Σ− and 1Σ− at the
equilibrium structure. Thesemetastable states should be classified as core-excited shape resonances rather than
shape resonances as suggested before [12]. The 3Σ+, 1 3Π and 3Σ− resonancesmake contributions to the peak
structures in the elastic and inelastic scattering processes for the incident energy from2 to 4 eV. In addition, the 2
3Π resonant statewith effect on the inelastic electronic excitation ofX 2Σ+→B 2Σ+ are also found, confirming
the success of estimating the resonances. OurA 2Π andB 2Σ+ excitation cross sections from its ground state
using theCCmodel compares well with those results ofHarrison andTennyson [9] in their high level
calculations.Moreover, themagnitude of the elastic cross section ismore than ten times larger than theA 2Π and
B 2Σ+ electronic excitation cross sections, indicating the elastic collisions significantly contribute to the total
cross sections in the low energy regions.

All resonances become lower in energy and narrower as the target internuclear separation increases, which is
consistent with the trend of changing peak positions in the elastic and electronic excitation cross sections. The
3Σ+ symmetry resonance becomes a stable bound state beyond 1.3918Å. In terms of changing target geometry
structures, the difference on cross sections is prominent at the resonance peak positions. In general the effect of
including vibrationalmotion in the treatment of resonances has the effect of spreading out the resonance over a
wider range of energies. The resonance is narrow this usuallymanifests itself as a series of sharp, vibrationally-
resolved resonance feature [40]. For broad resonances, the structure is usually partially ormostly washed out
[41]. Conversely rotational effects are usually too small to be resolved and are generally assumed to be less
important. For further improvements, future workwill focus on the electron collisionwithCN radical involving
rotational and vibrationalmotion, and our resonance curves andwidthswill be used to investigate electron-
impact resonant vibration excitation and dissociative electron attachment.
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