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ABSTRACT

In present work electron induced processes withomapt astro-compounds found in the tholins
of Titan are investigated. We report calculatedltetastic cross sectiong(Jotal inelastic cross
sections Qe, total ionization cross sections, total excitation cross sectiod¥excand total
cross sections Q) for hydrogen cyanide (HCN)gyanoacetylene (HCCCN), vinyl cyanide
(CH,CHCN), methanimine (CkENH) and ethanimine (CHCHNH) on electron impact for
energies from ionization threshold to 5keV. We hawgloyed the Spherical Complex Optical
Potential (SCOP) formalism to investigate elasts veell as inelastic processes and used
Complex Scattering Potential — ionization contribat (CSP-ic) method to derive ionization
cross sections. In absence of any theoretical peraxental data of ionization cross sections
except for HCN and HCCCN, we have computegl @sing the Binary- Encounter- Bethe (BEB)
method for all these molecules and have found redde agreement. This is the maiden attempt

to report various total cross sections for all éhastro-molecules except HCN and HCCCN.

Keywords. Astrochemical compounds; Titan atmosphere; Electon scattering




24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

INTRODUCTION

The development of modern space based telescogebigbble) and large ground based arrays
like Atacama Large Millimeter/submillimeter Arra)AlLMA) has revealed a rich chemical

inventory in the interstellar medium, star and plaiorming regions as well as various cometary
and planetary environments [1]. Such discoveriesfandamental to our exploration of how

prebiotic chemistry evolved to develop life on Baand underpin our investigations of whether
life has developed elsewhere. One particularly vgélidied environment that is believed to
provide a mimic for a prebiotic Earth is Titan, tlaegest satellite of Saturn. Organic chemical
reactions in Titan’s atmosphere, induced by soéatiation and charged particles including

electrons coming from Saturn’smagnetosphere [Pr@}ide a test-bed for prebiotic chemistry.

The dense atmosphere of Titan primarily consistsitobgen and methane [4]. Cosmic rays, UV
radiation coming from the Sun and Saturn’s magmpétere induce electron bombardment that
causes dissociation of;Nind CH leading to complex organic chemistry at higheitiales on
Titan and results in generation of solid aeroselsponsible for orange haze surrounding the
satellite [5]. Several experiments have been deeelao reproduce and study such complex
atmospheres in a laboratory [6, 7]. Carrasco amdodcers have developed a plasma device
PAMPRE (French acronym for Production d’Aerosol$éicrogravite par Plasma REactifs —
Aerosols Production in Microgravity by Reactive $?te) that has provided significant clues in
the understanding of the polymeric chemical stmectaf the aerosols [8]. The goal of the
PAMPRE experiment is to simulate Titan’s atmospheshemistry including the chemical
reactivity causing the formation of aerosols, bgdurcing laboratory analogues of these aerosols
[6, 9]. A spectrometer aboard the Cassini spacestadwed formation of tholins in Titan’s
atmosphere at altitudes greater than 1000 km [Bf instruments on-board the recently

completed Cassini-Huygens mission (NASA/ESA) hawposed new features of Titan’s
2
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atmospheric chemistry finding many important molespyand revealing negative and positive
ions in its upper atmosphere [10-14]. Numerical hods are employed to investigate the
chemical trail and mechanisms to describe thesereatons [8, 15-19]. However, such studies
(laboratory, observational and modelling) are leditby our poor knowledge of the electron
interactions with many of the tholin related compds. Moreover, electron interactions with
molecules of astrochemical interest lead to themisiey of formation of other compounds and

even amino acids which are considered as precuiiolite.

In this work we investigate electron interactionghwseveral tholin related compounds and
compute the probabilities of occurrence of varialsctron-driven processes quantitatively
through several total cross sections. We have edluldlydrogen cyanide (HCN), cyanoacetylene
(HCCCN), vinyl cyanide (CKHCHCN), methanimine (CHNH) and ethanimine (CICHNH) all
found in the dense tholins of Titan [6, 7]. Methaimie and vinyl cyanide have also been
detected in sagattarius-B2 [20, 21] which is a deimgerstellar cloud towards the center of
the Milky Way. Methanimine is an important molecideastrobiology since it is an amino acid
precursor [22] and when it reacts with hydrogennaye, it can form simplest amino acid,
glycine. It is protonated imine and is detecteditan’s lon Neutral Mass Spectrometer (INMS)
measurements reinforcing the suspected role of idaérepecies on aerosol production [7].
Vinyl cyanide is highly flammable and toxic. ltéemmonly observed in hot cores of interstellar
clouds which are sites of formation of massive sstand it has also been detected at lower

abundance in cold interstellar clouds [23].

Ethanimings an organo-nitrogen compound classified as anamit is not well known
terrestrially but has been detected in abundanearts Sagittarius B2 (Sgr B2) [24]. 1t is

mainly found in hot cores of ISM clouds e,g, in 8f[25]. Cyanoacetylene is a linear polar
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molecule found in the upper atmosphere of Titarv]&s well as in the coma of the comet Hale-
Bopp [26]. Hydrogen cyanide is the feed gas for @\ laser system [27-29] and has been
detected in comets and in the interstellar reg&ih B1]. Its dipole moment (2.98 D) is larger
than the critical value (1.625 D) at which polarlecnle may support bound negative ion states
and it is therefore important from fundamental tle¢ioal point of view and hence it is a case
study for anion chemistry [32] along with beingrasthemically important [33]. In figure 1 we

show schematic diagrams of these molecules.

J.“Mﬁ&

(a) Hydrogen (b) Cyanoacetylene (c) Vinyl cyanide

cyanide (HCN) (HCCCN) (CH,CHCN)

C 4

4

(d) Methanimine (e) Ethanimine

(CH,NH) (CHaCHNH)

Figure 1 schematic diagram of the molecules
[Image courtesy by https://commons.wikimedia.org]
Although, electron interactions with these compauace important, a literature survey reveals
that no electron impact data for these moleculee@xHCN and HCCCN is reported in the

current energy range (ionization threshold to 58U). We present survey of previous study on

4
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electron-driven processes concerning present wlankgawith the range of impact energy in

table 1.

In fact, the lack of experimental investigations tbese molecules may be ascribed to their
toxicity and unavailability in gaseous phase. Timstivated us to perform a detailed study of
electron interactions with hydrogen cyanide (HCB)anoacetylene (HCCCN), vinyl cyanide
(CH,CHCN), methanimine (CHNH) and ethanimine (C¥HNH) at energies starting from

circa ionization threshold (~10 eV) to 5000 eV [34]

Table 1: Previous study on electron impact cross sgons

Target Quantity Impact energy range (eV) Reference
Qe Qne, | Threshold to 5000 eV Jain and Baluja [35]
Qr Threshold to 10000 eV Sanz et al. [36]
Hydrogen
Qion Threshold to 5000 eV Pandya et al. [33]

cyanide (HCN)

Qr 100 eV to 5000 eV De Hang et al. [37]

Qr 3eV,11.6eV,21.6eVand50eV, Srivastava 62l

Cyanoacetylene Qion Threshold to 200 eV Gilmore and Field [38]
(HCCCN) Qoon: Qe | Threshold to 5000 eV Kaur et al. [39]
Methanimine
Qel Oto10eV Wang et al. [40]
(CH2NH)

We have evaluated total cross sections, tQtal elastic cross sectionse @tal inelastic cross
sections, e, total ionization cross sections;,Qand summed total excitation cross sections,

> Qexc for electron interactions with these molecules.



98 THEORETICAL METHODOLOGY

99  The present calculations make use of two distirethiwdologies, namely the Spherical Complex
100 Optical Potential (SCOP) [41-43] and the Compleattcing Potential-ionization contribution
101  (CSP-ic) [44, 45], which are appropriate for intediate to high impact energies (ionization
102  threshold to 5000 eV) to investigate various madl@cuyprocesses upon interactions with

103  electrons. We present molecular properties whieheanployed for this computational work in

104  table 2.
105 Table 2: Properties of target molecule$46]
lonization Bond lengths Polarizability Dipole-
Molecule Potential (V) (A (A3 moment (D)
Hydrogen cyanide 13.60 C—-H(1.064),EN (1.156) 2.59 2.98
(HCN)
Cyanoacetylene 11.62 (N(1.160),C—C(1.376) 5.40 3.72
(HCCCN) C=C(1.206),C-H(1.062)
Vinyl cyanide 10.91 C—C(1.426), C=C (1.339 8.05 3.87
(CH,CHCN) C—H(1.086), &N (1.164)
Methanimine 09.97 C=N(1.273), N=H (1.023 2.47 2.00
(CH,NH) C-H(1.081)
Ethanimine 09.50 C-H(1.087), N—-H (1.004) 5.30 1.90
(CHsCHNH) [47] C=N(1.249), C—C (1.499)
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Spherical complex optical potential (SCOP) formalim

The SCOP method [41-43] exploits the potential tecatg formalism to estimate the total

probabilities for elastic as well as inelastic me®es in terms of total cross sections such that,

Qr(E;) = Qe(Ep) + Qinet(Ey) (1)

where Eis the incident energy of electrons.

HereQ (E;) represents the sum of all the possible elasticelsas inelastic processes induced

by the incident electrons under the spherical appration.

The potential scattering involves solving of thadiindependent Schrddinger equation with the

complex optical potential corresponding to the e@emolecule system defined as,
Vopt (r, Ep) = Vi(r, Ep) + i Vi(r, E;) 2)

HereVg(r, E;) is real and/;(r, E;) is an imaginary part of the potential that descelsstic and
inelastic interactions respectively. While the realt of the potential comprises of the static
potential Vi, (r) , exchange potential,, (r,E;) and polarization potential,,(r,E;) , the
imaginary part corresponds to the absorption pi@telit, (r, E;). All these potentials are
evaluated by means of spherically averaged molechlarge density(r) computed using the

Hartree-Fock wave functions [48].
To describe the electron exchange we used Hara Hectron Gas Exchange’ (HFEGE) model

[49] given by,

o = =2+ S 22 g



127  Where,

/k2+k,%+21

128 1= p
F

129  Herek is the incident energy of the electrohg,is the Fermi wave vector amhds the ionization

130  potential of the molecule under investigation.

131 While a correlation polarization potential modeD]5s employed to describe the polarization
132  effect, all inelastic effects are taken care ofabgon-empirical quasi-free absorption potential

133  model [51]

81
10 k3 E;

134 Vops(r E) = = p(r) 722 (S5) 0% — kE — 28)(A; + A, + 45) @)

135  The Tyqc is the local kinetic energy of the incident eleos; k is Fermi vector and(X) is the
136  Heaviside unit step-function. The dynamic functidnsA, andA; depend upon the ionization
137  potentiall and the energy parametethat decides a threshold below whi¢h(r, E;) = 0,
138  which means ionization and excitation are energhyicforbidden [52]. Magnitude of total
139 inelastic cross section is determined through fa&{®1, 53]. We have modified the original
140 model by considerind as a slowly varying function dof; around! allowing the electronic

141  excitations to occur below the ionization threshaidhe target [53, 54] such that,
142 A(E;)) = 081+ B(E; - D) (5)

143  ForE;= 1, we get minimum value oA. The second term corresponds to energy dependéice
144  before it attains maximum value I. This energy ael@mce is governed by parameiavhich is
145  determined by imposing the conditidr I atE; > E,. Here  is the energy at which we get

146 maximum Qg
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Complex Scattering Potential — ionization contributon (CSP-ic) technique

In order to estimate the ionization probabilitiee wse CSP-ic method [52, 55]. We define a

dynamic ratio,

Qion(Ei)
R(El) - Qinel(Ei) (6)

Here0 < R < 1. The ratio is evaluated using the following coiuhs,

R(E}) = Rpat E; (7)

Where,R,, is the magnitude oR(E;) at E; = E,.

Turner et al. [56] described importance of ioniaatcompared to excitation. They concluded
from semi-empirical calculations for gaseoufHhat if oo, andoexcare the cross sections of the

ionization and excitation respectively then, ab©08 eV [56].

—Jion__ ~ .75 (8)

OiontOexc
Here,oion and @, are same but we preserve notations in equatioas(per reference paper [56].

For many stable molecules like,H,0O, CH,, etc. experimental ionization cross section are
accurately known [53, 57, 58] and it is found thaximum contribution of @, to the total
inelastic cross sections,,Qis 70-80%. This tendency is because of the reducaiues for

Y. Q... compared to ¢, at higher energies.

The above ratio is determined using the followinglgtical form [44, 53, 55].

1
R(E) =1-C; (52 + 22 9)



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

With U = ET

At higher energies, the ratio R{Eends to unity since i@ forms major part of inelastic cross

sections and the total excitation cross sectpods,. reduce. Moreover the discrete excitation
cross sections, mainly due to dipole transitioaduce aé'% at higher energies. The dimension

free parameter§,, C,anda depend upon the properties of the target undetysamd they are

evaluated using equation (9). We finally compuig @de equation (6).

We have also calculatedQwith the help of the Binary-Encounter-Bethe (BEBgthod [59].
This well-established method includes the Mott sresctions with the high energy tendency of
Bethe cross sections [59]. The BEB model featurearalytic relation that uses the energy of
incidence, the binding and kinetic energies ofrti@ecule to give the ionisation cross sections
with an uncertainty of 10-20% in the non-relatidstiescription of BEB [59, 60]. Electron-

impact ionization of an atom is given by an exp@sdor the cross section of each molecular

orbital as:
__S [m®f_1L _1_®
opep(t) = t+u+1[ 2 (1 tZ) t = t+1] (10)
2 o .
Here,t = T/B,u = U/B,S = 4”agzNRz ,a, is the Bohr radius (0.528), Ris the Rydberg energy

andT is the incident electron energy,B andU are the electron occupation number, the binding

energy and average kinetic energy of the orbispeetively.

We have calculate®@, data for the present molecules using BEB formuld] ® offer a

comparison with the results of the CSP-ic methal B2, 63] which employs various additivity
rules. In the CSP-ic method we use group additivitie [62] to develop molecular charge
density from the atomic charge densities. At lowwident energies, the molecular target is

treated as a multi-center body and different atogrimups with larger bond lengths can be

10
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treated as separate scattering centers. We defueead such groups at the charge density as well
as potential level. This treatment is governed &gous bond lengths and the atomic number of
the constituent atoms. The charge densities ofdigitoms are superimposed on heavier atoms
or center of mass depending upon the geometryeofniblecule. At high energies the molecule is
seen as a single entity.

RESULTS AND DISCUSSION

In this work we have done an exhaustive study ettebn interaction with five important
astrochemical molecules found in the tholins o&iffijthydrogen cyanide (HCN)yanoacetylene

(HCCCN), vinyl cyanide (CEHCHCN), methanimine (CHNH) and ethanimine (C¥CHNH).

We present the results along with available conspas in two categories(A) Inelastic cross
sections: In this segment we report graphical results @&£,.QQon and Y Qexe. The @), are
computed using both, the CSP-ic and the BEB mef{B)dElastic cross sectionsin this

segment we report the present results grad Q.

(A) Inelastic cross sections

Electron driven inelastic cross sections are gtetitely reported through i€, Qon and> Qexc
in figures 2 to 6 for hydrogen cyanide (HCNjyanoacetylene (HCCCN), vinyl cyanide
(CH,CHCN), methanimine (CHNH) and ethanimine (C4€HNH) respectively along with

previous data wherever available for energies frionization potential to 5000 eV.

The upper most curves in each of these figuresirii@ to 6) show present total inelastic cross
sections, Qe that encompasses all the spherical inelastic psesesnd represents an upper limit
for inelastic scattering cross sections. The sphkinelastic processes include only electronic
excitation and ionization. In this study we do moinsider the non-spherical effects such as

11
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rotations and vibrations of the molecule. ExceptH&€N, we have not found any data of total
inelastic cross sections,,@for these molecules. We have also shown the imt&ation cross
section @, in these figures (figure 2 to 6). We have calada®,, using two methods, CSP-ic
[63] and BEB [59]. All of these results are sensitio the target geometry, charge density and

the ionization potential. In the CSP-ic method vaeedhused the target properties listed in table 1.

The total cross sections,in@ Qon and Y Qex for e-HCN are shown in figure 2 along with
available comparison. As shown in figure 2, presgni data show excellent agreement with the
theoretical data of Jain and Baluja [35] across ghesent energy range. The SCOP theory
adopted by Jain and Baluja [35] employs differerddei potentials to define the electron—
molecule interactions. Moreover, they have usedrstantA=I for the absorption potential in
equation (4), which does not allow the discreteitakon processes below the ionization
potential. The presentifd underestimates the results of Sanz et al. [3@jifsigntly. This is due

to the Screen Corrected Independent Atom Model If8@) adopted by Sanz et al. [36], which
neglects the molecular bonding and the geometryheftarget considered. Here, we have
considered bond lengths and geometry of the tafgetsalculation of molecular charge density
from the atomic charge densities [48] using geoicetmodels [63]. Additionally, Sanz et al.
[36] have quoted an uncertainty of 10 -20 % dumterpolation between 30 - 50 eV. Their data
merges with the present,gQ above 200 eV since the inelastic cross sectidhagdn (Ei)/Ei at

higher energies.

As shown in figure 2 for HCN, the BEB results of{Qise rapidly at threshold and are slightly
higher compared to the values of{@alculated using CSP-ic method particularly at peak.

This behavior at the iQ (peak) is mainly due to the lower Koopman ion@afpotential [64] for

12
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HCN. Below 30 eV, present CSP-ic results diffemirthe BEB results of Pandya et al [33].
While the two BEB results show excellent matchitigg CSP-ic data of Pandya et al. [33] is
shifted leftwards. Pandya et al [33] have studigdNHusing different models to develop the

molecular charge distribution.

;Z 1 . e - HCN — Present Q .

o % - - Present Q(CSP-ic)

60.] . Present Q) (BEB)

55.] --- - PresentQ__

5.0 - Pandya et al. (CSP-ic)[33]
451 N e Pandya et al. Q(BEB) [33]
%()’ 3::: ______ ‘ Jain and Baluja Q[35]

8 s0d LR O\ Sanz et al. Q[36]

2.5

2.0

1.5

1.0

0.5

0.0 T Ty

10 100 1000 10000

E(eV)

Fig. 2 Qnel, Qion @and Y Qexc for e-HCN scattering
Solid line: Present R, Dash line: Presenti§QQ(CSP-ic); Dash Dot line: Presen,(JBEB)
Short Dot line: Pandya et alQ33]; Short Dash Dot line: Pandya et ab{QBEB) [33];

Dash Dot Dot line: Jain and Baluja.&[35]; Short Dash line: Sanz et al;,§[36]; Dot line:

Presend Qexc

13
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----- Kaur etal.Q,, (BEB) [39]
S\ - - - -present 2Q,,.

Fig. 3 Qnel, Qion and Y Qe for

e-HCCCN scattering

Solid line: Present Q) Dash line: Present
Qion (CSP-ic); Dash Dot line: PresentiQ
(BEB); Dash Dot Dot : Gilmore & (BEB)
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e- CHNH
2 —Present Q,
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Fig. 4 Qel, Qion and Y Qexc for
e-CHCHCN scattering

Solid line: Present;fQ; Dash line: Presen
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Fig 5 Qnel, Qion and Y Qexc for Fig. 6 Qhel, Qion and Y Qexc for

e-CHNH scattering e-CH;CHNH scattering

Solid line: PresentQ;; Dash line: Present Solid line: PresentQ; Dash line: Present
Qon (CSP-ic); Dash Dot line: Present Qon (CSP-ic); Dash Dot line: Present

Qon (BEB); Dot line: Present Qexc Qon (BEB); Dot line: Present Qexc

In figure 3 we have displayed the results of HCC&N have compared present results gf Q
with the previous BEB data of Gilmor and Field [28ld Kaur et al. [39] as well as CSP-ic data
of Kaur et al [39]. The present data underestintattth the previous work [38, 39] but have
similar nature of the cross section curve. Diffeenbetween theQ results obtained through
CSP-ic and BEB formalisms are attributed to twoeasp (1) In BEB method the ionization
potential is computed using the Koopmans theoref #d it differs with most experimental
ionization potential by about 1 eV. (2) The CSRamputation employs various group additivity
rules (GAR) [62, 65] to model the charge densitywedl as the optical potential and,Qare
computed using the dynamic ratio RQ(Ehrough the parameters C1, C2 anth equation (4).
These differences in cross sections are expeatee she BEB data are precise within about 10
% accuracy with other measurements and theoreésalts [44, 66].

In figure 4, we show present results of e-,CHCN scattering for which no comparison is
found in literature. The present,Qas computed by both the methods show good matching
owing to little difference between the ionizatiootgntials used for CSP-ic and the BEB method.

The Quel as well a9 Qexcrise steadily and attain peak at 64 eV and 50 syeetively.

The cross sections for methanimine ¢BIH) and ethanimine (C4#€HNH) are shown in fig 5

and 6 respectively. For both these cases the(QSP-ic) attains higher peak value than thg Q

15
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(BEB) because of the difference in the IP usedHerCSP-ic and the Koopman IP used for the
BEB computations. The discrete excitation crosgiees > Qe and the total inelastic cross
sections Qe are also shown. In table 3 we present the Koopimization potential [64] used
for BEB calculations along with IP used for CSR¥iethod [46, 47]. The influence of ionization
potential (IP) on the @ is displayed through & (peak) values found for the CSP-ic and BEB
calculations in table 3. We also present the coathparameters used in equation (9) apdoR

each molecule for the present study.

Table 3 Values of IP, R, Qon(peak) and parameters C1, C2 an@

IP (eV) Parameters Qion (peak) @&)°
Molecule CSP-ic| BEB | C1 C2 a Rp | CSP-ic| BEB
Hydrogen cyanide
13.60 | 13.54 | -0.879 | -6.938 | 5.301 | 0.7 3.21 3.46
(HCN)
Cyanoacetylene
11.62 | 13.64 | -0.800 | -8.104 | 5.482 | 0.7 5.50 4.26
(HCCCN)
Vinyl cyanide
10.91 | 11.28 | -0.873 | -7.015 | 5.124 | 0.7 5.92 5.89
(CH.CHCN)
Methanimine
09.97 | 1496 | -0.858 | -7.202 | 5.181 | 0.7 4.14 3.80
(CHzNH)
Ethanimine
09.50 | 13.73 | -0.905 | -6.656 | 5.022 | 0.7 4.90 4.52
(CHsCHNH)

As can be seen from table 3, the Koopman IP is sdraelarger than the experimental IP that

we used [46, 47] for CSP-ic calculations exceptH@N. Therefore the & (peak) (BEB) for all
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276
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278

279

280

281

282

283

284

285

286

287

the molecules is lower than the,{)peak) (CSP-ic) except for HCN. In table 3, we daso
quoted R, the value of R(F), which is 0.7 as suggested by Turner et al [36 parameters
involved in the theory and computation of flRnders semi-emperical nature to the theory.

In present calculations through CSP-ic method weatifly the relative contribution of excitation
processes compared with ionization in the formh&f summed-total excitation cross-sections
> Qexe The lower most curves in figure 2 to 6 show pné3&... It is seen that, for all of these
targets, thé Qexc rises quickly and peaks at around 40 eV befotméptapidly as In ) / E for

all optically allowed transitions in accordancewihe Bethe-Born Approximation [67]. In the
literature we do not find any comparison }Qex. Hence, this is the first attempt to report total
excitation cross sections for all these astro-mdé=c

For ready reference we present the numeric datheofotal cross sections,,Q Q. and Q in
table 4 and table 5.

Table 4 Qqn, Qe and Qr in A% (+10-20 %)

Energy | Hydrogen cyanide | Cyanoacetylene Vinyl cyanide

(eV) (HCN) (HCCCN) (CH2CHCN)

Qion Qel QT Qion Qel QT Qion Qel QT
15 0.00| 26.20| 26.24| 0.11| 58.05| 58.58| 0.18| 45.99| 46.68

20 0.16| 21.91| 22.45| 0.78| 51.75| 53.97| 1.01| 39.92| 42.31

30 0.93| 14.37| 16.31| 2.43| 40.52| 45.49| 3.01| 29.48| 34.86

40 1.70] 10.54| 13.57| 3.61| 32.40| 38.84| 4.44| 23.61| 30.71

80 2.98| 5.38| 9.59|5.36| 17.33| 25.00( 5.92| 15.07| 22.97

90 3.06| 4.87| 9.06|5.46| 15.78| 23.36| 5.89| 13.97| 21.64

100 | 3.13] 4.48| 8.66|5.50| 14.63| 22.07| 5.82| 12.98| 20.41
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289

290

291

292

293

294

295

296

600 | 1.85 1.79| 3.73|2.57| 4.26| 6.98|2.80| 4.29 | 7.20
700 | 1.67] 1.65| 3.39|2.32| 3.75| 6.18]|2.53| 3.88 | 6.49
800 | 1.52] 1.54| 3.11|2.11| 3.36| 5.56|2.31| 3.58 | 5.96
900 | 1.39] 1.44| 2.88|1.94| 3.06| 5.06|2.13| 3.29 | 5.47
1000 | 1.29 1.36| 2.68|1.79| 2.78| 4.63|1.97| 3.06 | 5.08
2000 | 0.73 0.88| 1.62|1.03| 1.54| 2.60|1.17| 1.83| 3.01
3000 | 0.50 0.66| 1.17|0.73| 1.09| 1.83/0.85| 1.36 | 2.22
4000 | 0.3 0.54| 0.92|0.55| 0.85| 1.41|0.67| 1.12 | 1.79
5000 | 0.30 0.47| 0.7710.45| 0.71| 1.17]0.55| 0.97 | 1.52

Table 5 Qon, Qe and Qr in A% (+10-20 %)

Energy Methanimine Ethanimine
(eV) (CH,NH) (CH3CHNH)
Qion | Qer | Qr | Qon| Qe | Qr

15 0.14| 25.65| 26.21| 0.41| 23.23| 24.41
20 0.73| 19.79| 21.57| 1.34| 20.13| 22.97
30 2.07/ 14.03| 17.87| 3.12| 15.54| 20.80
40 3.05| 10.79| 15.79| 4.30| 11.88| 18.44
80 4.14) 5.76|11.34|4.77| 6.82|12.94
90 414, 5.29/10.71|4.71| 6.08|11.97
100 | 4.11] 4.91|10.17|4.62| 5.52|11.20
600 | 1.85 1.99| 3.91|1.82| 1.49| 3.37

18
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298

299

300

301

302

303

304

305

306

307

308

309

310

700 | 1.66/ 1.83| 3.55|1.62| 1.30| 2.96

800 | 1.51] 1.70| 3.26|1.46| 1.16| 2.65

900 | 1.39] 1.59| 3.02|1.32| 1.04| 2.39

1000 | 1.28/ 1.50| 2.81|1.21| 0.94| 2.18

2000 | 0.73 0.97| 1.71/0.65| 0.49| 1.15

3000 | 0.51] 0.73| 1.25/0.43| 0.33| 0.77

4000 | 0.39 0.60| 0.99]0.32| 0.25| 0.57

5000 | 0.31] 0.52| 0.83|0.25| 0.21| 0.46

(B) Elastic cross sections

In this sub section we present our evaluation eftttal elastic cross sectiong @nd total cross
sections @ for these astro-molecules. We present our reguadshically in figures 7 to 12. To
the best of our knowledge there are no previousrétieal or experimental data for@r Qr for

these molecules except for HCN and HCCCN.

For HCN we have shown preseng @ figure 7 along with theoretical data of Jairda@®aluja

[35] and Sanz et al [36]. While present; Q@ata display overestimation at lower energiesy the
show very good accord with Jain and Baluja [35]dmely40 eV and with Sanz et al. [36] beyond
60 eV. Sanz et al [36] have used the screen dedendependent atom model (SC-IAM) that
does not include molecular bonding and geometsffatcts and is a good tool at higher energies
typically beyond 30 eV [36]. We compare oug ata with the results of Jain and Baluja [35]
without the anisotropic term contributions and fineasonable agreement except at lower

energies.

19



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

In figure 8 we show presentt@r HCN compared with previous theoretical res{B, 36, 37]
and the experimental results of Srivastava et3l]. [We observe that the present data show
reasonable agreement with the results of Sanz 6}l The theoretical data of Jain and Baluja
[35] shows good agreement with the present resultept at lower energies below 30 eV. This
could be attributed to choice of different modetguaials by them. For HCN, Srivastava et al.
[32] have reported experimental differential crgsstions using which, we have obtained Q
Srivastava et al. [32] reported measurements oiftiegral cross sections at 3 eV, 5 eV, 11.6 eV,
21.6 eV and 50 eV. Since the present data do ohtde non-spherical effects like rotational and
vibrational processes we have subtracted the nberg@al cross sections reported by Sanz et al.
[36] from integral cross sections of Srivastavale32]. The two derived points with quoted
uncertainty of 21 % do not agree with any of theotietical data. De Heng et al. [37] have
reported @ from 100 eV-5000 eV. They overestimate the prestid up to 500 eV, but

thereafter agree with the present data followirggBlethe Born trend [67].

In figure 9 we have shown preseng @r HCCCN as compared with the previous ata of
Kaur et al. [39] along with the present @r which we have not found any experimental or
theoretical results in literature. We find largéfetiences for presentQwith the Q, values of
Kaur et al [39] below 30 eV, after which the prdserss sections show slightly lower values

with expected nature of the curve.
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Fig. 7 Q, for e-HCN scattering Fig. 8 Q for e-HCN scattering
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scattering scattering
Solid line: Present{QDash line: Present  Solid line: Present € Dash line: Presen

Q.; Dash-Dot Dot line: Kaur et al. [39] Qi

35 30
—_— 1 1 e-CH,CHNH — Present

e-CHNH Present Q X Q

30 - - -PresentQ | 25 - - PresentQ

Fig.11 G and Q. for e-CH,NH Fig. 12 Q and Q for e-CH3CHNH
scattering scattering

Solid line: Present ) Dash line: Present Solid line: Present{QDash line: Present

Q. Qu

In figure 10 we present the.@nd @ for e-CHCHCN. We do not find any data of,@r Qr in
literature for this important molecule for companswith present results in the current energy
range. These cross sections values depend on faigetzability, number of electrons and other

geometric parameters. Therefore these cross sectdiect the size of the molecule. At the peak
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of inelastic cross sections jj&he contribution of @ and Gl to the total cross sections is 67%
and 33% respectively. In figure 11 we show thg &d @ curves for e-CbENH scattering.
Although, Wang et al. [40] have reported, @@r methanimine, they are at very low energies (0-
10 eV) and are not shown here, @d Q. contribute 55% and 45% torQt E,. The total
elastic and total cross sections for esCHNH scattering are shown in figure 12. The upper
curve shows Qand the lower curve & The Q, are sensitive to the polarization potential. While
its contribution to @ is 58 %, the share ofiQ is 42 % to @ at the k. The G-values show the
upper limit of the occurrence of all the e-molecpleenomena in the spherical approximation, a

feature further elaborated in figure 13 in termsadhtive cross sections.

14 T T T T T T T

12+

e- CHZNH at Ep =62 eV ]

10+

TCS (R?)

Qion

100% 55% 45% 70% 30%
of Q, of Q, of Q, of Q

inel

Fig. 13 Contribution of various total cross sectios at peak of Q.

In figure 13 we compare contribution of variousatatross sections for e — GIRH collision at
E, = 62 eV which is the electron energy for maximuafue of Q... The total cross sectionsrQ
cover all the spherical effects induced by electoofiision. At the peak of inelastic cross
sections the contributions from;@nd Q. tend to be about equal [68]. In the present casis Q

23



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

55% and Qe is 45% of @ at K. The total inelastic cross section consists afltonization and
summed total excitation cross sections and thgisQabout 70% and Qexcis 30% to Qe at the
peak of Qe. The present methodology provides all these csmsgions under the same

formalism. This renders consistency to the data.

CONCLUSION

We have reported theoretical results on various tbss sections,1QQe;, Qnel, Qon aNdY Qexc

for interaction of electrons (~10 eV to 5000 eV)thwimportant astro-molecules, hydrogen
cyanide (HCN), cyanoacetylene (HCCCN), vinyl cyan{€HCHCN), methanimine (CHNH)
and ethanimine (C}¥CHNH), compounds found in dense tholins of Titare Wave employed
SCORP to evaluate & Qnel and @ and used CSP-ic to compute{and> Qex. We have also
obtained @, using BEB method. Such studies provide a testfbegbrebiotic chemistry that
evolved to develop life on Earth. Owing to toxicétgd other experimental difficulties, not much
previous work is reported for these important asbmpounds. These are the first reports of
these cross sections except for HCN and HCCCNisnaihergy range. For HCN we found good
agreement with other earlier data [33, 35] exceptlie inelastic data of Sanz et al. [36] which
significantly overestimates these cross sectiorlsvatr energies. The present results gfddd
Qr for HCN find good accord with the compared theioettresults [35-37] except at lower
energies. For HCCCN, while the presem,@sults underestimate the theoretical data [3B, 39
present Qshow reasonable matching with Kaur et al [39] bely80 eV. The total ionization
cross sections g and the peak valuef (peak) are sensitive to the ionization potentialble

3). For all these compounds summed total excitatimss sectionsy Qexc are reported for the

first time in this work to the best of our knowledg
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Under the spherical approximation, the SCOP and-i€SRethods are simple, reliable and
accurate quantum mechanical methods for study décutes irrespective of their size, shape
and reactivity and provide estimates on variousteda driven processes under the same
formalism (figure 13). The requirement of spheticalymmetric potential due to the use of
partial wave analysis that prevents us to incluatational and vibrational effects along with the
semi-empirical argument for the value gf IBad to uncertainty in the cross section valuethef
order of 10-20 % which is same as quoted in mopermental results. We hope these results

will engender other studies, both experimental thedretical.

Acknowledgement

Minaxi Vinodkumar acknowledges Department of Sceeaad Technology (DST-SERB), New

Delhi for financial support through the major resbgproject (EMR/2016/000470).

References

[1] Cordiner, M. A., et al., The Astrophysical Joal Lettersr92 L2 (2014).
[2] Sittler Jr., E.C., et al., Planet. Space S€i(13) 1547-1557 (2009).

[3] Sagan, C. and Thompson, W., ICARBS 133-161 (1984).

[4] Kuiper, Astrophys. J100 (11) 378—-388 (1944).

[5] Waite, J.H., et al., Scien846870-875 (2007).

[6] Gautier T., et al., ICARU13 625635 (2011).

[7] Carrasco, N. et al., ICARUZLY, 230-240 (2012).

[8] Carrasco, N. et al., J. Phys. Cheml 23 (42) 11195-11203 (2009).

[9] Szopa, C., et al., Planet. Space 54j.394-404 (2006).
25



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

[10] Israel, G., et al., Natu#38 (7069) 796—799 (2005).

[11] Hartle, R.E., et al., Planet. Space Sdi.(12) 1211-1224 (2006).

[12] Yelle, R.V., et al., ICARUS82 (2) 567-576 (2006).

[13] Barnes, J.W., et al., Planet. Space 5ti(14-15) 1950-1962 (2009).

[14] Vinatier, S., et al., ICARUZ05 (2) 559-570 (2010).

[15] Wilson, E.H., Atreya, S.K., Planet. Space 54di.(14-15) 1017-1033 (2003).

[16] Hébrard, E., Dobrijevic, M., Bénilan, Y., RaulF., Journal of Photochemistry and
Photobiology C: Photochemistry Revie®s/ (4), 211-230 (2006).

[17] Hébrard, E., Dobrijevic, M., Bénilan, Y., RaulF., Planet.Space S&5, 1470-1489
(2007).

[18] Lavvas, P. P., Coustenis, A., Vardavas, |. Rlanet. Space S&6 (1) 67-99 (2008).
[19] Krasnopolsky, V. A., ICARU201 (1) 226—-256 (2009).

[20] Gardner, F. F., Winnewisser, G., Astrophysiialrnall95 L127-130 (1975).

[21] Godfrey, P. D., et al., Astrophysical Letfie3, 119-121 (1973).

[22] Marzio, et al., Computational Science andjiplications.1%8International Conference,
Vietnam, Conference Proceedings, 47-56 (2013).

[23] William, M. Irvine., Encyclopedia of Astrobiogy, springer Berlin Heideberg, 1743-1743
(2011).

[24] Loomis, R. A., et al., The Astrophysical Joalrhetters765,L9 (2013).

[25] Miao, Y., et al., The Astrophysical Journaltlezs445,1.59 (1995).

[26] Niemann, H. B., et al., Natu#88 (7069),/79-784 (2005).

[27] Quick, C. R. Jr, Witting, C. and Laudenslageés., Opt. Commun18, 268-270 (1976).
[28] West, G. A. and Berry, M.J., J. Chem. PI§&.4700 (1974).

[29] Korol,V. I. and Kishko, S.M., Opt. Spectrosgnf8, 486 (1975).

26



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

[30] Whipple, F. L. and Huebner, W. F., Rep. Pr&thys.39, 573 (1976).

[31] Dalgarno, A. and Black, J. H., Rep. Prog. PI3g573 (1976).

[32] Srivastava, S. K., Tanaka, H. and Chutjian,JAChem. Phy$9,1493 (1978).

[33] Pandya, S., Shelat, F., Joshipura, K., VaigshBa, Int. J. of Mass SpecB23-324 28-33
(2012).

[34] Swadia M., Ph.D. thesis, Kadi Sarva Vishvaualdya, India, “theoretical investigations of
electrons with molecules of biological and indwsdtnielevance through wide energy range”
(2017)

[35] Jain, A. and Baluja, K., Phys. Rev4A,202 (1992).

[36] Sanz, A. G., et al., J. of Chem. PH@¥, 124103 (2012).

[37] De-Heng, S., et al., Phys. L&l (3),474-477 (2004).

[38] Gilmore, T.D. and Field, T.A., J. Phys. B:..Mol. Opt. Phys48, 035201 (2015).

[39] Kaur, J., Mason, N. and Antony, B., J. PHsAt. Mol. Opt. Phys49, 225202 (2016).
[40] Wang, K., Meng, J. and Baluja, K. L., Eur. Bhy. D69:78 1-7 (2015).

[41] Jain, A., Phys. Rev. 84,3707 (1986).

[42] Jain, A., J. Phys. BR1, 905-924 (1988).

[43] Limbachiya, C., Vinodkumar, M., Mason, N., Bhyrev. A83, 042708 (2011).

[44] Limbachiya, C., Vinodkumar, M., Swadia, M. shipura, K.N. and Mason, N., Molecular
Phys.113(1) 55-62 (2015).

[45] Swadia, M., Thakar, Y., Vinodkumar, M., andnbachiya, C., Eur. Phys. J. 21,
85 (2017).

[46] http://www.cccbdb.nist.gov

[47] Lide, D. R., CRC Handbook of Chemistry arfd/gics, CRC Press, Boca Raton, FL2005

(1993-1994).

27



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

[48] Cox, H.L. Jr. and Bonham, R. A., J. Chem. PHy52599 (1967).
[49] Hara, S., J. Phys. Soc. Ja@2&i710-718 (1967).

[50] Zhang, X., Sun, J. and Liu, Y., J. Phys. B: Mbl. Opt. Phys.25, 1893 (1992).

[51] Staszewska, G., Schwenke, D. W., Thirumalaiai Truhlar, D .G., Phys. Rev.28,
2740 (1983).

[52]Vinodkumar, M., Limbachiya, C. and Bhutadia, BLPhys. B: At. Mol. Opt. Phys43,
015203 (2010).

[53] Vinodkumar, M., Limbachiya, C., Antony, B. addshipura, K. N., J. Phys. B: At. Mol.
Opt. Phys40, 3259 (2007).

[54] Vinodkumar, M., Limbachiya, C., Joshipura, Kaishnav, B., Gangopadhyay, S., Journal
of Physics: Conference Serid4,5,012013 (2008).

[55] Rahman, M., Gangopadhyay, S., LimbachiyaJ@shipura, K., Krishnakumar, E., Int. J.
Mass Spectrom.319-32048-54 (2012).

[56] Turner, J. E., Paretzke, H. G., Hamm, R. Nright H. A. and Richie, R. H., Radiation
Research92(1) 47-60 (1982).

[57] Blanco, F. and Garcia, G., Phys. Lett3A7, 458-462 (2003).

[58] Karwasz, G. P., Brusa, R. S. and Zecca, AV, RUOV CI 24(4)1-101 (2001).

[59] Kim, Y., and Rudd, M., Phys. Rev. %0, 3954 (1994).

[60] Kim, Y., and Desclaux, J., Phys. Rev68, 012708 (2002).

[61] Kim, Y., and Stone, P., Phys. Rev6A, 052707 (2001).

[62] Vinodkumar, M.,Limbachiya, C.,Barot, M., SwadM., Barot, A. , Int. J. of Mass
Spectrom339-34Q 16-23 (2013).

[63] Joshipura ,K., Vinodkumar, M.,Limbachiya, @nd Antony, B., Phys. Rev. 89, 022705
(2004).

28



472 [64] Koopmans, T., Physicg104 (1933).

473  [65] Vinodkumar, M., Limbachiya, C., Joshipura, End Mason, N., Eur. Phys. J.a2,579-585
474  (2011).

475  [66] Limbachiya, C., Vinodkumar, M., Swadia, M. aBdrot A., Molecular Physics12(1)

476 101-106 (2014).

477  [67] Schram, B.L. and Vriens, L., Physigd, 1431-1436 (1965).

478  [68] Joachain, C.J., Quantum Collision Theory (Aendam: North-Holland), 107 (1983).

29



Highlights

Articlereference: PSS 2018 133
Title: ELECTRON INTERACTIONSWITH ASTRO CHEMICAL COMPOUNDS

Y ogesh Thakar, Rakesh Bhavsar, M ohit Swadia, Minaxi Vinodkumar,
Nigel Mason, Chetan Limbachiya

* The paper deals with theoretical study of various electron induced phenomena for
important astrochemical molecules which are relevant for chemistry in the tholins of
Titan, the largest satellite of Saturn.

* Thetheoretical methods employed for this study are:
(1) Spherical Complex Optical Potentia (SCOP) method
(2) Complex Scattering Potential-ionisation contribution (CSP-ic) method
(3) Binary-Encounter-Bethe (BEB) method

» Computed total cross sections on electron impact with hydrogen cyanide (HCN),
cyanoacetylene (HCCCN), vinyl cyanide (CH,CHCN), methanimine (CH,NH) and
ethanimine (CH3CHNH) are reported for energies ~10 eV to 5000 eV, aong with
comparison wherever available.

* The reported electron impact total cross sections are total elastic cross sections Qg,
total inelastic cross sections Qing, total ionization cross sections Qiqn, total excitation
cross sections Y Qexc and total cross sections Qr.

* We have employed SCOP to evaluate Qqg, Qing and Qr and used CSP-ic to compute
Qion and Y Qexc. We have also obtained Qo using the BEB method.



