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Abstract. The present article reports calculated elastic, differential, momentum

transfer and excitation cross section for electron scattering from BF and BF2 radicals

using the ab-initio R–matrix method. The calculations are performed with complete

active space – configuration interaction and static exchange models for both targets

to yield scattering cross sections and resonance parameters. Elastic and momentum

transfer cross sections are also calculated using the spherical complex optical potential

method to cover a wide energy range. The total ionization cross section is also reported

from ionization threshold to 5 keV. The calculated cross sections for these neutral

species are important for BF3 plasma and are reported for the first time to the best of

our knowledge except ionization.

1. INTRODUCTION

Electron scattering studies of the neutral radicals BF and BF2 are important for BF3

plasma. However, to the best of our knowledge there has been little experimental

or theoretical investigation on electron scattering from these radicals. BF3 plasmas

generated from arc, pulsed or RF/ECR discharge are used as a boron source, which in

turn is widely used as a p–type dopant in the ion implantation for the semiconductor

industry [1–3]. The halogen-containing gaseous BF3 is important for a variety of plasma

technologies and finds applications in the field of material processing, plasma-assisted

fabrication of large integrated circuits and semiconductor fabrication [4]. The interaction

of free electrons in a BF3 plasma generates different active neutral species such as B,
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BF, BF2, BF3 and positive ion species such as B+, BF+, BF+
2 , BF+

3 . Such collision

processes also govern the stability and discharge equilibrium of the plasma. The species

generated and free electrons in the plasma give rise to various collisional processes whose

understanding is important for modelling BF3 plasma. Reliable electron collision cross

sections for all species of ions and neutrals present in the plasma are therefore important

data for performing plasma discharge simulations accurately.

The collision cross section data are essential input to plasma simulations, and the

accuracy of such simulations are directly related to the reliability of input data. The

collision cross section data in the range (3∼100 eV) are important for low-temperature

plasmas (3 ∼ 5 eV), where the energy of electron can be distributed up to 100 eV. Elastic

scattering is the dominant process in most plasma discharges as the collision cross section

for this process is large compared to other reactions; elastic scattering helps to thermalise

the electrons. On the other hand for the electronic excitation processes, the threshold

for electronic excitation is lower than the ionization threshold, so this reaction can be

important when the electron temperature is low. In an experiment, the scattering and

excitation cross sections can be used to analyze electron heating mechanism [5, 6]. Even

in this case, data is required to a minimum of 25 eV, but up to a maximum of 100 eV

are desirable. Moreover, the experimental studies of radicals such as BF and BF2 are

difficult and rare as these radicals are hard to prepare, highly reactive and powerful

etchants; hence there are no experimental data available at present. The importance of

theoretical calculations in providing data over a comprehensive range of energies is well

established [7].

Considerable attention has been given to electron collision studies with neutral BF3

molecule both theoretically and experimentally [4, 8–17]. There are also a few electron

collision studies on positive BFx ions for various collision processes in the literature

[1, 18, 19]. However, there has been no systematic study of electron-induced collision

processes in the radical species BF and BF2, which play an important role in any BF3

containing plasma. Our recent study [17] on electron scattering cross section of BF3

molecule using the R–matrix method showed good agreement with the experimental

data, which encouraged us to perform similar calculations on BF and BF2. This is one

of the major motivations for the present work. The only study available in the literature

is due to the work of Kim and co-workers [10] who have provided ionization cross sections

for BF and BF2 using the Binary Encounter Bethe (BEB) [20] method. Hence, In the

present work, we have provided a set of important cross sections for BF and BF2 such

as elastic, excitation, differential (DCS) and momentum transfer cross sections (MTCS)

along with the total ionization cross sections which is compared with the BEB data [10].

Calculations are performed with the complete active space -configuration (CAS–CI) and

static exchange (SE) models using the R–matrix and spherical complex optical potential

(SCOP) methods. The CAS–CI calculations are performed with increasing number of

target states until converged results are obtained. We have used two theoretical methods

to carry out calculations in different energy regimes. In the low energy region (<10eV),

the ab-initio R-matrix method gives a good representation of the electron-molecule
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scattering. However, at high energies, a complete theoretical ab-initio treatment is

not possible since all discrete and continuum channels are open. Consequently, different

approximations have to be implemented to make computations manageable. The SCOP

method is a simple and powerful tool at intermediate and high energies (∼ 10–2000eV)

giving reliable results from diatomic molecules to complex biomolecules. The next

section describes these theoretical methods which are used to calculate various cross

sections reported in the present work.

2. THE R–MATRIX METHOD

In this work, we have used the R–matrix method [21] to perform low energy electron-

molecule scattering calculations. We have used the Quantemol–N [22] to run the UK

molecular R–matrix codes [21]. Through the years, R–matrix calculations have been

shown to successfully predict accurate cross section data for a number of molecular

targets using the Quantemol–N [22–27]. Within the fixed nuclei approximation, the R–

matrix theory is primarily constructed on the division of coordinate space into an inner

and outer region to treat electron molecule scattering. The inner region contains the

target molecule with N+1 indistinguishable electrons, where +1 indicates the scattering

electron. This N + 1 collision system is treated as a bound state in the inner region,

where short-range forces such as electron correlation and exchange are important. The

results obtained in the inner region are fed to the outer region which only explicitly

considers the scattering electron. In the outer region, the scattering electron is far away

from the target electron cloud and exchange and correlation effects are negligible, so only

the long–range multipolar interaction between the scattering electron and the target are

considered. Here, the inner region is taken to be a sphere of radius 10 a0 centered on

the molecular center–of–mass, while the outer region is extended up to 100 a0. The

radius of the inner region is chosen to contain the wave function of the target within

the R–matrix sphere.

The inner region wave functions are constructed using the close–coupling (CC) [28]

expansion for the N + 1 target plus electron system in a fixed-nuclei approximation and

is expressed as,

ψN+1
k = A

∑
ij

aijkΦN
i (x1, ..., xN)uij(xN+1) +

∑
i

bikχ
N+1
i (x1, ..., xN+1). (1)

In the above equation, the first summation runs over the target states times

continuum orbitals used in the close-coupled expansion. A is the anti–symmetrization

operator which ensures that the Pauli principle is obeyed by the electrons. ΦN
i is

the wavefunction of the ith target state, xN is the spatial and spin coordinate of the

N th target electron and uij are the continuum orbitals which represent the scattering

electron. The continuum orbitals are positioned at the center–of–mass of the molecule.

Moreover, they are long-ranged compared to the orbitals centered at the nuclei and thus

have amplitude on the R–matrix boundary. In the second term, the χ
(N+1)
i are called L2

configurations, which accounts for the short-range correlations and polarization effects.
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These χi are multi–center quadratically integrable functions constructed by placing all

the N+1 electrons in the target molecular orbitals (MOs). aijk and bik are the variational

coefficients which are determined by the diagonalization of the Hamiltonian matrix.

In the present calculations, the target molecular orbitals (both occupied and virtual

orbitals) were constructed employing the Hartree-Fock Self–Consistent Field method

with Gaussian type orbitals (GTOs); the continuum orbitals used were the GTOs

of Faure et al. [29]. The R–matrix links the inner region to the outer region. It

is constructed at the boundary of these two regions using the inner region solution.

This R–matrix was then propagated outwards and matched with known asymptotic

scattering functions obtained from a Gailitis expansion [30]. Matching to the asymptotic

boundary conditions gives the K–matrix which is a symmetric matrix that contains all

the information about the scattering process. In particular, the eigenvalues of the K–

matrices gives the eigenphase sum (δ) whose expression is given as follows,

δ =
∑
i

arctan(Kij). (2)

The summation in the above equation runs over all the open channels. These K-

matrices are then employed to obtain the T-matrices. The T-matrices are used to

obtain various scattering observables and cross sections. T-matrix can be evaluated

from the K-matrices using the definition,

T =
2iK

1− iK
. (3)

The POLYDCS program of Sanna and Gianturco [31] was used to calculate the

DCS and MTCS. Resonances were detected using the RESON [32] program (available

within the R–matrix suite) by automated fitting to a Briet–Wigner profile [33] to obtain

their energies and widths. The detailed discussion of the R-matrix method is available

elsewhere [21, 34] and here we have chosen only the basic equations for brevity.

Here, we have used two scattering models (SE and CAS-CI) in the R-matrix method

to describe the scattering processes and to determine the electronic wavefunction of the

target. The type of scattering model depends on the choice of target electronic states

and L2 functions included in equation 1. In the SE model, the target electrons are kept

in the ground state configuration (also known as frozen electrons). SE configurations use

Hartree-Fock Self-Consistent Field (HFSCF) target wavefunctions and are not allowed

to be polarized by the incident electron. However, this method is well suited to detecting

shape resonances where the scattering electron is temporarily trapped behind a potential

barrier created by the molecule. The SE approximation cannot detect Feshbach/core-

excited or mixed resonances which involve excitation of bound electrons. The CAS-CI

model is a more sophisticated approximation than SE, where many electronically excited

states of the target (active electrons) are included in the expansion of equation 1. The

inclusion of more excited states increases the polarization effects which make these

calculations accurate. These calculations identify both the shape and Feshbach/core-

excited resonances fairly well along with the calculation of excitation cross sections.
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This calculation is performed with the CC approximations. The products of this model

are called Configuration State Functions (CSFs). A full analysis of the behaviour of

CAS-CI method is given elsewhere [35].

2.1. Target models for BF and BF2 used in the present calculations

BF has a linear structure with a bond distance of 1.267 Å [36] between the boron and

fluorine atoms belonging to the C∞v point group symmetry. The structure of BF2 was

optimized using the Gaussian 09 [37] suite, as its geometry was not available in the

CCCBDB website. BF2 has a bent structure with two fluorine atoms attached to boron

atom with a bond length of 1.30 Å belonging to the C2v natural point group symmetry.

The calculation for both the targets was carried out in the C2v point group symmetry

as Quantemol-N, in common with nearly all other electronic structure codes, cannot

handle non-Abelian point groups such as C∞v. The CAS–CI and SE calculation are

performed with a cc–pVTZ basis set for both the systems. The ground state electronic

configuration of the BF is given as, 1a2
1, 2a2

1, 3a2
1, 4a2

1, 1b2
2, 1b2

1, 5a2
1 (1σ2, 2σ2, 3σ2, 4σ2,

1π4, 5σ2 in C∞v symmetry), while the electronic ground state configuration of BF2 in its

equilibrium geometry is given as 1b2
2, 1a2

1, 2a2
1, 3a2

1, 2b2
2, 4a2

1, 3b2
2, 5a2

1, 1b2
1, 1a2

2, 4b2
2, 6a1

1.

For each molecule, the CSFs are generated by keeping some electrons ’frozen’ in the core

and considering all configurations arising by distributing the remaining electrons in the

CAS. In the CAS–CI calculation for BF out of 14 electrons, 6 electrons are frozen in 1a1,

2a1, 3a1 (1σ, 2σ, 3σ) molecular orbitals and 8 electrons are in the active space of 4a1,

5a1, 6a1, 7a1, 1b1, 2b1, 1b2, 2b2 (4σ, 5σ, 6σ, 7σ, 1π, 2π) molecular orbitals. For BF2,

out of 23 electrons, 16 electrons are frozen in the molecular orbitals 1a1, 2a1, 3a1, 4a1,

5a1, 1b2, 2b2, 3b2 and 7 electrons are active in the 7 molecular orbitals 6a1, 7a1, 1b1,

2b1, 4b2, 5b2, 1a2. In our CAS–CI model, 49 and 20 target states have been included

for the best target model of BF and BF2 for which the results are converged. For these

target models of BF and BF2, the number of CSF’s generated for the ground state are

492 and 196, and the number of scattering channels included in the calculation are 286

and 128 respectively. However, in the SE calculation, all the electrons are frozen in the

lowest configuration for both the targets.

The dipole moment of 0.34 au is obtained in the present CAS–CI model for BF

which is higher than the experimental data of Lovas and Johnson [38] at 0.19 au.

However, our dipole moment is in good agreement with the recent theoretical values

of Kobus et al. [39], Magoulas et al. [40] and Fantuzzi et al. [41] who obtained 0.34,

0.33 and 0.36 au respectively. The first vertical excitation energy of BF obtained in the

present calculation is 4.47 eV, which is slightly higher than the adiabatic experimental

values of 3.61 eV [42], and the R–matrix and MRD–CI calculation at 3.83 eV [43], and

3.57 eV [44] respectively. The vertical excitation energy of the first 10 excited state of

BF included in the calculation are given in Table 1. The present results are compared

with the previous experimental and the theoretical results and are found to be slightly

higher than the previous results in general for all the states. The absolute ground state
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energy obtained is -124.1754 Hartree, which is in good agreement with the theoretical

value of Kobus et al. [39] at -124.1687 Hartree.

Table 1. Vertical excitation energy of BF in comparison with available data in eV;

the experimental values are adiabatic.

States Present Experiment [42] Theory

X1Σ+ 0 0 R–matrix [43] MRD–CI [44]
3B1,

3B2 (a 3Π) 4.47 3.61 3.83 3.57
1B1,

1B2 (A 1Π) 7.15 6.34 6.93 6.56
3A1 (b 3Σ+) 9.34 7.56 7.63 7.52
1A1 (B 1Σ+) 9.92 8.10 8.14 7.98
3A1 (c 3Σ+) 10.96 8.31 8.34 8.20
3A2 (3Σ−) 13.08 – – –
1A1 (1Σ+) 13.50 – – –

Table 2. Vertical excitation energies for BF2 in comparison with available data in eV.

States Energy (eV) Others
2A1 0 –
2B1 6.44 3.24 [45]; 4.66 [46]
2B2 10.55 –
2A1 10.93 –
2A2 12.26 –
2B2 12.44 –
4B2 13.03 –
4A2 13.08 –
2B1 13.4 –
2A2 13.43 –
2B2 13.79 –
4A1 14.23 –
2A1 15.19 –
2A2 15.52 –
2B2 15.58 –

In the case of BF2, the dipole moment obtained in the present CAS–CI calculation

is 0.23 au, which is in good agreement with the experimental data of Rothenberg at 0.27

au [47]. The absolute ground state energy obtained with this model is -223.7094 Hartree,

which is in reasonable agreement with the ground state energy of Cai [45] at -224.0715

Hartree. The first excitation energy of BF2 is reported at 6.44 eV with the present target
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model and is quite high with respect to the data of Cai [45] and Atkinson et al. [46] at

3.24 and 4.66 eV respectively. For both BF and BF2 the vertical excitation energies are

in general higher than other values. The reason for such behavior may be attributed

to the use of HFSCF molecular orbital (MOs). The use of HFSCF MOs for multistate

calculations tends to over-emphasize the ground state at the expense of excited states,

leading to excitation energies which are too high [21]. However, we also note that

experimental values are usually for adiabatic excitation which allows for relaxation of

the geometry of the excited state compared to vertical excitation considered here which

does not allow for this effect. The vertical excitation energy of the first 15 excited states

of BF2 included in the calculation is given in Table 2.

3. SPHERICAL COMPLEX OPTICAL POTENTIAL (SCOP) METHOD

In the present work, we have used the spherical complex optical potential (SCOP)

method to predict the elastic and MTCS at intermediate energies (up to 2000 eV). A

detailed description of this method can be obtained from our previous articles [27, 48–

51]. Here, we present an overview of the calculation.

The interaction between the incoming electron and the target molecule is

represented by a complex optical potential (Vopt(r, Ei)), given as

Vopt(r, Ei) = VR(r, Ei) + i VI(r, Ei). (4)

Ei is the energy of the incident electron. This potential is used to solve the

Schrödinger equation to obtain phase shifts (δl) which contains the entire information

about the scattering event. In the present work, we have used the Hartree–Fock

wavefunction of Cox and Bonham [52] to calculate the charge density and static

potential. To include the exchange effect, the parameter–free Hara’s free–electron gas

exchange model [53] is used whereas the correlation–polarization potential is obtained

using the model potential of Zhang et al. [54]. These three interaction potentials

constitute the real part of the complex potential (VR(r, Ei)) and thus provide for all

the elastic phenomena occurring during the scattering event. The imaginary part of the

potential (VI(r, Ei)) (also known as the absorption potential) accounts for the inelastic

events and in this work it is represented by the quasi–free model of Staszewska et al.

[55]. The working formulae related to the calculation of elastic and MTCS are given as,

Qel(Ei) =
π

k2

∞∑
l=0

(2l + 1) |ηl exp(2iRe δl)− 1|2 (5)

and

Qmtcs(k) =
4π

k2

∞∑
l=0

(l + 1) sin2[δl+1(k)− δl(k)]. (6)

Where, ηl is the inelasticity factor given as ηl = exp(−2Im δl), k is the wave vector

associated with the scattered wave and l is the number of partial waves. Other details

of the method can be obtained from our previous article [51].
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The total ionization cross section (Qion) is also calculated using the complex

scattering potential-ionization contribution (CSP-ic) method [56]. In this, the Qion

is derived from the inelastic cross section (Qinel) which is the sum of all the allowed

electronic excitation cross section (Qexc) and Qion. However, to calculate Qion from

Qinel an energy-dependent ratio of cross section is taken which obeys certain boundary

conditions [56]. It has been found that the relative contribution of ionization at peak for

stable target molecules is around 70-80% of the inelastic cross section [56]. Therefore,

an empirical value for the relative contribution of Qion is selected at the peak of Qinel.

We have chosen the value of Rp = 0.75 for all the targets in the present case. The

deviation in the cross section by choosing the ratio 0.7 and 0.8 with respect to 0.75 is

about 7% at the peak.

The bond lengths of the present targets are comparable to the added radii of B and

F atoms. Hence, the molecular charge density of these targets is obtained as the sum

of the charge densities of the constituent atoms. With the help of this method, we have

computed the above–mentioned potentials and charge density of the entire molecule and

hence the required cross section. The ionization potential of BF and BF2 used in the

present calculations are 11.12 eV [36] and 8 eV [57] respectively. The polarizability of

the targets has been calculated in the present study by fully optimizing the geometry

of the molecule using the Gaussian package [37]. The target properties used for the

intermediate to high energy calculations are given in Table 3.

Table 3. Target properties

Target Polarizability(Å3) Ionization potential (eV) Bond length (Å)

BF 3.034 (Present) 11.12 [36] 1.2699 [36]

BF2 2.732 (Present) 8.00 [57] 1.3006 [36]

Table 4. Resonance position and width for BF and BF2 detected in the present

calculations for 49 and 20 state calculations respectively.

States Resonances

Position (eV) Width (eV)
2A1 (2Σ+) 4.84 0.51

BF 2A2 (2Σ−) 4.71 0.59
2B1,

2B2 (2Π) 0.52 0.62

BF2
3B1 1.73 2.42
3B1 6.45 0.00008
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4. RESULTS AND DISCUSSIONS

In this section, we present and discuss the results obtained in the present calculation.

Table 4 provides the resonance states along with their respective position and widths

for each target.

4.1. Results for BF

The elastic cross section and MTCS for BF is shown in Figure 1 for 49, 40, 20, 10, and 5

states along with SE R–matrix calculation at low energies till 10 eV using the cc–pVTZ

basis set. Above 10 eV, intermediate to higher energy calculations are performed with

the SCOP method. The cross section calculated using the two methods join smoothly

around 10 eV, which allows us to provide cross section over a wide energy range from 0.1

to 2000 eV. This also justifies the use of the two theories at two energy regimes. Below

10 eV, the resonances are detected at 0.52, 4.71, 4.84 eV due to the 2Π, 2Σ−, and 2Σ+

scattering states in 49 target state calculations. At energies below 1 eV, an enhancement

is seen in both elastic and MTCS due to the resonance present at 0.52 eV energy for the

49 state calculation. The resonances detected at 4.71 and 4.84 eV due to 2Σ− and 2Σ+

states are quite clearly seen in the MTCS but are not visible in the elastic cross section.

The low-lying 2Π state resonance is of shape character, similar to the well-known 2Π

resonance found in electron collisions with the isoelectronic CO molecule. The other two

resonances, of 2Σ− and 2Σ+ symmetry, are of Feshbach character. A Feshbach resonance

is formed when the incoming electron is temporarily trapped by an excited state forming

a temporary, excited negative ion state. Feshbach resonances are generally longer-lived

(narrower) than shape resonances. The shape and nature of the cross sections for SE,

5, 10, 20, 40 and 49 target states give quite a similar cross section except that the

resonance peak due to 2Π resonance state which shifts to lower energies as the number

of target states is increased. The calculated cross sections for the 40 and 49 states show

similar results and hence the calculation can be said to have obtained convergence. The

magnitude of the peak also increases as the number of states is increased from 5 to

49 states. The SE calculation, which does not incorporate polarization effects, shows a

resonance at around 2 eV compared to 0.52 eV in the 49 state calculation. The variation

of cross section in the energy range of 0.1 ∼ 1 eV for different target states along with

the SE calculation can be attributed to the electron correlation and polarization effects

which becomes important at these energies. The results for 49-state calculations are

mostly converged and this was the maximum number of target states that could be

included for the choice of our complete active space (CAS). For all the calculations

below 0.5 eV, the cross section shows a sharp rise which can be attributed to the long–

range potential associated with the permanent dipole moment of the BF which results

in strong forward scattering at low energies. The dipole potential is long-range and its

dependence is ∼ 1
r2

. Because of this, the elastic cross section behaves as ∼ 1
E2 , where E

is the incident energy. Clearly, when E is close to zero, the cross section should be large.

Similarly, the DCS is also inversely proportional to the square of an angle-dependent
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Figure 1. Elastic cross section and MTCS for 49, 40, 20, 10, and 5 states and static

exchange R–matrix calculation at low energies; SCOP calculation at intermediate and

higher energies of BF.



Electron scattering studies of BF and BF2 11

4 6 8 10 12
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Energy (eV)

 3P
 1P
 3S+
1S+
3S+

Ex
ci

ta
tio

n 
cr

os
s s

ec
tio

n 
(Å

2 )

Figure 2. Excitation cross section from the ground state for 5 low lying excited states

of BF for the 49 states calculation.

quantity which vanishes for the forward direction θ = 0 and hence the differential cross

section should be large for forward scattering; see the discussion of the DCSs below. A

full discussion of this issue is given by Zhang et al. [58]. Since the target is polar, a

Born correction is used to correct the effects of the dipole in the scattering. The MTCS

also follows a similar trend to that of the elastic cross section in terms of the shape and

nature of the cross sections for different target state calculations. It is also seen that

for MTCS, the SCOP data shows significant value only up to 200 eV, beyond which the

MTCS seems to die out with increasing incident energy.

Figure 2 shows the excitation cross section from the ground state for the five low-

lying excited states of BF. The excitation threshold for each of the states can be obtained

from Table 1. As evident from the figure, excitation to the 3Π state has the largest cross

section followed by excitation to the 1Π state. The triplet states have the maximum cross

sections due to their lower threshold. The sharp rise in the excitation cross section of
3Π at around 4 ∼ 6 eV may be due to the presence of Feshbach/core-excited resonances

at these energies. No previous study is available in the literature to compare with the

present data.

The elastic DCS for BF at energies of 0.1, 1, 3, 5, 7, 10, and 15 eV are plotted

together in Figure 3. The DCS represents the angular change of the electron trajectory

when scattered from an isotropic distribution of the target molecule; such cross sections



Electron scattering studies of BF and BF2 12

0 20 40 60 80 100 120 140 160 180
0.1

1

10

100
D

C
S 

(1
0-1

6  cm
2 /sr

)

 0.1 eV
 1 eV
 3 eV
 5 eV
 7 eV
10 eV

Scattering angles (degrees)

Figure 3. Elastic DCS for BF at energies, 0.1, 1, 3, 5, 7, and 10 eV for 49 states

calculations.

are thus useful in plasmas where the electrons are initially in a collimated beam. For

forward scattering at very low angles below 5 degrees, the DCS rises sharply due to the

large dipole moment of BF. The magnitude of the DCS decreases with increase in the

energy. Since there is no previous available data for comparison, there is an urgent need

for more investigation into this system by other groups to validate the present results

and update the study of this important plasma gas with a recommended datasets. The

present results could be a useful input data for plasma simulation and for comparing

with other results.

4.2. Results for BF2

The elastic cross section and MTCS is plotted in Figure 4 for the 20, 15, and 5 states

CAS–CI model calculations along with the SE model R–matrix calculation of BF2 at

low energies until 7 eV. Below 7 eV, resonances are detected at 1.73 and 6.45 eV with

a width of 2.41 eV and 0.8 x10−4, respectively, both due to the 3B1 scattering state.

These resonances can also be seen in the elastic and MTCS at the same energy as

a broad peak. The 1.73 eV resonance is of shape character with a broad width and

the resonance at 6.45 eV detected just above the first excitation energy is of Feshbach

character with a very narrow width. The results are quite similar for all the different

target state calculations except that the low energy resonance shifts to higher energies

for SE and 5 states calculation compared to 15 or 20 states calculations in the elastic
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Figure 4. Elastic cross section and MTCS for 20, 15, 5 states and SE R–matrix

calculation at low energies; SCOP calculation at intermediate and higher energies of

BF2
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Figure 5. Excitation cross section of BF2 from its ground state for 3 low lying excited

states for a 20 state R–matrix calculation.

cross section. The results have converged for 15 and 20 state calculations. The MTCS

is also quite similar for 15 and 20 target states calculations, whereas the SE and 5 state

results show some variation for energies below 0.5 eV. The resonance feature is also seen

in the MTCS at 6.45 eV. However, the resonance feature at 1.73 eV as detected in the

present study by the RESON program is not seen in the MTCS but can be seen in the

elastic cross section. As before, we also plot the SCOP data. For both the elastic and

momentum transfer cross section curve, we see a reasonable overlap between the data

obtained from both the theories (R–matrix and SCOP) at around 7 to 8 eV.

The excitation cross section for the three low-lying excited states, 2B1,
2B2 and 2A1

are plotted in Figure 5. The threshold for the first excitation energy is at 6.44 eV and

the maximum contribution to the total cross section is given by the first (2B1) excited

state cross section with a maximum of 1.4 Å2 at around 11 eV, which may be due to

its lower threshold. The thresholds for the second and third excited states are at 10.55

and 10.93 eV respectively and the contributions from these states are significantly lower

than the first state. The structures at around 11 eV are possibly some kind of pseudo

resonance.

The elastic DCS for BF2 at energies 1, 3, 5, 7, and 10 eV are plotted together

in Figure 6. Besides 1 eV, all the results are quite similar among each other with a

minimum of the DCS seen for 7 eV at an angle of 100 degrees approximately. At a very

low angle, the DCS shows a sharp rise in the cross section due to the dipole moment

of the BF2. There is a need for more investigation into this system theoretically and
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Figure 6. Elastic DCS of BF2 for 1, 3, 5, 7 and 10 eV for a 20 state R–matrix

calculation.

experimentally due to the lack of available data in the literature.

The total ionization cross section for BF and BF2 are calculated using the SCOP

and CSP-ic method in the energy range from the ionization threshold to 5 keV. The

results are compared with the BEB data [10] and are plotted together in Figure 7. For

BF, the present results show good agreement with the BEB data throughout the energy

range. However, for BF2, the agreement with the BEB data is good only from threshold

till 40 eV after which the present cross section is lower than the BEB estimate. We

do not know the precise reason for this discrepancy for BF2 at intermediate and higher

energies.

The elastic cross section of BF, BF2, and BF3 at low energies below 10 eV are

plotted together in Figure 8 to get an overall idea about the shape and nature of the

cross section along with the resonances detected at these energies. Due to the large

dipole moments of BF and BF2, the corresponding cross section show a sharp rise at

energies below 0.5 eV. Since BF3 is a symmetric molecule with D3h symmetry with no

dipole moment, its cross section does not show a sharp rise at low energies as seen for BF

and BF2. Shape resonances are detected for BF, BF2, and BF3 at low energies below 10

eV are at 0.52, 1.73, and 3.79 eV respectively. The magnitude of the elastic cross section

also decreases as one goes from BF to BF2 and to BF3, which can be attributed to the

addition of fluorine atoms to the molecule as we go from BF to BF3. Such fluorination

effect has already been seen in the elastic cross section where the magnitude of the cross

section goes down with the addition of fluorine atom and it also shifts the resonance
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and CSP-ic and compared with the BEB data of reference [10]

position to higher energies [59]. All the results seem to converge beyond 8 eV for BF,

BF2, and BF3.

5. CONCLUSIONS

In this work, we have investigated in detail a set of scattering cross sections for electron

collision with BF and BF2 radicals. Most of the cross sections for these target systems

are investigated for the first time, which are essential data for modeling the BF3 plasma

as mentioned in the introduction. The low energy cross sections are investigated using

the ab-initio R–matrix method whereas the elastic and MTCS are extended to higher

energies with the help of SCOP calculations. Various target and scattering models are

considered for BF and BF2 to get the best values of cross sections as there are no results

available in the literature. The resonances are identified along with their widths at low

energies for both the systems.

Our previous study [17] of the BF3 molecules using a similar approach have shown

good agreement of the elastic cross section with the experimental [4] as well as the

theoretical data [15]. This gives us the confidence that the elastic cross sections

calculated for BF and BF2 using a similar methodology are reliable. The inelastic

excitation cross section may not be very accurate since the calculated threshold for the
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et al. [17]

various excited states differs quite a lot from previous studies. This may be due to

the use of HFSCF MOs used in the present study which does not model the excited

states accurately. However, this may be a good starting point for other theoretical

groups to study these radicals for elastic and inelastic processes. Further experimental

and theoretical studies are encouraged with this work, which in turn could help in the

validation of the present data.

Data Availability

The data that supports the findings of this study are available within the article [and
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