
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 144.82.108.120

This content was downloaded on 11/02/2017 at 23:22

Please note that terms and conditions apply.

Dissociative recombination and vibrational excitation of BF+ in low energy electron collisions

View the table of contents for this issue, or go to the journal homepage for more

2016 Plasma Sources Sci. Technol. 25 055022

(http://iopscience.iop.org/0963-0252/25/5/055022)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Dissociative recombination and vibrational excitation of CO+: model calculations and comparison

with experiment

J Zs Mezei, R D Backodissa-Kiminou, D E Tudorache et al.

Reactive collisions of NO+ ions

O Motapon, M Fifirig, A Florescu et al.

Dissociative recombination of NO +

I F Schneider, I Rabadán, L Carata et al.

Dissociative excitation in electron collisions with HD+

M Fifirig and M Stroe

A multichannel quantum defect approach to dissociative recombination

A Giusti

Electron-induced vibrational transitions in N2+

Magda Fifirig

An R-matrix study of singlet and triplet continuum states of N2

Duncan A Little and Jonathan Tennyson

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0963-0252/25/5
http://iopscience.iop.org/0963-0252
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0963-0252/24/3/035005
http://iopscience.iop.org/article/10.1088/0963-0252/24/3/035005
http://iopscience.iop.org/article/10.1088/0963-0252/15/1/004
http://iopscience.iop.org/article/10.1088/0953-4075/33/21/326
http://iopscience.iop.org/article/10.1088/0031-8949/78/06/065302
http://iopscience.iop.org/article/10.1088/0022-3700/13/19/025
http://iopscience.iop.org/article/10.1088/0953-4075/48/8/085202
http://iopscience.iop.org/article/10.1088/0953-4075/47/10/105204


1 © 2016 IOP Publishing Ltd  Printed in the UK

J Zs Mezei1,2,3,4, F Colboc1, N Pop5, S Ilie1,5, K Chakrabarti1,6, S Niyonzima7, 
M Lepers2, A Bultel8, O Dulieu2, O Motapon9, J Tennyson10, K Hassouni4 
and I F Schneider1,2

1  Laboratoire Ondes et Milieux Complexes CNRS—Université du Havre—Université Normandie,  
76058 Le Havre, France
2  Laboratoire Aimé-Cotton, CNRS—Université Paris-Sud—ENS Cachan—Université Paris-Saclay, 
91405 Orsay, France
3  Institute of Nuclear Research of the Hungarian Academy of Sciences, PO Box 51, H-4001 Debrecen, 
Hungary
4  Laboratoire des Sciences des Procédés et des Matériaux, CNRS—Université Paris 13—USPC, 93430 
Villetaneuse, France
5  Department of Fundamental of Physics for Engineers, Politehnica University of Timisoara,  
Bv. V. Parvan No. 2, 300223 Timisoara, Romania
6  Dept. of Mathematics, Scottish Church College, 1 & 3 Urquhart Sq., Kolkata 700 006, India
7  Département de Physique, Faculté des Sciences, Université du Burundi, B.P. 2700 Bujumbura, Burundi
8  CORIA CNRS—Université de Rouen—Université Normandie, F-76801 Saint-Etienne du Rouvray, 
France
9  LPF, UFD Mathématiques, Informatique Appliquée et Physique Fondamentale, University of Douala, 
PO Box 24157, Douala, Cameroon
10  Dept. of Physics and Astronomy, University College London, London WC1E 6BT, UK

E-mail: janos.mezei@univ-lehavre.fr

Received 23 June 2016, revised 12 August 2016
Accepted for publication 19 August 2016
Published 12 September 2016

Abstract
The latest molecular data—potential energy curves and Rydberg-valence interactions—
characterising the super-excited electronic states of BF are reviewed in order to provide the 
input for the study of their fragmentation dynamics. Starting from this input, the main paths 
and mechanisms of BF+ dissociative recombination and vibrational excitation are analysed. 
Their cross sections are computed for the first time using a method based on the multichannel 
quantum defect theory (MQDT), and Maxwellian rate-coefficients are calculated and 
displayed in ready-to-be-used format for low temperature plasma kinetics simulations.

Keywords: non-equilibrium plasma, plasma immersion ion implantation, molecular cations, 
dissociative recombination, electron impact vibrational excitation, excited states, multichannel 
quantum defect theory

(Some figures may appear in colour only in the online journal)

1.  Introduction

Boron fluoride (BF3) containing plasmas are important for 
applications in the field of material processing. BF3 and  
Ar/BF3 plasmas are for instance used for p-type doping in the 

semi-conductor industry (Matsui et al 2004, Torregrosa et al 
2004). Moreover, electrical discharges generated in complex 
mixture of BF3 with nitrogen containing compounds have 
been proposed and investigated for the deposition of boron 
nitride coatings (Yu and Matsumoto 2003, Yamamoto et  al 
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2006). All these processes make use of low pressure high den-
sity plasma sources where BF3 interacts with the free elec-
trons of the plasma through elastic and inelastic collisions. 
These collisions are not only the driver for the generation of 
the active key-species of the process, e.g. the positive ions 
for the plasma immersion ion implantation (PIII) doping 
processes or active radicals for the deposition processes, but 
they also contribute and govern the discharge equilibrium and 
stability through ionisation, attachment and recombination 
processes (Farber and Srivastava 1984, Kim and Irikura 2000, 
Agarwal and Kushner 2007). In particular, for high density 
magnetised inductively coupled radio-frequency sources used 
in many of these processes, the surface losses are limited due 
to the magnetic confinement, which makes the contribution 
of ion recombination and mutual recombination processes to 
the discharge equilibrium very significant. In this context, the 
BF+ ion can represent a significant fraction of the ions pro-
duced when working at high power density discharge condi-
tions for which BF3 dissociation and dissociative ionisation 
are strongly enhanced and the plasma is dominated by BF2 
and BF fragments (Maury et  al 2016). These species can 
therefore significantly contribute either as an active species 
in the processes or in the discharge ionisation-recombination 
equilibrium. The investigation of the dissociative recombina-
tion of BF+ is therefore of importance for understanding BF3 
plasma processes.

The kinetic description of all the above mentioned environ
ments is based on the knowledge of the rate coefficients of 
the dominant reactions, including those between electrons and 
molecular ions. As for the BF+ ions, their abundance and their 
vibrational distribution are strongly affected by the dissocia-
tive recombination (DR),

v eBF B F,i( ) →+ ++ + −� (1)

and also by other competitive processes, such as inelastic col
lisions (v vf i>+ +) and super-elastic collisions (v vf i<+ +) which 
are also known as collisions of the second kind:

v e v eBF BF ,i f( ) → ( )+ ++ + − + + −� (2)

where vi
+ and vf

+ stand for the initial and final vibrational 
quantum number of the target ion, and rotational structure is 
neglected.

In the present work, we compute the DR and vibrational trans
ition (VT)—vibrational excitation/de-excitation (VE/VdE)— 
cross sections and rate coefficients for the lowest three vibra-
tional levels of the BF+ in its ground electronic state using 
the multichannel quantum defect theory (MQDT). The paper 
is structured as follows: section 2 outlines the main ideas and 
steps of our MQDT approach. section 3 presents the molec-
ular data used in the calculation. The main results are given in 
section 4 and the paper ends by conclusions.

2. The MQDT-type approach to DR

The MQDT approach (Giusti-Suzor 1980, Seaton 1983, 
Greene and Jungen 1985, Jungen 1996) has been shown to be 
a powerful method for the evaluation of the cross sections in 

collisions of electrons/photons with molecular cation/neu-
tral systems. It was applied with great success in calculating 
DR cross sections  to several diatomic systems like H2

+ and 
its isotopologues (Giusti-Suzor et  al 1983, Schneider et  al 
1991, Takagi 1993, Tanabe et al 1995, Schneider et al 1997, 
Amitay et al 1999), O2

+ (Guberman and Giusti-Suzor 1991, 
Guberman 2000), NO+ (Sun and Nakamura 1990, Vâlcu 
et al 1998, Schneider et al 2000b), LiH+ (Čurík and Greene 
2007), HeH+ (Haxton and Greene 2009), LiHe+ (Čurík and 
Gianturco 2013) and triatomics like H3

+ (Schneider et  al 
2000a, Kokoouline et al 2001, Kokoouline and Greene 2003), 
and for its competitive processes like ro-vibrational trans
itions in case of NO+ (Motapon et al 2006), CO+ (Mezei et al 
2015) and H2

+ (Ngassam et al 2003b, Epée Epée et al 2015). 
Recently, a global version of MQDT (Jungen 2011) has been 
used to describe the photoabsorption, photoionisation and 
photodissociation of H2 (Mezei et al 2012, 2014, Sommavilla 
et al 2016), providing very good agreement with highly accu-
rate experimental results.

In the present paper, we use an MQDT-type method 
to study the electron-impact collision processes given by 
equations (1) and (2) which result from the quantum inter-
ference of the direct mechanism—the capture takes place 
into a dissociative state of the neutral system (BF**)—and 
the indirect one—the capture occurs via a Rydberg state of 
the molecule BF* which is predissociated by the BF** state. 
In both mechanisms the autoionization is in competition 
with the predissociation and leads, through the reaction (2), 
to super-elastic collision (SEC) (v vi f>+ + in equation  (2)), 
elastic collision (EC) (v vi f=+ +) and inelastic collision (IC) 
(v vi f<+ +).

A detailed description of our theoretical approach is given 
in previous studies (Little et al 2014, Mezei et al 2015). The 
major steps of the method only can be briefly outlined as 
follows:

	 (i)	Defining the interaction matrix V:
		 Within a quasi-diabatic representation of the BF states,  

the interaction matrix is based on the computed 
(Chakrabarti and Tennyson 2009, Chakrabarti et al 2011) 
couplings between ionisation channels—associated to 
the vibrational levels v+ of the cation and to the orbital 
quantum number l of the incident/Rydberg electron—and 
dissociation channels dj.

	(ii)	Computation of the reaction matrix K:
		 Given H0 the Hamiltonian of the molecular system 

under study in which the Rydberg-valence interaction is 
neglected, we adopt the second-order perturbative solution 
for the Lippman–Schwinger integral equation (Florescu 
et al 2003, Ngassam et al 2003a, Motapon et al 2006), 
written in operatorial form as:

HE

1
.

0
= +

−
K V V V� (3)

	(iii)	Diagonalization of the reaction matrix,
		 yields the corresponding eigenvectors and eigenvalues 

which are used to build the eigenchannel wavefunctions.

Plasma Sources Sci. Technol. 25 (2016) 055022
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	(iv)	Frame transformation from the Born–Oppenheimer 
(short-range) to the close-coupling (long-range) repre-
sentation,

		 relying, for a given electronic total angular momentum 
quantum number Λ and a given orbital quantum number 
of the incident/Rydberg electron l, on the quantum defect 

Rl ( )µΛ  and on the eigenvectors and eigenvalues of the 
K-matrix.

	(v)	Construction of the generalised scattering matrix X,
		 based on the frame-transformation coefficients, this 

matrix being organised in blocks associated to open and/
or closed (o and/or c respectively) channels:

X
X X
X X

.oo oc

co cc

⎛
⎝
⎜

⎞
⎠
⎟=� (4)

	(vi)	Construction of the generalised scattering matrix S,

S X X
X

X
1

exp i2
.oo oc

cc
co( )νπ

= −
− −� (5)

		 Based on the open channels, the first term in equation (5), 
but also on their mixing with the closed ones, given by the 
second term, the denominator being responsible for the 
resonant patterns in the shape of the cross section (Seaton 
1983). Here the matrix exp i2( )νπ−  is diagonal and con-
tains the effective quantum numbers vν + associated to the 
vibrational thresholds of the closed ionisation channels.

	(vii)	Computation of the cross-sections:
		 For each of the relevant BF states, which are grouped by 

symmetry properties: electronic total angular momentum 
quantum number Λ, electronic spin singlet/triplet, and for 
a given target cation vibrational level vi

+ and energy of the 
incident electron ε, the dissociative recombination and 
the vibrational excitation/de-excitation cross sections are 
computed using, respectively:

S
4

,
v

l j
d lvdiss

sym sym

,
,

2
ji i← ∑σ

π
ε
ρ= | |+ +� (6)

S
4

,
v v

l l
l v lv l l v v

sym sym

,
,

2
f i f i i f← ∑σ

π
ε
ρ δ δ= | − |

′
′ ′+ + + + + +� (7)

		 where symρ  stands for the ratio between the multiplicity of 
the involved electronic states of BF and that of the target, 
BF+ .

3.  Molecular data

The molecular data necessary to model the DR are the poten-
tial energy curve (PEC) of the ground state of the ion, the 
PECs of the neutral valence dissociative states interacting 
with the ionization continua, those of the Rydberg states asso-
ciated to these continua below the threshold, and all the rel-
evant Rydberg-valence couplings. These molecular data are 
mostly obtained from ab initio R-Matrix calculations. In order 
to extend the PECs to small and large values of the internu-
clear distance R, we used the quantum chemistry molecular 
data of Magoulas et al (2013).

3.1.  Ab initio R-Matrix calculations for the molecular states

Ab initio R-matrix calculations of electron collision with the 
BF+ ion yielding the relevant molecular data were performed 
by three of us (Chakrabarti and Tennyson 2009, Chakrabarti 
et al 2011). The R-matrix method is a state-of-the-art quantum 
scattering technique which can be used to calculate the prop-
erties of bound and resonant electronic states of a molecule 
(Tennyson 2010). The BF+ target states were first obtained 
by performing a configuration interaction (CI) calculation. 
Subsequently this CI target wave function was used in an 
R-matrix calculation. The bound states of the BF molecule 
were obtained by searching for negative energy solutions 
using the BOUND program available within the R-Matrix 
code suite (Sarpal et al 1991, Carr et al 2012). This also pro-
duces quantum defects of the bound states. Resonances were 
detected and fitted to a Breit–Wigner profile (Tennyson and 
Noble 1984) to obtain their energies and widths. Subsequently 
the electronic couplings Vd l,j  were obtained from the resonance 
widths d l,jΓ  using the relation

V
2

.d l
d l

,
,

j

j

π
=
Γ

� (8)

The calculations were repeated for 11 internuclear distances 
in the range a a1.5 3.50 0   − . While the R-matrix calculations 
used several partial waves to represent the scattering, one 
single global (i.e. not l-resolved) resonance width was pro-
duced for each symmetry. Consequently, one generic partial 
wave for each symmetry, corresponding to the highest effec-
tive quantum number produced by the R-matrix computation 
(see figure 3 from Chakrabarti et al (2011)), was considered to 
take in charge the total strength of the Rydberg-valence inter-
action in the current calculations. Dissociative curves were 
constructed using the resonance data above the ion PEC and 
their continuation as bound states below the ion PEC.

3.2.  Modeling of the potential energy curves and electronic 
couplings

Our earlier studies on molecular systems such as H2 (Epée 
Epée et al 2015), HD (Motapon et al 2014), NO (Motapon 
et al 2006), N2 (Little et al 2014) and CO (Mezei et al 2015) 
revealed that accurate and complementary R-matrix and 
quantum chemistry calculations are needed for a reliable 
description of the molecular dynamics in electron/molecular 
cation collisions. In particular, we found that the DR cross 
section is extremely sensitive to the position of the PECs of 
the neutral dissociative states with respect to that of the target 
ion. Indeed, a slight change of the crossing point of the PEC 
of a neutral dissociative state with that of the ion ground state 
can lead to a significant change in the predicted DR cross sec-
tion. In addition, the PECs of the dissociative states must also 
go to the correct asymptotic limits for large values of the inter-
nuclear distance R.

In order to fulfil these accuracy criteria, we smoothly 
matched the PECs corresponding to R-matrix resonances, 
situated above the ion PEC, to branches of adiabatic  
PECs coming from previous quantum chemistry calculations 
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(Magoulas et al 2013). Some of these latter PECs allowed us 
to complete the relevant diabatic landscape. More specifically, 
since for the states having 1Σ+ and 1Π symmetry the avoided 
crossings involved always two adiabatic states only, the adi-
abatic PECs can be a transformed into (quasi-)diabatic PECs 
using a 2 2×  rotation matrix (Roos et al 2009). Meanwhile, 
far from the avoided crossing, we assumed that the adiabatic 
and diabatic potential curves are identical. This assumption 
forces the rotational angle to be a function that varies steeply 
from 0 to 2/π , chosen in the present case a tangent hyperbolic 
function. In this way we were able to extract the diabatic PECs 
for the dissociative states with singlet symmetries relevant for 
DR.

The electronic couplings provided by the R-matrix theory 
(Chakrabarti et al 2011) for the triplet states are at least one or 
even two orders of magnitude smaller then those of the singlet 
ones, so they are omitted in the present calculation.

The data on the PECs are limitted to internuclear distances 
with R 8⩽  a0. We completed the diabatic PECs by adding a 
long-range tail of D C Rn n

n/−∑  type (Stone 1996, Lepers 
and Dulieu 2011) for larger values of R, where D is the dis-
sociation limit as given in the Kramida et al (2015). For the 
ground state of BF+ , the leading term C R3

3/  of the multipolar 
expansion comes from the interaction between the charge of 
B+ and the quadrupole moment of fluorine in its ground state 
P M 0o

L
2 ( )= , with ML the azimuthal quantum number of F 
with respect to the internuclear axis. The corresponding coef-
ficient C3  =  Q  =  0.731 a.u. Medved et  al (2000) gives rise 
to a repulsive interaction, which is balanced by the next term 
C R4

4/  of the multipolar expansion, due to the polarisation of 
the electronic cloud of F by the ion B+ . The coefficient is 

given by C 2 1.72zz4 /α= − = −  a.u., where 3.43zzα =  a.u. 
(Medved et al 2000) is the static dipole polarisability of the 
ground state P M 0o

L
2 ( )=  of fluorine. As for the states of the 

BF, the Cn coefficients are calculated as fitting parameters 
to ensure a smooth connection with the existing part of the 
PECs.

The top panel of figure 1 shows the PEC of the ion ground 
state—together with its vibrational structure—and the PECs 
of the DR-relevant dissociative states obtained using the 
procedure outlined above and taken into account in the pre-
sent MQDT calculation. The electronic couplings of these 
latter states with the ionization continua, computed from 
the R-Matrix-produced autoionization widths followed by 
Gaussian-type extrapolations to small and large internuclear 
distances, are shown in the mid panel of the same figure. The 
bottom panel gives the quantum defects characterising the 
Rydberg series for the different symmetries. They are small 
in absolute value and slowly variable with the internuclear 
distance R, with a notable exception in a small region around 
2.5 a0 in the case of the 1∆ symmetry, due to local relatively 
strong Rydberg-valence interactions.

4.  Results and discussion

4.1.  Evaluation of the cross section using the MQDT  
approach

Using the set of molecular data (PECs, electronic couplings 
and quantum defects) determined as described in the previous 
section, we performed a series of MQDT calculations of cross 
sections for DR and competitive processes, assuming BF+ to 

Figure 1.  The dissociative states, electronic couplings and quantum defects relevant for BF+ dissociative recombination within the major 
symmetries, indicated in each figure. Top panel: the potential energy curves of the dissociative BF** states (colour, see section 3), the 
ground state potential energy curve of BF+ and its vibrational levels (black). Mid panel: couplings between the valence BF** dissociative 
states and the ionisation continua BF+   +  e−. Bottom panel: quantum defects characterising the Rydberg series for the given symmetry. The 
symbols stand for the R-matrix data points.

Plasma Sources Sci. Technol. 25 (2016) 055022
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be initially in its electronic ground state X 2Σ+ and on one 
of its lowest vibrational levels v 0, 1i =

+  and 2. We have con-
sidered that the reactive processes take place via BF-states 
of total symmetry of 1∆, 1Π, 1Σ+—see figure  1—and we 
neglected rotational and spin-orbit effects.

We consider incident electron energies from 0.01 meV up 
to 5 eV—the dissociation energy of BF+ X 2Σ+ electronic 
state—and all the 30 vibrational levels of the ion are included 
in the calculations.

At very low energy, all the excited levels are associated with 
closed ionisation channels, as defined in section 2, responsible 
for temporary resonant capture into Rydberg states. As the 
energy increases, more and more ionisation channels open, 
which results in autoionization, leading to competitive pro-
cesses, such as IC and SEC, and decreasing the flux of DR.

The direct electronic couplings between ionisation and 
dissociation channels—mentioned in paragraph (i) of sec-
tion  2—were extracted from the autoionization widths (see 
equation (8)) of the valence states calculated by Chakrabarti 
and Tennyson (2009). For each dissociation channel avail-
able, we considered interaction with the most relevant series 
of Rydberg states including only one partial wave for each 
symmetry.

By examining the magnitude of the valence-Rydberg 
couplings (shown in the middle panel of figure 1) and the 
positions of the crossing points between the dissociative 
states correlating to the B(2p1)  +  F(2p5) atomic limits with 
the ionic ground state—blue and black curves in the first 
figure of the upper panel of the same figure—at low col
lision energies (up to 1 eV) one may predict that the major 

Figure 2.  DR cross section for the direct (dashed lines) and the total (direct and indirect) processes (continuous lines) for each symmetry, 
with the ion initially in v 0i =

+ .

Figure 3.  Total DR cross sections for different initial vibrational levels of the ion, for all of the symmetries considered. Black continuous 
lines are for DR from v 0i =

+ , while the red dotted and green dashed lines are for DR from v 1i =
+  and 2, respectively.

Plasma Sources Sci. Technol. 25 (2016) 055022
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part of the total cross section  comes from the 1∆ sym-
metry (solid black line in figure  2), while the 1Σ and 1Π 
symmetries (solid green and red lines in the same figure) 
only make a minor contribution to the cross section. The 
importance of these latter two symmetries is revealed at 
higher collision energies, when the crossing of the first dis-
sociative state with the molecular ion becomes favorable. 
At collision energies about 1 eV, the 1Σ+ states give a larger 
contribution to the DR cross section than the 1∆ symmetry, 
which in turn is exceeded by the 1Π symmetry at about 2 eV. 
Moreover, one can notice that at higher collision energies, 
around 3.5 eV, when all the dissociative states are open, 
the DR cross section  shows a sharp revival and, at 5 eV, 
the resonance structures disappear since all the ionization 
channels are open, and consequently the direct process 
only drives the DR.

Figure 2 shows the importance of the indirect process for 
the DR of vibrationally relaxed BF+ at low energies.

Within the 1∆ symmetry, the entrance ionization channel 
associated with the v 0i =

+  state is strongly coupled to the dis-
sociation continuum (see figure  1), allowing the direct pro-
cess to dominate. The indirect process diminishes the cross 
section— destructive interferences with the direct one—due 
to stronger coupling between closed channels associated with 
highly-excited vibrational levels—v+   =  12–16—and the dis-
sociative ones.

Within the 1Π symmetry one finds the opposite. The direct 
process gives only a minor contribution to the DR cross sec-
tion, due to the poor Franck–Condon overlap between the 
vibrational wave function of the initial state of the ion and 
the dissociative neutral states. However, the much stronger 
couplings between some closed ionisation channels—
v+   =  8–10—and the dissociative states significantly increases 
the total cross section  through the indirect mechanism (Pop 

et al 2012, Schneider et al 2012) resulting into constructive 
quantum interferences.

Finally, for the states with 1Σ+ symmetry, the indirect pro-
cess plays a relatively minor role, the magnitude of the total 
cross section being given mainly by the direct process. The 
indirect process is responsible for resonant structures which 
are a consequences of both constructive and destructive 
interference.

For a given initial vibrational level of BF+ , the total DR 
cross section  is obtained by summing over the partial cross 
sections  of the three symmetries contributing to the pro-
cess—1∆, 1Π and 1Σ+—given in equation (6). The results of 
the calculations performed for the lowest three vibrational 
levels of the ground electronic state of the ion are shown in 
figure 3.

4.2.  Reaction rate coefficients for DR and its competitive 
processes

Besides the dissociative recombination cross sections  pre-
sented in figure  3, we use equation  (7) to calculate the 
vibrational excitation (VE) and de-excitation (VdE) cross sec-
tions for the same vibrational levels of the target. Since many 
of the features of the VE and VdE cross sections  either are 
similar to, or may be understood with the same reasoning as 
those of DR, we do not display them here. Instead, we present 
in this section  their Maxwell rate coefficients for a broad 
range of electronic temperatures, in comparison with those of 
the DR. All these data are relevant for cold non-equilibrium 
plasmas.

Figure 4 shows the total DR and vibrational transition—
VE and VdE—rate coefficients for the three lowest vibrational 
levels of the ion. The DR rate for v 0i =

+  shows different behav-
iour to those for the v 1i =

+  and 2 states. It has a maximum at an 

Figure 4.  DR and state-to-state VE and VdE Maxwell rate coefficients of BF+ in its ground electronic state, vi
+ standing for the initial 

vibrational quantum number of the target ion. Curves of the same color show the rate coefficients for the vibrational (de-)excitations 
corresponding to the same v v vf i|∆ | = | − |+ + ; v vf i>+ + for the VE and v vf i<+ + for the VdE global rate coefficients. The final vibrational 
quantum numbers of the ion are indicated for these processes.
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electron temperature Te of about 400 K, while the rates for the 
other two states are monotonically decreasing with Te, reaching 
nearly the same magnitude at higher temperatures. This behav-
iour for v 0i =

+  comes from the strong resonant peaks just 
below 0.01 eV, see figure 2 and black curve in figure 3.

For other recently studied molecular systems, N2 (Little 
et al 2014) and CO (Mezei et al 2015), the DR clearly domi-
nates the electron-ion collisions. However, for BF the cal-
culated VdE rate coefficients are larger than the DR-ones, 
and VE rate coefficients exceed the DR-ones at high Te by 
almost an order of magnitude. Thus, one can conclude that 
in the case of the BF+ containing plasma, the internal vibra-
tional energy is much more important for energy-exchange 
via VE and VdE, than the kinetic energy release via the exo-
thermic DR.

To facilitate the use of our rate coefficients (figure 4) in 
modeling calculations, we fit them using modified Arrhenius-
type formulas. The calculated DR rate coefficients for v  =  0, 
1, 2 are given by :

k T A T
B i

i T
expv v

i

v
iBF ,

DR
e e

1

7

e

v( ) ( )⎡

⎣
⎢

⎤

⎦
⎥∑= −

⋅
α

=

+� (9)

over the electron temperature range 100 K  <  Te  <  3000 K. 
The parameters Av, vα , and Bv(i) are listed in table  1. The 
corresponding formula for the vibrational transitions (VE and 
VdE) has the form:

k T A T
B i

i T
expv v v v

i

v v
iBF ,

DR
e e

1

7

e

v v→ ( ) → → ( )→
⎡

⎣
⎢

⎤

⎦
⎥∑= −

⋅″ ″
″α

=

′′ ′
′″+� (10)

over the electron temperature range Tmin  <  Te  <  3000 K. 
The parameters Tmin, Av v→ ″′ , v v→α ″′ , and B iv v→ ( )″′  for 
i 1, 2, , 7= …  are given in tables 2–4.

5.  Conclusion

This paper presents a theoretical study of the dissociative 
recombination of BF+ and of its competitive processes—
vibrational excitation and de-excitation—over a broad range 
of electron energies—up to about 5 eV—and considering all 
the relevant dissociative states within different symmetries. 
Our MQDT dynamical approach is relying on molecular data 
calculated by the ab initio R-matrix method, completed by 
quantum chemical results. The computed Maxwell rate coeffi-
cients are relevant for the kinetic modelling of molecule based 
cold non-equilibrium plasmas, in the context of complete lack 
of other theoretical or experimental data on these processes 
for this cation.

The present calculations complete our very recent studies 
of the DR performed on N2

+ (Little et al 2014) and on CO+ 
(Mezei et al 2015) based on fully ab initio potential energy 
curves and couplings computed with the R-matrix method 
(Tennyson 2010), since BF+ is isoelectronic with these two 
molecular systems. We note that while there is no exper
imental data available for the processes considered here for 
BF+ , our previous calculation on N2

+ and CO+ gave good 
agreement with the available measurements.
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