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This work presents our theoretical study of the dissociative recombination (DR) of the closed-shell
diatomic system CF+ based on an approach recently applied to the CH+ molecule. Our extended
treatment uses the UK R-matrix theory and the multichannel quantum defect theory (MQDT)
procedure to uniformly resolve the direct and indirect mechanisms of DR while bypassing explicit
dissociative state and electronic coupling calculations. The theoretical results exhibit good overall
agreement with previous experimental measurements. At lower scattering energies, good agreement
is found only if the rotational structure of the ion is included and the theoretical cross sections are
averaged over initial rotational levels corresponding to the temperature at which the experimental
measurements were made. At higher scattering energies, our rotationally resolved results are very
similar to those obtained without including the ion’s rotational structure.

Relevance to fluorine-containing molecular plasmas.
Fluorine-containing molecular species play a distinct role,
compared to other species, in the chemistry of gases that
are subjected to ultra-violet (UV) radiation, such as in
the interstellar medium (ISM)[1, 2], owing to a combi-
nation of the high ionization potential of atomic fluorine
and the large dissociation energies of HF and HF+. The
ubiquitous hydrogen atoms shield atomic fluorine in in-
terstellar clouds from ionizing UV radiation because the
ionization potential of F is higher than that of H, which
results in a mostly neutral population of atomic fluorine.
Therefore, the fluorine chemical network in the ISM is
quite simple[1], when compared to other chemical net-
works involving significant populations of ionized atoms,
and can be used to benchmark astrophysical models of
interstellar clouds. Atomic fluorine can collide with H2

to form HF, which then reacts with C+ to produce CF+.
The CF+ ion, in turn, can be destroyed by dissociative re-
combination (DR) with free electrons, producing atomic
fluorine and closing the network loop:

F + H2 −−→ FH +H,

HF + C+ −−→ CF+ +H,

CF+ + e− −−→ C+ F.

(1)

The above reactions are the major steps in the fluorine
cycle in the ISM, which makes HF and CF+ the first
and second most abundant fluorine-containing molecules
in that environment, where their relative abundances are
determined by the rate coefficients of the two last reac-
tions in (1). To understand fluorine chemistry in the ISM
and the above-mentioned benchmarking of the astrophys-
ical models by comparing them with observations, it is
essential to have accurate rate coefficients for the above
reactions.

One astrophysical model [1] of the fluorine network
predicted CF+ abundances that are more than an order
of magnitude larger than the abundances inferred from
observations [1, 3]. It is likely that one or both rate coef-
ficients for the two last reactions in (1) used in the model
are not accurate. The rate coefficient for the second re-
action in (1) was not experimentally inferred. Differ-
ent theoretical values, obtained by a modified Langevin
method [1] and a quasi-classical trajectory method [4]
differ from each other by about an order of magnitude.
The rate coefficient for the third reaction (DR) in (1)
used in the model, 5.2 × 10−8(T/300 K)−0.8 cm3/s, was
derived from the ASTRID and CRYRING storage-ring
experiments of Novotny et al. [5]. In those experiments,
the rovibrational temperature of the CF+ ions were very
high, between 700 and 6000 K, according to the study [5].
Therefore, the DR rate coefficient derived from the ex-
periments may not be appropriate to model the cold (30–
300 K) interstellar environment where the ions are all ex-
pected to be in one of the lowest rovibronic (rotational,
vibrational, and electronic) state. The present study is
devoted to an accurate determination of the DR rate co-
efficient for CF+.

CF+ was first detected by Neufeld et al. [3] and later
found in different ISM environments in the Milky Way,
as well as in other galaxies [6–8] (see further references
in the cited works). With its relatively simple chemical
network in the ISM, the detection of CF+ can help con-
strain astrochemical models, particularly those in which
C+ plays a significant role. In addition to the experimen-
tal data, there are theoretical DR cross sections reported
in the same study by Novotný et al. [9]. The theoretical
results might agree well overall with the experiment, but
no definitive comparison can be made without more pre-
cise knowledge of the experimental conditions. We note
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that no thermally averaged rate coefficients were com-
puted from the DR cross sections obtained by the authors
of that study. However, because the theoretical (taking
into account the anisotropic collisional energy distribu-
tion of the experiment) rate coefficient agrees well with
the experimental coefficient in the interval of energies
0.001–0.6 eV, the thermal rate coefficients should also
agree with each other for temperatures of 10–3000 K.

For accurate modeling of the cold interstellar environ-
ment, one would need rate coefficients obtained for the
lowest rotational states of CF+. As mentioned above, the
storage ring experiments were performed at a high rovi-
brational temperature of the ions. The theoretical calcu-
lations did not account for the rotational structure and,
therefore, cannot provide the information about the de-
pendence of the rate coefficients on rotational excitation
of CF+. In addition, the previous theory did not account
for the effect of the electronic Rydberg resonances asso-
ciated to the first excited state, a3Π, of the ion. If the
incident electron is captured in one of these resonances,
it should enhance the DR cross section. Therefore, the
inclusion of the coupling of the incident electron with a3Π
Rydberg states may be important at electron energies at
and above 1 eV, where these resonances should appear
in the DR spectrum.

We have recently [10–12] developed a theoretical
method that allows us to account for the direct and indi-
rect (via rotational, vibrational, or electronic resonances)
mechanisms [13] of DR, while accounting for the rovi-
bronic structure of the target ion and the coupling of the
incident electron with a large number of rovibronic ionic
states to the dissociative continuum of the neutral sys-
tem. In the case of direct DR, the incident electron cou-
ples directly to a dissociative state of the neutral, whereas
the indirect mechanism describes the case in which the
incident electron couples to a bound Rydberg state of the
neutral, eventually leading to dissociation. The present
study applies the method to the DR of CF+. Accurate
DR cross sections are also important for understanding
and modeling processes in the plasma etching of semi-
conductors. Fluorocarbon species are commonly used
for etching; after a radio-frequency discharge, a molec-
ular plasma is formed in which CF+ is one of the major
ions [14], with DR being the major mechanism of plasma
neutralization.

Because the theoretical method employed here has al-
ready been described by Forer et al. [12], the following
discussion presents only the details specific to the CF+

DR process.

Electronic states of CF+and CF. Born-Oppenheimer
energies of several low-lying singlet and triplet states of
the CF+ ion were determined as functions of the inter-
nuclear distance R by Petsalakis and Theodorakopou-
los [15] using the multireference configuration interaction
method. The energies of the three lowest states (X1Σ+,
a3Π, A1Π) used in this study are shown in Fig. 1. The
a3Π state has a relatively shallow minimum, when com-
pared to the ground state. The A1Π state has an even

FIG. 1. The potential energy curves for the lowest three
electronic states of CF+, obtained using the work of Petsalakis
and Theodorakopoulos [15]. The dashed line represents the
complex absorbing potential used for the ionic ground state
in the vibrational frame transformation. The straight lines
through the repulsive part of the X1Σ curve represent the
real part of the energy of the vibrational levels used in our
approach. The dissociation limit for the displayed potential
energy curves is 0 eV.

shallower minimum, which lies above the C+(2P)+F(2P)
dissociation limit, thereby possessing only predissociated
vibrational levels. The CF potential energy curves were
later computed by the same authors [16]. While the
present study does not require an explicit form of the po-
tential curves of the neutral molecule, we note here that
the lowest CF curves of the 2Σ+, 2Σ−, 2Π and 2∆ sym-
metries cross the ground state of the ion near its equilib-
rium geometry. In particular, the potential curve of the
lowest state of 2Σ− symmetry crosses the ionic ground
state almost exactly at the equilibrium and one of the
2Σ+ curves of the neutral crosses the ionic ground state
slightly to the left from the equilibrium. This means that
the direct DR mechanism, whereby CF rovibrational Ry-
dberg resonances are not excited, is expected to have a
significant contribution.
Ab initio CF+ + e– scattering calculations. The first

step in the approach involves quantum chemistry calcu-
lations of the target (CF+). This is followed by building
the scattering matrix (S(R)) in the Born-Oppenheimer
approximation with a fixed-nuclei R-matrix method im-
plemented in the UKRMol+ suite [17], called with the
UKRmol scripts [18], for several values of the internu-
clear coordinate R. Hartree-Fock orbitals of the tar-
get (CF+) are obtained by performing a self-consistent
field (SCF) calculation using the Psi4 quantum chemistry
package [19] in the C2v point group with the cc-pVTZ
basis set. These orbitals are then used in the UKRmol+
program to provide a complete active space configuration
interaction (CAS-CI) description of the target electronic
target states X1Σ+, a3Π, and A1Π, using 2 restricted
orbitals (1–2a1) and 8 active orbitals (3–6a1, 1–2b1, 1–

2b2). The R-matrix basis functions ψN+1
k describing the
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inner-region N + 1-electron system, i.e. the target and
the scattering electron, are given by [17]

ψN+1
k =Â

∑
ij

cijkϕ
N
i (ω1, . . . , ωN )ηij(ωN+1)

+
∑
m

bmkχ
N+1
m (ω1, . . . , ωN+1).

(2)

In (2), Â is an antisymmetrizer, ωp are all spin-space
coordinates for the electron p, N is the number of tar-
get electrons, ϕNi are wavefunctions describing the target,
ηij are continuum orbitals, and χN+1

m are wavefunctions
obtained by placing the scattering electron in virtual or-
bitals of the target. The above-mentioned CAS is supple-
mented with 6 virtual orbitals (7–9a1, 3b1, 3b2, 1a2); the
ηij are obtained from a continuum basis of Gaussian-type
orbitals (GTOs) optimized for the overall charge of the
target at 13 bohr, which corresponds to our R-matrix
radius. The symmetry of the orbitals is given by the
corresponding upper-case irreducible representations A1,
A2, B1 and B2 of the C2v point group for one electron.
For further details, we direct the reader to the work of
Maš́ın et al. [17].

The two lowest electronic states of the ion are sep-
arated by about 5 eV at the equilibrium distance
(2.216 bohr). This excited state is low enough in en-
ergy to generate a Rydberg series of electronic resonances
that affect low-energy electron scattering. These Ryd-
berg states provide an indirect pathway to the dissocia-
tive states of the neutral molecule (CF). Although we
mentioned in the introduction that we expect direct DR
to contribute significantly, both mechanisms can occur
simultaneously and can interfere.

The body frame reaction (K(R))-matrices are obtained
in the same manner as in the previous study [12]: a K-
matrix is obtained for each geometry with the R-matrix
calculations, using an R-matrix radius of 13 bohr, and is
evaluated at ∼ 5× 10−3 eV above the ground state with
channels attached to the excited states treated as strongly
closed — closed channels are eliminated via the R-matrix
channel elimination procedure [20] and do not appear in
the electronic basis of the body-frame K(R)-matrices.
Strongly closed channels differ from weakly closed chan-
nels in that the latter are energetically closed but treated
as open during the R-matrix closed-channel elimination
procedure. Weakly closed channels are not included in
this study. The scattering calculation at the internuclear
coordinate R at equilibrium R = Re was performed with
the origin for the partial-wave expansion at the target’s
center of charge, including all electrons (at a distance
dCe from the center of charge to the C nucleus). Calcu-
lations for all other values of R were performed with the
origin situated at a distance dC from C proportional to
dCe

and R: dC = dCe
R/Re. The center-of-charge frame

is preferable because scattering calculations for dipolar
targets converge faster with respect to the partial wave
sum of the scattering electron. We identify the electronic
state of the ion with n, the orbital angular momentum

quantum number of the electron with l, and the projec-

tion of l⃗ on the molecular axis (ẑ) with λ. Performing the
closed-channel elimination on the R-matrix, as described
by Hvizdoš et al. [20], produces resonances in the K-
matrices, so care must be taken to sample K-matrices at
energies where the energy dependence is smooth (for sys-
tems with overall strong K-matrix energy dependence, it
might be necessary to adopt a more complicated energy-
dependent frame transformation method [21, 22]). We
consider 9 partial waves ranging from l = 0–2 in the
scattering calculations, each attached to the X1Σ+, a3Π,
and A1Π states of CF+. The K-matrices are then con-
verted to S-matrices via the same method presented in
the previous study [12].
Scattering matrix with rovibronic channels. The next

step in our approach, the rovibrational frame transforma-
tion, is carried out in two steps: an energy-independent
vibrational frame transformation followed by a rota-
tional frame transformation. Compared to the previous
study [12], the frame transformation has two differences:
(i) we solve the vibrational Schrödinger equation using a
basis of B-splines [23] instead of a discrete variable repre-
sentation (DVR) method and (ii) the complex absorbing
potential’s (CAP) imaginary component takes the cubic
form

VCAP =

{
−2iη(R−R0)

3/L3 R > R0

0 R ≤ R0
, (3)

instead of the previously used exponential form. In (3),
R0 is the starting point of the CAP (4.0 bohr), η is the
CAP strength (0.005561 atomic units), and L is the CAP
length (2.0 bohr). The vibrational quantum number v
runs from 0–69. Similarly to previous studies [12, 24, 25],
bound states and quasi-continuum states must be repre-
sented by vibrational wave functions used in the transfor-
mation. The CAP parameters are chosen such that the
quasi-continuum states satisfy outgoing-wave boundary
conditions, which represent outgoing dissociative flux.
This condition is essentially that they tend smoothly to
0 at the endpoints. The resulting vibronic S-matrices,
now with no R-dependence, are expressed in a basis of
630 vibronic channels.
The vibronic S-matrices undergo a rotational frame

transformation as described in the previous study [12].
Channels of the resulting S-matrices are numerated by
rovibronic quantum numbers: the electronic state index n
of the ion, the vibrational level v and the rotational level
j (with projection µ = j⃗ · ẑ), and orbital angular momen-
tum quantum number of the incident electron l. If one
is not interested in the rotational structure of the final
cross sections (for example, to compare with experimen-
tal data where the rotational structure was not resolved),
the rotational frame transformation can be omitted.
The energy of the initial state of CF+, Env(jµ), and the

energy of the incident electron with respect to Env(jµ),
Eel, define the total energy of the system, Etot:

Etot = Env(jµ) + Eel. (4)
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We use parentheses around the quantum numbers j and µ
to indicate the optional inclusion of the rotational resolu-
tion from the rotational frame transformation ; the quan-
tum numbers j and µ are absent if it is bypassed. For
total energies where some scattering channels are closed,
the closed-channel elimination procedure, (CCEP) equa-
tion (2.50) in the work of Aymar et al. [26], is applied
[12, 27].

The CCEP produces the scattering matrix — we call
it the physical S-matrix — Sphys(Etot), which is strongly
energy-dependent due to the Rydberg resonances associ-
ated with closed rovibronic (or vibronic, if the rotational
structure is neglected) channels. The open and closed
channels of the S-matrix with the rotational structure
are labeled with quantum numbers {n, v, j, µ, l}, men-
tioned above. In addition, there is a quantum number
of the total angular momentum J and its projection of

the molecular axis, over which the S-matrix is diagonal.

We use the notation SJ,phys
nvjµl,n′v′j′µ′l′ for the S-matrix el-

ements. The channels of the S-matrix without the rota-
tional structure are enumerated by the set of quantum
numbers {n, v, l, λ,Λ}, where Λ is the projection on the
molecular axis of the orbital angular momentum for the
complex (target + incident electron). We use notation

SΛ,phys
n′v′l′λ′,nvlλ for these elements. Here and throughout,

primed quantities refer to quantum numbers or indices
of final states, while their unprimed counterparts refer to
initial states.

DR cross sections and rate coefficients. Equipped with
the physical (ro)vibronic S-matrices, we can compute the
total DR cross section from an initial state of the system,
nv(jµ):

σnv(Eel) =
π

2meEel

∑
lλ

[
1−

∑
l′λ′

∑
n′v′

SΛ,phys
n′v′l′λ′,nvlλS

Λ,phys‡
nvlλ,n′v′l′λ′

]
, (5)

σnvjµ(Eel) =
π

2meEel

∑
J

2J + 1

2j + 1

∑
l

[
1−

∑
l′

∑
n′v′j′µ′

SJ,phys
n′v′j′µ′l′,nvjµlS

J,phys‡
nvjµl,n′v′j′µ′l′

]
. (6)

where me is the mass of the electron. Calculations with
rotational resolution use (6), while those without it use
(5).

Results. Fig. 2 presents the calculated DR cross sec-
tions for different rovibronic levels (n = 1; v = 0; j = 0,
1, 2) of CF+ and one calculation without rotational reso-
lution (n = 1; v = 0). We restrict the calculation here to
low-scattering energy (10−4 − 10−1 eV) to stress the ro-
tational effects on the cross section. The overall behavior
of the cross sections at the lowest energies is 1/Eel. Many
resonances are present and can be grouped into two dif-
ferent classes depending on their origin. The first class
consists of sharp and narrow predissociated Rydberg res-
onances driving the indirect mechanism. Some of these
are shown in the inset of Fig. 2. The second class are
broad valence resonances driving the direct mechanism.

Fig. 3 compares the results obtained, with and with-
out rotational resolution (v = 0 and j = 0, respectively),
a previous MQDT calculation, and experimental mea-
surements made at the TSR — the latter two are from
the work of Novotný et al. [9]. Various convolutions of
our rotational results are also displayed in Fig. 3. The
cross sections are convolved with an anisotropic Maxwell-
Boltzmann distribution, which accounts for different pop-
ulations of initial states of CF+ as well as the longitudinal
and transverse energy spreads in the TSR experiment, as
described by equations 5 and 6 in the work of Fonseca
dos Santos et al. [28] and Forer et al. [29]. We include ro-
tational levels from j = 0 to j = 50. Our v = 0 and j = 0
results are only convolved with the TSR collisional energy
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FIG. 2. CF+ DR cross sections. Cross sections with rota-
tional structure are shown from the three lowest states of the
ion, j = 0, 1, 2. Cross sections from the ground vibronic state,
without the rotational structure, are also shown v = 0.

spreads; these results remain state-selected. The remain-
ing curves were averaged over the initial states of CF+

at several rotational temperatures, up to 700 K. Mea-
surements were made at the TSR experiment [9] while
the ions cooled from ∼ 6000 K to 700 K, which suggests
that a convolution of our results at any specific temper-
ature may not be entirely appropriate for comparison to
the TSR results; some averaging scheme between these
two temperatures may be more appropriate for direct
comparison, but would require detailed knowledge of the
experimental conditions.
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FIG. 3. CF+ rate coefficients. Solid curves indicate re-
sults from the present theory, the dashed curve represents the
results of an MQDT calculation, and the points are experi-
mental results obtained at the TSR. The MQDT calculation
and TSR results are from the same study [9]. Two of the
solid curves are state-selected data convolved with experi-
mental parameters, but not thermally averaged over initial
states: v = 0 and j = 0. The other solid curves represent
data convolved with experimental parameters and averaged
over populations of initial states at the indicated rotational
temperatures. The inset shows the same data in the energy
range 0.1–1 eV.

As is evident in Fig. 3, the present thermally averaged
results approach the experimental data in the range of
collision energies between 10−2 and 6 × 10−2 eV as the
rotational temperature of the thermal average increases.
The discrepancy between our v = 0 results and the TSR
results seems to diminish as more rotational states are
included at rotational temperatures approaching those of
the experiment. Our non-thermally averaged rovibronic
(j = 0) and vibronic (v = 0) results are most different
at lower collision energies, but are much more similar
above ∼ 6× 10−2 eV. Fig. 3 gives an idea of the ranges
where rotation can be reasonably neglected to study DR
in the case of CF+. As can be seen in the inset, the
results are overall very similar above 10−1 eV. As the
collision energy approaches 1 eV, the theoretical results of
Novotný et al. [9] drop off significantly, while our results
continue to find good agreement with their experimental
measurements. This may be due to the lack of the a3Π
state of CF+ in their theoretical model, as mentioned in
the introduction.

Figure 4 compares the thermally averaged and state-
selected kinetic rate coefficients obtained in this study
to those reported by Novotny et al. [5] that were used
in the astrophysical model of the fluorine chemistry in
the ISM of Neufeld and Wolfire [1]. Our results are very
similar in the temperature range 10-200 K. It should be
noted that the experimentally determined rates from the
CRYRING and ASTRID [5] experiments were obtained
by fitting only low-energy cross sections, which were ob-
tained by extrapolating higher-energy cross section mea-
surements down to lower energies. Such cross sections
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FIG. 4. Kinetic DR rate coefficients as a function of temper-
ature. The “j = 0” line is the rate coefficient obtained assum-
ing that the CF+ ions are in their ground rovibrational state
and that the electron energy distribution follows Maxwell-
Boltzmann statistics; the “Thermal average” line is obtained
assuming a Maxwell-Boltzmann distribution over initial rovi-
brational states of the ions at the same temperature as the
free electrons, i.e. averaged over the thermal ensemble of the
ions. The experimentally determined rate coefficient, with er-
ror bars, of Novotny et al. [5] is also shown as a function of
temperature.

are extrapolated assuming a typical DR power-law curve.
This likely explains the difference in our kinetic rate co-
efficients, which take into account our cross sections at
all calculated collision energies, and the experimentally
reported kinetic rate coefficients.
In summary, we would like to stress the following key

conclusions of the study.

• The present theoretical results are in excellent
agreement with the TSR and ASTRID storage
ring data [9] of CF+ DR. Taking into account the
anisotropic electron energy distribution in the ex-
periments, the present theoretical rate coefficient
(Fig. 3) agrees very well with the experiment at
lower temperatures.

• The good agreement with two experiments demon-
strates the validity and performance of the theoret-
ical approach to model the DR process.

• We have performed complete DR calculations with
and without accounting for the rotational structure
of the target ion and analyzed the obtained results
with the idea of understanding when the inclusion
of the rotational structure is needed and when it
can be neglected.

• The study has illustrated the importance of rota-
tional resonances in DR spectra, especially at low
energies. This could be a quite general conclusion
for many target ions for which the coupling of the
incident electron with rotational motion of the tar-
get ion is significant: such a coupling produces rota-
tional Rydberg resonances if the corresponding ro-
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tational channel is closed and, therefore, increases
the time during which the ion-electron system can
undergo the dissociation process. The term “low
energy” should be understood as the energy be-
low the excitation threshold of the lowest rotational
states of the target ion. The rotational effects are
effectively averaged out at higher collision energies.

• The rotational structure of the ion is important to
include for low-energy DR, as evident in Fig. 3 for
the low-energy v = 0 and j = 0 rate coefficients.
The figure also illustrates how one may well ignore
the rotational resolution at higher scattering ener-
gies, given the similarity in the v = 0 and j = 0
rate coefficients above 6× 10−2 eV.

• Increasing the number of rotational states included
in the theoretical model improves the agreement
with the experiment, as demonstrated in Fig. 3.
It indicates that there might be highly excited ro-
tational states of the ion in the experimentNovotný
et al. [9].

• The study has also demonstrated the role of rota-
tional and, in general, rovibronic structure in in-

terpretation of experimental results from storage
rings, like those from the TSR and ASTRID [9].
DR cross sections (and anisotropic rate coefficients)
as functions of collision energy tend to show typi-
cal drops when rotational, vibrational, or electronic
thresholds are opening: If the coupling between
the incident electron and the corresponding motion
of the ion (rotational, vibrational, or electronic) is
strong, below such threshold energies electron-ion
collisions lead to a large probability of DR, while
at energies above the thresholds, the collisions lead
to the excitation – rotational, vibrational, or elec-
tronic – of the ion.
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