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The B-spline R-matrix (BSR) with pseudostates method is employed to treat electron collisions
with carbon atoms. Predictions for elastic scattering, excitation, and ionization are presented for
incident energies between threshold and 60 eV. The structure description has been further improved
compared to a previous BSR calculation by Zatsarinny et al. (Phys. Rev. A T1 (2005) 042702).
This change in the structure model, together with the inclusion of a large number of pseudostates
in the close-coupling expansion, has a major influence on the theoretical predictions, especially
at intermediate energies, where many of the excitation cross sections are reduced significantly.
Estimates for ionization cross sections are also provided.

PACS numbers: 34.80.Bm,34.80.Dp

I. INTRODUCTION

Accurate atomic data for electron collisions with car-
bon atoms are of importance in the modeling of many
different plasmas, ranging from astrophysics (carbon is
one of the most abundant elements in the universe) to the
diagnostics of laboratory plasma devices, e.g., the Joint
European Torus, where generalized collision radiative co-
efficients for fusion impurity transport modelers are re-
quired. Generally, data for neutral and single-ionized
carbon, as well as molecular compounds such as CO and
CO4 are needed the most.

Despite the importance of electron collisions with neu-
tral carbon, the available data in the literature is very
sparse. As an example of a publicly available database,
LXCat [1] contains just a few effective cross sections that
are termed suitable for solving the two-term Boltzmann
transport equation. It is not obvious, however, how re-
liable these cross sections actually are. To perform a
serious assessment, one would undoubtedly like to have
state-selective results for individual transitions, prefer-
ably experimental benchmark data, against which pre-
dictions from a number of theoretical calculations can be
checked. As pointed out in our previous work on this
problem [2], however, crossed-beam experimental data
for excitation processes, for example, are virtually absent
in the literature. Furthermore, much of the theoretical
work was carried out about 25 years ago, with the notable
exceptions of [2] and the work by Dunseath et al. [3].

The calculations reported by Zatsarinny et al. [2] and
Dunseath et al. [3] were both based on the R-matrix
method to solve the close-coupling equations. Each
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model coupled 28 target states and used the non-
relativistic approximation, which should generally be ap-
propriate for such a light system as carbon. An excep-
tion, however, concerns the low-energy regime up to pro-
jectile energies of about 2eV. A strong and broad res-
onance below 1eV couples differently to the three fine-
structure components (2s%2p?)2 Py 1 2 of the ground-state
configuration. As a result, the cross sections for elastic
scattering from these three states are no longer the same,
and transitions between them should also be considered.
Early work on this problem was carried out by Johnson
et al. [4].

The purpose of the present paper is to extend our pre-
vious calculations [2] further and thereby to provide an
additional assessment for the likely accuracy of the avail-
able collision data. As shown in our recent work on e—Ne
collisions [5, 6], coupling to the ionization continuum and,
albeit to a smaller extent, the higher-lying discrete Ryd-
berg spectrum as well as autoionizing states, can have
a major effect on theoretical predictions for electron-
induced transitions between the low-lying states. In the
e—Ne case, the effect is most dramatic for 2p — 3d single-
electron transitions, even when the transition is optically
allowed. The effect was originally predicted by Ballance
and Griffin [7] and then confirmed in [5, 6]. Not surpris-
ingly, it is generally even more significant for optically
forbidden transitions.

Given that many important electron-induced processes
in carbon also involve the 2p — 3d transition, it seemed
highly appropriate to carry out much larger calculations
than what was possible just a few years ago. In recent
years, we have extended the B-spline R-matrix (BSR)
code [8] in several ways, with the most important devel-
opment for the present case of interest being the abil-
ity to include a large number of pseudostates in the
close-coupling expansion. As in the convergent close-
coupling (CCC) [9] and standard R-matrix with pseudo-
states (RMPS) [10] approaches, these states are of finite



range and hence represent discrete-level approximations
of the high-lying Rydberg spectrum and the ionization
continuum. While the coupling to these infinite mani-
folds cannot be accounted for exactly, the pseudostates
provide a sufficiently accurate representation of the ba-
sic effect, and as an additional benefit they even allow
for the calculation of ionization processes. More recent
examples using the BSR code for ionization and even
ionization with simultaneous excitation of helium can be
found in [11, 12].

The particular advantages of our BSR implementa-
tion are: i) While the current CCC program is limited
to the treatment of the valence electron(s) in quasi-one
and quasi-two electron systems, the BSR suite of codes
is a general package that can be applied to complex
open-shell targets. ii) Compared to the well-known and
frequently-used Belfast suite of R-matrix codes [13, 14],
the BSR approach allows for the use of nonorthogonal
orbital sets. These orbitals provide a vastly increased
flexibility in the target description. Although the price
to pay is a significant increase in the complexity of set-
ting up the hamiltonian matrix and, consequently, the
computational resources required, the reward of a much
improved target description has in many cases been well
worth the effort.

This paper is organized as follows. We begin in Sec. 11
by summarizing the most important changes compared to
our previous work on this problem [2] for both the struc-
ture and the collision parts. This is followed in Sec. III
with a presentation and discussion of our present results,
in comparison with those from previous calculations and,
in rare cases, experimental data. Besides elastic momen-
tum transfer cross sections and results for state-selective
excitation processes as well as electron-impact ionization,
we will also lump the results in a form that might be use-
ful for plasma applications. In particular, we will include
elastic scattering, the sum of all inelastic excitations,
superelastic deexcitation (in case the initial state is not
the ground state), and ionization to form the “grand to-
tal cross section”. Finally, we will present results from a
semirelativistic Breit-Pauli model for transitions between
the three states in the (25?2p*)3 Py 1,2 manifold. We fin-
ish with a brief summary and conclusions in Sec. I'V.

II. COMPUTATIONAL DETAILS

A. Structure calculations

The target states of carbon in the present calculations
were generated by combining the multi-configuration
Hartree-Fock (MCHF') and the B-spline box-based close-
coupling methods [15]. Specifically, the structure of the

multi-channel target expansion was chosen as

®(25%2pnl, LS) = Z {¢(2322p)P(nl)}LS
nl

+ 3 {os2?, L'S)P(nl)}°

nl,L'S’
+ ap(25%2p°)1S + bp(252p®) 5. (1)

Here P(nl) denotes the orbital of the outer valence elec-
tron, while the ¢ and ¢ functions represent the configu-
ration interaction (CI) expansions of the corresponding
ionic or specific atomic states, respectively. These expan-
sions were generated in separate MCHF calculations for
each state using the MCHF program [16].

The expansion (1) can be considered a model for the
entire 2522pnl and 2s2p?nl Rydberg series of bound and
autoionizing states in neutral carbon, including the con-
tinuum pseudostates lying above the ionization limit.
The expansion can also provide a good approximation for
the three states (P} S} S) with the ground-state con-
figuration 2522p?, as well as for the core-excited states
(252p3)E9. Alternatively, we can choose to employ sepa-
rate CI expansions for these states by directly including
relaxation effects via state-specific one-electron orbitals.
The latter path is usually taken in relatively small close-
coupling expansions, often with only discrete states in-
cluded.

The inner-core (short-range) correlation is accounted
for through the CI expansion of the 2522p and 2s2p? ionic
states. These expansions include all single and double
excitations from the 2s and 2p orbitals to the 3[, 4] and
51 (I =0—3) correlated orbitals. These orbitals were
generated for each state separately. To keep the final
expansions for the atomic states to a reasonable size, all
CI expansions were restricted by dropping contributions
with coefficients whose magnitude was less than the cut-
off parameter of 0.02. The resulting ionization potentials
for all ionic states agreed with experiment [17] to within
0.2 eV.

The unknown functions P(nl) for the outer valence
electron were expanded in a B-spline basis, and the cor-
responding equations were solved subject to the condition
that the orbitals vanish at the boundary. The B-spline
coefficients for the valence electron orbitals P(nl), along
with the coefficient @ and b for the perturbers, were ob-
tained by diagonalizing the atomic Hamiltonian in the
nonrelativistic LS-approximation. Since the B-spline
bound-state close-coupling calculations generate differ-
ent nonorthogonal sets of orbitals for each atomic state,
their subsequent use is somewhat complicated. Our con-
figuration expansions for the atomic target states con-
tained at most 100 configurations for each state. These
could still be used in the subsequent large-scale collision
calculations with our currently available computational
resources.

Table I shows a comparison between the calculated
spectrum of carbon and the values of the multiplets listed
in the NIST Atomic Levels and Spectra database [17].



TABLE I. Excitation energies (in eV) for the spectroscopic
target states. The results are compared with energy splittings
listed by NIST [17] and those obtained in our earlier BSR
calculation [2].

State Term 2] Present ~ NIST [17]
1 25722 3p 0.000 0.000 0.000
2 25722 'D 1.353 1.302 1.260
3 25722 s 2.833 2.629 2.680
4 2s2p3 55 4.069 3.963 4.179
5  25%2p3s 3pe 7.488 7.527 7.481
6 2s%2p3s 1pe 7.727 7.750 7.680
7 2s2p 3pe 8.082 8.004 7.942
8  2s%2p3p ip 8.528 8.534 8.534
9  2s%2p3p 3D 8.647 8.649 8.642
10 2s%2p3p 38 8.737 8.775 8.767
11 2s%2p3p 3p 8.822 8.857 8.845
12 2s%2p3p 'D 9.012 9.014 8.998
13 2s%2p3p s 9.256 9.172 9.168
14 2s2p° spe 9.504 9.379 9.326
15 2s%2p3d 1pe 9.647 9.614 9.627
16 2s%2pds spe 9.708 9.673 9.683
17 2s*2p3d 3o 9.729 9.685 9.695
18 2s%2p3d 3pe 9.731 9.687 9.705
19 2s%2pds tpe 9.708 9.705 9.709
20 2s%2p3d LRe 9.759 9.716 9.732
21 2s%2p3d tpe 9.782 9.748 9.758
22 25%2p3d 3pe 9.983 9.840 9.830
23 2s2p 1pe 12.984 12.968
24 2s2p 30 13.273 13.073 13.114
25 2s2p° Lpe 14.949 15.401
26 2pt 3p 19.986
21 2pt 'D 20.877
28 2pt ls 24.389

The overall agreement between our results and the lat-
ter tables is satisfactory, with the deviations in the en-
ergy splitting being generally less than 0.1eV for most
states. The maximum discrepancy in the present model
is 0.216 eV for the excitation threshold of the (2s2p®)3S°
state. We believe that the current structure description
is superior to that generated by Dunseath et al. [3], where
the theoretical excitation thresholds differed by 1eV or
more for most states, and also our own previous work [2],
to which we refer for a more detailed discussion of this as-
pect. Note, for example, that the current model predicts
the correct energy sequence of all states listed. As seen
from Tab. T of [2], this was not entirely the case in the
previous work, where the (2s522p3d)3F° state lay above
(2522p4s)tPe.

Of special interest for the discussion below are the
states with principal configuration 2s2p®. As seen from
Tab. I, the possible LS-terms for this configuration are
560 3pe 3pe 1po 360 and !P° The first three are
true bound states while the next three lie above the ion-
ization threshold for the (2s%2p)?P° ionic ground state
around 11.3 eV. In numerical calculations like ours, these
states will appear as quasi-discrete states in the contin-

uum, and one needs to consider what will happen when
they are excited in the primary collision process. As also
seen from Tab. I, the three states lie below the first ex-
citation threshold (5.3eV) of CT [17], which corresponds
to 16.8eV in the table. An autoionizing decay is thus
only possible to the ionic ground state.

While the (2s2p3)!D° and 'P° states will autoion-
ize quickly, angular momentum and parity conservation
strictly prohibits autoionization of the (252p?)3S5° state
in any nonrelativistic model. Autoionization will still oc-
cur in reality, for example, due to relativistic and corre-
lation effects. Even though these effects are likely small
in the particular case of the (252p?)3S5° state in neutral
carbon, they may nevertheless be able to compete with
the generally much slower process of optical decay. To
properly estimate the ionization cross section discussed
below, therefore, it is important to know the branching
ratio between these processes.

In order to make an estimate for this branching ra-
tio, we performed a semirelativistic Breit-Pauli calcula-
tion for photoionization of carbon, based on the same ex-
pansion (1) as for the bound-state problem, and looked
for a resonance in the channel with total electronic an-
gular momentum J = 1 and odd parity near the posi-
tion of the (2s2p3)3S° state. We indeed found such a
feature, with a very small width corresponding to a de-
cay rate of 1.5 x 10%/s. Our oscillator strength for the
(252p®)38° — (25%22p?)3 P transition (c.f. Tab. II), on the
other hand, yields an optical decay rate of 3.5 x 109/s.
Consequently, we estimate a branching ratio of 30% auto-
ionization and 70% optical decay for the (2s2p®)3S°
state.

Another assessment of the quality of our target de-
scription can be made by comparing the results for the
oscillator strengths of various transitions with experi-
mental data and other theoretical predictions. Such a
comparison is given in Tab. II with the NIST recom-
mended values [19]. In most cases, we see good agree-
ment between our results and the values recommended
by NIST, bearing in mind that the numbers involving the
252p? states are actually from another R-matrix calcula-
tion [18]. The oscillator strengths are very important to
obtain reliable absolute values for cross sections and, ul-
timately, rate coefficients. Although the (2s2p3)'D° and
(252p3)t P states will quickly decay by autoionization,
we list the dominant radiative transitions involving these
states. They are important in estimating the excitation
of these states in the first step, since these excitations will
ultimately contribute to the observed ionization signal.

B. Scattering calculations

Our close-coupling expansion includes 696 states of
carbon, with 51 states representing the bound spectrum
and the remaining 645 the target continuum and core-
excited autoionizing states. We included all singlet and



TABLE II. Oscillator strengths in C.

Lower level  Upper level 2] Present  NIST [19]

2522p2 2P 2572p3s°P°  0.133  0.143 0.140
2s52p> 3 D° 0.107 0.073 0.072
252p° 3 P° 0.055  0.056 0.063
2522p4s3P°  0.009 0.027 0.021
2522p3d3D°  0.107 0.096 0.094
2522p3d3P°  0.098  0.037 0.040
252p3 389 0.134 0.156 0.152

2522p> 1D 2522p3s1P°  0.118 0.103 0.118
2522p3d*D°  0.013 0.012 0.013
25%2p4sP°  0.004  0.007 0.011
2522p3d*F°  0.118 0.080 0.085
2522p3d*P°  0.011 0.011 0.009
252p 1 D° 0.396 0.224
252p 1 P° 0.257  0.155

2522p? 18 2522p3s1P°  0.098 0.090 0.094
2522pds'P°  0.004  0.011 0.005
2522p3d'P°  0.196 0.116 0.125
2s52p> 1 p° 0.458 0.124

triplet target states with total electronic angular mo-
mentum L = 0 — 3, plus the core-excited quintet state
(252p3)°S°. The continuum pseudostates in the present
calculations cover the energy region up to 25 eV above
the ionization limit. This model will be referred to as
BSR-696 below. As a check for the sensitivity of the re-
sults regarding coupling to the high-lying Rydberg states
as well as the ionization continuum, we also performed a
25-state calculation (labeled BSR-25) with the same tar-
get description for these states as in the BSR-696 model.
The close-coupling equations were solved by means of
the R-matrix method, using a parallelized version of the
BSR complex [8]. The distinctive feature of the method
is the use of B-splines as a universal basis to represent the
scattering orbitals in the inner region of » < a. Hence,
the R-matrix expansion in this region takes the form

\Ilk(:zrl, e ,IN+1) =

A i1, N BN a10n41) Tk Bilrag) aije
ij
—i—E Xi(T1,. ., TN41) bik (2)

Here the ®; denote the channel functions constructed
from the N-electron target states and the angular and
spin coordinates of the projectile, while the splines B, (r)
represent the radial part of the continuum orbitals. The
x: are additional (N+1)-electron bound states. In stan-
dard R-matrix calculations [20], the latter are included
one configuration at a time to ensure completeness of the
total trial wave function and to compensate for orthog-
onality constraints imposed on the continuum orbitals.
The use of nonorthogonal one-electron radial functions in
the BSR method, on the other hand, allows us to avoid

these configurations for compensating orthogonality re-
strictions.

In the present calculations, the bound channels were
only used for a more accurate description of the
(2522p3)2D° and 2P° negative-ion states. These states
are located very close to the ground state of carbon,
and hence their position is very sensitive to the balance
of correlation corrections in the N-electron target and
the (N+1)-electron scattering functions. To maintain
this balance, the multi-configuration expansions for the
(2522p?) states were obtained in the same approximation
as for the carbon target states. We included all single
and double excitations from the 2s and 2p orbitals to the
31, 41 and 51 (I = 0 — 3) correlated orbitals and used the
same cut-off parameter of 0.02.

The R-matrix radius was set to 30ag, where ag =
0.529 x 107'%m is the Bohr radius. We employed 83
B-splines of order 8 to span this radial range using a
semi-exponential knot grid. The maximum interval in
this grid is 0.65ag. This is sufficient to cover electron
scattering energies up to 150 eV. The BSR-~696 collision
model contained up to 1,543 scattering channels, leading
to generalized eigenvalue problems with matrix dimen-
sions up to 120,000 in the B-spline basis. We calculated
partial waves for total orbital angular momenta L < 20
numerically and then used a top-up procedure to esti-
mate the contribution to the cross sections from even
higher L values. The calculation for the external region
was performed using the STGF program [21].

III. RESULTS

A. Momentum transfer cross sections

Figure 1 shows the angle-integrated momentum trans-
fer cross section for elastic electron scattering from car-
bon in the three states with the ground-state configu-
ration 2522p?. Except for the low-energy regime, the
results exhibit a smooth behavior as a function of en-
ergy and show little dependence on the actual angular-
momentum coupling scheme. At an incident electron en-
ergy around 0.5eV, however, the 3P predictions exhibit
a strong maximum, while the results for the other two
states are still small. In the inset, we also show the “ef-
fective” cross sections that were collected by Morgan for
the purpose of solving the Boltzmann transport equa-
tion in plasmas. These numbers are currently stored in
the LXCat database [1]. They are generally higher than
those predicted in the BSR-696 model for the individual
states. The maximum, however, fits well with our results.
Also, depending on the plasma temperature, more than
just the 3P ground state could contribute to the effective
cross section, and hence one might qualitatively expect
to see the above comparison.



&

120 1

=
o
o

o]
o

N
o

N
o

Monentum Transfer Cross Section (in units of ay
fo2]
o

0 . . . . . . | | !
0 10 20 30 40 50 60 70 80 90 100
Energy (eV)

FIG. 1. (Color online) Angle-integrated momentum transfer
cross section for elastic electron scattering from carbon in
the (2522p?)®P, ' D, and 'S states, as predicted in our non-
relativistic BSR-696 model. The inset shows the low-energy
regime in more detail, and we also include the data points
(solid circles) currently stored in the LXCat database [1].
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FIG. 2. (Color online) Cross sections, as a function of colli-
sion energy, for electron-impact excitation of the most impor-
tant transitions from the (25%2p*)® P ground state of carbon.
The final states are listed in the various panels. The present
BSR-696 and BSR-25 results are compared with those from a
previous standard R-matrix calculation by Dunseath et al. [3]
and an earlier BSR calculation by Zatsarinny et al. [2]. Both
of the latter included 28 states in the close-coupling expan-
sion. Also shown are the BEB-scaled results of Kim and De-
sclaux [22] for excitation of the (2s2p)3S° state.
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FIG. 3. (Color online) Cross sections, as a function of collision
energy, for electron-impact excitation of the most important
transitions from the (2522p?)' D metastable state of carbon.
The final states are listed in the various panels. The present
BSR-696 and BSR-25 results are compared with those from a
previous standard R-matrix calculation by Dunseath et al. [3]
and an earlier BSR calculation by Zatsarinny et al. [2]. Both
of the latter included 28 states in the close-coupling expan-
sion.

B. Excitation and ionization cross sections

Cross sections as a function of energy for the most
important transitions from the ground and metastable
states are presented in Figs. 2-4, in comparison with the
results presented by Dunseath et al. [3] and also our
previous BSR calculations [2]. Both of the latter were
28-state close-coupling models, and hence the differences
seen between the predictions from these two models are
essentially due to differences in the target description, as
discussed in [2]. An interesting special case is the excita-
tion cross section of the autoionizing (2s2p®)3S° state. In
addition to the other three calculations, we also show the
semi-empirical f-scaled Binary Encounter Bethe (BEB)
predictions of Kim and Desclaux [22] in Fig. 2(f). The
BEB cross section increases rapidly from threshold with
increasing projectile energy, and it is generally about 1 a2
larger than the BSR-696 (and also the previous BSR-28)
results. Interestingly, the BEB numbers agree much bet-
ter with the standard R-matrix results [3] than with the
present calculations. Note, however, that the oscillator
strength in the RM-28 model is about a factor of 2 larger
than the NIST-recommended value (c.f. Table IT of [2]).
While we recall that the latter, like our value, originates
from a bound-state close-coupling calculation [18] and
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FIG. 4. (Color online) Cross sections, as a function of collision
energy, for electron-impact excitation of the most important
transitions from the (2s?2p®)'S metastable state of carbon.
The final states are listed in the various panels. The present
BSR-696 and BSR-25 results are compared with those from a
previous standard R-matrix calculation by Dunseath et al. [3]
and an earlier BSR calculation by Zatsarinny et al. [2]. Both
of the latter included 28 states in the close-coupling expan-
sion.

hence has not been validated by experiment, some doubts
regarding the accuracy of both the BEB and the RM-28
predictions seem justified.

Let us first concentrate on the differences between the
present BSR-696 and the previous BSR-28 results. These
can be due to both differences in the structure descrip-
tion (see Tabs. I and II) and the collision model itself.
Starting with the former, we note that the cross section
for dipole-allowed transitions is closely related to the os-
cillator strength, and hence the difference in the absolute
values for these transitions, especially at the higher ener-
gies, should follow the trends in the oscillator strengths
(c.f. Tab. II). We note, however, very significant addi-
tional changes that are caused by the increased number
of coupled channels. Coupling more channels generally
decreases the theoretical cross sections for discrete excita-
tion, an effect that has been seen in many other collision
systems as well. (Recent examples include our BSR cal-
culations for e—Ne collisions [5, 6].) Furthermore, some-
times the energy dependence changes as well, often by
flattening out near-threshold maxima and moving them
to higher collision energies. In some cases we see reduc-
tions by factors as large as 5 or even more between the
BSR-696 and BSR-28 predictions, thus indicating a very
strong dependence of the results on the details of the
model.
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FIG. 5. (Color online) Angle-integrated cross section for elec-
tron impact ionization of carbon from the (25%2p?) P ground
state. The present BSR-696 results are compared with the
BEB predictions of Kim and Desclaux [22] for both direct
ionization (thinner lines) and after adding 30% of the exci-
tation cross section for the (2s2p®)®S° state (thicker lines).
Also shown are the experimental data of Brook et al. [23] and
the published total BEB results (dash-dotted line). See text
for details.

In order to further test the sensitivity of our predic-
tions, we decided to carry out a new BSR-25 calculation,
in which the lowest 25 target states are identical to those
in the BSR-696 model. Any differences between the pre-
dictions from these two models are then solely due to the
additional channel coupling in the BSR-696 calculation.
Looking at the respective results, there is no doubt that
this channel coupling is critical. After these extensive
checks, therefore, we believe that the present BSR-696
results are significantly more reliable than those from any
previous theoretical work.

Figure 5 exhibits the cross section for electron impact
ionization of carbon from the 3P ground state. In large-
scale pseudostate models, these results are obtained by
adding the excitation cross sections for all pseudostates
above the ionic ground state (the direct contribution) and
an appropriate portion of the excitation cross sections
of quasi-discrete states in the continuum. In our case,
the latter include the (2s2p3)'P°,! D°, and 3S° states.
Of those, the 'P° and ' D° states have small excitation
cross sections from the ground state and autoionize very
quickly (for simplicity we will include their contribution
in the direct signal), while the extent of the contribution
from the 35° state deserves special consideration.

The fully ab initio BSR results are in very good agree-
ment with the semi-empirical BEB predictions of Kim
and Desclaux [22]. The agreement with the experimen-
tal data of Brook et al. [23] is also good, although the
theoretical results lie systematically below experiment.
Looking at Fig. 1 of Kim and Desclaux [22], however, we
see that their predictions (reproduced as the dash-dotted
line in our figure) fall into almost perfect agreement with
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FIG. 6. (Color online) Angle-integrated elastic, elastic +
excitation, and grand total (elastic + excitation + ioniza-
tion) cross section for electron collisions with carbon in the
(2522p*)3 P ground state.

experiment — provided the cross section for excitation of
the (25%2p?)3 P — (252p®)3S° transition (see Fig. 2(f)) is
added entirely to the direct ionization signal.

In spite of the success enjoyed by Kim’s semiempirical
approaches to both excitation [24] and ionization [25],
however, the near-perfect agreement with experiment
shown by Kim and Desclaux [22] appears to be ac-
cidental. As noted by the authors themselves, they
were doubtful about the branching ratio between auto-
ionization and optical decay, and they were using the op-
tical oscillator strength from their own relatively small
multi-configuration structure model, rather than the re-
sult obtained in a much larger bound-state close-coupling
approach such as ours or that of Luo and Pradhan [18].
This difference, about a factor of about 2, directly enters
into the BEB f-scaling [24] of the cross section for exci-
tation of the (2s52p?)3S5° state (see Fig. 2(f)). A similarly
large oscillator strength appeared in the calculation of
Dunseath et al. [3] (see Tab. II of [2]), hence explaining
the proximity between their results and those of BEB,
especially at high energies.

Secondly, as discussed in subsection II A above, we es-
timate a branching ratio of 30% autoionization and 70%
optical decay for the (252p3)3S° state. Consequently, we
added only 30% of our cross section for electron impact
excitation of this state to estimate the total ionization
cross section. The same was done with the results tabu-
lated by Kim and Desclaux [22], even though their larger
oscillator strength would shift the proportion further to-
wards the optical decay.
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FIG. 7. (Color online) Angle-integrated elastic, elastic + exci-
tation, elastic + excitation + ionization, and grand total cross
section for electron collisions with carbon in the (2s?2p*)' D
metastable state. In this case, the grand total cross section
also contains deexcitation through superelastic scattering.
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FIG. 8. (Color online) Angle-integrated elastic, elastic + exci-
tation, elastic + excitation + ionization, and grand total cross
sections for electron collisions with carbon in the (25%2p®)'S
metastable state. In this case, the grand total cross section
also contains deexcitation through superelastic scattering.

C. Elastic, total excitation, ionization, and grand
total cross sections from the ground and metastable
states

Figures 6-8 show our present results in a form that
might be useful for many plasma applications. Specifi-
cally, we show how the grand total cross section is com-
posed of the elastic contribution, all inelastic excita-
tion processes summed up, ionization, and — in the case
of the excited metastable initial states (2s%2p?)'D and
(2522p*)1S — superelastic deexcitation. As seen in the in-
sets of Figs. 7 and 8, the latter process, in which the inci-
dent electron causes a transition in the target to a lower
state and hence gains energy itself, can be the dominant



process in the low-energy regime. This would be impor-
tant if there is a significant amount of metastable atoms
in the system.

D. Finestructure-resolved results

Although carbon is a light atom, spin-dependent ef-
fects are known to be important at very low energies,
corresponding for instance to low electron temperatures
in cold regions of the interstellar medium [26]. In this
case transitions between the three states (2522p2)3P071,2
with different total electronic angular momentum J must
be considered. This problem was already investigated a
long time ago by Johnson et al. [4], who used a rela-
tively simple polarized pseudostate model [27] (labeled
RM-pol) for the target description. In order to exam-
ine the accuracy of their calculation, we performed a
314-state semirelativistic BSR calculation. Due to the
march larger complexity associated with the intermedi-
ate coupling scheme, we were only able to include far
fewer target continuum pseudostates in this BSR-314
model than in the BSR-696 non-relativistic calculation.
Both expansions yield approximately the same number
of scattering channels, leading to matrices of rank up
to about 120,000 that can be handled with our current
computational resources. The two models, nevertheless,
still provide similar values for the ground state polariz-
abilities, namely 11.31a3 and 11.18 a3, respectively, in
BSR-696 and BSR-314. We noticed, however, a very
slow convergence of the close-coupling expansion regard-
ing the position of the low-energy structure (see below).
Whereas the BSR-696 model provides a converged posi-
tion of the (2s2p®)?P resonance without any additions
to the close-coupling expansion, we included separately
optimized MCHF expansions for the (2s2p3)2P1/273/2 res-
onances in the second part of Eq. (2) in the BSR-314 cal-
culation to ensure the correct resonance positions. The
same approach is usually employed in standard R-matrix
calculations, including the work of Johnson et al. [4].

Figure 9 shows the results for elastic scattering be-
tween each of the finestructure states as well as for the in-
elastic (2522p®)3 Py — (2522p?)3P; 2 and (25?2p%)3 Py —
(2522p?)3 P, transitions. If there were no relativistic ef-
fects present at all, then the curves for the three elas-
tic transitions would look identical. ~However, they
are clearly different in both the early calculation and
the current work. This is mainly due to the broad
(25?2p®)? Py /5,32 resonances, as discussed by Johnson et
al. [4]. Although the maximum of the cross section occurs
around 0.6 eV, the resonance is apparently coupling to
the finestructure levels (separated by merely 5meV [17])
in significantly different ways. For example, the 3Py—3 P,
curve does not exhibit a maximum at all. Except for a
slight shift of the maxima towards lower energies, the
present results are in good agreement with the RM-pol
predictions. For the low energies considered here, such
an approach already appears to be sufficient. Hence we

Cross Section (in units of aoz)

Energy (eV)

Energy (eV)

FIG. 9. (Color online) Finestructure-resolved cross sections
for elastic scattering and electron-induced transitions be-
tween the (2522p?)3 Py 1,2 states. The present semirelativistic
BSR-314 results are compared with those from a previous R-
matrix calculation (RM-pol) by Johnson et al. [4].

expect the BSR-314 results, which were generated with a
much more extensive structure description, to be highly
accurate in this energy range.

IV. SUMMARY AND CONCLUSIONS

We have presented a revised set of cross sections for
elastic scattering as well as electron-induced excitation,
deexcitation, and ionization of carbon initially in its
ground or metastable states. The calculations were per-
formed with the B-spline R-matrix method, where a
B-spline basis is employed for the representation of the
continuum functions and the use of non-orthogonal or-
bital sets allows for high flexibility, and hence accuracy,
in the construction of the target wavefunctions. The lat-
ter can be independently optimized for each state of in-
terest.

Compared to our previous BSR calculation [2], the
target description was further improved in the current
work. Furthermore, a large number of pseudostates was
included in the close-coupling expansion. These pseudo-
states allow for the treatment of two important features,
namely: i) inclusion of the influence of coupling to the
ionization continuum (and high-lying Rydberg states) on
transitions between the discrete states that are most in-
teresting for plasma modeling; and ii) ab initio calcula-
tions of the ionization cross section. In order to do the
latter for this particular case of interest, an estimate for



the branching ratio between autoionization and optical
decay of the metastable (252p®)3S5° state was obtained
as well.

Not surprisingly, the present results are significantly
different from the previous BSR predictions, as well as
those obtained by Dunseath et al. [3] who carried out a
standard R-matrix calculations with the Belfast code [13].
Although the limited amount of data available in the lit-
erature (virtually none from beam experiments, except
for the ionization data of Brook et al. [23]) does not al-
low for an unambiguous conclusion, our experience with
such calculations leads us to suggest that the present re-
sults are the most accurate and hence should be used for
modeling purposes as the preferred set of ab initio term-
resolved data for this collision system. We plan to upload

these results to the LXCat database in the near future.
They are also available from the authors upon request.
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