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Electron-impact excitation and ionization of atomic boron at low and intermediate energies
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We present a comprehensive study of electron collisions with boron atoms by using the B-spline R-matrix
method for electron energies ranging from threshold to 100 eV. Elastic, excitation, and ionization cross sections
were obtained for all transitions between the lowest 11 states of boron. A multiconfiguration Hartree-Fock method
with nonorthogonal term-dependent orbitals was employed to generate accurate wave functions for the target
states. Close-coupling expansions including 13, 51, and 999 physical and pseudo-target states of boron were used
to check the sensitivity of the results to changes in the theoretical model. The cross-section dataset obtained from
the large-scale calculations is expected to be sufficiently accurate and comprehensive for most current modeling
applications involving neutral boron.
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I. INTRODUCTION

Accurate cross-section data for electron scattering from
neutral boron atoms and boronlike ions are of significant
practical importance, for example, for plasma diagnostics in
astrophysics and thermonuclear fusion [1]. The boronization
of plasma-exposed surfaces in tokamaks is an effective way to
produce very pure fusion plasmas [2] by reduction of impurity
influx [3]. To understand the erosion of materials with low
atomic number Z, e.g., Be, B, and C, in the next generation of
fusion experiments such as ITER [4], accurate and sufficiently
complete datasets for electron collisions with these elements
not only in their ground state, but also involving excited states,
are needed for transport modeling.

For beryllium and carbon, extensive sets of calculations
for excitation and ionization rates [5,6] or excitation cross
sections [7] were carried out. For boron, on the other hand,
much less has been done to date, and hence cross sections are
only available within a narrow energy range and just for a few
selected transitions. A likely reason for the lack of activity
for this target is the major complication in the theoretical
treatment of boron, which is caused by the presence of three
active electrons above the 1s2 core. Consequently, atomic
boron should be considered at least as a quasi-three-electron
system, with substantial complications arising from significant
coupling between the singly excited 2s22p2n� states to states
with a hole in the inner 2s subshell.

To our knowledge, the only currently available experimen-
tal data for electron-impact cross sections of neutral boron
originate from the measurements by Kuchenev and Smirnov
[8], who applied the method of intersecting electron and atomic
beams. These data, however, were judged to be unreliable by
Nakazaki and Berrington [9]. Based on relatively sophisticated
(at the time) R-matrix (close-coupling) calculations for elec-
tron scattering from neutral boron, Nakazaki and Berrington
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suspected possible normalization problems regarding the
absolute values reported in [8]. Marchalant et al. [10,11]
later carried out an early R-matrix-with-pseudostates (RMPS
[12]) calculation by including 60 physical and pseudostates in
order to at least partially account for coupling to high-lying
discrete Rydberg states as well as the ionization continuum.
They reported results for elastic scattering and selected state-
to-state excitation processes. Following this work, a much
larger 640-state RMPS calculation was performed by Ballance
et al. [13]. Electron-impact ionization cross sections for boron
were generated by Kim and Stone [14] in the framework of
the binary-encounter-Bethe (BEB) model. Finally, advanced
nonperturbative time-dependent close-coupling (TDCC) and
further RMPS calculations were carried out to determine the
direct and total ionization cross sections of the outer two
subshells (2s and 2p) of boron by Berengut et al. [15].

Most of the above results are available in the relatively
narrow range of incident energies up to about 30 eV. Fur-
thermore, the limited number of pseudostates included in the
RMPS models, as well as the computational resources needed,
did not allow for a thorough assessment of the quality of
the calculated cross sections. The goal of the present work,
therefore, was to provide an extensive dataset of cross sections
for elastic scattering as well as electron-impact excitation and
ionization of neutral boron, together with an estimate of their
accuracy. The present calculations were performed with the
B-spline R-matrix (BSR) method (for an overview, see [16]),
employing an extended version of the associated computer
code [17] that allows for the inclusion of a sufficient number
of target pseudostates in the intermediate-energy regime. The
distinctive feature of the method is the use of nonorthogonal
one-electron orbital sets, both for the construction of the target
wave functions and for the representation of the scattering
functions. This allows us to generate accurate descriptions of
the target structure and also helps avoiding the appearance
of pseudoresonances at intermediate electron energies, which
may have occurred in previous R-matrix calculations.

The present work is part of a series of extensive pseudostate
calculations for electron scattering from atoms with a partially
or fully occupied 2p outer shell, such as C [7], N [18], F
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[19], and Ne [20]. In many cases, we found a very strong
influence of coupling to the target continuum on the predictions
for transitions between low-lying discrete states. Along with
the need to generate accurate target wave functions, properly
accounting for this sensitivity is a crucial condition for
obtaining accurate cross sections. For every model chosen, we
always generate the entire set of meaningful cross sections,
i.e., for elastic and inelastic transitions between all physical
states as well as ionization from these states. Based on
the comparison of predictions from different models with
increasing number of target states, we then estimate the
accuracy of the final results.

II. COMPUTATIONAL DETAILS

The target-structure calculations and the scattering calcula-
tions in the present work were carried out in a similar manner
to our recent nonrelativistic R-matrix with pseudostates
calculations [18] for atomic nitrogen. Consequently, we will
only summarize the specific features for the present case below.

The target states of boron were generated by combining
the multiconfiguration Hartree-Fock (MCHF) [21] and the
B-spline box-based close-coupling (CC) methods [22]. The
structure of the multichannel target expansion had the form

�(2s2nl,LS)

=
∑

nl

a
LS,L′S ′
nl {φ(2s2,L′S ′)P (nl)}LS

+
∑

nl,L′S ′
b

LS,L′S ′
nl {φ(2s2p,L′S ′)P (nl)}LS

+
∑

nl,L′S ′
c
LS,L′S ′
nl {φ(2p2,L′S ′)P (nl)}LS

+ aϕ(2s22p)LS + bϕ(2s2p2)LS + cϕ(2p3)LS. (1)

Here P (nl) denotes the orbital of the outer valence electron,
while the φ and ϕ functions represent the configuration inter-
action (CI) expansions of the corresponding ionic and specific
atomic states, respectively. Furthermore, L,S,L′, and S ′ are
the total orbital and spin angular momenta of the neutral and
singly ionized system. It is advantageous to employ individual
CI expansions for these states by directly including relaxation
and term-dependence effects via state-specific one-electron
orbitals. These expansions were generated in separate MCHF
calculations for each state using the MCHF program [21]. They
included all single and double excitations from the 2s and 2p

orbitals to the 3l and 4l (l = 0 − 3) correlated orbitals. These
multiconfiguration expansions ensure the proper inclusion of
short-range correlations in the target wave functions. The
resulting ionization potentials for all ionic states in Eq. (1)
agree with the recommended values [23] to within 0.01 eV.

The unknown functions P (nl) for the outer valence electron
were expanded in a B-spline basis, and the corresponding
equations were solved subject to the condition that the wave
functions vanish at the boundary. The B-spline coefficients for
the valence orbitals P (nl), along with the various expansion
coefficients in Eq. (1), were obtained by diagonalizing the
N -electron atomic Hamiltonian. The number of spectroscopic
bound states that can be generated in the above scheme depends

TABLE I. Binding energies (in eV) for the boron target states
included in our CC expansion.

State Term NIST [23] Present Diff.

2s22p 2P o −8.298 −8.222 0.076
2s2p2 4P −4.746 −4.698 0.048
3s23s 2S −3.334 −3.306 0.028
2s2p2 2D −2.365 −2.283 0.082
2s23p 2P o −2.271 −2.248 0.023
2s23d 2D −1.508 −1.497 0.011
2s24s 2S −1.478 −1.470 0.008
2s24p 2P o −1.134 −1.125 0.009
2s24d 2D −0.860 −0.848 0.012
2s24f 2F o −0.856 −0.852 0.004
2s25s 2S −0.841 −0.835 0.006

on the B-spline (R-matrix) box radius. In most of the present
calculations, the latter was set to 40 a0, where a0 = 0.529 ×
10−10 m is the Bohr radius. We used 97 B splines of order 8
to span this radial range using a semiexponential knot grid.
This allowed us to obtain good descriptions of the boron states
with principal quantum number for the valence electron up to
n = 5.

To keep the final expansions for the atomic states at
a reasonable size, all target expansions were restricted by
dropping contributions with coefficients the magnitude of
which was less than the cutoff parameter of 0.01. Table I
lists our calculated binding energies of the boron target states
and compares them with the experimental data [23], which are
based on the critical compilation by Kramida and Ryabtsev
[24]. The overall agreement between our results and the NIST
recommendations is satisfactory, with the deviations in the
energy splittings being less than 0.1 eV for all states. It is
possible to further improve the accuracy of the target binding
energies by also taking into account excitations from the inner
1s shell. Such excitations, however, are not expected to be very
important for low-energy scattering from the outer shells and
hence were not included in the present calculations. In order to
allow for a direct comparison between experiment and theory
very close to the thresholds, we used the experimental values
for the threshold energies in the scattering calculations.

The quality of our target description can be further assessed
by comparing the results for the oscillator strengths of
various transitions with experimental data and other theoretical
predictions. Accurate oscillator strengths are very important
to obtain reliable absolute values for the excitation cross
sections, especially for optically allowed transitions at high
incident electron energies. Table II shows the comparison
of oscillator strengths between our calculated results and
the recommended values from the NIST database [23]. For
transitions involving principal quantum numbers n = 2 and
3, the NIST recommendations are based on the extensive
MCHF calculations by Tachiev and Froese Fischer [25]. For
higher-level transitions, the NIST-recommended values are
based on the frozen-core R-matrix calculations of Fernley
et al. [26].

The good agreement with other theoretical results (see, for
example, Fuhr and Wiese [27] and the comprehensive citation
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TABLE II. Oscillator strengths for selected dipole-allowed tran-
sitions in atomic boron.

Lower level Upper level fL fL/fV NIST [23]

(2s22p)2P o (2s23s)2S 0.0803 1.01 0.0785
(2s23d)2D 0.0172 0.99 0.0170
(2s24s)2S 0.0162 0.98 0.0154
(2s24d)2D 0.0762 1.01 0.0723
(2s25s)2S 0.0117 0.96 0.0082

(2s2p2)4P (2p3)4So 0.214 0.94 0.21
(2s23p)2P o (2s23s)2S 1.07 0.99 1.05

(2s24s)2S 0.204 0.99 0.203
(2s23d)2D 0.832 0.99 0.836

list of [23]) for these transitions suggests a high quality of
the target description in the present calculations. The ratio
of theoretical oscillator strengths obtained in the length (L)
and velocity (V ) forms of the electric dipole operator is also
listed in Table II. This ratio is, to some extent, another quality
indicator for the calculated f values. For all transitions listed,
the length (fL) and velocity (fV ) values agree within a few
percent.

The expansion (1) is also able to generate continuum pseu-
dostates that lie above the ionization threshold. The density
and number of these states again depend on the box radius
and, to a lesser extent, on other B-spline parameters, such as
their order and distribution on the grid. The above approach is
both a straightforward and general way to obtain the continuum
pseudospectrum. It provides excellent flexibility by allowing
us to vary the box radius or to change the density of the
B-spline basis. The inclusion of the continuum pseudostates
is extremely important to ensure the convergence of the final
results for the excitation cross sections.

The scattering calculations were carried out by using a fully
parallelized version of the BSR complex [17]. We set up several
scattering models to check the convergence of the results. The
first model, labeled BSR-13, includes 13 physical target states:
the lowest 11 bound states of boron up to the 2s25s state
(as listed in Table I) plus the 2s-excited states (2s2p2)2S and
(2s2p2)2P . The inclusion of the two latter states is important
for the description of the strong 2s-2p transition. The next
model, labeled BSR-51, additionally includes low-energy (up
to 5 eV above the ionization threshold) 2s2kl continuum
pseudostates for 2p ionization, as well as the 2p3 and 2s2p3l

autoionizing states that result from excitations out of the 2s

subshell. The main model, labeled BSR-999, finally extends
the target continuum up to 50 eV above the ionization limit and
includes all target states with orbital angular momenta L � 4.
This scattering model also allows us to obtain the ionization
cross sections. The maximum number of scattering channels
was 2312. For a given B-spline basis, this number defines the
size of the matrices involved, leading in the present case to
generalized eigenvalue problems with matrix dimensions up
to 200 000. This is essentially the limit that can be handled
with our currently available computational resources.

We calculated partial waves for total orbital angular
momenta up to Lt = 25 numerically and then used a top-up
procedure to estimate the contribution to the transition-matrix
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FIG. 1. Cross section for elastic electron scattering from boron
atoms in their (2s22p)2P ground state. The current BSR-13,
BSR-51, and BSR-999 results are compared with earlier R-matrix-
with-pseudostates (RMPS-60) calculations [11].

elements from even higher Lt . Overall, with the various
total spins and parities, this involved 156 partial waves. The
calculation for the external region was performed with a
parallelized version of the STGF program [28].

III. RESULTS AND DISCUSSION

A. Elastic cross sections

Results for the elastic cross section for electron scattering
from the ground state of boron are presented in Fig. 1, where
we compare the present results from the BSR-13, BSR-51,
and BSR-999 models with those from an earlier RMPS
calculation (RMPS-60) by Marchalant et al. [11]. All models
yield very similar results for electron energies above 2 eV. For
very low scattering energies, however, the predictions differ
considerably. All present models suggest the existence of a
strong near-threshold maximum related to the (2s22p2)1D state
of B−. The calculations predict a fast rise of the cross sections
with increasing energy at low incident energies up to 0.1 eV, but
the early RMPS-60 predictions are significantly higher than all
present BSR results. Unfortunately, there are no experimental
elastic cross-section data available for comparison.

Calculations for the low-lying B−(2s22p2)1D shape res-
onance were carried out by many groups. The available
results are listed in Table III. Johnson and Rohrlich [29]
employed screened Z-dependent perturbation theory and a
semiempirical extrapolation from ionization potentials. They
suggested that the B−(2s22p2)1D state is bound with respect
to the ground state of neutral boron by 0.61 eV. Ten years
later, Schaefer et al. [30] analyzed a number of negative
ions, with particular emphasis on state-dependent correlation
effects. Using empirical data, they concluded that a bound
B−(2s22p2)1D state does not exist. Instead, its position was
estimated at 0.375 eV above the elastic threshold. Hunt
and Moiseiwitsch [31] solved the Schrödinger equation with
an empirically adjusted model potential. Employing scatter-
ing boundary conditions they obtained the position of the
resonance as Er = 0.45 eV and a width of τ = 0.11 eV. Moser
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TABLE III. Parameters of the identified B− resonances (in eV).

Term Energy Width Comments

(2s22p2)3P −0.280 Expt. [37]
−0.289 BSR-999

(2s22p2)1D −0.61 [29]
0.375 [30]
0.45 0.11 [31]
0.006 [32]
0.275 [33]

0.104 ± 0.008 0.068 ± 0.025 Expt. [34]
0.095 0.054 [35]
0.126 0.061 [36]
0.104 0.082 BSR-999

(2s22p2)1S 0.667 1.20 BSR-999
2s2p3)5So 2.480 [40]

2.488 0 BSR-999
(2s2p3)3Do 4.31 1.16 Expt. [38]

4.012 1.223 BSR-999
(2s2p3)3P o 4.968 0.007 BSR-999
(2s2p3)1Do 6.802 0.155 BSR-999
(2s2p3)1P o 8.462 0.040 BSR-999
(2s2p3)3So 9.017 0.234 BSR-999

and Nesbet employed the bound-state-type Bethe-Goldstone
scheme of CI with all single and double excitations [32] and
later also with configurational [33] excitations, respectively.
The first calculation [32] predicted that the B−(2s22p2)1D

state is located essentially at the threshold (0.006 eV above),
whereas the second calculation [33] found it at 0.275 eV above.

Experimental investigations for the parameters of this
resonance were carried out by Lee et al. [34]. Based on their
observations of resonance structures in electron detachment
spectra arising from fast collisions of B− ions with gas targets,
they obtained the resonance position and width as 0.104 and
0.068 eV, respectively. In subsequent calculations, Sinanis
et al. [35] computed the resonance parameters systematically
in the framework of state-specific configuration interaction
in the continuum and obtained a theoretical value consistent
with the above measurement. Very recently, Tsednee and
Yeager [36] applied the complex-scaled multiconfigurational
spin-tensor electron propagator technique and obtained the
B− shape resonance parameters as Er = 0.126 eV and τ =
0.061 eV, again in reasonable agreement with the experimental
result [34].

The present calculations clearly show that the theoretical
position of this resonance is extremely sensitive to the number
of channels included in the close-coupling expansion. The
most extensive BSR-999 model predicts a strong 1D resonance
at 0.104 eV with a width of 0.082 eV. The position of the peak
coincides with the measurement [34], and its width is within
the uncertainty of the experimental value.

Our calculations also suggest the existence of a
B−(2s22p2)1S resonance the parameters of which are listed
in Table III as well. This resonance, however, is very wide
with a “peak” of much smaller magnitude. As a result, it is
essentially covered by the high-energy wing of the strong 1D

resonance. For completeness, Table III also lists the parameters
for the B−(2s22p2)3P bound state of B−. The close agreement
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FIG. 2. Cross sections, as a function of collision energy, for
electron-impact excitation of the first ten states of boron from the
(2s22p)2P ground state. The current BSR-13, BSR-51, and BSR-999
results are compared with the 640-state RMPS predictions of Ballance
et al. [13].

with the experimental electron affinity [37] gives us further
confidence in the quality of the present calculations.

B. Excitation cross sections

Excitation cross sections as a function of incident energy
are presented in Fig. 2 for transitions from the ground state
and in Fig. 3 for selected transitions between excited states.
As mentioned above, three different close-coupling models
(BSR-13, BSR-51, and BSR-999) were set up to check
the convergence of the results. The cross sections are also
compared with the most recent RMPS results of Ballance et al.
[13]. However, since the latter data are only given for relatively
low electron energies up to 20 eV, they do not allow us to
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check the convergence at intermediate energies and thereby to
analyze the potential influence of the target continuum.

For clarity of the presentation we do not compare the present
cross sections with any other earlier results. Kuchenev and
Smirnov [8] reported experimental excitation cross sections
more than 20 years ago. It should be noted, however, that the
experiment was not a direct measurement of the cross section,
but rather a measurement of the radiation emitted from the
decay of excited boron states, which were assumed to have
been populated by direct electron excitation from the ground
state. Cascade contributions from the excitation and decay of
higher-lying states were not accounted for in the experiment.
This may lead to unspecified uncertainties in the reported cross
sections. As mentioned above, Nakazaki and Berrington [9]
compared their R-matrix results with the measurements and
suggested possible normalization problems with the absolute
values given in [8]. Marchalant et al. [10,11] further improved
the predictions of the total excitation cross sections, including
up to 60 target states in the close-coupling expansion. Their
cross sections were discussed in [13], and hence we will not
compare them with the present results here.

The first transition from the ground state is a strong spin-
forbidden exchange transition to the (2s2p2)4P metastable
state. In this case, excellent agreement is obtained between the
results from all four models presented in Fig. 2. Convergence
is hence evident over a wide range of incident-electron
energies. We conclude that the theoretical cross section for this
important transition has now been established to an accuracy
of a few percent. In general, as seen from Fig. 3, only a
small influence of channel-coupling effects was found for
almost all exchange transitions from the (2s2p2)4P levels. The
cross sections for these cases exhibit a strong near-threshold
maximum, with a steep decrease at higher energies. The
target continuum has only a minor influence on the exchange
transitions and also on other transitions that are dominated
by short-range interactions. The notable exception is the
very weak (2s2p2)4P − (2s23d)2D transition, for which the
maximum is shifted towards higher energies in the BSR-13
and BSR-51 models. This strong model sensitivity, which is
typically for weak transitions, leads to significant differences in
the predicted cross sections over a wide range of energies. Our
BSR-999 results are in good agreement with the RMPS-640
calculations [13] in this case.

Compared to the exchange transitions, the convergence for
the dipole transitions with respect to the number of states in
the close-coupling expansion is much slower. This is clearly
seen from the example of the transitions to the n = 3 states
presented in Fig. 2. We conclude that the reduction of the
calculated cross sections by 10–20% at intermediate energies
in these cases is mostly due to coupling to the target continuum,
since the coupling to the nearest discrete target states is already
accounted for in the BSR-13 model.

For the transitions to the higher-lying n = 4 and 5 states,
also presented in Fig. 2, both the BSR-999 and BSR-51 cross
sections are considerably smaller than the BSR-13 results. In
this case, the reductions are in the 20–75% range, with the
largest effect seen for the 2p − 4d transition. This is caused
by coupling to both the bound states and the target continuum.

The influence of the target continuum in electron collisions
with atomic boron agrees well with the trend seen in our
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FIG. 3. Cross sections, as a function of collision energy, for
selected electron-induced transitions from excited states of atomic
boron. The current BSR-13, BSR-51, and BSR-999 results are
compared with the 640-state RMPS predictions of Ballance et al. [13].

recent calculations for electron scattering from C [7], N
[18], F [19], and Ne [20]. All these atoms have a partially
or completely filled outer 2p subshell. Apparently, bound-
continuum coupling effects are significant and increase with
the occupation number of the subshell. Since all our scattering
models employ the same target wave functions for the states
included in the close-coupling expansion, we are able to
directly draw conclusions about the importance of channel
coupling in the collision model. Note that the accuracy of the
target representation may also strongly influence the resulting
excitation cross sections, as was illustrated for the case of
electron scattering from C [7].

The cross sections for selected transitions between excited
states are shown in Fig. 3. The general conclusions are
similar to those for transitions from the ground state. Channel-
coupling effects are often very small for strong transitions
between close-lying levels, as illustrated, for example, by the
(2s23s)2S − (2s23p)2P o and (2s23p)2P o − (2s23d)2D transi-
tions. However, the (2s23s)2S − (2s24p)2P o transition shows
that coupling to nearby levels can be strong enough to reduce
the predicted cross sections by up to 30%. In general, coupling
to the continuum for transitions between excited states is less
important than for transitions from the ground state.

For low incident-electron energies, we obtain reasonable
agreement with the RMPS results of Ballance et al. [13]. The
small remaining differences between the two sets of predic-
tions can likely be attributed to the different representations of
the target structure. Given the well-known trends associated
with the inclusion of additional pseudostates, we believe that
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the present BSR-999 model yields the most reliable cross
sections.

While resonance contributions to the excitation cross
sections are relatively small overall, a few prominent structures
can be seen in the near-threshold regime. Specifically, the
partial-wave analysis reveals that the dominant threshold
peak for the (2s22p)2P o − (2s2p2)4P transition is due to the
strong (2s2p3)3Do shape resonance. Distinctive resonance
features can also be seen in the excitation of the 3s and 3p

levels. The most significant resonances are associated with the
strong 2s-2p transition and have the dominant configuration
2s2p3. Their parameters, as derived from an eigenphase
analysis, are given in Table III. Some of these resonances
with terms 3Do, 3P o, and 3So also have a strong influence on
the photodetachment process [39].

Finally, it is worth mentioning that we obtained close
agreement with the MCHF calculations [40] for the position
of the metastable B−(2s2p3)5So state, which is located well
below the (2s2p2)4P states. In light of the selection rules for
conservation of the total spin in nonrelativistic models, this
state has no influence on electron scattering. However, it was
detected as the lowest R-matrix pole of the 5So symmetry.

C. Ionization cross sections

Cross sections for electron-impact ionization of the boron
ground state are presented in Fig. 4. The BSR-999 total
ionization cross sections were obtained as the sum of the
excitation cross sections to all target states above the first
ionic ground state. This includes the direct contribution from
the continuum pseudostates plus an appropriate portion from
excitation of quasidiscrete states in the continuum, i.e., from
excitation-autoionization. For boron, the contribution from
the latter process originates mainly from the set of 2s → nl

(n � 2) one-electron transitions. We assumed that the radiative
decay of the autoionizing states is negligible in comparison to
the autoionization channel.

We are not aware of any experimental data for the
ionization of neutral boron. Figure 4, therefore, compares
our ionization cross sections with a few other theoretical
predictions. The present BSR results are in good agreement
with the semiempirical BEB predictions of Kim and Stone
[14] over a wide range of energies from threshold to 150 eV.
At low energies, our results are found to lie slightly above
the RMPS-476 predictions of Berengut et al. [15], but below
the previous RMPS-60 results of Marchalant et al. [10]. The
not-entirely-smooth energy dependence of the RMPS results
is likely due to the low-density distribution of the continuum
pseudostates and/or the occurrence of pseudoresonances. We
believe that the large number of pseudostates in the present
BSR-999 model and the practically complete elimination of
pseudoresonance structure provides a very accurate represen-
tation of continuum-coupling effects.

More details regarding the ionization process are repre-
sented in Fig. 5, in which we exhibit the direct ionization
cross sections for the 2s and 2p subshells together (except
near threshold, individually 2s ionization contributes about
25% for most energies), along with the contribution from
the (2s2p2)2P autoionizing state. The latter clearly reveals
the importance of the excitation-autoionization process due to
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FIG. 4. Electron-impact total ionization cross section for the
(2s22p) ground state of boron. The current BSR-999 results are
compared with 476-state RMPS [15], 60-state RMPS [11], and BEB
predictions [14].

the strong 2s-2p transition. As seen from the figure, the process
contributes approximately 40% compared to direct ionization.
Starting at around 35-eV incident energy, our direct cross
sections are systematically lower than the BEB predictions.
It is conceivable that the accuracy of our results deteriorates in
this regime, also due to the limited energy range (up to 50 eV)
covered by the pseudostates. The TDCC results generally lie
above our predictions, by up to 20% at intermediate energies.
This difference can likely be attributed to the treatment
of initial-state correlation effects. We employ an extensive
multiconfiguration expansion, whereas a single-configuration
representation was used in the TDCC calculations. A similar
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FIG. 5. Electron-impact direct ionization cross sections of the
(2s22p) ground configuration of boron. The present BSR-999 results
are compared with the BEB predictions of Kim and Stone [14] and the
TDCC results of Berengut et al. [15]. Also shown is the contribution
from the (2s2p2)2P autoionizing state.
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FIG. 6. Electron-impact ionization cross sections for the first five
excited states of boron, as obtained in the BSR-999 model.

difference between BSR and TDCC results was observed for
neon [41].

The ionization cross sections from the first five excited
states of boron are presented in Fig. 6. Along with the
ionization of the ground state, the cross section for ionization
from the metastable (2s2p2)4P state is of particular importance
for plasma modeling. The latter is close in magnitude to that of
the ground state, while ionization of the (2s2p2)2D state is even
more likely due to its lower ionization potential. Some of the
2s2nl cross sections exhibit a near-threshold maximum, which
is characteristic for ionization of excited states. In all these
cases, ionization occurs mainly via removal of the outermost
valence electron.

D. Grand-total cross section

We conclude the presentation of our results with Fig. 7,
which exhibits the grand total cross section for electron
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FIG. 7. Elastic, elastic + excitation, and grand total cross section
for electron collisions with atomic boron in the B(2s22p) ground
state, as obtained in the BSR-999 model.

collisions with boron atoms in their (2s22p)2P o ground state.
This is the sum of the angle-integrated elastic, excitation, and
ionization cross sections. The elastic cross section provides the
largest contribution at low energies, while the contributions
from ionization become almost equivalent to those from
elastic scattering at energies above 50 eV. Overall, excitation
processes never contribute more than 15% to the grand total
cross section.

IV. SUMMARY AND CONCLUSIONS

We have carried out a detailed study of electron collisions
with neutral boron, including elastic scattering, excitation,
and ionization processes from the ground and several excited
states. State-to-state excitation cross sections were obtained
for all transitions between the lowest 11 states of boron. While
only a small number of selected results could be presented
in this paper, the entire dataset is available in electronic form
upon request.

The calculations were performed with the BSR code [17].
The particular advantage of the approach is the possibility
to optimize the various atomic wave functions individually
by employing term-dependent nonorthogonal one-electron
orbitals in the description of the target states.

Emphasis in the present calculations was placed on esti-
mating the likely accuracy of the final results. In order to
check such important effects as target polarization and the
influence of coupling to the target continuum, we compared the
results from our most extensive calculations, which included
999 target states, with those from two smaller models that
included just 13 physical bound states or 51 bound plus
pseudotarget states. The differences between the results from
these models provided an indication regarding the convergence
of the close-coupling expansion for the problem at hand. While
certainly not negligible at intermediate energies, overall the
influence of the target continuum was found to be significantly
less than seen before for atoms with a partially filled 2p shell,
particularly C [7], N [18], and F [19]. While this may not
be too surprising for discrete transitions that conserve the
total spin, the stability of spin-forbidden transitions involving
the (2s2p2)4P state and a series of singly excited doublet
states with configuration (2s2n�) is noteworthy. Furthermore,
we predicted the elastic cross section at very low incident
energies, where a prominent near-threshold resonance was
detected.

Our best model, BSR-999, was also used to calculate
the electron-impact direct ionization cross section for the
boron ground state. Good agreement for this cross section
was obtained with that predicted by the semiempirical BEB
approach. On the other hand, our direct ionization cross
sections are significantly different from the corresponding
TDCC results, presumably because of inner-state correlations
that the target description used in the TDCC approach
cannot account for to sufficient extent. The excitation-
autoionization contribution for ground-state ionization was
found to be very important. Finally, the grand total cross
section from the ground state, together with the contribu-
tions from elastic scattering, excitation, and ionization, was
presented.
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We expect the cross sections presented here to be useful for
many practical applications. Comparison of our results with
those from earlier RMPS calculations, which were carried
out independently from the present work (albeit only in the
low-energy regime), leads us to conclude that the excitation
cross sections for the most important (for modeling purposes)
transitions from the ground state (2s22p)2P and the metastable
(2s2p2)4P state have now been established to an accuracy
of a few percent over the energy range considered in this
work.
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