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Abstract

®

CrossMark

A detailed collision calculation of electron impact on BH at the BH equilibrium R, = 2.3285a
is presented. First a good quality wave function for the target BH molecule is developed at the
configuration interaction level. Then the R-matrix method is used to obtain collision cross
sections for elastic scattering and state-to-state excitation to several excited electronic states of
BH. The differential cross sections for elastic scattering below 10 eV and momentum transfer
cross section are also obtained. Our calculations further yield two BH™ anionic bound states
and a few e-BH anionic resonances which have not been previously reported. We obtain
potential energy curves (PECs) for the two BH™ bound states of >IT and >~ symmetries, and
the PEC for the resonant BH™ state of 2II symmetry. These data will aid studies of edge plasma
characteristics in tokamaks where boronization is used for wall conditioning.

Keywords: R-matrix method, cross section, boron hydride, fusion, edge plasma, boronization

1. Introduction

In fusion devices using magnetic confinement, wall condition-
ing of the plasma facing components (PFCs) is very import-
ant. Improper wall conditioning can lead to impurities in the
plasma by erosion of wall material and hydrogenic recyc-
ling which can affect the overall core plasma performance.
Wall conditioning methods such as boronization, siliconiza-
tion, lithium pellet injection have been shown to significantly
improve plasma wall interaction and core plasma performance
[1, 2] and have been tested extensively in experimental toka-
maks such as EAST, KSTAR and ASDEX Upgrade [3-6].
The International thermonuclear experimental reactor ITER
(from Latin ‘The Way’) will also shift form using beryllium
as the PFC in the main chamber to a full tungsten machine
with boronized walls [7]. The immediate implication of this is

* Author to whom any correspondence should be addressed.

the presence of boron and tungsten impurities in the plasma of
which significant amounts may be that of boron and tungsten
hydrides and their isotopologues. These can affect the plasma
flow and can cause undesired deposition in the machine affect-
ing performance. Detailed data in the form of cross sections
and rates are therefore needed on the impurities for plasma
flow modeling and understanding deposition.

Darby-Lewis and co-workers performed a series of elec-
tron collision and spectroscopic calculations on BeH (BeD
and BeT) [8—10] to support analysis of plasma reactions with
beryllium walls, particularly JET. These data formed the basis
of a recent analysis of beryllium hydride isotopologue spec-
tra produced by plasma-surface interactions during limiter and
divertor JET-ILW (ITER-like Wall) pulses [11], which showed
that hydride production was an important part of the wall
erosion via chemical-assisted physical sputtering; the depend-
ence on plasma and wall conditions was also monitored. It is
therefore interesting to consider how the electron collision of
properties BeH and BH differ. The goal of the present work

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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is to provide a detailed study of electron impact on BH, which
can be a major impurity candidate, and also to provide molecu-
lar states of BH and its negative ion BH™.

There are several studies on the BH and BH™ states of
which we report only those performed after 1990, works prior
to these can be seen from the references in the respective art-
icles. Gagliardi et al [12] reported a full configuration interac-
tion calculation of 20 low lying states of BH and obtained their
potential energy curves (PECs), many of which were unrepor-
ted before. They also obtained spectroscopic parameters for a
few of the low lying states. Spectroscopic properties of 8 A-
S and 23 () states of BH were recently reported by Wei et al
[13]. A much more comprehensive calculation of the lowest 32
states of BH and two bound states of BH™ (together with three
states of HBBH) was reported by Miliordos and Mavridis [14].
They not only gave the PECs of these states but also repor-
ted a very detailed study of binding energies, spectroscopic
parameters and dipole moments among other parameters. This
study is by far the most comprehensive work on BH and BH™
states available. A non Born—Oppenheimer calculation of the
ground state BH was reported by Bubin ef al [15], however,
the focus here was more on the accuracy of the ground state
and its dissociation energy rather than a comprehensive study
of the other states.

Collisional studies on BH are largely absent except for the
recent work by Kawate et al [16] where the authors used the
QEC software package [17] to perform R-matrix calculations
of cross sections for elastic scattering, electronic excitations
from the ground state to the first six excited states of BH, and
electron impact ionization of BH using the binary encounter
Bethe (BEB) method [18].

In this work we present a more comprehensive study of
cross sections for electron impact on BH and the molecu-
lar states of BH and BH™; the target wave functions
are represented using Slater basis functions, which gener-
ally give better results than Gaussian basis sets for com-
pact representations such as those required for scattering
calculations. We compute cross sections for elastic scat-
tering, electron impact excitation to several electronically
excited states of BH, differential cross sections (DCSs) for
elastic scattering, momentum transfer cross sections (MTCSs)
and have given an estimate of the electron impact dis-
sociation cross section. Moreover, we also report anionic
bound states of BH™ and one new anionic resonance of II
symmetry.

2. The R-matrix method

Since we routinely use the R-matrix method for studying
molecular states and electron collision problems, we only
give a very brief description in the present work and point
to some of our most recent works [19, 20] and to the review
by Tennyson [21] for details. Our calculations used the linear
molecule R-matrix code [22, 23] which uses Slater type orbit-
als (STOs) to represent the target wavefunction and numerical
orbitals to represent the continuum.

In order to separate the short-range and long-range inter-
actions so that they can be suitably treated by different meth-
ods, the configuration space is divided into an inner region, a
sphere of radius a centered on the molecular center-of-mass
of the N-electron target molecule, hopefully containing all
short-range interactions, and an outer region exterior to it with
other long-range interactions such as Coulomb interactions.
An inner region N+ 1 electron wave function of the scattered
electron and the N-electron target is then built using the fol-
lowing prescription,

\Ifiv‘*‘l = Azaijk‘l)i(lr-"N)Fij (N+1)
i
+> buxi(1,...,N+1), M

where A is an antisymmetrisation operator, the N-electron tar-
getis represented by ®;, and in our calculations, F;; are numer-
ical continuum orbitals based on Bessel functions. The square
integrable functions x;(1,...,N+ 1) are called L? functions
and are constructed to include electron correlation and polar-
ization of the target in the field of the incident electron. The
parameters a;; and by, are variationally determined.

Once \Iliv +1 is determined, it is used to construct an
energy-dependent R-matrix R(r,E) at the boundary of the
inner and outer regions which is related to the logarithmic

derivative of the radial part f(r) of \I'iv +1 by

R(rE)=f(r) [rf' (0], )

where r is the radial coordinate and a Buttle correction [24]
is needed on the boundary to relax the boundary conditions
used to compute the inner region numerical continuum func-
tions. The R-matrix is then propagated in the outer region to
a suitable asymptotic distance R,y and matched with known
asymptotic functions obtained from a Gailitis expansion [25].
This matching yields the K-matrix from which the 7T-matrix is
derived. Finally all scattering observables are extracted from
the T-matrix. The detection of resonances and bound states
however, do not require the 7-matrix and are discussed in sub-
sequent sections.

3. Target calculations

The diatomic version of the UK molecular R-matrix codes [22,
23], which uses Slater functions to represent the target and
scattering states, are used for the present study. We used the
STO basis set of Cade and Huo [26] centered on the B atom
containing 5 s-type, 4 p-type, 2 d-type and 1 f-type type basis
functions. For the STOs centered on the H atom, we used the
basis set II of Langhoff ez al [27] after removing 3 p-type func-
tions to avoid linear dependence. The resulting trimmed basis
set containing 4 s-type and 1 p-type functions centered on the
H atom was used for all subsequent calculations.

A set of 29 molecular orbitals (MOs) consisting of 17 o,
8 m, 3 d and 1 ¢ orbitals was first built from the STOs and
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Table 1. Comparison of vertical excitation energies (VEE) and adiabatic excitation energies (7¢) (in eV) from the X Iyt ground state of the
BH molecule, and the equilibrium bond length R. (in ag). The following target models, namely M1, M2 and M3 have been used for the
comparison. M1: (15)%(2 — 80,1 — 27)*, M2: (10)*(2 — 80,1 — 3m)*, M3: (16)*(2 — 100, 1 — 37)*. Reprinted from [14], with the

permission of AIP Publishing.

Target VEE VEE VEE Te T VEE R. Re

states M1 M2 M3 M3 M&M? reference [16] M3 Expd

X'st 0.00 0.00 0.00 0.00 0.00 0.00 2.3285 2.3285

131 1.53 1.27 1.33 1.31 0.98 1.33 2.35 2.27

111 3.29 3.16 3.11 2.87 2.78 3.12 2.35 2.30

132~ 5.43 4.62 4.65 4.68 4.35 4.66 2.35 2.32

1'A 6.85 6.26 6.38 5.84 6.25 6.40 2.35 2.26

2311 8.60 8.15 8.01 6.27 — 5.88 3.82 3.66°

132+ 6.35 6.30 6.30 6.41 — — — —

2lnt 6.58 6.54 6.52 6.52 7.32 6.54 2.35 2.30

31y 7.64 7.14 7.22 6.96 — 7.24 2.35 2.29¢

23t 8.85 8.88 8.67 7.34 10.71 8.11 2.84 2.30°

2 Miliordos and Mavridis [14].

b Kawate et al [16].

¢ MRCI value quoted from [14] since an experimental value is not available.

d Experimental values quoted from table III of [14]

were used to make an initial SCF calculation on the BH X ' &+ 245

ground state and the 1 311 excited state. Finally 17 o, 8 w and 3 | — X 12+

& SCF orbitals were used in large complete active space (CAS) 246 — 1 3H

configuration interaction (CI) calculations on the BH target. e | '

These calculations froze the B 1s orbitals (the 1o orbital) giv- 1 .-

ing 4 active electrons. Tests showed that calculations with the 24.7 | 11X

MOs constructed from the 1311 SCF orbitals gave much better Hil 1 3z+

results for the vertical excitation energies (VEEs) of the tar- oy 248 iy 1 1 A

get BH molecule than MOs constructed from the X 'S+ SCF - @ 7-° [] \ et

orbitals. All subsequent calculations reported here therefore % il & ) ) 2 12

used MOs constructed from the 1 *II SCF orbitals. T -249 H B(DYH(S) | — 3%
We tested many target models out of which we present three ‘;: K ) ”m —- 3H

of the most significant in table 1. Clearly the VEEs obtained &g B 3ot

with our CI model M3, with the exception of the VEEs of 5 -25 N roess - ococttOll 2z

the 2 *IT and 2 3%+ states for which deviations are slightly [_ﬁ B S =TT Blhncs)

larger, are in excellent agreement with the adiabatic excita- 251+

tion energies 7. of Miliordos and Mavridis [14] (henceforth B —ooeesoet

M&M) which were obtained using a much more sophistic- 952 C BCP)+HCS)

ated multi-reference CI (MRCI) calculation. The higher val- TLh

ues of the VEEs of the 2 3II and 2 3%* from our calcula- C y

tion is likely because M&M give adiabatic values T,, whereas 253 7

we give the VEEs and these can be significantly different if Coon b b by b e b

the minima of the PECs do not coincide. On the other hand,
the VEEs of Kawate et al [16], shown in the last column of
table 1 and computed with a significantly smaller CI model
and Gaussian basis sets, deviate significantly for the higher
excited states from those of M&M. We therefore performed
subsequent calculations with our target model M3 defined by
(10)%(2 — 100, 1 — 37)*, where 2 electrons were frozen in the
1o orbital and the remaining 4 electrons were movable in the
CAS defined by (20 — 100, 17 — 37).

Figure 1 shows the PECs of the first 10 BH target states used
in the present work where we have relabeled the states to make
their identification easier and have not followed the labeling
scheme of M&M which are sometimes arbitrary. The curves
are very similar to the ones obtained by M&M, except for the

[S—

2 3 4 5 6 7 8
R(a)

Figure 1. First 10 potential energy curves of the BH target states
used in the present calculation. The dashed curves are the
corresponding states of M&M. All curves from the present
calculation have been shifted down uniformly by 0.0714 Hartree to
make the asymptotic limits of the present curves approaching
B(®P)+H(S) the same as that of M&M. Reprinted from [14], with
the permission of AIP Publishing.

1'A(C'Ain M&M) curve which we find to be slightly above
the 1 3% % state, while M&M find that this curve goes slightly
below the 13X state. However, this difference is small, since
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the difference between the minima of the 1 ' A state in the two
cases is only about 0.54 eV, as can be seen from table 1. For
comparison, we also include the first three states, namely the
X 'S7F state, 1 31 and the 1 ' states of M&M in figure 1.

The value of the dipole moment y for the X 'SF ground
state at the BH equilibrium ranges between 1.3 D and 1.73 D
in available literature (see [14]). The magnitude of the dipole
moment (X 'X%) at the BH equilibrium was found by us to
be 1.36 D, which is in excellent agreement with the corres-
ponding values in literature.

4. Scattering models

For the scattering calculations, 13 BH SCF orbitals and a CAS
given by model M3 above were used. The target SCF orbit-
als were supplemented by numerical continuum orbitals F;
describing the scattered electron, and were obtained as par-
tial wave expansion around the centre-of-mass. Partial waves
with [ < 6 and m < 2 were retained in the calculation as these
proved sufficient to converge the cross sections. Since the tar-
get was neutral, the radial parts of the continuum functions F;
were chosen to be solutions of the spherical Bessel equation
and those solutions with energy less than 6 Ryd were retained
in the calculation. An R-matrix radius of 11a, was used giv-
ing 127 (510, 427 and 344 continuum functions) which were
Schmidt orthogonalised to the target SCF orbitals [28]. Finally
this resulting set of orthogonalized orbitals were used in all
scattering calculations reported here, and were performed at
the target equilibrium R, = 2.3285 ay.

We extensively tested scattering models and our final cal-
culations used a 10-state model as described in table 2, where
the number and symmetry of the target states coupled for each
e+BH overall symmetry are detailed. We also performed cal-
culations in 8 and 12-state (changes shown in table 2) mod-
els, obtained by deleting or adding two states in the 10-state
model, to check convergence in cross sections. However, we
do not give the details of these to maintain conciseness.

5. Results

5.1. Cross sections

For the calculation of cross sections, the R-matrix was propag-
ated to 1204y and then matched with asymptotic functions to
obtain the K-matrix which was then used to get the 7T-matrix
given by

T=2K(1-:K)™", 3)

where ¢« = \/—1. Finally, all cross sections were obtained form
the T-matrix.

5.1.1. Elastic scattering. = We calculated cross sections using
the 8, 10 and 12-state scattering models described above. Since
the target ground state is of ' symmetry, for scattering from
the ground state, the states with quartet overall e+BH spin

multiplicity do not contribute to the cross section. Similarly
the X+ symmetry of the ground state forbids contribution from
the >~ e4+BH overall symmetry.

The left panel of figure 2 shows the elastic cross sections
in the 8, 10 and 12-state scattering models. Convergence is
clearly obtained with the 10 and 12-state models. However,
the 12-state model shows several spurious resonances, for
example near 2 eV. From past experience [29], these spurious
resonances are caused by diffuse target states which leak out-
side the R-matrix inner region. We therefore chose to present
all cross sections in the 10-state model. The elastic cross
section shows a broad shape resonance like structure around
1 eV. In the right panel of figure 2 we have tried to trace the
origin of this broad resonance and have shown that this broad
resonance arises from the 22 component of the cross section.
Further, we calculated the 2X component of the elastic cross
section in the static exchange (SE) model and the results are
shown in the bottom panel of figure 2. Since the broad res-
onance appears both in the SE and the close coupling (CC)
calculations, this is likely to be a shape resonance. In the
SE calculation this resonance is detected at an energy 0.0742
Ryd ~ 1.01 eV with a width 0.258 Ryd ~ 3.51 eV, and is
likely to be associated with a higher [ partial wave, since s-
wave scattering cannot give rise to shape resonances (see for
example [21]).

The polar nature of the molecule cases a sharp peak in the
cross section at low energies due to the long range poten-
tial associated with the dipole moment. This means that we
need to include partial waves greater than / = 6. The effect of
these missing partial waves may be taken into account using
Born approximation by adjusting the total cross sections [30].
We therefore included the Born correction to the elastic cross
section, which is shown on the right panel of figure 2. We also
show the Born corrected cross sections of Kawate et al [16],
which agrees very well with the present Born corrected cross
elastic sections both in magnitude and shape.

A comprehensive set of cross sections, including the elastic
cross section, was also given recently by Kawate et al [16]
(abbreviated henceforth to KMG). They used the R-matrix
method with Gaussian basis sets, in contrast to ours where
we used Slater bases. The shape of the elastic cross section
curve given by KMG is somewhat different from ours at the
low energy end and misses the broad X% resonance near
1 eV and the narrow 2II resonance observed in our elastic
cross section curve. In our perception, the reason for this could
be the following. KMG used a minimum of 16 target states
in the CC expansion in equation (1) to calculate the inner
region wave function \Iliv *1 from which they derived the cross
sections. However, from table 1 above, it is clear that beyond
the first few target states, their VEEs progressively become too
high. For example, for the 2 X7 state their VEE is approxim-
ately 2 eV above the corresponding VEE given by our model
M3. For higher target states, the VEEs are not documented
by KMG, but the deviations are likely to be even greater as
appears from the trend in table 1. This is an indication that their
corresponding target state wave functions become increas-
ingly inaccurate for the higher excited states, which ultimately
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Table 2. Symmetry and number of states used in the close coupling equation (1) in the 10-state model. The changes in the number of states

included in the 12-state model is indicated in brackets.

Symmetry Number Target states coupled
Iyt 10 (12) Three ' ST, one (two) 'TI, one ' A, two (three) 33 three 11
m 10 (12) Three ' ST, one (two) 'II, one 'A, two ST, one *2~
and two (three) 311
o 10 (12) Three (four) 'TT, one ' A, one (two) *~ ™, four *IT and one *A
ZA 10 (12) Three 'ST, one (two) 'TI, one 'A, two ST, one 3%~
and two (three) TI
it 10 (12) Four *2 7, four *II and two (four) *A
‘o 10 (12) Three (four) >3, two (three) *$~, four *II and one >A
iy 10 (12) Three (four) *X~, four *II and three (four) A
‘A 10 (12) Three (four) >3, two (three) >, four *II and one >A
- 300 600 ‘ — 22 "
" | Twh
200 — 12 States 400 -1, — A
— Total

150
100

9]
(=)

S T

Elastic cross sections (ao

2 4 6 8 10 12 14
Energy (eV)

(=]

300

300
200
100 S

--- Born corrected
Born corrected Ref. [16]

. . 2
Elastic cross section (a0 )

(=]
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(@]
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~
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W
(=)

. . 2
Elastic cross section (a0 )

(=]
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1 2

4 5 6 7 8

Energy (eV)

Figure 2. Top left panel: elastic cross section for electron scattering from BH calculated in the 8, 10 and 12 state models discussed in the
text. Top right panel: contribution to the elastic cross section from each of the e4+BH overall symmetries as indicated in the legend. The top
most dashed curve is the Born corrected elastic cross section. Shown also is the Born corrected cross section of Kawate et al. Bottom panel:
2y:*+ component elastic cross section in the static exchange (SE) and the close coupling (CC) calculations. The broad resonance feature
around 1 eV in both curves confirms this to be due to a shape resonance. Reproduced from [16]. © IOP Publishing Ltd. All rights reserved.

leads to lower quality inner region wave function when large
number of target states are coupled. This may cause signific-
ant effects on the cross sections. For example, the elastic cross
section estimated from figure 1 of KMG at 2 eV is approxim-
ately 66 a(z) which is nearly half that of the present calculation
131a3. In fact, as may be seen by comparing corresponding
elastic cross section figures, much of the underlying physics
is also ultimately lost due to inaccuracies of the inner region
wave functions.

5.1.2. Electronic excitation. Figure 3 shows our cross
sections for electronic excitation of the BH molecule form its

X 'SF ground state to the first three singlet (left panels) and
triplet (right panels) excited states. For the allowed transitions,
we provide the Born corrected cross sections which are shown
as the dashed curve in the respective figures. The Born correc-
ted cross sections are approximately double the magnitude of
the uncorrected cross sections at the high energy end.

Cross sections for the same electronic excitations have also
been reported by Kawate et al [16] (KMG). As with the elastic
cross sections discussed above, the excitation cross section
curves of KMG do not fully agree with ours and misses out
many structures shown by our cross section curves. We also
point out two major issues with the cross sections given by
KMG. Firstly, their Born corrected cross section for the 2 Iy+
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Figure 3. Cross sections for electronic excitation of BH form its X ' =% ground state to the first three singlet (left panels) and triplet (right
panels) excited states. The Born corrected cross sections corresponding to the allowed transitions are shown as dashed curves.

state (labelled as B ' X7 state in their work [16]) do not agree
with ours for energies greater than 10 eV. The likely cause
of this may be a lower value of the transition dipole moment
(TDM) used for the calculation of the Born correction. While
we find a TDM of magnitude 1.88 a.u. for X 'Y+ — 2 15+
transition, the value of the TDM quoted, and likely used, in
the calculations by KMG is 0.35 a.u. (converted from 0.8937
D givenin table 1 for the cc-pVTZ basis set calculation) which
is lower than ours. Secondly, the threshold for the X Iy+
1 3%+ used by KMG (labeled ¢ >+ in their work) appears to
be too high. Moreover, the shape of their cross section curve
for this excitation is very different form ours. From these con-
siderations, it seems likely that KMG have taken the 2 3yt
as their ¢ 3XF state, while the 1 3% was completely missed.
Accordingly, we therefore identify the ¢ 3%+ state of KMG
with the 23X state in table 1, rather than the 1 321 state.

5.1.3. Differential and MTCSs. Neglecting the projectile
spin state and the target rotational state, the DCS for

state-to-state transition from the target state i to a state j is
given by [31]

do ) i
— | =) AjPi(cos?), 4

i

where P, are Legendre polynomials, the coefficients Ag» are
found using the 7T-matrix, the details of which may be obtained
from [31]. An adapted version of the DCS code of Malegat
[31], that requires T-matrices from R-matrix calculation as
input, was used to calculate the elastic DCS below 10 eV.

The left panel of figure 4 shows our elastic DCS for
four values of the incident energies below 10 eV. All the
DCS curves show deep minima around 100°. Overall the
magnitude of the DCS decrease with increase of incid-
ent energy and are large in the forward and backward
directions.
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Figure 4. Left panel: elastic differential cross section for electron scattering from BH. Right panel: momentum transfer cross section
(MTCS). Shown also are the contribution to the MTCS for each symmetry.

Figure 4 right panel shows our MTCS which can be calcu-
lated from the the DCS using the relation

&)

OMTCS = /(1 —cosf) % dQ.

The MTCS cross section shows many features of the total
elastic cross section. Particularly, the broad peak near 1.5 eV
arising from the >YX* component and the sharp 2II resonance
near 2.5 eV is also visible in the total elastic cross section.
Leider et al [32] discuss the decay rate per photon for the
main spectroscopic band the dipole allowed A 'IT — X X+
band. The excitation rate is obtained by integration over a
Maxwellian distribution for electrons with which KMG [16]
calculate the decay rate per photon using the ratio of the ioniz-
ation plus dissociation rate to the excitation rate; this calcula-
tion also involved extrapolating cross sections beyond 10 eV.
We discuss our estimated dissociation cross section below but
have not calculated the ionization rate. It would appear, how-
ever, that our rate will be about 30% of that predicted by KMG.

5.14. Estimate of electron impact dissociation. The first
dissociation threshold of BH is about 3.53 eV and correlates
to the limit BCP)+H(S). The states approaching this dis-
sociation limit are the X '+, 1 3IL, 1 !II and the 1 !X~
states. To calculate the dissociation cross section, we assumed
that excitations to the states correlating to the B(P)+H(S)
limit above the dissociation threshold leads to dissociation
through the B(*P)+H(%S) channel. Thus for each incident
energy above the dissociation threshold, we calculated excita-
tion cross sections for the states approaching this threshold and
finally summed over the cross sections to get the dissociation
cross section for that energy. This method, although approxim-
ate, has always yielded fair estimates of the dissociation cross
section in earlier cases (see for example [33]).

Figure 5 shows the dissociation cross section through
the dissociation channel B(P)+H(2S). The cross section are
obtained using the Born corrected excitation cross sections
wherever applicable. Overall the cross sections decrease with
increasing incident energy due to opening of other competing

25
C 52 2
N:O 20 B('P)+ H(S)
ERES
S F
2 10
2
S S
O:IIlllII|l|||l|||||||||l|||l||
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Energy (eV)

Figure 5. Cross section for electron impact dissociation of the BH
molecule through the B(2P)+H(2S) dissociation channel.

excitation and dissociation channels. However, as no experi-
mental data is as yet available we are not in a position to com-
pare or give any accuracy of our data.

5.2. Bound states and resonances

5.2.1 Bound states. = The N+1 electron inner region can
represent a bound state in R-matrix calculations provided it is
made to satisfy appropriate boundary conditions for large val-
ues of the radial coordinate. In the present case, the R-matrix
was propagated to an asymptotic distance R,sy and matched
with exponentially decaying functions. Generally R,s, = 40ag
proved sufficient for bound state calculations, however for the
211 bound state calculation, a lower value of R.sy was some-
times needed. Also the R-matrix radius needed to be progress-
ively increased from 10ag at R =1 to 15a, for R = 7 ay to pre-
vent the inner region wave function from leaking out of the
R-matrix box. After the matching at R,y, the bound states can
be shown to be the roots of an energy dependent determinant
B(E), and were found by searching over a suitable energy grid.
The method is extensively discussed by Sarpal et al [34] and
is not detailed here to avoid repetition.

Our calculations found two bound states of IT and 4%~
symmetry both of which were reported by M&M [14] and
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Figure 6. Bound state PECs of BH and BH ™. Dashed curve: BH

X 'S3F ground state from present calculation. Continuous curves:
top—BH™ a *X~ bound state and bottom—BH ™~ X 2II ground state
from present calculation. Dotted curves: bottom—X 11 and

top—a *X 7 state of M&M. All curves from the present calculation
have been shifted down uniformly by 0.0714 Hartree. Reprinted
from [14], with the permission of AIP Publishing.

are shown in figure 6 after shifting all R-matrix curves down
uniformly by 0.0714 Hartree so that the asymptotic limit of
the BH™ a *¥~ curve coincides with that of M&M. We also
show the corresponding curves of M&M [14] (dotted curves in
figure 6) which agree reasonably well in shape and well depth
with the curves from our present calculation.

5.2.2. Resonances. It is well known that anionic reson-
ances play a very important role in dissociative electron attach-
ment (DEA) to neutral molecules. We therefore made efforts
to find anionic resonances in the e+BH system. For reson-
ance detection, the R-matrix was propagated to R,y = 120ay
and matched with asymptotic functions to obtain the K-matrix.
Resonances were detected and fitted to a Breit-Wigner profile
to obtain their energy position E and their width I' using the
RESON program of Tennyson and Noble [35] using an energy
grid 0.005 eV.

Table 3 shows some of the low lying resonances we detec-
ted at the BH equilibrium R, = 2.3285ay. The 21 resonance
has a narrow width and is a Feshbach resonance with 1 3II
state as its parent state since it lies above the X !X+ and below
1 311 states. The first 2%+ resonance appears in the SE calcu-
lation around 1 eV and has a large width of about 0.26 Ryd
~ 3.54 eV, due to which we think that that this should be a
shape resonance. The signature of this resonance can be found
in the 22 F component of the CC and SE elastic cross sections
(figure 2) as a broad peak near 1 eV. The next 2X. T resonance
appears above the 1 'II target state and is also a Feshbach res-
onance. The states immediately above the 1 I target state are

Table 3. Resonance positions and widths (in Rydbergs) of some of
the low lying resonances in the e-BH system at R. = 2.3285 ao.

State Position Width

Above X '3 state

S| 0.003 98
Iyt 0.07423
Above 1 ' state

Iyt 0.3057 0.0161

# Likely a shape resonance detected by time delay method and SE
calculation.

0.001 15
0.2581°

-25
-25.05

-25.1

2 2
25.15 B (P)+EH(S)
B CP)+H(S)
-25.2

Energy (Hartree)

-25.25

2 3 45 6 7 8
R(a,)

-25.3

= TTTTTTT

0.0025
0.0020
%; 0.0015
&
= 0.0010

0.0005

0.0000

I 125 15 175 2

R (ao)

225 25

Figure Z BH X 'S ground state, BH™ *II resonant state and
corresponding resonance width. Top panel: curve with
symbols—BH ™ 2II resonant state. Bottom panel: resonance width
for the II resonance.

the 13X~ and the 1 3% target state. From symmetry consid-
erations, the incident electron cannot bind to the 1 3~ state to
give the 2XF resonance. We are therefore of the view that this
resonance is likely to have the 1 3XF state as its parent state.
The starred curve of the top panel in figure 7 shows the 211
resonance we have detected. The resonance becomes bound
after R = 2.5ap and, since the resonance is of 2IT symmetry,
the resonance curve correlates with the B~(CP) + H(%S)
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asymptotic limit. We are able to detect a number of bound
states below the BH X '¥* ground state which, in our per-
ception, should correlate to this resonance. The process of cor-
relating bound states with the resonance is harder for anionic
resonances as they can not be categorised by their quantum
defects as in the case of neutral resonances (see for example
our work [36]). To construct the resonance curve in figure 7 we
have also interpolated the bound state at R = 3.4 ay to make our
curve smooth as we could not detect any bound state between
R=2.64.0 aop.

From figure 7 it is clear that the 2II resonance lies very
close to the BH ground state. Moreover, from the bottom panel
of figure 7 we find that the width of this resonance is also
very narrow, which means that this resonance is very stable
and almost bound. We tried to estimate the DEA cross section
using the approach of Munro et al [37], which uses model
potentials and a survival factor for the resonance, using the
211 resonance and its width at the equilibrium R, = 2.3285 aq.
However, we found the DEA cross section estimates too be
insignificantly small which is line with the fact that the reson-
ance is so low energy that exciting it does not leave the system
with enough energy to dissociate.

6. Conclusion

As discussed in the introduction, boronization of walls are
being tested at many tokamak facilities and is also expected
in the International thermonuclear experimental reactor ITER.
With the aim of providing both molecular and cross section
data on BH, which is expected to be present significantly in
tokamaks with boronized walls, in this work we extensively
study electron collision with BH. We provide the PECs of
the BH target states. Using the R-matrix method we provide
cross sections for elastic scattering, electronic excitation to the
first six excited states of BH, and, using the excitation cross
sections, we also provide an estimate of electron impact dis-
sociation through the lowest B(*P)+H(S) dissociation chan-
nel. We also provide elastic differential and momentum trans-
fer crosssections. Probably the most important excitation cross
section is X 'S+ — A 'TI (1 'II in our notation) since emis-
sion has been observed from the A ' state have been observed
in plasma reactors [38]. We note that a detailed spectroscopic
model, similar to that available for BeH/BeD/BeT [9], is under
construction at UCL.

We further investigated the BH anionic bound and resonant
states and are able to obtain two bound states, namely the X I
ground state and the a ¥~ excited state of BH™. These states
have been obtained before and our PECs agree reasonably with
those of earlier calculations of Mliordos and Mavridis [14].
Our calculations yielded a single resonance of 2II symmetry
which was unreported before. However, due to its very narrow
width, this resonance appears fairly stable and is not likely to
be an intermediate state for DEA. In fact, we found the DEA
estimates via this resonance too small to be significant.

Comparing electron collisions with BH and BeH leads to
some important differences. For BeH, the dominant electron

impact excitation is the dipole allowed X 2%+ — A 2II
excitation with a threshold of about 2.5 eV, the cross section
for which is nearly an order of magnitude larger than any of the
other electronic excitations considered [8]. It is this state for
which emission spectra are monitored [11]. For BH the cor-
responding excitation is the dipole allowed X 'S+ — A 'TI
(1 'TI in our notation) with a threshold just below 3 eV; emis-
sions from this state have been observed in plasma reactor
studies [38]. However, we note that our calculations suggest
that X '>F — A 'II cross section, while larger than other sing-
let excitations, is only about half that predicted for the corres-
ponding transition in BeH. Unlike BeH, BH has a lower-lying
higher spin state and our calculations also consider electron-
impact excitation of X 'Y+ — a 311 (1 31T in this work) with a
threshold of about 1.5 eV. While this excitation is not dipole
allowed, our calculations still suggest that in the 3 eV region
this excitation actually has a larger cross section than excita-
tion of the A 'I1 state.
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