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Abstract. We describe the UK computational implementation of the R-matrix method for the treatment
of electron and positron scattering from molecules. Recent developments in the UKRmol suite are detailed
together with the collision processes it is enabling us to treat.

1 Introduction

The properties of cool plasmas are dominated by elec-
tron — molecule collision processes. For example, in our
own atmosphere the process of dissociative electron at-
tachment (see Sect. 5) was originally proposed to explain
the ionisation balance in the ionosphere [1]. Similarly au-
rora [2] and lightning [3] are natural atmospheric phenom-
ena which depend on electron — molecule collisions to drive
processes such as electronic excitation.

Most of the Universe is a weakly ionised plasma and
electron — molecule collision processes are very impor-
tant in the cooler parts of it. As well as planetary auro-
ras [4] mentioned above, electron collisions initiate much
of the chemistry found in the interstellar medium [5] and
shocks [6]. Planetary nebulae [7], which are hotter inter-
stellar regions, are also influenced by processes involving
electron molecule collisions.

In a seminal experimental study Boudaiffa et al. [§]
showed that most of the energy deposited in cells by ion-
ising radiation is channelled into the production of free
secondary electrons with energies below 20 eV and that
reactions of such electrons induce substantial yields of
single- and double-strand breaks in DNA. These strand
breaks were associated with electrons trapped in quasi-
bound or resonance states on the basic components of the
DNA. These observations have sparked a host of studies,
both theoretical and experimental, on electron collisions
with DNA (and RNA) components [9].

The use of controlled plasmas for processing has been
a major driver of modern technology. This and other
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technologies rely on electron — molecule collisions. Every-
day examples include the spark plugs that ignite internal
combustion engines, electric lighting and many laser pro-
cesses. Electron collisions initiate interesting chemistries
which are exploited in processes based on plasma etching.
The importance of electron — molecule collisions, partic-
ularly at low energy, has of course stimulated significant
work both experimentally [10] and theoretically [11].

Low energy electron — molecule collisions are charac-
terised by a number of subtle interactions and many pos-
sible outcomes. It is perhaps not surprising that the pro-
totypical processes (listed in Sect. 5) are mainly sensitive
to collisions in this energy range. The ionisation thresh-
old marks the transition from the low to the intermediate
energy regime. Standard close-coupling approaches do not
give reliable results at intermediate energies.

There are a number of ab initio theoretical methods
available for treating low-energy electron — molecule col-
lisions, most of which have also been applied to positron
scattering. Competitive with the R-matrix-based meth-
ods, one of which is the subject of the present article,
are those based on the Kohn variational method [12,13],
and the Schwinger variational principle [14-16]. The whole
R-matrix method is the subject of a recent monograph by
Burke [17] and its specific use for electron — molecule col-
lisions has recently been reviewed by one of us [18].

The UK-molecular R-matrix codes, which are the
subject of the present article, are available as free-
ware. Morgan et al. [19] published an account of
the codes shortly after the original implementation of
a Gaussian type orbital (GTO) electron polyatomic
molecule code [20]. Since then the codes have undergone a
comprehensive re-write and modernisation, have a number
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of important algorithmic changes and have significantly
increased functionality. The suite is now called UKRmol.
It is therefore timely to report on the latest versions of
the code and the processes we are now able to investigate.
This is what we do here.

2 The R-matrix method

The R-matrix method and its application to electron —
molecule collisions have been described in detail else-
where [17,18]. Therefore, only a brief summary is pre-
sented in this section, with the emphasis on those parts of
the calculation whose computational implementation has
been recently updated. We work initially within the fixed-
nuclei approximation, in which the nuclei of the molecule
are held fixed during the collision, and solve the electronic
part of the problem. The information thus obtained can
then be used in calculations that incorporate nuclear mo-
tion. For example, rotational excitation can be described
within the adiabatic-nuclei rotation approximation [21].
The basic idea of the R-matrix method is the partition
of configuration space into an inner and an outer region,
separated (in most practical cases) by a sphere of radius a.
The electronic density of the target states of interest must
be contained inside the inner region. Exchange and corre-
lation between all electrons must be taken into account in
this region (only correlation effects with a positronic pro-
jectile, although these are stronger). The eigenfunctions of
the total Hamiltonian are expanded in the following way:
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where A is the antisymmetrization operator, w;;(zn+1)
are ‘continuum’ orbitals describing the scattering electron
and x, are the spatial and spin coordinates of electron
n. The continuum orbitals are generated by orthogonal-
izing to the target molecular orbitals (both those used
to describe the target states and extra orbitals used for
short-range correlation and polarization; see below) a set
of GTOs centred on the centre of mass of the system. The
use of GTOs to describe the continuum simplifies the inte-
gral calculation and ensures these are determined to high
precision. However, it also limits the size of the R-matrix
sphere (to around 15—18ag [22]) and therefore makes it
difficult to include diffuse (Rydberg) states in the calcula-
tion. ¢; are wavefunctions describing true or pseudostates
of the target molecule. x; are multi-centre quadratically
integrable functions known as L? functions, constructed
from the target occupied and virtual molecular orbitals
(MOs); they are used to represent short range correlation
and polarization effects. The coefficients a;;; and b, are
obtained by diagonalizing the matrix of order M:
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with HN+! the (N + 1)-electron Hamiltonian and L the
Bloch operator [17].
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Using the inner region wavefunctions and their associ-
ated eigenvalues, together with information on the target
molecule to define channels, the R-matrix is built at the
boundary between the two regions:
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where Fj, known as R-matrix poles, are the eigenvalues
from equation (2) and w;y are:

(3)
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The product ¢;Yi,m,= 1 defines the channels. The func-

tion = 1 is a one half electron spin function and Y}, are

i

spherlcal harmonics. The integration to obtain the w; is
performed over all space-spin coordinates except the ra-
dial coordinate of the scattering electron.

When the matrix to diagonalize is very large (when the
number of configurations goes into the hundreds of thou-
sands) an alternative procedure becomes necessary. The
partitioned R-matrix theory [23] requires only the lowest
m eigenpairs of equation (2) to be explicitly used when
building the R-matrix; the remaining terms are implic-
itly allowed for using an error correction procedure. The
expression for the R-matrix becomes:
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Details of the parameters Ey, s; and the error correction
term RS can be found in [24].

In the outer region, exchange and correlation can
be neglected and a single-centre multipole expansion of
the projectile-molecule interaction potential suffices. This
leads to a set of coupled differential equations for the func-
tions describing the radial behaviour of the projectile.

The set of differential equations is solved by propagat-
ing the R-matrix from the boundary to some large radial
distance (chosen such that the non-Coulombic potential
can be neglected beyond it). The radial wavefunctions are
then matched to asymptotic solutions of known form. In
this way, K-matrices are obtained.

The set of values chosen for [ and m of the spherical
harmonics describing the angular part of the ‘continuum’
GTOs determines the partial wave expansion. This expan-
sion converges rapidly for most cases; inclusion of just a
few partial waves (normally [ < 4) is usually sufficient.
However, this is not the case when the target has a per-
manent dipole moment, in which case we need to use the
dipole Born approximation to account for higher partial
waves [25].

The transition moments for the multipole expansion
are calculated from the wavefunctions of the target states
of interest in the first step of our calculations. For this
purpose, one must define a model for the description of
the target. That is, one must choose a basis set for the

(5)
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molecular orbitals, a method for generating said orbitals
and a configuration interaction (CI) model to produce the
multielectronic wave functions. The basis sets used are
standard (but sometimes adapted) quantum chemistry ba-
sis sets. To generate the orbitals, we run a Hartree-Fock
self consistent field calculation (HF-SCF), produce (state-
averaged if needed) pseudo-natural orbitals or feed the
program a set of orbitals obtained from an external quan-
tum chemistry code (for example, by means of a CASSCF
calculation).

Simple static-exchange or static-exchange plus polar-
ization scattering models employ a single configuration
wave function to describe the ground state of the target.
Otherwise the CI model is chosen so that several electronic
states of the target are well described using a single orbital
set. The quality of the target description is checked against
available experimental and computational data (excita-
tion energies, dipole and quadrupole moments, etc.).

For small target molecules, a CAS (complete active
space: all the possible configurations arising from dis-
tributing the electrons among the orbitals in the active
space are built) model ensures good balance between the
target and target + projectile calculations [26]. For larger
molecules, the need to include at least single excitations
from the active space into a space of virtual orbitals makes
it difficult to ensure balance a priori.

In many cases, it is appropriate to augment the close-
coupling expansion of equation (1) with a set of wave
functions ¢; that represent states that are not true eigen-
states of the target. This is known as the R-matrix with
pseudostates method (RMPS), developed initially in the
context of electron — atom collisions to treat the inter-
mediate energy range [27]. The method was adapted to
treat near-threshold ionization in molecules [28,29] but it
has proven fundamental for the accurate representation
of polarization effects: for example, in positron collisions
with non-polar targets, inclusion of pseudostates is essen-
tial for the description of the process (see Sect. 4.4). The
pseudostates are obtained by diagonalizing the target elec-
tronic Hamiltonian in a suitable basis of configurations.
A new set of orbitals, called pseudo-continuum orbitals
(PCOs), is introduced in the calculations. These PCOs are
expanded in terms of an even-tempered basis set [30] of
GTOs centred at the centre of mass of the system. Then,
on top of the usual configurations employed in the target
description (where all the electrons occupy MOs) another
set of configurations is included in which one of the target
electrons occupies a PCO.

3 The suite

The UKRmol suite is divided into two subsets of pro-
grams: UKRmol-in? and UKRmol-out?. The first set en-
compasses the programs required to run the inner region

! http://ccpforge.cse.rl.ac.uk/gf/project/

ukrmol-in/
2 http://ccpforge.cse.rl.ac.uk/gf /project/
ukrmol-out/
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part of the calculation; most of these, together with some
additional programs, are run to obtain the target proper-
ties (and the orthogonalized set of target orbitals). The
second encompasses the programs required to run the
outer region part of the calculation. An implementation
of the inner region set of programs based on the use of
Slater type orbitals for the description of the target and
numerical continuum functions, is available to treat colli-
sions with diatomic molecules [19,31]. This suite replaces
all the programs related to the calculation of integrals and
orbitals but uses the same programs for the construction
and diagonalization of the Hamiltonian (see below). We
will not describe the details of this suite here since it is
largely unchanged since the previous report [19].

The polyatomic UKRmol inner region codes are based
on the Sweden-Molecule quantum chemistry code of
Almlo6f and Taylor [32]. Figure 1 shows a flowchart describ-
ing the calculation of the target properties. The programs
involved perform the following tasks:

SWMOLS3 calculates the integrals between GTO basis
functions that will be used later on. This program takes
as input (in addition to a basis set) the geometry of the
molecule and the point group it belongs to.

SWORD orders the calculated integrals.

SWFEJK and SWSCF are run to obtain Hartree-
Fock Self-Consistent-Field molecular orbitals. Nowadays,
particularly for calculations involving several electronic
states, it is usual to use orbitals obtained from more so-
phisticated methods (e.g. CASSCF) and external stan-
dard quantum chemistry codes. The program MPOUTRD
has been developed to interface between MOLPRO [33]
and the UKRmol suite.

SWEDMOS performs the orthogonalization of the or-
bitals to be used in the calculation (which may not be the
whole set generated, for example, in the HF-SCF step).
The Schmidt technique is used for the orthogonalization.

SWTRMO performs the transformation of the inte-
grals labelled according to atomic orbitals to a set labelled
over molecular orbitals.

CONGEN generates the configuration state functions
(CSF's) to be used in the CI description of the target (even
if a single-determinant description is chosen, this and the
following program need to be run). The user input re-
quired in this program are the parameters defining the
specific configurations to be built.

SCATCI builds the Hamiltonian matrix for the system
using CSF's from CONGEN and the integrals transformed
by SWTRMO. This Hamiltonian is then diagonalized to
obtain the number of required eigenpairs.

GAUSPROP calculates property integrals for GTOs
required by the next program.

DENPROP builds the density matrices for the target
state(s) included in the calculation and determines the
transition moments. This program can also calculate the
polarizability of the target; although not used explicitly in
the calculations, it can give an idea of the quality of the
polarization description in close-coupling calculations [34].

Figure 2 shows the flowchart of an inner region calcu-
lation. The same (but not all) programs as in the target
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Fig. 1. (Color online) Flowchart for the target part of the
calculation. The blue boxes indicate programs in the suite.
The green boxes indicate the main output/input of the dif-
ferent programs. The purple boxes indicate alternative options
to produce molecular orbitals in the calculation. Full arrows
indicate the flow of the calculation, in particular those pro-
grams/input that feed into the following program in the suite.
The dashed lines coming out of the green boxes indicate input
for programs.

calculations are used with the addition of GAUSTAIL.
This program calculates the ‘tail’ integrals, integrals be-
tween the boundary of the R-matrix sphere and oo [20],
that are then subtracted in SWORD from those generated
in SWMOL3. GAUSTAIL requires as input the radius of
the R-matrix sphere. The choice of radius also defines the
continuum basis set that needs to be input to SWMOL3
in the inner region run.

When SWEDMOS is run in an inner region calcula-
tion, it performs two orthogonalizations: first, of the con-
tinuum basis set to the target molecular orbitals included

Eur. Phys. J. D (2012) 66: 58
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Fig. 2. (Color online) Flowchart for the inner part of the calcu-
lation. Blue boxes indicate programs in the suite. Green boxes
indicate the main output/input of the different programs. The
arrows indicate the flow of the calculation, in particular those
programs/input that feed into the following program in the
suite.

in the calculation (and generated and/or orthogonalized
in the target run). Then, the continuum orbitals are
symmetric-orthogonalized among themselves. The pro-
gram also generates the raw boundary amplitudes, that
is the amplitudes of the continuum orbitals at the bound-
ary between the regions (the amplitudes of the target or-
bitals are negligible by construction) necessary to build
the amplitudes defined in equation (4).

In an inner region run, all eigenpairs are in principle re-
quired in SCATCI and the CSFs built in CONGEN are of
the type indicated in equation (1). Since the Hamiltonian
for the system is block-diagonal (with P blocks, corre-
sponding to all possible space-spin symmetries of the N +1
system), P runs of CONGEN and SCATCI are performed.
Details of the diagonalization are presented in Section 4.3.

Figure 3 shows the flowchart for the outer region cal-
culation. As is the case for CONGEN and SCATCI, the
outer region suite is run for each space-spin symmetry of
the system. The programs involved are:

SWINTERF is an interface program that takes input
from the target run (target properties) and inner region
run (raw boundary amplitudes and eigenpairs) and pro-
duces two files containing channel data and data needed
to build the R-matrix at the boundary between the re-
gions. The user should indicate in the input how many of
the target states included in the close-coupling expansion
of the inner region are to be retained in the outer region
calculation.

RSOLVE generates the K-matrices by building the
R-matrix at the boundary between the regions and prop-
agating it to a radial distance (normally a few tens of
bohr) [35] where an asymptotic expansion provided by
module CFASYM [36] can be used and the results then
matched to asymptotic Coulomb or Bessel functions [37].
The scattering energies for which the scattering infor-
mation is required must be specified here. Once the
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RESON

BORNCROS

Fig. 3. (Color online) Flowchart for the outer part of the calculation. Blue boxes indicate programs in the suite. Green boxes
indicate the main output/input of the different programs. The arrows indicate the flow of the calculation, in particular those
programs/input that feed into the following program in the suite. PolyDCS is not part of the UKRmol suite; it was developed

by Sanna and Gianturco [40].

K-matrices are available several programs can be run to
obtain different scattering quantities and observables.

EIGENP calculates the eigenphase sum by diagonaliz-
ing the K-matrix.

RESON [38] uses the eigenphase sums to find and fit
resonances to a Breit-Wigner profile in order to determine
their energy and width. TIMEDEL [39] does the same,
but using the time-delay method. Both programs work
recursively in that they analyse the eigenphase sums for
possible resonances and call RSOLVE at a suitable grid of
energies before performing a fit.

TMATRX determines T-matrices from the K-matrices
via simple matrix operations.

IXSEC
T-matrices.

The K-matrices can be input into POLYDCS [40] to
obtain electronically elastic differential cross sections, ro-
tationally resolved integral cross sections and, also, to
complete the partial wave expansion through the inclusion

calculates integral cross sections from

of a Born-type correction in the case of polar target
molecules.

BORNCROS adds up the contribution of the differ-
ent symmetries to obtain the integral cross section and
also calculates an approximate Born correction both for
electronically elastic and inelastic cross sections [41].

BOUND [42] finds bound states of the N + 1 system.

There are a number of programs, not included in the
flowcharts, that are only run sporadically. For example,
PSN is a program designed to obtain pseudonatural or-
bitals from the diagonalization of density matrices ob-
tained in DENPROP. The program can state average
these orbitals using a set of user provided weights. Simi-
larly CDENPROP [43] is a new code that calculates tran-
sition moments for the inner region wavefunctions.

For the inner region calculation, it is necessary to have
a GTO ‘continuum basis set’. In order to obtain one we
use the following modules:

NUMCBAS evaluates Bessel and Coulomb functions
within the R-matrix sphere. GTOBAS [44] fits GTOs to
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the continuum functions generated by NUMCBAS. The
exponents of GTOs are optimized using the method of
Nestmann and Peyerimhoff [45].

In the outer region, the following programs are also
available:

ALIGN [46] enables the treatment of collisions with
oriented molecules.

MCQD [47] determines the multichannel quantum de-
fect for N + 1 states.

ROTIONS [48] calculates rotational excitation cross
sections for linear ions.

ZEFF calculates the energy-dependent annihilation
parameter Zeg in the case of positron collisions using inte-
grals computed in the inner region by GAUSDELTA [49].

4 Current developments

4.1 General strategy and community-based good
practice

The UKRmol codes are registered as projects on CCP-
Forge?, a collaborative software development environment
tool with overall administration and assistance by the
Software Engineering Group (SEG) of the UK Science
and Technology Facilities Council. CCPForge provides an
on-line repository for the codes, allowing version control
via Subversion*, user and developer forums and mailing
lists, bug reporting, tracking tools and more. The UKR-
mol molecular R-matrix suite can be downloaded from
CCPForge as official user releases and as developers’ pack-
ages, with associated test suites of example calculations.
The development of official test suites has enabled us to
test ported code, verify new code and validate backwards-
compatibility.

As part of the re-engineering of the UKRmol suite, it
was decided that new coding would be subject to agreed
‘best practice’ guidelines and rules to enable it to be long-
lasting, portable and understandable by large and dis-
parate groups of often transient developers [50]. It was
also decided that the existing ‘legacy’ molecular R-matrix
codes [19], some of which date back decades, should be up-
graded, as far as possible, to be consistent with these new
guidelines. The outer region molecular R-matrix codes
were comprehensively rewritten in a modular form by
Morgan in the 1990s [19], so the main developments of
UKRmol relate to the inner region codes.

The suite has been re-engineered using a hierarchy of
high-level scientific ‘functional’ modules and lower-level
‘utility” and ‘external interface’ modules used by the func-
tional modules as described in Section 4.2. All modules
are subject to agreed interfacing guidelines to avoid fu-
ture problems with backwards compatibility. The rules
and guidelines were influenced by the practical experience
of colleagues who are developers of the materials science
code CASTEP [51], which has been set up using similar

3 nttp://ccpforge.cse.rl.ac.uk/gf/
4 http://subversion.apache.org/
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‘best practice’ ideas for over a decade and which is cur-
rently the most downloaded code on CCPForge.

In addition the massively-parallel electron-atom outer
region code PFARM [52] has been adapted to accept in-
put data from UKRmol-in via a new UKRmol-out module,
QBinterface. It is currently undergoing testing as an al-
ternative option in UKRmol-out: a full description of this
development will appear in due course.

4.2 Coding upgrades

The aim of the UKRmol-in software re-engineering project
was to produce code compliant with the Fortran 95 stan-
dard [53] and that has a clear, unified, modular structure.
As such, the updated software is easy to maintain, port to
different computational platforms, and extend by adding
new functionality in the future.

The main translation and reformatting of the source
code employed the SPAG tool from the plusFORT suite of
utilities for Fortran programmers®. SPAG was configured
to perform the following:

— Conversion from implicit to explicit typing: all vari-
ables must be explicitly declared, and subprograms
contain the IMPLICIT NONE statement.

— Translation of DOUBLE PRECISION to REAL (kind-
parameter-name) in declarations.

— Rewriting of declarations in Fortran 95 style, for in-
stance adding INTENT statements.

— Translation of DO loops to Fortran 95 style (use of
END DO, EXIT and CYCLE).

— Translation of END statements to Fortran 95 style
END SUBROUTINE, END FUNCTION or END
PROGRAM, with the subprogram name appended.

— Old-fashioned control constructs, such as GOTO and
arithmetic IF, are replaced without changing the logic
of the code.

— Application of a consistent spacing policy within cer-
tain statements (e.g. END DO) and around various
operators.

— Application of consistent indentation patterns.

— Removal of clutter, such as unused variables.

The changes are conservative; some are cosmetic, in order
to improve the readability of the code, but others make use
of important security features available in Fortran 95 (such
as explicit typing and the INTENT attribute for subpro-
gram dummy arguments). Further changes were made in a
non-automated manner. Statement functions and ENTRY
statements, which are obsolete, were replaced using appro-
priate modern concepts. Variables stored in COMMON
blocks were moved into modules, from which the variables
are available via USE association.

In addition to changes made within each program in
the suite in turn, the data structures and organisation of
the source code between programs were also treated. A
policy of modularisation/abstraction was introduced, for

5 http://www.polyhedron.com/pf-plusfortOhtml
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both global data and global procedures, in order to en-
sure consistency between different programs and localise
the changes needed when updating the data or the pro-
cedures, thus improving portability and maintainability.
Routines duplicated in several programs were consolidated
into a single ‘utility’ module procedure. Modules contain-
ing data needed by many of the programs, such as pa-
rameters corresponding to physical constants, were cre-
ated with the variables they contain available via USE
association. A global treatment of the precision and/or
range of numeric data was implemented in such a way, by
defining a global parameter used in specifying the kinds
of constants, in type conversion functions, and as the kind
selector in the corresponding type declarations. Also, high-
level, scientific ‘functional’ routines no longer call low-level
subprograms directly, but only via interfacing (wrapping)
routines that arrange the required data in the necessary
forms and call the appropriate subprogram. Low-level sub-
programs that require interfacing include routines from
external maths libraries, Message Passing Interface rou-
tines and variables for parallel communication, timers,
I/0 functions and integer-packing routines specific to the
UKRmol programs. The interfacing subprograms are col-
lected into modules, at least one for each type of function-
ality (e.g. maths, communications, etc.).

All changes to the code were checked thoroughly be-
fore being committed to the version control repository:
unit tests were created for specific functionalities, and the
UKRmol-in testing suite of calculations was employed for
regression testing.

4.3 Hamiltonian construction and diagonalization

The construction and diagonalisation of the inner region
Hamiltonian matrix is the major computational bottle-
neck in the calculations. These steps rely on a Hamiltonian
construction algorithm tailored to be efficient for scatter-
ing wavefunctions of the form of equation (1) [54] and also
to deal with phase issues which arise from combining N
and N + 1 electron wavefunctions [55]. The construction
and diagonalization of both the N- and (N+1)-electron
Hamiltonian in the R-matrix inner region occurs within
the SCATCI program. It should be noted that SCATCI
deals with compound configuration state functions (CSFs)
which do not actually obey Slater’s rules.

The computational demands of diagonalising the
Hamiltonian matrices encountered in the code mean that
several diagonalization methods are implemented [18]:

— For small Hamiltonian matrices, when only a few
eigenpairs are required (that is, for target calculations)
a Davidson diagonalization procedure is used [56].

— When all eigenpairs are required and the matrix is
not too big, a full diagonaliser technique can be used;
LAPACK [57] divide and conquer full matrix diago-
nalisation routine dsyevd is currently employed.

— For large to very large Hamiltonians, particularly in in-
ner region calculations, the partitioned R-matrix tech-
nique is used [24] and iterative diagonalizers [58] can be

Page 7 of 11

employed to calculate a small percentage of the eigen-
pairs.

Upgrade work on SCATCI has focused on parallelising
subroutines involved in both the construction and diago-
nalization of the (N+1)-electron Hamiltonian. For prob-
lems in which the order of the Hamiltonian Matrix (de-
fined in equation (2)) is large (M > 100000), over 90%
of UKRmol-in compute time is spent within subroutines
associated with its diagonalization. In choosing numeri-
cal methods to diagonalize the matrix, we note the fact
that the partitioned R-matrix method requires less than
5% of eigenpairs for large matrices. In the majority of
cases, this matrix is extremely sparse (>99% sparsity,
see [59] for example). For these reasons we choose to em-
ploy iterative Krylov-subspace-based eigensolvers to com-
pute eigenpairs, due to their efficiency over direct methods
for such problem types. Since the kernel method of such
eigensolvers is sparse Matrix-Vector (spMV) multiplica-
tion, they also lend themselves to parallelization on both
shared memory and distributed memory architectures.

Our initial efforts have focused solely on paralleliz-
ing subroutines associated with the diagonalization. The
current serial version of SCATCI interfaces with the
well known ARPACK library [58] which is based upon
an algorithmic variant of the Arnoldi/Lanczos process
called the Implicitly Restarted Arnoldi/Lanczos Method
(IRAM) [60]. The ARPACK library adopts a reverse com-
munication interface which, in practice, means a spMV
multiplication mechanism needs to be provided when in-
terfacing to the library. In the current serial version of
SCATCI, spMV multiplication is implemented within the
subroutine MKARP. Within MKARP, the lower triangu-
lar part of the symmetric matrix of equation (2) is read
into RAM from a sequential access file (where it is stored
in an unordered coordinate (COO) symmetric storage for-
mat). In order to obtain the eigenvalues and eigenvec-
tors, a loop until convergence is performed with successive
calls to ARPACK’s DSAUPD subroutine, which requires
the reverse communication interface and where the spMV
multiplication mechanism is provided by us.

Most of the compute time within IRAM is spent in the
spMV multiplication stage and therefore our initial efforts
have focused on parallelizing this stage of the algorithm.
To this end, we have introduced simple modifications to
the existing serial spMV multiplication mechanism using
OpenMP DO directives. Since many of the subroutines
within ARPACK interface with LAPACK and BLAS sub-
routines, multi-threaded parallelism was also introduced
to these stages within the IRAM algorithm by linking to
optimized threaded LAPACK and BLAS libraries such as
Intel’s Math Kernel Library (MKL) with the inclusion of
relevant flags at compile time.

As the OpenMP parallelized version of SCATCI is lim-
ited to a single shared memory compute node, we have also
recently initiated the development of a scalable version of
SCATCI that can run on more than a single compute node
on distributed memory architectures. To this end we are
currently interfacing SCATCI with the Scalable Library
for Eigenvalue Computations (SLEPc) [61]. SLEPc is a
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software library for the solution of large scale sparse eigen-
value problems on parallel computers. The SLEPc library
is based on PETSc (Portable, Extensible Toolkit for Scien-
tific Computation) [62] data structures and it employs the
MPI standard for message-passing communication. The
three basic abstract PETSc data objects are index sets,
vectors and matrices. Built on top of this foundation are
various classes of solver objects, which encapsulate virtu-
ally all information regarding the solution procedure for
a particular class of problems, including various options
such as convergence tolerances, etc. The Eigenvalue Prob-
lem Solver (EPS) is the main object provided by SLEPc. It
is used to specify an eigenvalue problem, either in standard
or generalized form, and provides uniform and efficient
access to all of the eigensolvers included in the package.
There are several methods available for solving eigenvalue
problems within SLEPc¢ including the Arnoldi/Lanczos
method, the Jacobi-Davidson method and the Krylov-
Schur method, the latter being the default method (and
the one we currently use) due to its very effective restart-
ing technique.

Rather than writing the Hamiltonian to file, as is the
case in the serial version of SCATCI, in this MPI-based
version of SCATCI the Hamiltonian is built in parallel
on separate compute cores with each core subsequently
inserting its local sparse Hamiltonian matrix elements di-
rectly into a PETSc matrix object which is subsequently
passed to EPS as the operator that defines the eigen-
value problem. Various options are then set for a cus-
tomized solution, the problem is then solved and finally
the solution is retrieved. All interfacing with PETSc and
SLEPc within SCATCI is done via a set of Fortran call-
ing sequences within a newly introduced module known as
SlepcMod.

Testing of the new MPI version of SCATCI has re-
cently been carried out on the UK’s HECToR Cray XEG6
supercomputer® using phosphate as a target molecule
(M ~ 120000). For this small test case the new MPI-
based version of SCATCI has been shown to scale to 64
compute cores. Current development work is focusing on
balancing computational load over the compute cores, a
non-trivial task due to both the unstructured and unpre-
dictable nature of the matrix.

4.4 Positron scattering

The diatomic version of the code was adapted for positron
— molecule collisions some time ago [63-65] although
the results were generally disappointing. More recently
positron scattering has been re-implemented as part of the
polyatomic code [66]. In principle both implementations
are computationally straightforward; the changes require
the deletion of exchange integrals, a sign change for elec-
tron — positron ‘one-electron’ integrals and a relaxation of
the rules to allow the positron to occupy orbitals already
filled with electrons. In addition care must be taken with

5 http://www.hector.ac.uk
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spin coupling to ensure that the positron does not couple
electronic states of different spins.

In practice positron collisions are harder to treat than
electron ones as the attractive positron-electron correla-
tion effects are not well represented using the sort of stan-
dard close-coupling procedure which has provided good
results for electron collisions [63]. The real advance in
the positron collision calculations has been the use of the
RMPS method which gives a greatly improved treatment
of positron-electron correlation effects. It has been found
that provided high-l/ orbitals are used as part of the pseu-
dostate basis set, then very significantly improved results
can be obtained. So far the RMPS method and the new
code have only been used to consider positron collisions
with Hy [49], in a calculation which also obtained good
results for positron annihilation, and with acetylene [59].
The use of extended RMPS basis sets make these positron
calculations particularly expensive computationally and
further advances will rely on the use of improved diago-
nalisation procedures as discussed above.

5 Processes we study: some examples
of recent work

The processes that need to be considered in electron
molecule scattering are listed below in approximate or-
der of increasing electron impact energy. We have also
provided examples of recent calculations performed with
the UKRmol suite. The processes have been studied for
both diatomic and polyatomic molecules unless otherwise
stated. AB stands for a generic polyatomic molecule.

Elastic scattering
AB+ e — AB + €.

Integral and differential elastic cross sections are calcu-
lated routinely for small molecules [67], molecules of bio-
logical interest [68] and small molecular clusters [69].

Rotational excitation
AB(j") + e = AB(j') + e~
where j denotes the rotational state of the target.

Rotational excitation cross sections have been de-
termined for a number of small linear and non-linear
molecules [67,70,71] within the adiabatic nuclear rotation
approximation. Spherical, symmetric and asymmetric ro-
tors have been treated.

Vibrational excitation
AB(w" =0) + e = AB(V') + e~
where v denotes the vibrational state of the target.

Cross sections for vibrational excitation have so far
been limited to diatomic molecules (e.g. [72]).

Dissociative attachment: AB is neutral
AB +e —A" + B.
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Dissociative recombination: AB is positively char-
ged [73,74].
ABtY + e —A + B.

Calculations to determine the characteristics (position
and width) of resonances, necessary for the study of the
dissociative electron attachment and recombination pro-
cesses are carried out regularly both for small and larger
molecules [75-77].

Electronic excitation
AB + e —AB* 4e~

where the asterisk is used to denote an electronically ex-
cited state. Integral cross sections are a routine outcome
of coupled states calculations e.g. [78-81].

Impact dissociation:
AB+e A+ B+ e

which in practise usually goes via electronic excitation has
been studied extensively for the hydrogen molecule [82]
and its isotopologues [83], as well as for polyatomics in
reduced dimension [84].

Electron impact ionisation

AB + e”—ABT + 2¢™.

Cross sections for near-threshold electron ionization have
been calculated using the RMPS method for two-electron
molecules [28,29]. The related process of electron im-
pact electron detachment from anions has also been stud-
ied [85,86].

For positron collisions, work is currently limited to be-
low the positronium formation threshold [49,59] and deals
with elastic scattering (providing both integral and differ-
ential cross sections) and annihilation. Differential cross
sections are important not so much for direct comparisons
with experiment but to aid the measurement of elastic
cross sections due to experimental issues with collection
angles [87].

6 Conclusions

The developments to the UKRmol suite presented here
are enabling us to explore new processes and study big-
ger, more complex targets. However, there is still work to
be done. One of the limitations of the current implementa-
tion is that only calculations for relatively small (<18ag)
R-matrix radii are possible. This is due to linear depen-
dence arising between the various GTO basis sets used
when bigger radii are employed. Replacing the GTO de-
scription of the continuum orbitals with other types of
basis sets will enable us to use larger radii and describe
collisions in which diffuse electronic states are involved.
The work performed on the UKRmol suite over the last
30 months is part of a larger project (UK-RAMP) whose
aim is to develop a suite of high-quality computer codes to
describe not only lepton scattering from molecules but also
photoionisation by intense lasers. For this purpose, the in-
ner region programs are being adapted to drive the atomic
R-Matrix with Time-dependence (RMT) codes [88,89].
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Finally we note that the codes are distributed as free-
ware via the CCPForge repository. It is also possible to
run them using the Quantemol-N expert system [90].

This work was performed as part of the UK-RAMP consor-
tium which is an EPSRC funded HPC Software Development
Project. Support from STFC, NAG Ltd and Quantemol Ltd is
also gratefully acknowledged. We also thank the many users of
the codes for their input into the software development project.
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