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1. Summary of the impact (indicative maximum 100 words)

This study describes two atomistic methods that have been used to explain better the behaviour
and improve performance of materials. The research at Loughborough University from 2006-2013
has led to improved awareness and understanding in the areas of thin film growth and in irradiated
structural materials for nuclear power. It has also led to changes in the operational models that
Atomic Weapons Establishment (AWE) use. One of the algorithms developed has been
incorporated into standard quantum chemistry packages, due to its increased accuracy and
efficiency. The outcomes of the research have also contributed to changing UK government policy
with regards to working with India in the area of nuclear research.

2. Underpinning research (indicative maximum 500 words)
Multi-timescale algorithm

This computational method involves an extension of the molecular dynamics (MD) method to long
timescales [3.1, 3.2]. A major problem with MD is the limited timescales that can be modelled. This
is at most of the order of microseconds, because the numerical integration time step cannot
exceed ~ 10™°s. However, a typical deposition rate for thin film growth is 1 monolayer per second
so even to model the growth of a few layers would be computationally excessive using MD alone.
To extend the time scales, a new method has been devised in which the fast processes are
calculated by MD and then the slower transitions are calculated adaptively using a parallelised
saddle point finding algorithm. This method has been applied to the growth of thin films, giving
guidance to industrialists as to the optimum conditions for growth [3.1, 3.2]. Extended time scale
methods have also been applied to the modelling of radiation effects with applications to the
nuclear industry [3.3, 3.4]. This work was carried out at Loughborough University from 2006-2013.

Bader Charge Algorithm

Bader charge analysis is a way of dividing molecules up into atoms when solving Schrédinger’s
equation. The methodology solves two outstanding problems relating classical and quantum
descriptions of a solid.

The first application of the Bader method relates to the way in which charge is allocated to
individual atoms in a quantum mechanical system. In the classical description of the electron the
charge is well-defined, but in a quantum mechanical description of a solid what is calculated is a
charge density. The way to allocate charge density to atoms was developed by Richard Bader
[Atoms in Molecules OUP, 1994] but to do this in an accurate and numerically efficient way,
processing the output of quantum chemistry packages, has in the past been highly inefficient and
inaccurate. 3.5 and 3.6 describe the numerical method that not only does this accurately but also
scales linearly with the number of interatomic surfaces in the system, so now it is feasible on a
small computer. This improved method is currently used in conjunction with quantum chemistry
packages such as VASP and GAUSSIAN. The outline algorithm was initially devised by
Henkelman but corrected and improved at Loughborough University.

The second application of the Bader method allows potential energy in a quantum system to be
allocated to an atom. In a quantum description of a solid, the concept of a potential energy per
atom is not defined. The paper [3.5] uses the Bader charge allocation to define a potential energy
per atom in a quantum system in a unique way, which can then be used accurately to parameterise
classical potential functions, thus allowing computation of large systems of atoms beyond the
scope of numerical quantum calculations.

This work was carried out at Loughborough University from 2006-2009.
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Smith, R. (Lecturer and Professor of Mathematical Engineering: 1971 -), Kenny, S.D. (Senior
Lecturer and Reader: 2000 -), Sanville, E. (PDRA: 2006-2009), Scott, C. (PDRA: 2011-2013).

Research Students:
Vernon, L. (PhD: 2006-10) Funded by EPSRC grant on modelling functional coatings.

Robinson, M. (PhD: 2006-10) Partially funded by the Atomic Weapons Establishment (AWE) on
long time radiation effects in plutonium.

Scott, C. (PhD: 2008-11) Partially funded by Los Alamos National Laboratory.
Kittiratanawasin, L. (PhD: 2007-11) Partially funded by Los Alamos National Laboratory.
Bacorisen, D. (PhD: 2003-2007) Partially funded by Los Alamos National Laboratory.

Blackwell S. (PhD: 2009-2012) Partially funded by CREST (Renewable Energy Centre) at
Loughborough

The work was also funded by the EPSRC Materials Modelling Grant EP/C524322/1 for a
consortium of five universities, led by Loughborough. Project partners were Applied Multilayers and
Pilkington.
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The quality of this work is evidenced by the fact that [3.5] has over 400 citations and that work
using the methodologies in [3.1] was the subject of an invited publication due to a presentation at
the Materials Research Society meeting. Work in this area has also received grants totalling over
£800kK.

4. Details of the impact (indicative maximum 750 words)

The underpinning research detailed in section 2 and as evidenced by the publications and funding
detailed in section 3 has had impact in a number of areas. In the commentary below we detail the
impact that this research has made in five different areas.

The research [3.1, 3.2] has changed awareness and understanding within Pilkington and Applied
Multilayers (subsequently Power Vision) [5.1] of the optimized production conditions for depositing
optical thin film coatings with the best crystallinity and in the development of new transparent
conducting oxide materials. This has led to cost savings as it is difficult to vary growth conditions
and assess film quality experimentally, but through computer simulation it is possible to predict the
type of growth that will occur for many different choices of parameter values, and thus optimise the
growth process.-The research is further supported by funding from Asahi Glass.

The work has also been taken up by the nuclear industry following investigation of long time
evolution of irradiated materials and dose effects in radiation damage studies [3.3]. The impact in
the civil nuclear programme has been through an improved prediction of ageing effects in
irrradiated structural materials used in nuclear reactors and the behaviour of nuclear fuels. This
has also led to funding to optimise the safe disposal of nuclear waste.

The Bader charge algorithm developed within this research [3.5] has been incorporated into
standard quantum chemistry packages such as VASP and GAUSSIAN [5.2]; these packages are
used by thousands of research scientists internationally. The algorithm developed has completely
replaced the technigues that were previously used for this analysis.

Prof. Smith was invited by EPSRC to attend two meetings (one in London and one in Oxford) with
politicians and representatives of India’s Department of Atomic Energy. These meetings resulted in
a change of UK government policy towards nuclear collaboration with India with funding being
made available for joint projects [5.3].

The research has also changed the operational models that are used by AWE to understanding
ageing in the nuclear weapons stockpile as evidenced by the supporting letter [5.4]. The measure
of AWE's interest in this work is recognised through their continuing funding of research at
Loughborough for the last 7 years.

5. Sources to corroborate the impact (indicative maximum of 10 references)
The following sources of corroboration can be made available at request:
5.1. Letter from Power Vision Ltd, Herald Park, Crewe, Cheshire, CW1 6EA

5.2. Software downloadable from VASP Tools: Bader Charge Analysis
http://theory.cm.utexas.edu/vtsttools/bader/

5.3. Letter from Chief Scientific Advisor to the Foreign and Commonwealth Office
5.4. Letter from Modelling Team, AWE, Aldermaston UK
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