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State of the art and motivations

Over the last decade, great experimental progress has been made in understanding the ultra-
fast electron dynamics occurring inside an atom [1]. The typical time it takes an electron to go
round a H nucleus is 150 attosecond (1.5 × 10−16 s). To capture motion on this timescale, it is
necessary to have a time resolution much shorter. Recently, ultra-short light pulses have been
generated which achieve this aim, with a record pulse duration of 67 as [2]. This type of light
pulse has enabled researchers to explore new science, including, for example, establising a time
delay of about 20 as between photoemission of a 2s or a 2p electron from Ne [3].
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Fig. 1: Snapshot of a two-electron
outgoing wavepacket during He pho-
toionization at high frequency [5].
The yellow quarter circle with a ra-
dius of 210 a0 corresponds to non-
sequential ionization where two elec-
trons share the absorption of a single
photon. The eyes at (300, 250) a0

and (250,300) a0 correspond to se-
quential ionization, where the elec-
trons have absorbed a photon each.

In-depth experimental understanding can only be ob-
tained through comparison with accurate theoretical calcula-
tions. Over the last 10 years, at Queen’s University Belfast,
we have developed time-dependent R-matrix theory and as-
sociated codes precisely for this purpose [4]. This theory is
unique in the world in that it can be applied to any atomic
system, and is capable of generating highly accurate data at
a wide range of laser light of experimental interest, ranging
from XUV to computationally demanding mid-IR light.

In intense light fields, the atom is likely to absorb many
photons. This can not only lead to the emission of a single
electron, but also to the emission of several electrons. In
fact, many of the leading experiments on dynamics rely on
such double ionization processes (the emission of two elec-
trons) to identify the ultra-fast dynamics occurring in atoms.
To describe double ionization, we have recently developed an
R-matrix approach which allows for the emission of two elec-
trons [5]. This approach was initially developed for He, but,
in collaboration with Daresbury Laboratory, we want to ex-
tend the technique to general systems, in collaboration with
Daresbury Laboratory.

Objectives & Methodology

Time-dependent R-matrix theory builds upon the suite of R-matrix codes which have been
developed at Queen’s University Belfast over the last 50 years, and have become one of the
standard codes used throughout the world [6]. Time-dependent R-matrix theory uses the same
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philosophy of standard R-matrix theory: use a detailed description of the wavefunction close to
the nucleus, and a more approximate description when one electron has moved far away from
the other electrons. Accurate codes have been developed, and they have demonstrated to be
world-leading in capability and accuracy.

To apply R-matrix theory to double ionization for general systems, research at Daresbury
Laboratory focuses on the adaptation of the basic R-matrix codes for general systems, whereas
research at QUB focuses on the development of the time-dependent codes for double ionization.
We are developing these latter codes using three-electron systems (eg Li and He−) as a test case,
since these systems share many characteristics with general atoms. Three-electron systems also
allow us to study new types of dynamics, such as spin dynamics, that cannot be considered by
any other code.

Currently, we have the time-dependent codes, which can describe electron-impact ionization
of He in an s-wave model, including multiple thresholds. Since both the impacting and the ion-
ized electron escape, this process tests all aspects of double ionization. To develop a code which
can handle general dynamics in intense light fields, we need to carry out several steps:

• The limitation to s electrons for the outermost two electrons needs to be lifted. The
innermost electron will initially be restricted to 1s. This will require a careful check of the
angular-momentum algebra routines within the existing code.

• Whilst restricting the calculations to two symmetries, we will introduce the laser field to
enable photoionization and double photoionization of Li. The laser field will introduce new
couplings throughout the codes, and new subroutines will need to be developed for this
treatment. The basic theory for this step has been described in detail in the literature.

• The restriction of the inner electorn to 1s will be lifted. If the above changes have been made
successfully, the main change to the codes will be the inclusion of long-range interactions
between the residual doubly charged ion and each of the outgoing electrons.

Each part in this substantial development represents a major step forward, where code devel-
opment will go hand-in-hand with application to new scientific problems to verify its accuracy and
to demonstrate its new scientific capability. Three-electron systems have received considerable
attention in high-frequency photoionization, e.g. [7], and therefore a wide range of comparisons
with experiment and theory are possible for static processes. However, the new code will have
the capability to identify the underlying dynamics in better detail, including, for example, the
importance of sequential ionization processes.

As part of the project, you will also receive extensive training in wider transferrable skills.
Students are strongly encouraged to avail of software development training courses organised by
the national high-performance computing centre. Students will also be able to present their work
at national and international conferences and workshops. They will develop their writing skills
through the preparation of manuscripts for publication in top peer-reviewed scientific journals.

Required skills

Applicants should have a solid understanding of quantum physics and of general mathematics.
An interest in the application and development of computer codes would be desirable, as would
an interest in numerical analysis.

Further information
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Queen’s University Belfast hosts an active group in the study of ultra-fast processes using
R-matrix theory. This group comprises 2 academic staff, and 3 Ph.D. students. The group has a
good record of Ph.D. student and PDRA success, during their studies and in their further career.

The group is one of the leading users of massively parallel computing, and has been awarded
millions of core hours on nationally and internationally leading facilities. Through development
of our own software, researchers trained in CTAMOP have gone on to become industry leaders
in the development and exploitation of parallel software.

For further information, please contact Prof. H. van der Hart h.vanderhart@qub.ac.uk
and/or Dr Andrew Brown: andrew.brown@qub.ac.uk.
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