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1. Nuclear Physics in the 21 ' Century

Modern nuclear physics addresses fundamental issues relating to matter
created within 10™ s of the big bang and matter in exotic astrophysical environments
such as neutron stars. It explores the emergent properties of matter from the basic
interactions between quarks in baryons and mesons, to the shell structures of heavy
nuclei such as uranium and how such nuclei may be synthesised in supernovae
explosions. It therefore connects intimately with basic research in Particle Physics
and Astrophysics, and is highly pervasive technologically. As a discipline it
represents 99.9% of the mass of the visible universe.

Understanding the nature of strongly interacting nuclear matter stands as one
of the most challenging and most important scientific quests. This ambitious venture
aims at building a fundamental description of nucleons starting with the individual
quarks and gluons and ending with a description of nuclei and their structure. On the
nuclear scale, this ab-initio approach sets out with a description of the nucleon-
nucleon interaction and ultimately offers the possibility to accurately predict the
structure of any nucleus. Most current models of nuclei use effective (as opposed to
fundamental) interactions whose parameters are tuned to reproduce properties of
stable nuclei in their ground-states. It has been found that the best tests of these
models and their underlying assumptions has been to measure nuclear properties at
the extremes; of stability (the drip-lines), of charge (superheavy nuclei), excitation
and angular momentum. It is in these paradigms that the predictions diverge and will
also form the ultimate tests of the ab-initio approaches. It is the pushing back of our
knowledge of nuclei at such limits which acts as a driver for future UK research.

Remarkably, descending from an apparently chaotic many-body problem, the
nucleus can be described in terms of rather simple degrees of freedom, where
nucleons move in non-chaotic orbits governed by their average interaction with all
other constituents of the nucleus. Correlations between nucleons are manifest in
pairing or ultimately rotational or vibrational modes where all nucleons act coherently.
These simple modes are reflected in underpinning symmetries, which provide a
characteristic experimental signature. At the limits of existence new structural modes
have been observed, e.g. halo nuclei which possess a large volume of neutron
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matter with a compact core. Such systems provide sensitive tests of nucleon-nucleon
correlations. In the future it is likely that even more exotic structures will be found.
Understanding the forces and symmetries driving these transitions and their
connection to the strong interaction is of central importance.
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At the sub-nuclear level, surprisingly, the structures of the proton and neutron
remain unfixed. Whilst most textbooks would suggest a simple system composed of
3 spin 1/2 quarks, experimentally this is found to be far from the truth — only 30% of
the proton arises from the spin of the quarks. The remainder is a ferment of gluons
and virtual particles, which conspire together with the quark orbital motion to give a
spin of 1/2 — how remains a mystery. New experiments with improved sensitivity are
being developed to answer such questions. This challenge of describing nucleons
within the framework of Quantum Chromodynamics (QCD) complements that of
understanding the nucleus from the interaction of the constituent nucleons.

The most extreme test of nuclear matter occurs when nuclei collide at
energies at which the energy density reaches 0.7 GeV/fm® (5 times normal nuclear
matter density). At such densities the nucleons dissolve into their quark constituents,
undergoing a phase transition. This provides a laboratory test of the nature of matter
a short instant after the Big Bang. A description of such a phase of strongly-
interacting matter within QCD remains a challenge, as does its experimental
characterisation.

Extremes of matter also occur in the cataclysmic death-throes of stars:
supernovae. It is here that half of the elements above iron are synthesised, but
exactly how is unknown. Generically the mechanism is referred to as the r-process,
which encapsulates a series of rapid neutron-capture reactions. However, the
guestion of the site of the r-process and if there is a single r-process, or many,
remains to be answered. These reaction rates are so fast that the path proceeds
through nuclei which are so neutron-rich, exotic, that they are not naturally occurring.
It is only now that we are just beginning to synthesise them in the laboratory and
accurately determine their properties. This endeavour is a key scientific challenge for
Nuclear Physics.

In the present energy climate in which there will be a strong investment in
Nuclear Power, the UK’s Nuclear Physics groups provide highly trained Masters- and
PhD-level graduates for the Nuclear Power, Radiological and Oncology sectors.
Applied research performed by these groups is also having an impact in homeland
security and medical and industrial imaging.
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2. International Context

In recent years there have been a number of influential reviews of Nuclear
Physics within Europe (Nuclear Physics European Coordinating Committee
[NUPECC], 2004 “Perspectives for Nuclear Physics in Europe in the Coming Decade
and Beyond” (an update to this is underway)), the US (Nuclear Structure Advisory
Committee [NSAC] Dec. 20072 “The Frontiers of Nuclear Science — A Long Range
Plan™) and Worldwide (Organisation for Economic Co-operation and Development
(OECD) May 2008° “Report of the Working Group on Nuclear Physics”). These
provide a detailed discussion of the nature of international nuclear physics research,
the research communities and the key scientific goals.

This research endeavour represents a major scientific and monetary
commitment worldwide, with close to $4 billion being spent on new projects, of that
approximately $2 billion in Europe. This investment recognises the importance of the
above scientific goals and moreover the manifest benefits to society which uniquely
comes with Nuclear Science. The total number of people engaged in Nuclear Physics
research worldwide is 13,300 (6,600 PhD level scientists, 2,900 graduate students
and 3,800 in support roles) with an average spend per researcher (scientists plus
graduate students) of ~£130k per year.

The scientific areas identified in the OECD report as being the most important
are summarised as

Is QCD the complete theory of the strong interaction?

What are the phases of nuclear matter?

What is the structure of nuclear matter?

What is the role of nuclei in shaping the evolution of the universe?

What physics is there beyond the Standard Model?

The NUPECC (Europe) and NSAC reports(US) also highlight the topics of
Nuclear Structure, Nuclear Matter, Quantum Chromodynamics, Nuclear Astrophysics
and Fundamental Symmetries and Neutrinos. Within these areas the emphasis is on
a series of more detailed questions, which overlap strongly with those set by the UK
community.

3. The UK Scientific Programme

The research goals driving the UK programme are strongly aligned with those
identified internationally, indeed several of those listed above are strongly influenced
by advances made by UK researchers. The UK has a very strong track record in the
study of Nuclear Structure, Nuclear Reactions, Nuclear Astrophysics, Hadron
Physics and Relativistic Heavy lon collisions, and the focus of the future programme
draws strongly on this established expertise. This places the UK in a position to take
scientific leadership and make a strong impact in key areas. The scientific
programme that forms the basis for the proposed research over the next 10-15 years
considers the international context, the strengths and demographics of the UK
community, and has been arrived at in consultation with the community (see section
11). This programme is broken down into 3 themes, underpinned by specific
guestions.

! http://www.nupecc.org/pub/lrp03/long range plan 2004.pdf
2 http://www.er.doe.qgov/np/nsac/nsac.html
3 http://www.oecd.org/dataoecd/35/41/40638321 .pdf
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3.1 Science Questions

Nuclear Physics is answering questions which define our understanding of systems
from the largest (astronomical) to the smallest (hadronic) scale.

What are the Origins of the Elements?

- How, and where, were the heavy elements synthesised?
What are the key reaction processes that drive explosive astrophysical events
such as supernovae, and X-ray bursts?
What is the equation-of-state of compact matter in neutron stars?
What are the nuclear processes, and main astrophysical sites, that produce
the -ray emitting radionuclides observed in our galaxy?
How do nuclear reactions influence the evolution of massive stars, and how
do they contribute to observed elemental abundances?

What is the Nature of Nuclear Matter?
What are the limits of nuclear existence?
How do simple patterns emerge in complex nuclei?
Can nuclei be described in terms of our understanding of the underlying
fundamental interactions?
What is the equation-of-state of nuclear matter?
How does the ordering of quantum states change in extremely unstable
nuclei?
Are there new forms of structure and symmetry at the limits of nuclear
existence?

How do the properties of hadrons and the quark-gluo n plasma emerge from
fundamental interactions?
What is the mechanism for confining quarks and gluons in strongly interacting
particles (hadrons)?
What is the structure of the proton and neutron and how do hadrons get their
mass and spin?
Can we understand the excitation spectra of hadrons from the quark-quark
interaction?
Do exotic hadrons (multiquark states, hybrid mesons and glueballs) exist?
What are the phases of strongly interacting matter and what is the nature of
the quark-gluon plasma?
How do nuclear forces arise from QCD?

The overlap with the priorities identified in the NUPECC, OECD and NSAC
reviews is large, with the exception that the UK Nuclear Physics Community has no
current plan to develop projects strongly linked to neutrinos. This stems from the
desire to exploit the current UK'’s strengths and leadership.

3.2 Nuclear Astrophysics/What are the Origins of th e Elements?

A major theme of modern nuclear astrophysics is the intimate interlinking
between the reactions and structure of unstable nuclei, and explosive astrophysical
events in the Cosmos responsible for the origins of the elements. The origin of the
heavy elements has already been highlighted as a key challenge. Over half of these
elements are thought to be produced by the astrophysical r-process which involves a
rapid accumulation of neutron-captures, driving far away from the line of stability
followed by their subsequent -decay. Modern telescope observations of metal-poor
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stars are revealing relatively robust r-process signatures of elemental abundances,
but the astrophysical origin of this process remains a mystery with possible sites
being supernovae and merging neutron stars. In order to understand the conditions
of temperature, and neutron density, for the r-process it is absolutely essential to
measure the properties of the hitherto inaccessible very-neutron-rich nuclei on the r-
process path. Theoretical predictions suggest a quenching of nuclear shell structure
in these regions that could profoundly influence the path of the r-process. The
NuSTAR collaboration at FAIR will be able to access and measure for the first time
the key properties of vast swathes of these r-process nuclei (see A2.10). EURISOL
will also provide intense beams of waiting point r-process nuclei south of **Sn via
high energy fragmentation of fission products.

Astrophysical X-ray bursts now, being measured extensively in satellite
telescope missions such as Chandra, are thought to be generated by thermonuclear
explosions in the atmospheres of neutron stars in close binary systems. The
enormous spikes in X-ray emission are triggered by a few key reactions of unstable
nuclei occurring via isolated resonances. These reactions allow the flow of material
from the hot CNO cycles into the region of the astrophysical rp-process (rapid proton
capture), with the processing of material possibly extending as far as the region
around doubly-magic '®Sn. Direct measurements of the key triggering reactions in
the energy region of astrophysical interest require intense low energy radioactive
beams from new generation ISOL radioactive beam facilities (e.g. presently the ISAC
facility TRIUMF, in the future EURISOL). The static properties (mass, lifetime) of
heavier proton-rich nuclei determining the path and extent of the rp-process along the
vicinity of the proton drip-line will be studied by the NUSTAR collaboration at FAIR.

The observation of -ray emission lines from radioisotopes (e.g. 2°Al, ®Fe)
shows that nucleosynthesis is ongoing in the cosmos. Determining the astrophysical
origins of these lines and utilising the information they potentially provide us on the
nature of stellar explosions, e.g. novae, is a major challenge for nuclear astrophysics
(see A2.8). A few key reaction rates involving radioactive nuclei need to be
determined in order to estimate -ray fluxes from potential stellar sites.
Measurements of these reactions, which are generally dominated by the location and
properties of resonances in the compound system, require intense, high-quality
radioactive beams from ISOL facilities. This will be a prime focus of the UK-ISOL
initiative described in section 7.4.

The equation-of-state of nuclear matter and the structure of matter of neutron
stars are directly linked. A key issue is how the nuclear equation of state evolves as a
function of isospin (neutron-proton number asymmetry). At FAIR, high energy beams
of unstable nuclei will be used to induce reactions with beams across a wide range of
isospin. For example, first measurements will be performed on the excitation energy
of the giant monopole resonance (the collective breathing mode of the nucleus)
across a wide range of isospin — this information, reflecting the nuclear
compressibility, is vital to predict and understand the structure of matter in the
surface region of neutron stars.

In addition to driving experimental effort in these areas at many international
laboratories, the UK plays a leading role in the design and development of novel
detection systems to address the particular experimental challenges of this field, for
example TUDA at TRIUMF and AIDA at GSI.

The study of nuclear reactions affecting the evolution of massive stars, and
the relative abundances of key isotopes such as *2C and *°0, vital for life, represents
the low energy frontier of nuclear astrophysics. Here the challenge is to make direct
measurements of key reactions, e.g. **C( , )*®0, *C(*?C,p) and **C(*?C, ), in the
low energy/temperature Gamow window in which burning takes place driving slowly
evolving quiescent stars. The fusion cross-sections are extremely low and ultimately
background from cosmic rays prevents access into this energy regime. The Boulby
mine potentially represents an ideal location for a low energy accelerator facility to
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make the first measurements in this ultra-low energy regime for certain key reactions.
This is the objective of the ELENA proposal which should be granted funds to
conduct a detailed feasibility study.

3.3 What is the Nature of Nuclear Matter?

One of the most significant challenges for modern nuclear physics is to
understand how to build nuclei from first principles, i.e. ab-initio. The significant
obstacles which must be surmounted are (i) understanding the two-body nucleon-
nucleon interaction within a complex nucleus and the role of three-body forces,
whereby the interaction between two nucleons is modified by the presence of a third,;
and (i) mastering the computational complexity required for such calculations. Large
scale computing facilities now permit ab-initio calculations up to A=12, i.e. ?C. These
calculations already reveal that light systems are extremely complex and fascinating.
Rather than being a homogeneous collection of neutrons and protons, nucleons can
cluster into alpha-particles (Be), or weakly bound neutrons can form an extremely
extended diffuse cloud around a compact core, so-called halo nuclei (e.g. °He).
These results agree remarkably well with experimental observations. Despite the fact
that the ab-initio models can reproduce the experimental properties of the lightest
systems, there is an indication that they begin to diverge from the experimental
binding energies at the present limit — indicating that our understanding of the
nucleon-nucleon interaction is not complete (see also A2.12). UK groups have made
important contributions in determining the structure and spectroscopy of such light
systems (see A2.6). They will lead measurements to determine the structure at the
limits of nuclear existence.

Another signature that suggests current models of nuclei are only well
adapted to the description of stable nuclei comes from an astrophysical source. The
measured abundance of elements is strongly influenced by the r-process (rapid
neutron-capture in explosive astrophysical environments, such as supernovae)®.

Figure 2. Measured elemental
abundances (data points)
compared to a prediction (solid
lines) using a conventional mass
model.

The peaks and troughs in the abundance pattern are strongly influenced by
magic neutron numbers. However, these are not those of stable nuclei, which are
well known, but those of unstable radioactive neutron-rich systems populated in the r-
process. The abundances calculated using a mass model well adapted to describing
stable nuclei and their magic numbers fails to describe the abundance pattern —
indicating we may not know the structure of very neutron-rich systems and hence
also the nature of the nucleon-nucleon interaction at this extreme. The properties of
many of these nuclei will be measured by UK groups for the first time at the
fragmentation facility FAIR (see A2.10).

Mechanisms for modifying shell structure have recently been the subject of
intense experimental and theoretical effort. The ability of modern radioactive beam

* Kratz, K.-L., Bitouzet, J.-P., Thielemann, F.-K., Méller, P., & Pfeiffer, B. 1993, ApJ, 403, 216
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facilities to accelerate nuclei with varying ratios of neutrons to protons (isospin) has
allowed a characterisation of the nature of the n-p interaction inside the nucleus. This
has revealed that the monopole part of the nuclear tensor-force has a strong
dependence on the occupancy of particles in particular single-particle orbits.
Depending on this occupancy the energy of the orbital can shift, creating new shell
structure. The UK has made important contributions to understanding how shell-
structure evolves with isospin and the occupancies of single-particle orbitals (called
spectroscopic factors) and will lead experiments at future radioactive beam facilities
to map out the evolving shell-structure in very neutron-rich systems, particularly
those involved in the r-process. The UK also leads research into the structure of
nuclei at the other extreme of nuclear existence and isospin, i.e. at the proton drip-
line (see A2.9). Determining the occupancies of single-particle orbitals for very exotic
nuclei has been one of the major contributions of UK theory. This has relied upon the
recognised expertise that the UK theory community has in modelling nuclear
reactions (see A2.5).

One of the most challenging frontiers is the synthesis of the heaviest
elements which can exist. Recently element 112, formed in the laboratory at GSI,
Germany, was named Copernicium. Remarkably, it has also been possible to
characterise its chemical properties and thus to place it into the periodic table. To-
date the heaviest element produced is118. A major goal of nuclear physics will be
attempting to synthesise even heavier elements. In such systems the Coulomb self
energy is sufficient to blow the nucleus to pieces and such nuclei owe their stability to
enhanced binding due to shell structure. Understanding the nature of the nuclear
shells in this extreme environment requires ingenious experimental measurements of
the spectroscopy of very heavy nuclei — the UK has led the field in such
measurements and this continues to be a strong research strand (see A2.1).

The effects of the nucleon-nucleon interaction inside the nucleus are not only
responsible for shifting shells, but between the shell gaps the interaction can
generate coherent, or collective, motion of nucleons. This gives rise to a rich
spectrum of collective properties such as rotations and vibrations, much as in atomic
molecules. The most dramatic example was the discovery of superdeformed nuclei
(with an axis ratio of 2:1) which rotate at frequencies close to 10%° Hz, the UK played
a leading role in this work. These collective modes often arise in nuclei with rather
symmetric static deformations, e.g. prolate, oblate or octupole. How these
deformations emerge from a complex, chaotic, many-body system is yet to be
properly understood and such symmetries in turn reveal the nature of the nuclear
Hamiltonian and thus are informed by the nucleon-nucleon interaction. Recently, new
dynamical symmetries have been suggested which provide a challenge to our
understanding of nuclear structure. The UK has a strong experimental programme in
the study of collective properties of nuclei and this places the community in an ideal
position to make the key advances in this field (see A2.3 and A2.7).

3.4 How do the properties of hadrons and the quark-  gluon
plasma emerge from fundamental interactions?

The visible matter in the Universe, or more precisely the baryonic matter that makes
up almost all of it in terms of mass, is made of quarks and gluons, whose interactions
are described by Quantum Chromodynamics (QCD).

Ever since QCD was established as the best candidate for a theory of
interacting quarks and gluons and ultimately all aspects of the strong interaction, it
has been an important question how to link the observed properties of hadrons to this
underlying theory. The difficulty of understanding the details of confinement—the fact
that we cannot liberate the basic constituents of the model—means that it is also
crucial to understand how the properties of hadrons change in a nuclear environment.
In one limit that could be a heavy nucleus, or at the other a neutron star, or even a
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fireball of hot and dense matter, where we get an ideal fluid of quarks and gluons.
These questions can only be answered by experiments that can be compared to
QCD predictions.

This area of nuclear physics is strongly driven by both theory and experiment
and in the theoretical approach there is a strong cross-over between the particle
physics and nuclear physics communities. The most direct computational tool is
lattice gauge theory, which tries to simulate QCD from the basic ingredients. On the
other hand, chiral perturbation theory and effective field theory start from the effective
degrees of freedom at low energy. In recent years these have been instrumental in
understanding how nuclear forces arise from QCD, as well as other properties of
hadrons and their reactions at low energy. Such theories rely on precision
experiments, e.g. as performed at MAMI. As we move to higher energies—as with
the MAMI upgrade, JLAB and PANDA—we are going to require novel theoretical
approaches. The UK community has a lead role in the PANDA project and holds
important positions within collaborations at JLAB. The UK is seeking to develop the
programme at JLAB at higher energies with the JLAB-upgrade.

One of the important reflections of confinement is in the properties of
individual hadrons. Since the proton spin crisis of the 1990s, we have learned that a
proton's spin comes not only from the spin of its quarks, but also from the quarks'
orbital angular momentum. A small amount of the proton's spin is also expected from
the gluons. The natural approach to this complete analysis is through generalised
parton distributions (GPDs), which offer a way to show a three-dimensional picture of
the nucleon. The programme at PANDA and JLAB will make major inroads in this
area (see A2.11). The UK will make major contributions in designing and building the
experimental programme at both facilities, e.g. the recently funded dipole
spectrometer magnet at PANDA.

An analysis of the complete spectrum of hadron resonances, to be attempted
at PANDA and JLab, will help us improve the theoretical models, and ultimately help
us understand which states are not described mainly by quarks, but are exotic, such
as glueballs made of gluons only, or hybrid states which are a mixture of quark and
gluon states. One such state, the f0, has been recently analysed.

Another question of key interest is the interaction of simple charmed mesons
with hadrons - the heavy quarks in such mesons should make a theoretical analysis
easier. The PANDA experiment will produce a large number of such mesons, and
should thus be able to shed light on details of confinement and QCD.

Finally, there is key interest in the phases of strongly interacting matter and
the nature of the quark-gluon plasma. It has now been established that the quark-
gluon plasma behaves much like an ideal liquid. This state played a crucial role just
after the Big Bang, but is yet to be understood in detail. The ALICE experiment at
CERN will allow us to probe the properties of this state in more detail. The UK has a
very strong track record in this area having worked on the earlier experiments at
CERN and RHIC (see A2.4). They have had the responsibility for building the ALICE
trigger.

4. Structure of the Community

The number of tenured positions in the community is ~55, 5-6 are associated
with theory and the remainder are experimental positions. These are distributed over
ten groups at the Universities of Birmingham, Brighton, Edinburgh, Glasgow,
Liverpool, Manchester, Surrey, West of Scotland, York and the STFC Daresbury
Laboratory. The community is presently engaged in research programmes
investigating Nuclear Structure and Reactions, Nuclear Astrophysics, Hadronic
Physics and the Physics of Relativistic Heavy-ion Collisions. Many academics work

5 Phys. Rev. Lett. 102, 102001 (2009)
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in more than one of these areas, but the division of effort between the themes is
approximately 70%, 10%, 15% and 5%. Nuclear theory activity is in the area of
Nuclear Structure and Reactions and Hadron Physics. There are also elements of
the Lattice QCD community at Swansea and Southampton who have interests in
modelling properties of the “Quark-Gluon Plasma”.

5. Modus Operandi and Funding

Nuclear Physics moved from EPSRC to STFC in 2007. In EPSRC the funding
was through responsive mode grants. The focus was largely exploitation facilitated
by equipment development. The research programme is typically intellectually driven
with measurements being performed at appropriate facilities capable of delivery of
the required beams (of nuclear isotopes, electrons and antiprotons), with suitable
quality and intensity. Access to these overseas facilities is typically via an
International Programme Advisory Committee (PAC), where scientific proposals are
ranked in accordance with potential impact and quality. At the most competitive
facilities the acceptance rate can be as low as 1in 3, or even 1 in 4. A list of facilities
which are currently exploited is provided in Appendix 1. Access is largely without
subscription (unlike other STFC areas) investment in the experimental infrastructure
(funded through the grants line) being the quid-pro-quo.

Under STFC there is a balance between exploitation and project grants, the
latter are largely dedicated to equipment construction. The current funding for
Nuclear Physics within STFC is ~E10M per annum. Approximately 1/3 of this
supports projects such as AGATA, PANDA and NUSTAR. Since the transfer to
STFC there has been one Rolling plus Standard Grants (RG plus SG) round and one
Standard Grants only (SG) round. The 25% cut to the money allocated to the RG and
SG together with the transfer of ALICE funds from PP to NP being withdrawn,
impacted strongly on the fraction of the programme funded. Following the RG round,
42% of academics were left without exploitation funding®. The numbers of support
staff which numbered 40 PDRAs, 17 Core posts and 15.6 Cross Community
Positions (total 72.6) fell to 15.4, 11.2 and 17, respectively (total 43.6). In the
subsequent SG round ~5 further PDRA positions were funded and an additional 12.5
PDRA positions through project grants associated with AGATA, PANDA, NUSTAR
and PIPPS and PRD projects. This represents a marked reduction in the overall
researcher support for Nuclear Physics, most notably the number of PDRAs
associated with the exploitation element — this fell by 50%. The balance of the
programme between exploitation and project funding is discussed in section 8.3.
Funding per researcher is ~£50k/year, which should be compared with that found in
the international survey (section 2), this is also at a lower level than the STFC
investment in Particle Physics and Astronomy which are at least a factor of 2 higher.

6. Current Programme

Figure 3 shows the present UK Nuclear Physics research programme and the
link between physics themes/questions, facilities and the current projects: AGATA,
PANDA and NUSTAR. The experimental programme is largely exploitation and
driven by intellectual ideas submitted to Programme Advisory Committee with the
choice of experimental facility being dictated by the availability of nuclear isotopes as
beams, beam intensity and beam quality. In addition, the availability of particular
experimental infrastructure, i.e. detectors and electronics is influential. Over the last
10-15 years, through responsive mode grants, the UK has invested in the
experimental infrastructure of a great many laboratories worldwide; these are shown
in the pink coloured boxes in Figure 3. What is clear is that there is a complex
relationship between particular physics themes and experimental facilities (blue line

® STFC-NPGP, Grant Round 2007/8, Final Report to PPAN, 10th June 2008

= 10 =




Report of Nuclear Physics Advisory Panel
The physics of Nuclei, Nuclear Matter and Nucleosynthesis

in Figure 3). This implies that ranking experimental facilities against one another
does not lead to a meaningful prioritisation. However, it is clear that there is a
reasonable balance of experimental effort between the three physics themes. The
red lines in Figure 3 show the proposed location of the projects at facilities; the
AGATA detector being used at several locations. Green lines show the connections
between projects and physics themes.

Nuclear theory input into the present research programme from the
Manchester and Surrey theory groups mainly addresses questions of nuclear
structure, the use of nuclear reactions to probe nuclear properties and on the topic of
hadronic physics. The Surrey group have a strong track record of nuclear reaction
theory and a particular highlight of that has been the work on extracting information
on the shell-structure of nuclei from nucleon-knockout reactions. Manchester has
developed the coupled-cluster approach for the calculation of the properties of light
nuclear systems, which is now being extended to more complex nuclei. The group
have also contributed to the emergent understanding of two and three nucleon forces
from a QCD-motivated approach. The work on hadronic systems has resulted in
developing an understanding of electromagnetic polarisabilities as a probe of the
structure of the nucleon. Groups at Swansea and Southampton are also involved in
Lattice QCD simulations.
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Figure 3. Present Nuclear Physics Programme
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7. Current and Future Projects

7.1 AGATA

Each major technical advance in gamma-ray detection devices has resulted in
significant new insights in nuclear science. The UK nuclear-physics community
pioneered the development of large gamma-ray spectrometer arrays and was
responsible for many of the novel technical advances. The next major step in gamma-ray
spectroscopy achieves the ultimate goal of a 4p germanium array through the technique
of gamma-ray energy tracking in electrically segmented germanium crystals. A gamma-
ray tracking system involves measuring the position and energy of every gamma-ray
interaction in a detector so that the path and sequential energy-loss of a single gamma
ray can be deduced. The resulting spectrometer will have an unparalleled level of
detection sensitivity to nuclear electromagnetic radiation. Its sensitivity for selecting the
weakest signals from certain exotic nuclear events will be enhanced by a factor of up to
1000 relative to its predecessors, making it ideally suited to be used in conjunction with
the new generation of radioactive beam accelerators.

A European collaboration, currently consisting of over 40 partners from 12
countries, has been established to construct the AGATA (Advanced Gamma Tracking
Array) 4p tracking spectrometer. The UK is a major partner in this collaboration and is
utilising its many years of experience in designing, constructing, and managing world-
leading gamma-ray spectrometers and their associated electronics and data acquisition
systems. The UK is a member of the AGATA collaboration through the eight UK
institutions that are involved: Brighton, Edinburgh, Daresbury, Liverpool, Manchester,
West of Scotland, Surrey and York. The international AGATA project manager is
Simpson and Chairman of the Steering Committee will be Nolan.

AGATA is an instrument that will move between laboratories to take full
advantage of the different beams. These laboratories provide beams with energies
spanning the Coulomb energy regime, typical of the European ISOL facilities (SPIRAL,
REX-ISOLDE), to the intermediate and relativistic energy regimes of fragmentation
facilities, such as SIS/FRS at GSI. AGATA is a key instrument for these laboratories and
also for the major new facilities at FAIR, SPIRAL2, HIE-ISOLDE and EURISOL.

The AGATA Steering Committee has planned a phased build up and operation of
the array. The presently running STFC grant funds the UK contribution to the project over
the period 2008-2013. During this period, a 1p array, one quarter of the full AGATA
spectrometer, will be built, and in parallel will be exploited by physics research
programmes at the accelerator facilities in Legnaro (ltaly) and GSI (Germany). In order to
complete the 4p coverage it is anticipated that a further UK contribution of a total of £6-
7M over 8 years from 2013 would be required. It is expected that this would be split into
two phases, each a separate bid to PPRP.

7.2 NuSTAR

Nuclear physics is being revolutionised by the appearance of new radioactive ion
beam (RIB) accelerator facilities. The UK nuclear-physics community has decided that
the principal focus of its efforts will be the biggest European facility, the FAIR (Facility for
Antiproton and lon Research) complex being built in Darmstadt, Germany at the site of
the present GSI. FAIR will provide unique opportunities in the fields of hadron-, nuclear-,
atomic- and laser physics, and applications and is recognised by ESFRI (European
Strategy Forum on Research Infrastructures) as the major RIB in-flight facility for Europe.
It will provide capabilities unmatched worldwide. FAIR is to be built by an international
consortium. The UK has signed the preliminary Memorandum of Understanding for the
consortium. FAIR will be able to produce intense, high brilliance beams of all stable
chemical elements up to uranium and also antiprotons. Beams of short-lived radioactive
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species will be generated in fragmentation/spallation and fission reactions. FAIR will be
unique among the planned fragmentation facilities in several ways: (i) it will deliver beam
energies up to 2 GeV per nucleon; (i) it will provide the cleanest radioactive beams for
heavy nuclei; and (iii) it will be the only one to have storage rings.

The aim of NUSTAR (Nuclear Structure, Astrophysics and Reactions) is to exploit
the beams of short-lived radioactive species to study how the properties of nuclei and
nuclear matter vary over a wide range of isospin, angular momentum, temperature and
density. The ultimate goal is to find a unified description of the properties of nuclei and
nuclear matter. NuSTARIis an “umbrella” collaboration of more than 800 scientists from
146 institutions in 36 countries (Nov. 2007). It comprises nine different collaborations
(AIC, DESPEC, ELISe, EXL, HISPEC, ILIMA, LaSpec, MATS and R®B). The UK has
played a leading role in the development of NUSTAR since its inception. Gelletly (Surrey)
is chairman of the board governing NuSTAR until 2009 and UK scientists have a strong
presence in six of the nine collaborations.

The currently funded, but delayed, NUSTAR grant provides funds to build
fundamental parts of the R®B, HISPEC, DESPEC systems. The UK is responsible for the
silicon tracker of R®B (for the detection of the target recoil particles), the LYCCA array
and the fast-timing LaBr3(Ce) array of DESPEC. The UK is also providing the AIDA
detection system which forms a key part of DESPEC. R°B, HISPEC, DESPEC have
forerunner setups at GSI, and therefore benefit already during the construction phase
from the increased beam intensities resulting from the ongoing upgrade of the
UNILAC/SIS18 accelerators. We have been heavily involved in the specification and
design of these projects and our continued involvement is crucial to their successful
completion. The UK plans to contribute with further equipment to NUSTAR through a
future grant of similar size. It will concentrate on those areas where it has a scientific lead,
experimental expertise and a track record. Elements such as EXL were part of the
original PPRP bid but were held back at the time due to the longer funding timescale for
these. Since these were longer term it was suggested that these should form a separate
PPRP bid, in particular these include ILIMA, EXL and LaSpec. It is estimated that a
future bid to STFC will be £10M.

7.3 PANDA

The Glasgow and Edinburgh groups are taking a leading role in the PANDA (antiProton
ANnihilation at DArmstadt) project at FAIR which is currently under construction in
Germany (Rosner is the collaboration board chair). This project will provide one of the
most advanced facilities in the world to address key aspects of Quantum
Chromodynamics (QCD) such as the confinement of quarks in hadrons. High precision
measurements of electromagnetic and hadronic charmonium decays will test Lattice-
QCD calculations. Antiproton annihilation in this energy regime produces large quantities
of gluons in addition to strange and charmed quarks, which will permit a search for
charmed exotic mesons and heavy glueballs. Other top questions to be studied include
the measurement of time-like proton form factors, the determination of generalised
parton distributions in hard exclusive reactions and the investigation of the transverse
spin structure of the nucleon by measuring Drell-Yan processes.

The PANDA detector will consist of a 4m long, 2T superconducting target
solenoid spectrometer and a 2Tm resistive dipole magnetic spectrometer at forward
angles. Two detector systems based on the Detection of Internally Reflected Cherenkov
light (DIRC) will be central to the Solenoid's particle identification scheme: a "Barrel
DIRC" around the target and the forward Solenoid endcap "Disc DIRC".

The UK was one of the founding members of the PANDA Collaboration, which
currently consists of 400 scientists from 55 institutions in 17 countries. The Glasgow and
Edinburgh groups have been leading the design of the magnetic spectrometers, the
forward particle ID using Cherenkov imaging techniques, slow control/monitoring and
GRID implementation. The dipole magnet will be built using conventional techniques and
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is a currently funded STFC project. The Disc DIRC will be a world first and is currently
funded to demonstrate the feasibility of the technology. If the technology is successful
then the Glasgow and Edinburgh groups will apply for funds for a majority contribution to
the full construction costs of the Disc DIRC. Read-out systems will be developed in
collaboration with Daresbury Laboratory. The full cost of the Disc DIRC and readout is
estimated to be £5M.

7.4 ISOL UK

ISOL Radioactive lon Beam (RIB) facilities aim to produce high intensity, high
quality (in energy resolution and spatial definition), reaccelerated beams of unstable
nuclei from ~ 100 keV to 10’s of MeV/u, for a wide range of chemical elements and
isotopes. The UK Nuclear Physics community has played a key role in the early
development of the scientific programme and advanced detection systems for the first
pioneering ISOL RIB facility (LLN) and this involvement has since burgeoned to
incorporate work at the ISAC (TRIUMF), Rex-ISOLDE (CERN) and SPIRAL | (GANIL)
RIB facilities. All these facilities have their strong points, but it is recognised
internationally that a new generation of ISOL RIB facilities (EURISOL in Europe, FRIB in
the US) are essential for the highest beam intensities and widest range of chemical
species, needed to address the most exciting science. EURISOL will be the next major
Nuclear Physics facility in Europe and will form the successor to SPIRAL2 (SP2) and
ISOLDE. There is presently some discussion as to the potential site for the EURISOL
site; the main contenders appear to be GANIL (France) and CERN or perhaps linked to
the European Spallation Source (ESS). It is unlikely that the construction of EURISOL
will begin before 2020. In the US the radioactive beam project FRIB has been approved
and is being built at Michigan State University (MSU). This is primarily a fragmentation
facility but using a gas catcher it will also be able to produce reaccelerated, ISOL, beams.
Operation of this facility is anticipated in 2018.

The ISOL approach provides new scientific opportunities complementary to those
that exist at fragmentation facilities such as FAIR. In particular, the range of nuclear
species is different and significantly so are the energies of the beams. The secondary
beams at FAIR have relativistic energies of 100-1000 MeV/nucleon, whereas ISOL
beams are typically 3-10 MeV/nucleon. The lower energy of ISOL beams, for example,
opens the possibility of Nuclear Astrophysics studies. Moreover, the two different
regimes require very different detection systems. The UK plans to develop programmes
and equipment at the present generation ISOL facilities at GANIL (SP2) and ISOLDE
(HIE-ISOLDE). This then places the UK in an ideal position to exploit opportunities for
example at EURISOL. The cost of projects involving the construction of equipment to be
based at SP2 and HIE-ISOLDE is likely to be £3M.

A major scientific driver for the development of these facilities has been the ability
to make direct measurements of key reactions taking place in explosive astrophysical
environments such as novae, supernovae and X-ray bursters. Key uncertainties relate to
the robustness of nuclear magic numbers as one moves away from the valley of stability.
The evolution of shell structure, and the possible existence of new exotic cluster
configurations and collective excitation modes, in nuclei diluted by an excess of neutrons
are major areas of interest both for nuclear physics and nuclear astrophysics. Key issues
also relate to the influence of high neutron excesses on fusion probabilities in low-energy
nuclear reactions. This is a particularly important issue for the possible production of new
superheavy neutron-rich isotopes which can only be attempted at new generation 1ISOL
facilities.

7.5 JLAB upgrade

The US Jefferson Lab (JLAB) is currently the premier hadron-structure laboratory.
The facility presently provides 6 GeV electron beams and access to a variety of
experimental stations which have already made important contributions to our
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understanding of hadronic matter. For example, Generalised Parton Distributions (GPDs)
have been measured for the proton using Deeply Virtual Compton Scattering (DVCS) as
part of the contribution to understanding the quark contribution to spin of the proton,
precision measurements have been made of the electric and magnetic form factors of the
proton and the neutron charge distribution. The Glasgow and Edinburgh groups have a
strong track record in leading experimental measurements and developing equipment at
JLAB. In particular they are recognized for their contribution in developing linearly
polarized photons, which are key for many experiments. The experimental programme
of the group at JLAB is presently funded through their rolling grant.

The upgrade of this facility to increase the energy to 12 GeV, costing $310M, was
the highest priority in the NSAC strategic plan and construction is underway. To match
the increase in beam intensity the experimental equipment in the four halls must also be
upgraded. The UK contribution to the upgrade would be a £0.8M capital contribution
(equipment) which including manpower would be a total project cost of £3M. The
contribution would be to proved equipment in three of the four halls and would permit
access to an exciting range of hadronic physics. Of particular interest are:

Production of exotic or hybrid mesons and study of their properties. These exotic

mesons consist of a quark and anti-quark held together by gluons, but unlike

conventional mesons, the gluons are excited. The study of such systems could
lead to an understanding of quark-confinement.

Measurement of the three dimensional properties of the protons constituents — to

determine the orbital angular momentum contributions of the quarks and gluons.
It is likely that such measurements will advance considerably our understanding of how
the properties of hadrons emerge from the fundamental interactions (theme 3, section
3.1).

In the further future an important frontier will be the study of the quark-gluon
structure of nuclei, e.g. the influence of the colour fields outside the nucleon and their
role in the strong interaction on the nuclear-scale — responsible for binding nucleons in
nuclei. There are several proposals to build electron-ion colliders (EIC) to perform such
measurements. A natural progression of the PANDA programme would be electron-ion
measurements using the detector currently being constructed. Alternatively, at JLAB the
current proposal involves an electron-ion collider (called ELIC) with centre-of-mass
energy of 20 to 65 GeV and a luminosity up to 8x10%* cm™s™, with polarised beams of p,
d, ®*He and Li, and unpolarised light to medium ion species (e.g. up to “°Ca). This would
form a natural longer term development of the present hadron physics programme. All of
the possible options at the proposed future facilities remain under consideration.

7.6 ELENA

Nuclear reactions in quiescent processes in stars proceed typically at extremely
low collision energies. The optimum energy is determined by a convolution of the
Maxwell-Boltzmann velocity distribution characteristic of the stellar temperature and the
probability that the nuclei can tunnel through the mutual Coulomb barrier. Consequently
reactions are localised to an energy region called the “Gamow window”. Thus, in
determining cross sections, and hence reaction rates, the reactions must also be
measured at an energy which coincides with the Gamow window in the laboratory. The
fact that this lies well below the Coulomb barrier means that the cross sections are very
small and require high intensity accelerators and extremely sensitive detection systems.
For these reasons most evaluations of reaction rates rely on extrapolations of cross
sections to the Gamow window — not an entirely accurate process.

One of the most successful programmes to directly determine the reaction cross
sections in the Gamow window was performed using LUNA accelerator in the Gran
Sasso underground laboratory in Italy. The underground location is necessary to isolate
the detection systems from cosmic-ray events, pushing down the Ilimits on the
measureable cross section. However, the LUNA programme has been reduced due to
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the concern that it could influence other low rate experiments in the laboratory. However,
there remain a number of very important astrophysical reactions to be characterised. The
ELENA proposal is to construct a nuclear astrophysics facility in Boulby laboratory,
1.1km underground, providing a cosmic-ray suppression factor of 10°. This feasibility
would comprise a 3 MV electrostatic accelerator coupled to an ECR source capable of
delivering high intensity beams. This would make ELENA a unique facility worldwide
capable of making a series of high impact measurements. Proposed measurements
include the **C(*?C,p), *C(**C, ), *C( ,n) and *Ne( ,n) reactions. In standard stellar
models, the *C+™C fusion process is the main parameter governing the evolution of
massive stars and determines whether they will end up as white dwarfs or as core-
collapse supernovae. It also affects the ignition conditions and time scales of type la
supernovae. The *C( ,n) and ??Ne( ,n) reactions are believed to be the prime source of
neutrons fuelling the slow neutron capture, s-process.

The first stage of the project which will involve a feasibility study which should be funded.
If successful, the full construction would follow and cost an estimated £7M. The costs will
be established more accurately by the feasibility study.

8. Future Programme

The future Nuclear Physics research programme will exploit new scientific
opportunities offered by current and future accelerator developments. It will build on
areas in which the UK has established scientific and technological leadership and it will
seek to pursue those in which the scientific knowledge potential is greatest.

The community has already made a significant scientific investment in the FAIR
facility and is involved in the construction of equipment both for NUSTAR and PANDA.
Within NuSTAR the UK has established leadership in the R°B, HISPEC and DESPEC
projects. The community is involved in the construction of key elements of the detection
systems for R®B, HISPEC and DESPEC and this will ensure maximum return in terms of
science, and they are also leading key elements of the scientific programme. The
completion of the three projects will be in 2015. They will exploit the continuously
upgraded beams at the existing fragment separator and subsequently moved to the new
SuperFRS in 2016. The theoretical expertise in nuclear reactions in the UK community
will be very important for this programme. There will also be a programme to use realistic
nuclear forces to calculate the properties of light to heavy nuclear systems.

Beyond this date upgrades to the three experiments will be required to improve
their sensitivities and physics scope. In addition it is likely that the storage ring facilities
planned for FAIR will be constructed post 2016. The UK has significant interest in the
scientific opportunities that this development would open and particularly in EXL and
ILIMA and also projects such as LaSpec. Future investment in FAIR projects is likely to
be of the order of £10M.

Within PANDA Glasgow are providing a key component of the experiment (the
magnet) and are developing the Disc DIRC detector. The Disc DIRC provides particle
identification in the forward region of the PANDA detector — increasing the physics reach
of the device. The development of the Disc-DIRC involves a novel approach and thus is
presently funded to demonstrate feasibility. If successful this would lead to a proposal to
build and instrument the majority of the full detector (estimated to cost £5M). This project
would need to be completed in 2015-2016 to match the timescale of the commissioning
deadline of PANDA. The UK theory community will provide theoretical support in this
area.

One of the major developments in Nuclear Physics will be a high-intensity ISOL
facility. In Europe this would be EURISOL. SPIRAL 2 at GANIL and HIE-ISOLDE at
CERN are the forerunners of this major initiative. Involvement at these facilities not only
offers the potential for performing high impact measurements in Nuclear Structure and
Nuclear Astrophysics, but also crucially the development of equipment well matched to
ISOL beams. This will place the UK in leadership positions when EURISOL is built (post
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2020). In the meantime opportunities also exist to exploit ISOL beam developments at
FRIB, US. A coherent ISOL programme is planned to develop equipment for SPIRAL 2
and HIE-ISOLDE (estimated to cost £3M).

The AGATA gamma-ray detector is a device which will travel between a number
of facilities: initially Legnaro, then GSI and finally to GANIL to coincide with SPIRAL 2
(2013). The lower energy of the SPIRAL 2 beams means that to maximise its sensitivity
the array should cover as much of the 4 solid angle as possible, this is partially
mitigated at GSI due to the relativistic focussing effect. For the UK to fulfil its commitment
£2-3M is required to complete the first phase. The proposed UK contribution to the final
array would be an additional £4M.

A natural extension of exploitation of the JLAB facility by the Glasgow and
Edinburgh groups is the upgrade of the equipment to match that of the facility from 6 to
12 GeV. The cost of this upgrade to the UK is proposed to be ~£3M. This would allow the
UK to continue to make a strong scientific impact in the field of hadronic physics, and
would also ensure that the UK is well positioned for the longer term programmes based
around electron-ion collider facilities in Europe and USA. To match with other
developments from other collaborators this would need to be completed in 2015. The
theory community aim to make a strong contribution to the research in the understanding
the nature of hadronic systems and deriving properties of the nuclear force from a QCD
perspective.

A very exciting initiative is the possibility of creating a unique facility for nuclear
astrophysics at the Boulby underground laboratory. If the feasibility studies prove
successful, which in all likelihood they will, then this would provide worldwide leadership
in a major science area. The anticipated cost of the project is £7M.

The above list of projects is very well matched to the areas in which the UK has
demonstrated scientific leadership and to the scientific questions set by the community
(section 3.1). There is also a reasonable balance between the themes, representative of
the balance of the community. However, in addition to the projects which ensure the
health of the future research, the vitality of the community requires a well-funded
exploitation programme which would continue in parallel (see Fig. 4).
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Figure 4. Future Nuclear Physics Programme
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8.1 Optimal Funding and Priorities

The table below shows a possible cost profile if all of the proposed projects
were funded. The first line shows the summary of the agreed funding profile of the
PANDA, NUSTAR and AGATA projects which are all live. In a typical year the
existing projects amount to £3M/year which is roughly 1/3 the total money spent on
the Nuclear Physics programme. It is of vital importance that the community
maintains the funding of the current three projects.

Table 1: Project funding profiles. The region highlighted blue is current projects. Numbers in green
boxes are total project costs.

The ELENA, PANDA Disc DIRC, JLAB, ISOL and AGATA-upgrade projects
which overlap with the current profile would result in the total project costs rising to
£7.5Mlyear. It should be noted that this piling up of projects is linked to the fact that
for the period 2007-2009 (during the transfer from EPSRC to STFC) there was a
hiatus in funding for Nuclear Physics. The field was thus put at a significant
disadvantage compared to other areas of the science programme. Nevertheless,
given the significant increase compared to the present level of project funding the
panel has looked at ways of prioritising and re-profiling some of the projects, whilst
maintaining the strength and breadth of the programme.

In order to explore ways in which the funding for nuclear physics could be re-
profiled, the panel undertook discussions with groups representing the PANDA, JLAB,
AGATA and ELENA projects. In order to maintain a balanced programme whilst
retaining UK leadership the degree to which these projects could be scaled down and
re-profiled was explored. The results of these discussions are described below and
indicated in Table 2, which shows the optimised re-profiled programme.

The JLAB-upgrade and contribution to the PANDA Disc DIRC have been
reduced by a factor of nearly two and spread out over a larger number of years. This
has been performed in consultation with the Glasgow group and the profile would
allow them to complete key elements of the projects, but is now at the minimal level
to retain UK influence. It is anticipated that a revised Sol will be submitted outlining
the de-scoped programme for JLAB.

The contribution to NuSTAR is highest priority and this investment would
occur after 2015 after the completion of other projects. It does not overlap strongly
with other projects and thus there has been no attempt to reduce this component.
AGATA is a detector which will facilitate a reasonable fraction of the programme at
both FAIR and at ISOL facilities. It is thus very important to have the first stage of the
programme funded. A better decision on funding the upgrade to the full array would
be better taken at a later date and thus funding is not recommended at present. The
funding for this has thus been reduced to ~35% of the original plan.

ISOL is a very important new strand for the community so only a small decrease in
the expected budget for this is suggested.

The potential impact of ELENA is strong, but it needs to be demonstrated that
there is a broad UK user base interested in this project. Moreover, it is clear that in
order to maintain the balance of programme within a constrained budget, that the UK
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could not afford to build the facility in its entirety from the NP budget. It is
recommended that the ELENA collaboration seek joint funds from, for example,
Italian and German agencies and that the UK contribution could reach 40% of the
expected £7M (£2.8M).

Table 2: Optimised project funding. The region highlighted blue is current projects. Numbers in green
boxes are total project costs. This corresponds to Optimised Funding in Fig. 5.

The various funding schemes are shown in Figure 5. The funding profile in
Figure 5 associated with Table 2 is labelled “Optimised Funding”. It is important to
note that this represents an overall cut in funding to future projects compared with
that planned, and negotiated with international partners, to 65% (£35M over 10 years
reduced to £23.3M).

Fig. 5. Funding Profiles for Nuclear Physics, for current projects, full funding for all proposed
projects and re-profiled, optimised funding.
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On this basis it is believed that the funding profile found in Table 2 represents the
optimal (given the constraints) funding for the subject. Cuts below this will have a
significant impact on both the scientific programme, the health of the community in
terms of the number of active researchers and importantly the international reputation
of the community. Further cuts to the programme are likely to jeopardise the future
of important parts of the programme.

Beyond what is believed to be the optimal level of funding for the subject the
panel have attempted to prioritise the projects. This is an extremely difficult process,
which received broad support from the community, but of course produced some
level of disagreement from a fraction. The projects are listed below in order of
decreasing priority together with some commentary. It should be noted that all
projects are high quality, would provide scientific leadership and scientific return, and
that the degree of separation in priority of many of the projects in many cases is not
substantial. It should also be noted that the list of priorities should be considered to
be a “snap-shot”. Importantly, the priority order will evolve depending on the
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outcomes of feasibility studies and equipment development projects. The community
should be consulted before decisions concerning the shape of the future programme
are made.

1. NuSTAR:

FAIR will be the premier international fragmentation facility, the potential physics
impact will be high, from understanding of the r-process to determining the
structure of nuclei at the drip-line it stands to change our view of nuclei at the
extremes. The UK has already made a significant investment in terms of
leadership in projects and contributions to equipment that is now funded. To
maximise the return on this position and investment, future upgrades to
equipment will be required. This will involve upgrading R°B, HISPEC, DESPEC
and equipment related to the storage ring (EXL, ILIMA) as well as projects such
as LaSpec. This initiative would support the research programme of a large
fraction of the community.

2. PANDA:

One of the highest international priorities in Nuclear Physics lies in understanding
the nature of the nucleon and the nature of the strong interaction. UK funding for
the construction of the dipole magnet has been approved as has the feasibility
study for the Disc-DIRC. If the technology is demonstrated then the funding of the
Disc-DIRC should be approved.

3. ISOL (Instrumentation for HIE-ISOLDE and SPIRAL2 ):

A key development in Nuclear Structure Physics will be the development of a
third generation, high intensity ISOL facility in Europe; EURISOL. The upgrade to
ISOLDE, HIE-ISLODE and the construction of SPIRAL2 are stepping stones to
EURISOL. They provide access to beams which will help elucidate the mysteries
associated with evolving shell structure and the nucleon-nucleon interaction in
the nuclear medium and allow key nuclear astrophysical reactions to be studied.
The UK will develop equipment to study reactions at energies commensurate with
ISOL beams with a longer term view of investing in EURISOL.

4. JLAB:

The JLAB-upgrade offers very exciting physics potential in terms of
understanding the nature of colour-confinement and the structure of the nucleon.
This element of the programme could have high impact. The up-grade of the
detector/spectrometers at JLAB would support a key part of the UK programme in
this area.

5. AGATA upgrade:

AGATA is an extremely important European project and the advances in Nuclear
Structure which have been achieved using gamma-ray spectroscopy are truly
impressive. AGATA will play an important role at FAIR and SPIRAL 2. The UK
funding to complete the first stage of AGATA (1 ) is a priority. This may be
adequate for FAIR. It should be noted that as part of the MoU signed by the UK
that the UK arm of the AGATA collaboration has committed itself to seek the
funds to complete the 1 construction. The AGATA project supports an important
component of the Nuclear Physics technical support group. The funding for the
full array is a lower priority than other elements of the broader Nuclear Physics
programme but should be approved if funding permits.

6. ELENA:

The ELENA project is a very exciting opportunity to perform very difficult, but
crucial, astrophysical measurements. The low position in the priorities is not a
reflection of the science nor impact, but rather the fact that at present this project
is at a very early stage (feasibility study), the outcome of which will impact on its
priority. Furthermore, the viability of the project would be strongly enhanced if
part funding by international partners was forthcoming and the number of UK
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Fig.

participants were to reach a higher level. The priority of this project should be
revisited after the completion of the feasibility study.

The incremental contribution of each project in order of priority on the total optimised
funding is shown in Figure 6. The profile of current funding plus highest priority
project is labelled “1”, current project funding plus top two priorities “1+2”, etc... It
should be noted that in several cases the exact funding profile is unclear and

it is possible that the re-profiling of some of the projects could smooth out peaks in
these profiles.

6. Funding Profiles for Nuclear Physics projects, including current projects plus the first

priority “1”, plus the first and second “1+2”", etc.... The optimised funding is the same as in Fig. 5.

—~

Funding (k€

5000
4500 | —* Optimised Funding

4000 | &1

3500 1 —© 1+2

3000 - 1+2+3
2500 | —&—1+2+3+4
2000 1 —— 1+2+3+4+5
1500 -
1000 -

500 | /
0 o——@:; T T T T T T
2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

Once again we emphasise that the “Optimised-Funding” programme is one in which
the health and balance of the community could be preserved. Cutting the future
programme beyond this will have serious implications for the overall health of UK
Nuclear Physics.

8.2 FAIR funding

Unfortunately, approved funding for NuSTAR and PANDA is not at a level
which would permit the UK to be a member of the FAIR GMBH board. As a matter of
priority the UK should explore partnership agreements with other EU countries to
ensure the UK'’s scientific influence at FAIR. Without full representation it will not be
possible to strongly influence the future investment in the infrastructure, development
of the accelerator complex and the emphasis between parts of the programme. All of
these determine the scientific direction of the laboratory and ideally there should be a
substantial overlap with the priorities set by the UK community (section 3.1).

8.3 Balance of Programme (Projects : Exploitation) and
Observations

The science exploitation component of the Nuclear Physics programme is extremely
important. Historically this has been the vehicle through which the community has
made the most impact; punching above its weight in terms of number of researchers.
At present, as described in section 5, the exploitation line is underfunded and further
cuts would have disastrous consequences for the already fragile health of the
community.

An investment in future projects at the level of £3M/year should be considered
to be a bare minimum. At this level exciting opportunities such as ELENA will be
missed. Even in the present climate, for strategic reasons (e.g. UK investment in
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nuclear power, homeland security” and nuclear medicine), the growth of the
programme should be given high priority.

Studentship numbers for NP and travel funding across STFC have fallen —
students form a very important part of the programme and reductions to their
involvement will be felt in the volume of scientific output. Similarly, as observed in
section 5, the number of exploitation PDRASs has fallen quite dramatically — this also
will have an impact on the productivity of the field.

A very important component of the support for Nuclear Physics is the
existence of the cross-community posts. These ensure that the key skills in electronic,
mechanical and detector design essential for future projects are retained. Cutting
elements of the programme may have unforeseen consequences in terms of the
sustainability of the field. The Prioritised funding scenarios have taken such issues
into account.

9. Nuclear Theory

The size of the Nuclear Theory Community is of increasing concern. In the
past active groups existed at Manchester, Glasgow, Surrey, Open University, Sussex
and Oxford. The number of active staff is now reduced to approximately 5-6 across
the Universities at Manchester and Surrey. The balance between experimental and
theoretical positions is ~10:1. In other European countries the numbers of tenured
theoreticians is much larger and the imbalance between experiment and theory not
so large; e.g. France 61 (4:1), Germany 56 (4:1), Italy 75 (1:1)%. The number of
positions in the UK community ranks approximately 15" in Europe and below
countries such as Poland, Greece, Finland, Romania and Hungary. The balance
between experiment and theory is important for the health of the discipline and it is
widely believed that the UK theory community may be on the verge of extinction. An
initiative is proposed to stimulate growth via the introduction of two peer+panel-
reviewed Theoretical Nuclear Physics Advanced Fellowships, one in 2010 the
second in 2012. This would be administered via the Nuclear Physics Grants Panel
(NPGP) and would be issued if and only if the quality of the candidate were found to
be of a suitable standard. It is hoped that due to the rather critical size of the Nuclear
Theory community that STFC would see the strategic need for investment in this
initiative.

10. Societal Benefits of Nuclear Physics Research

Within Government it is recognised that an important component of the solution
to the “energy problem” lies in a Nuclear Power electricity generation. Land for the
next generation power stations has already been procured by New Build companies
such as E.ON and RWE-NPower and there is a strong recruitment drive to equip
these companies with well trained scientists and engineers. In this regard Nuclear
Physics plays a crucial role. Many of the groups around the UK run and support
Masters level courses which provide graduates which enter directly the Nuclear and
Radiological sectors. Birmingham trains 30-40 students per year via its Physics and
Technology of Nuclear Reactors (PTNR) course; some 80-90% of these students go
on to work in the Nuclear sector. An additional 40 have been trained in Waste
Management and Decommissioning (PGCert). Manchester (plus Liverpool and
Birmingham) operate the NTEC (Nuclear Technology Energy Consortium) which
trains15-20 students/year for entry into the Nuclear sector. Liverpool run a MSc
course in Radiometrics which trains 6 students/year. They also provide CPD modules
taken by employees of British Energy, British Nuclear Fuels, Magnox, Sellafield Ltd,

" See http://www.cabinetoffice.gov.uk/newsroom/news_release/2009/090716-2010.aspx
8 NUPECC survey on Resources in Nuclear Physics Research in NUPECC Member Countries
(2006) (http://www.nupecc.org/pub/survey?2006.pdf
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British Nuclear Group, BIL Solutions, UKAEA, AWE, NIREX, DSTL, Devonport Royal
Dockyard and the Health Protection Agency. Finally, Surrey offers a Radiation and
Environmental Protection MSc which has been established for 25 years and trains
20-25 students/year. Other groups, e.g. the SUPA groups (Glasgow, Edinburgh and
UWS), are developing similar Masters level programmes to meet the increasing
demand. These courses are widely recognised as being the main channel of Masters
level graduates into Nuclear and Radiological industries.

Enhanced training in Nuclear Data, Nuclear Reactions and Nuclear Instrumentation
is given to PhD Students in Nuclear Physics research groups; ~20% of PhD students
from UK Nuclear Physics groups go on to work in the Nuclear Sector and ~10% in
Medical Physics ° . Teaching of Nuclear Physics and applications at the
undergraduate level has also provided a strong stimulus for students to enter this
growing sector.

Historically, Nuclear Physics has made important contributions to applied
science. The first accelerators were developed to study nuclear phenomena and
proton and carbon beam cancer therapy has been driven largely by the Nuclear
Physics community. Many of the detection systems used for medical imaging also
have their origins in nuclear research. The community continues to exploit
developments in detector technology being made for research in applications. For
example, the Liverpool group have a number of projects (some funded through the
PIPPS scheme) to utilise advances in the instrumentation of Cadmium-Zinc-Telluride
(CZT) and Germanium detectors for imaging and scanning applications in medicine
and homeland security. Projects include Distinguish, PorGamRays (highlighted in the
STFC “A new vision for new times” vision document), SmartPET, ProSPECTus,
ScrapProbe, GAMMAKEYV (see http://ns.ph.liv.ac.uk/imaging-group/). Similarly, UK
groups at York and Surrey are involved in the development of diamond detectors.
These are radiation hard charged particle detectors which can be used to measure
neutron fluxes in reactors (thermal and fast) e.g. installed in JET'. Such research
has close links to UK industry as two of the leading producers of such detectors are
the UK companies Element Six and Diamond Detectors Ltd.

There is a strong commitment from UK Nuclear Physics groups to continue to
develop these areas.

11. Process
This report follows from a series of community meetings held in Birmingham (Nuclear
Physics IoP conference (Birmingham) 6™-8" April 2009), Abingdon (Cosener’s House
11™-12™ June 2009) and Daresbury (Daresbury Labs. 11" September 2009). The
NPAP held four meetings:
May 22" 2009
. Review of terms of reference and context for the scientific strategy
July 1° 2009
Discussion of scientific questions.
Linking of science, facilities and projects
First look at projects and budgets
August 7 ™ 2009
Funding scenarios and future projects
September 11 ™ 2009
Review of Report
Consideration of Community Input on Priorities and Funding
Final recommendations

° Submission from NPAP to The Review of Nuclear Physics and Engineering.
% Nuclear Physics News 19(2009)25
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The community was asked for input on the scope of the science programme, nature
of the scientific questions (section 3.1), the relationship between the scientific
questions, facilities and projects (Figures 3 and 4) and the priorities for current and
future projects. This input was via the above open meetings and also the NPAP
website (http://www.np.ph.bham.ac.uk/npap/main.htm).

11.1 Panel Membership

Prof. Martin Freer (Birmingham), Chair
Dr. Alison Laird (York)

Dr. Zsolt Podolyak (Surrey)

Prof. Niels Walet (Manchester)

Prof. Phil Woods (Edinburgh)

Dr. Katharine Schofield (STFC)
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Appendix 1: Exploitation Facilities

Main facilities currently used by the UK community as part of the exploitation
programme.

ALICE, CERN

Argonne National Laboratory, US
Australian National University (ANU), Canberra, Australia
DESY, Germany

Florida State University, US

GANIL, France

GSI, German

ILL, Grenoble, France

ISOLDE, CERN

iThemba Labs, South Africa

JAEA (Japan Atomic Energy Agency), Tokai, Japan
Jefferson Laboratory, US

Jyvaskyla, JYFL, Finland

Legnaro, Italy

Mainz, Germany

Max Lab., Lund, Sweden

Michigan State University, MSU, US
Munich, Germany

Oak Ridge National Laboratory, ORNL, US
Orsay, France

RIKEN, Japan

Texas A&M, US

TRIUMF, Canada

Yale, US
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Appendix 2: Examples of Highlights of the UK Resear  ch
Programme

A2.1 Nuclear isomers in superheavy elements as step  ping stones
towards the island of stability

A long-standing prediction of nuclear models
is the emergence of a region of long-lived, or even
stable, superheavy elements beyond the actinides.
These nuclei owe their enhanced stability to closed
shells in the structure of both protons and neutrons.
However, theoretical approaches to date do not
yield consistent predictions of the precise limits of
the 'island of stability'; experimental studies are
therefore crucial. The bulk of experimental effort so
far has been focused on the direct creation of
superheavy elements in heavy ion fusion reactions,
leading to the production of elements up to proton
number Z = 118. Detailed spectroscopic studies of
nuclei beyond fermium (Z = 100) were performed by
a UK led international collaboration, with the aim of
understanding the underlying single-particle
structure of superheavy elements. They studied
#4No, with 102 protons and 152 neutrons—the
heaviest nucleus studied in this manner to date. The
group found isomeric (long-lived) states which are The energy levels of the nucleus “**No
highly significant as their location is sensitive to with the three isomers, K=8 and (16).
single-particle levels above the gap in shell energies
predicted at Z = 114, and thus provide a microscopic

benchmark for nuclear models of the superheavy elements.
R.-D. Herzberg, et al. Nature 442, 896-899 (24 August 2006).

A2.2 Role of the inside the nucleus and
components of the matter distribution
involved in nuclear excitations

A group led by UK researchers at the Crystal
Ball facility at MAMI, Mainz measured the
2c(, 9™C'(4.4 MeV) reaction for the first time. In this
process the production of the ® inside the nucleus is
strongly influenced by the (an excited state of the
nucleon). The production is equally likely from protons
and neutrons so is also an excellent probe of the
nuclear matter distribution. In this case the transition of
the nucleus from the ground state to an excited state,
and hence the measurement probes nuclear matter
regions responsible for the excitation. Such probes
provide very sensitive tests of our understanding of the
nature of the nucleus. The group have also produced

precision measurements of the neutron skin thickness The Crystal Ball featured on the cover
of *®Pb using a similar reaction, these provide of thys'ca' Review Letters from this
WOrK.

important constraints on the nuclear equation-of-state

— important for understanding neutron stars.
C. M. Tarbert, D. P.Watts, et al. Physical Review Letters 100,132301 (2008)
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A2.3 Nuclei at extreme spins; breaking through the spin barrier

One of the important tests of our
understanding of nuclear matter is to test
it at the extremes. One possible extreme
is the highest angular momentum or spin.
Nuclei can generate angular momentum
in a number of ways, but one possibility is
that the nucleons move collectively
aligning their individual orbital motion with
a collective axis. Eventually all of the
valence particles have aligned their
angular momentum, the question is can
the nucleus then be made to spin any
faster, if so how? In measurements led by
UK researchers the nucleus **°Er was
spun not only up to the hypothetical
maximum of 45 hbar, but was found to
spin up to an incredible 65 hbar. The
nucleus achieves this by breaking open
the core to create more valence particles

to align.
E. Paul et al. Physical Review Letters 98,012501 (2007)

A2.4 Quark-Gluon Plasma
(QGP)

One of the greatest frontiers
is the understanding the nature of
matter at an instant after the big
bang. This is the point in time in
which the Universe consisted
mainly of quarks of gluons, these
then condensed/froze out into
hadrons. The experiments at RHIC
which collide Gold nuclei at
relativistic energies permit the
conditions of the early Universe to
be recreated and this new phase of
matter to be probed. The UK is a
member of the STAR collaboration

The evolution of the structure of the nucleus
8Er with increasing spin

and hold importgnt positions. The Evidence for jet quenching found at RHIC
novelty of the science has meant PRL 90 083202

the output has been prolific. Key

discoveries made with STAR are the superfluid character of the QGP and the
observation of jet suppression when jets pass through the QGP region. It is believed
that one of the keys to understanding the nature of the QGP is characterising the
attenuation of the jets. This will form a key part of the ALICE programme. There have
been 15 Physical Review Letters published from STAR analysis over the last 3 years.
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A2.5 Study of Exotic Nuclei Using Knockout Studies

UK reaction theory has been
crucial in utilising one of the most
significant experimental developments in
the last 10-15 years; the use of knockout
reactions as a probe of exotic neutron-
and proton-rich nuclei. This has been
used to determine in detail the structure of
light nuclei, particularly those in which the
valence particles are weakly bound, close

to the drip-lines. This has permitted the Schematic of a knockout whereby two (red) nucleons
evolution of the structure from stability to in the projectile (left) are knocked out in a collision
the limits of existence to be revealed. The  with a target (right). Phys. Rev. Lett. 102, 132502 (2009)
momentum distributions of the knocked

out nucleon (or core) reveals the orbital angular momentum and the excitation

spectrum of the core, the couplings between possible core states and the valence

particle orbital momentum and their contributions. A key contribution to this has been

the theoretical reaction framework in which to understand the experimental results.

This has been UK led. The UK have also led important measurements in pinning

down evolving single particle structure in light nuclei, for example, the measurement

of the d-wave contribution to the ground state of *?Be and the evolving single-particle

levels in neon isotopes. These measurements have been performed at GANIL and

will be a strong component of the programme at R°B — where the structure of dripline

oxygen and fluorine nuclei will be studied.

Selected references with leading UK contributions

Mechanisms in Knockout Reactions Phys. Rev. Lett. 102, 232501 (2009)

Two-Nucleon Knockout Spectroscopy at the Limits of Nuclear Stability Phys. Rev. Lett. 102, 132502
(2009)

Selective Population and Neutron Decay of an Excited State of o) Phys. Rev. Lett. 99, 112501 (2007)
Spectroscopy of 36Mg: Interplay of Normal and Intruder Configurations at the Neutron-Rich Boundary of
the “Island of Inversion” Phys. Rev. Lett. 99, 072502 (2007)

Structure of *?Be: Intruder d-Wave Strength at N=8 Phys. Rev. Lett. 96, 032502 (2006)

A2.6 Nuclear Molecules

Light nuclei have a large spectrum of
structural possibilities, for example it is known that
the 4 protons and 4 neutrons in ®Be cluster to form
two touching alpha-particles. The UK has made a
world-leading contribution to understanding the
cluster structure of such light systems. Recently, in
an experiment led by the UK it was shown that

when two neutrons are added to the two alpha- The formation of a nuclear molecule. A
particle clusters in ®Be to form the nucleus *°Be that  neutron at each red alpha-particle lies
the neutrons are covalently exchanged between in a p-orbital. Linear combinations of p-

orbitals give rise to molecular orbits for

the two alpha-particles just as electrons are the valence nedtrons.

exchanged between atoms in covalent atomic
molecules. These nuclear systems have been called nuclear molecules. The group
are presently trying to form nuclear systems formed from three alpha-particles bound

by covalent neutrons — nuclear polymers.
M. Freer et al, Phys Rev Letts 96 042501 (2006)
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A2.7 Nuclear Shape Coexistence

Understanding the shape of a nucleus
reveals much about the nature of the underlying
single-particle structure. This is in turn informed by
the details of the underlying nucleon-nucleon
interaction. Usually a nucleus has a very strong
preference for one shape or another. However,
occasionally the underlying interactions that drive a
system to prolate, oblate or spherical shapes have
energies which coincide. Then choice of shape which
the nucleus adopts depends on which structure has
marginally the lowest energy.

A UK led group found experimentally that the lowest
three states in the energy spectrum of the neutron
deficient nucleus '®Pb are spherical, oblate and
prolate. The states were populated by the alpha-
decay of a parent nucleus; to identify them, they
combined knowledge of the particular features of this

decay with sensitive measurement techniques.
A.N. Andreyev, R.D. Page et al., Nature 405, 430 (2000).

Energy surface calculated for ***Pb. The
minima associated with the three
shapes are shown. The spherical
minimum is the lowest.

A2.8 Cosmic Gamma-ray Emission

The observation of characteristic 1.809 MeV rays in the interstellar medium,
associated with the decay of *°Al, was one of the biggest discoveries in the history of
gray astronomy. This provided the most convincing evidence of ongoing
nucleosynthesis in the Milky Way Galaxy. Since that discovery, nuclear
astrophysicists have attempted to ascertain the stellar origin of 2°Al, with
considerable interest in determining the rates of the nuclear processes associated
with its creation and destruction. Recent satellite missions have indicated that
massive Wolf-Rayet stars are the likely dominant astrophysical source of °Al and in
such environments, the 2°Al(p, )*'Si
reaction is responsible for its destruction.

The rate of this reaction in Wolf-Rayet
stars has, until recently, remained largely
uncertain. An experimental study led by
UK researchers obtained precise
energies and spin-assignments of key
resonant states for this reaction,
reducing uncertainties in the rate by a
factor of 100,000. The new estimate of
the *°Al(p, )*’Si reaction rate will now
allow for a detailed comparison between
astrophysical models of Wolf-Rayet stars

and the observations of -ray astronomy. The COMPTEL all-sky map of the 1.809 MeV
G. Lotay, P.J. Woods, et al. Physical Review cosmic gamma-ray.
Letters 102, 162502 (2009).
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A2.9 The nuclear Magic of Tin

Magic numbers are key
features that define the nuclear
landscape. It is thought that far from
stability these closed shell structures
may dissolve. However, experiments
performed in international
collaborations, with UK scientists
playing leading roles, have shown that
in the region of doubly-magic '°Sn,
the opposite is true, with the first
observation of a single particle excited
state relative to the '°Sn core.
Evidence has also been found for The microscopic nuclear landscape signposted by
enhanced super-allowed -decays doubly-magic nuclei. The regions around the double-
into the Z = 50 shell closure shell closures are predicted to have especially high
approaching 1OOSn, further Confirming blndlng energies and shell stability..
the robust nature of the double shell
closure in this region. Studies of the -decay of ®Sn itself, expected to be a pure
nucleon spin-flip transition, have revealed the highest Gamow Teller rate known in
the whole of the chart of the nuclides. This information is critical to explore the
guenching of -decay strength in nuclei relative to that of free nucleon. The
experiments were performed using a range of different experimental techniques at

three different National accelerator laboratories in the US and Germany.
Single Neutron States in **Sn, PRL 99, 022504 (2007)

A non-disappearing magic trick, Nature 449, 411 (2007)

Super-allowed -decays near doubly-magic **Sn, PRL, 97 (2006).

A2.10 Shell evolution and abundances of heavy eleme  nts

Understanding of how shell structure arises and develops is a major goal in nuclear
physics. By exploring the properties of neutron rich nuclei it is known that the well
established shell structure changes. Evidence for such effects has been observed for

The abundances
of heavy
elements are
closely linked to
the properties of
the r-process
path nuclei.

light nuclei, but where and to what extent this happens in heavy ones are unclear.
Furthermore, there is a close relation between the properties of the neutron-rich
N=82 and N=126 isotopes and the A 130 and A 195 peak of the r-process
abundance distribution. The combination of fragmentation beams and the UK led
RISING spectrometer programme allowed us to make great progress in the
understanding of the N=82 and N=126 nuclei. The obtained results on the N=82
132¢d r-process path nucleus showed no evidence of shell quenching, contrary to
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previous expectations. In the case of the N=126 magic number the measurements on
“SAu, 2*Pt, and *®Ir provide vital experimental input into the shell model calculations
and therefore improve our predictions made on the properties of the so far

inaccessible r-process path nuclei.

P.H. Regan et al., Nucl. Phys. A 787, 491c (2007).

A. Jungclaus et al., Phys. Rev. Lett. 99, 132501 (2007).
S.J. Steer et al., Phys. Rev .C 78, 061302 R (2008).
Zs. Podolyéak et al., Phys. Lett. B672, 116 (2009).

A2.11 The 3D Structure of the Nucleon

The framework of Generalised
Parton Distributions (GPDs) will enable us
to form a 3-dimensional picture of quark
distributions inside the nucleon. In addition,
it allows access to the orbital angular
momentum of quarks. Over the last few
years in particular the HERMES and CLAS
collaborations have made significant
advances towards the extraction of GPDs
through pioneering measurements of
asymmetries in Deeply Virtual Compton
Scattering (DVCS). The UK-led final
upgrade of the HERMES experiment with a recoil detector is the most recent step in
this development; the data are currently being analysed. Form factor measurements
at JLab and MAMI feed into the GPD framework as well. GPD physics is at the very
core of the physics programme for the upcoming JLab energy upgrade, and the
expertise built up at HERMES and CLAS will enable the UK to take a leading role in
this work.
There have been 22 PRL articles published in this field over the last four years.

A2.12 Probing Cold Dense Nuclear Matter

The protons and neutrons in a
nucleus can form strongly correlated
nucleon pairs. Scattering experiments,
in particular using electron beams, in
which a proton is knocked out of the
nucleus with high-momentum transfer
and high missing momentum, show that
in carbon-12 the neutron-proton pairs
are nearly 20 times as prevalent as
proton-proton pairs and, by inference,
neutron-neutron pairs. This difference
between the types of pairs is due to the
nature of the strong force and has
implications for understanding cold
dense nuclear systems such as neutron
stars. The existence of nucleon pairs that are correlated at distances of several
femtometers, known as long-range correlations, has been established, but these
accounted for less than half of the predicted correlated nucleon pairs. Recent high-
momentum transfer measurements have shown that nucleons in nuclear ground
states can form pairs with large relative momentum and small center-of-mass
momentum due to the short-range (scalar and tensor) components of the nucleon-
nucleon interaction. These pairs are referred to as short-range correlated (SRC)
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pairs. The study of these SRC pairs allows access to cold dense nuclear matter, such
as that found in a neutron star.

Experimentally, a high-momentum probe can knock a proton out of a nucleus,
leaving the rest of the system nearly unaffected. If, on the other hand, the proton
being struck is part of an SRC pair, the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as well. To detect correlated
recoiling protons, a large acceptance spectrometer ("BigBite") was installed in JLab’s
Hall A. To detect correlated recoiling neutrons, a neutron array was placed directly
behind the BigBite spectrometer. The development and construction of this detector
system which is crucial for the measurement, was led by UK researchers. This
experimental arrangement allowed a direct measurement of the average fractions of
nucleons in the various initial-state configurations of **C.

If neutron stars consisted only of neutrons, the relatively weak n-n short-range
interaction would mean that they could be reasonably well approximated as an ideal
Fermi gas, with only perturbative corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars contain about 5 to 10% protons and
electrons in the first central layers. The strong p-n short-range interaction found
suggests that momentum distribution for the protons and neutrons in neutron stars
will be substantially different from that characteristic of an ideal Fermi gas. New

models of neutron stars have to take these findings into account.
R. Subedi et al., Science 320 1476(2008)

34 =




