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Foreword

Dear HIAS2013 Participants,

Welcome to the Symposium and to Canberra. This year is the centenary of Canberra, and
the centenary celebrations website mentions that Canberra “was created as a place for the
nation to meet and communicate”. It is thus fitting that this year the Heavy Ion Accelerator
Symposium brings together, in Canberra, the international community of scientists from
many different areas to communicate the latest advances in their fields.

This is the second Symposium in the series of annual symposia recently instituted by the
Department of Nuclear Physics at the Australian National University. Last year, the Sympo-
sium had a National focus, whilst this year it is an international meeting. We are delighted
to have strong participation from all around the world, with participants from 20 countries
attending the Symposium.

Organising this Symposium has been helped by the support of the Australian National Uni-
versity (ANU) and the Research School of Physics and Engineering, ANU. We gratefully
acknowledge our sponsors: CMS alphatech, Gamma Vacuum, Ionplus, Micron Semicon-
ductors, National Electrostatics Corp., Nucletron, Scientific Devices, Scitek, and Swagelok.
Representatives from many of these companies will be in the foyer of the Manning Clark
Centre, and we urge you to visit them.

We thank Kaitlin Cook and Boon Lee for their help in producing this book of abstracts.

While the autumn weather in Canberra can be crisp, we hope that sunny days, warm autumn
hues, and lively discussions (and Australian wine) will keep the cold at bay!

We hope you have a productive and enjoyable time at the Symposium.

Mahananda Dasgupta
Chair, organising committee
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Symposium organization

Local Organizing Committee

M. Dasgupta, chair
M. Evers
L.K. Fifield
D.J. Hinde
T. Kibédi
G.J. Lane
N. Lobanov
D.H. Luong
K. Ramachandran
M. Reed
M. Smcik
A.E. Stuchbery
S.G. Tims
D. Tsifakis
A. Wallner
E. Williams

Scientific Committee

M. Dasgupta, chair
L.K. Fifield
A.E. Stuchbery
A. Wallner

Proceedings Editorial Committee

M. Evers, chair
T. Kibédi
M. Reed
C. Simenel
M. Smcik
A. Wallner

Secretary

Petra Rickman

Conference proceedings

The conference proceedings will be published in electronic form as a regular volume of the
journal EPJ Web of Conferences (http://www.epj-conferences.org, see Vol. 35 for the
HIAS2012 conference proceedings). All contributions (plenary, invited and parallel talks, as
well as posters) will be peer-reviewed prior to being accepted for publication.

The deadline for submission of the contributions to the proceedings is Monday, June 1,
2013. The page limits for contributions are 8 pages for plenary talks, 6 pages for invited
keynote talks, and 4 pages for talks in parallel sessions and poster presentations. Guidelines
and templates for the preparation and submission of contributions will be available on the
conference website.
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HIAS2013 Scientific Program

Monday, 8 April

09:00 – 10:45 Plenary 1 chair: David Hinde
09:00 Symposium Opening:

Professor Andrew Roberts, Dean of Science, ANU
Professor Ian Chubb, Chief Scientist of Australia
Dr. Robert Porteous, Head of Division, Science and
Research, Department of Industry, Innovation, Climate
Change, Science, Research and Tertiary Education

09:35 W. Kutschera Accelerator mass spectrometry - from DNA to astro-
physics

p17

10:10 C. Simenel Probing quantum many–body dynamics with heavy–ion
collisions

p18

10:45 – 11:15 Tea Break

11:15 – 13:00 Plenary 2 chair: Martin Freer
11:15 F. Käppeler Stellar neutron capture rates – key data for the s process p19

11:50 G.C. Ball Gamma–ray spectroscopy at TRIUMF–ISAC: recent
highlights and future plans

p20

12:25 L. Corradi Heavy ion transfer reactions: ongoing and future
experiments performed with large acceptance magnetic
spectrometers

p21

13:00 – 14:00 Lunch & Poster viewing
A. Ahmed Time–dependent recoil in vacuum: Improved sensitivity

to hyperfine fields and nuclear moments
p127

B. Alshahrani Measurement of the radiative branching ratio for the
Hoyle state using cascade gamma decays

p129

I. Burducea Status and perspectives at the new tandem accelerators
in IFIN–HH

p130

I.P. Carter Development and performance of a position–sensitive
proportional avalanche counter tracking system

p131

W. Kretschmer Investigation of the origin of environmental compounds
from indoor air samples via accelerator mass spectrom-
etry

p132

N.R. Lobanov Progress report on the HIAF upgrade at ANU p133

D. Tsifakis ANU 14UD computer control system upgrade to EPICS p134

D.C. Weisser Tube entrance lens focus control p135

8
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14:00 – 15:35 Plenary 3 chairs: Anton Wallner &
Mahananda Dasgupta

14:00 W. Zhou Using Chinese loess 10Be to reconstruct the precipitation
of the last 130 ka

p22

Young Scientists (I)
14:35 M.W. Reed The onset of triaxiality in neutron–rich rhenium iso-

topes
p23

14:55 Z. Kohley Near–barrier reactions with radioactive ion beams at the
ReA3 facility

p24

15:15 M. Srncik Exploration of natural 236U in groundwater and rock
from the Beverley North sandstone–hosted uranium
deposits, South Australia

p25

15:35 – 16:00 Tea Break

16:00 – 17:30 Young Scientists (II) chair: Anton Wallner
16:00 H. Watanabe Recent results of decay spectroscopy at RIBF p26

16:20 D.H. Luong Understanding the interplay between sub–barrier breakup
of 6,7Li and above–barrier suppression of complete fu-
sion

p28

16:40 J. Feige AMS measurements of cosmogenic and supernova–
ejected radionuclides in deep–sea sediment cores

p29

17:00 B.Q. Lee Search for the greater potential of Auger electrons p30

18:00 Welcome reception & Wine tasting
Department of Nuclear Physics, Building No. 57,
Garran Road, ANU

Tuesday, 9 April

09:00 – 10:45 Plenary 5 chair: Robert Janssens
09:00 C.E. Düllmann Superheavy element research at GSI: recent results and

future plans
p31

09:35 R.–D. Herzberg Combined electron and gamma spectroscopy of heavy nu-
clei - The SAGE spectrometer

p32

10:10 A.W. Thomas Equation of state of dense matter and consequences for
neutron stars

p33

10:45 – 11:15 Tea Break

11:15 – 13:00 Plenary 6 chair: Paddy Regan
11:15 L.K. Fifield Ultra-sensitive atom counting with the 14UD accelerator

– technique and application
p34

11:45 D.J. Hinde Nuclear reaction dynamics at ANU p35

9
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12:15 A.E. Stuchbery Metastable states, moments and monopoles - Nuclear
structure down under

p36

12:45 Symposium Photo

13:00 – 14:00 Lunch & Poster viewing

14:00 – 15:30 Parallel A1 chair: Albert Zondervan
14:00 A. Wallner AMS and Nuclear (Astro)Physics – 60Fe and the ac-

tinides: examples of exciting applications
p101

14:30 S.M. Mullins AMS and other accelerator–based sciences in the Golden
Heart and Heady Wine–lands of the RSA

p102

14:50 Y.B. Wang Resonant scattering of 22Na+p via a thick–target
inverse kinematic method

p103

14:00 – 15:30 Parallel R1 chair: Valeriy Zagrebaev
14:00 L.F. Canto Bare potentials in heavy ion fusion p75

14:30 D. Montanari Heavy–ion transfer reactions at large internuclear dis-
tances using the PRISMA magnetic spectrometer

p76

14:50 C.J. Lin The effect of two–neutron transfer with positive Q–value
on sub–barrier fusion

p78

15:10 M.V. Chushnyakova New dissipative non–Markovian model treatment of
capture: the need for precise experimental above–barrier
cross sections

p79

14:00 – 15:10 Parallel S1 chair: Paul Mantica
14:00 S. Frauendorf Wigner energy and restoration of isospin symmetry p50

14:30 J. Pakarinen Competing structures in 188Pb nucleus p51

14:50 T. Kibédi Pair spectroscopy of the Hoyle state p52

15:30 – 16:00 Tea Break

16:00 – 17:30 Tour the Accelerator Facility of the Department
of Nuclear Physics followed by drinks & nibbles

Building No. 57, Garran Road, ANU

Wednesday, 10 April

09:00 – 10:45 Plenary 7 chair: Keith Fifield
09:00 R. Golser Isobars in AMS: how to stop them cold p37

09:35 J. Randrup Energy dependence of nuclear shape evolution p38

10:10 R. Julin Spectroscopy of proton–drip line and heavy nuclei p39

10:45 – 11:15 Tea Break

10
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11:15 – 13:00 Plenary 8 chair: George Dracoulis
11:15 A. Galindo–Uribarri Coulomb excitation and transfer reactions with radioac-

tive ion beams
p40

11:50 W.E. Kieser RFQ reaction cells for AMS: developments and applica-
tions

p42

12:25 A.O. Macchiavelli Advances in gamma-ray tacking: GRETINA status,
physics and future plans

p43

13:00 – 14:00 Lunch

14:00 – 15:30 Parallel A2 chair: Peter Steier
14:00 A. Dewald The first year of operation of CologneAMS: performance

and developments
p104

14:30 P.R.S. Gomes First results from the new 14C–AMS facility (LAC–
UFF) at Niteroi, Brazil

p105

14:50 J.O. Fernández Niello 129I dispersion in Argentina p107

15:10 M. De Cesare Monitoring of environmental samples from the vicinity
of a decommissioning nuclear power plant in Italy

p108

14:00 – 15:30 Parallel R2 chair: Lorenzo Corradi
14:00 B. Tsang Overview of the experimental constraints on nuclear

symmetry energy
p80

14:30 P. Fraser Modelling scattering and resonances of weakly–bound ra-
dioactive nuclei

p81

14:50 J. Lubian Fusion, transfer and breakup of light weakly–bound and
halo nuclei at near barrier energies

p82

15:10 E. Prasad Searching the onset of nuclear dissipation in the fusion
reactions 16,18O+194Pt reactions via ER measurements

p83

14:00 – 15:30 Parallel S2 chair: Augusto Macchiavelli
14:00 Y. Sun Quantum fluctuations in low–lying collective states of

deformed nuclei
p53

14:30 T.S. Dinoko Investigation of the collective structures at low and
medium spins in the N=90 and 91 nuclei 158Er and 159Er

p54

14:50 C.M. Petrache Exotic rotations and seniority isomers in Nd nuclei p55

15:10 K.M. Lynch CRIS: a new method for isomeric beam production p56

15:35 – 16:00 Tea Break

16:00 – 17:40 Parallel A3 chair: Stephen Tims
16:00 S. Jiang The measurement of 129I in Fe–Mn crust and aerosol

samples with AMS at the CIAE
p110

16:30 A. Lépine–Szily Recent results with the radioactive ion beam facility in
Brazil (RIBRAS)

p111

11
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17:00 S. Pavetich Interlaboratory study of the ion source memory effect in
36Cl accelerator mass spectrometry

p113

17:20 J. Stone Equation of state of high–density matter p114

16:00 – 17:45 Parallel R3 chair: Christoph Düllman
16:00 E.M. Kozulin Fusion-fission, quasifission and multi–nucleon transfer

processes in the reactions with heavy ions
p84

16:30 A.N. Andreyev Mapping low–energy fission in the very proton–rich nu-
clei

p85

17:00 M. Morjean Long lifetime components in the decay of excited super–
heavy nuclei

p86

17:30 E. Williams Why sticking time matters: Experimental signatures of
quasifission in reactions leading to Curium

p87

16:00 – 17:10 Parallel S3 chair: Filip Kondev
16:00 P.H. Regan Stable and radioactive beam studies using LaBr3 de-

tectors for precision lifetimes measurements of excited
states in exotic nuclei

p57

16:30 N. Palalani High spin states in neutron–rich Tantalum nuclei p58

16:50 S.M. Mullins Future development of iThemba LABS p59

Free evening

Thursday, 11 April

09:00 – 10:45 Plenary 9 chair: Gordon Ball

09:00 R.V.F. Janssens Changes in shell structure in A ∼ 60 neutron–rich nuclei
as a function of spin

p44

09:35 P. Steier Everywhere present, hard to detect: oceanography to ge-
ology with the new AMS isotope 236U

p45

10:10 V. Zagrebaev Production and study of new neutron rich heavy nuclei
in multinucleon transfer reactions

p46

10:45 – 11:15 Tea Break

11:15 – 13:00 Parallel A4 chair: Martin Suter
11:15 P. Collon Accelerator mass spectrometry for nuclear astrophysics

at Notre Dame
p115

11:45 S.G. Tims 239,240Pu isotope measurements from soils around Mar-
alinga

p116

12:05 W. Kretschmer Historical and climatological research in the Himalaya
region by 14C AMS dating of wooden drill cores from
historic buildings

p117

12
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12:25 A. Zondervan Present performance of the 10Be/14C/26Al AMS system
at GNS science and modeling how 10Be beam transport
can be improved

p118

12:45 K. Cook Developing new methods to investigate nuclear physics
input to the cosmological Lithium problem

p119

11:15 – 13:00 Parallel R4 chair: Robert Charity

11:15 K. Nishio In–beam fission study at JAEA p88

11:45 G.N. Knyazheva Quasifission of superheavy composite systems with
Z=110–116 in the 48Ca induced reactions with actinide
targets

p89

12:05 J. Khuyagbaatar Study of fusion reactions forming the Cf nuclei p90

12:25 S. Santra Fission fragment mass and angular distribution in
6,7Li+235,238U reactions

p91

12:45 K. Ramachandran Fission fragment mass distribution in 195Hg and 189Os p92

11:15 – 13:00 Parallel S4 chair: Rodi Herzberg
11:15 P.F. Mantica Laser spectroscopy at an in–flight production facility:

BECOLA at NSCL
p60

11:45 T. Grahn Coulomb excitation of re–accelerated 208,210Rn and 206Po
beams

p61

12:05 A.B. Garnsworthy The SPICE detector at ISAC p62

12:25 F. Pan The polynomial approach to the standard pairing model p63

12:45 A. Petrovici Shape evolution and Gamow–Teller β–decay of neutron–
rich A∼100 nuclei within beyond mean field approach

p64

13:00 – 14:00 Lunch

14:00 – 15:50 Parallel A5 chair: David Weisser
14:00 C. Vockenhuber Accelerator–SIMS: technique and astrophysical applica-

tions
p120

14:30 M.A.C. Hotchkis Choosing the right stripper gas for AMS and other ap-
plications with tandem accelerators at low and medium
terminal voltage

p121

14:50 S.J. Fallon Using radiocarbon in coral skeletons to reconstruct seep
CO2 input into seawater DIC at Milne Bay, PNG

p122

15:10 M. Straticiuc New research facilities for atomic mass spectrometry and
ion beam analysis at IFIN-HH

p123

15:30 J.C. McCallum New microanalysis capabilities at the Melbourne pel-
letron

p124
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14:00 – 15:50 Parallel R5 chair: Alinka Lépine–Szily
14:00 R. Charity Two–proton decay along isospin bridges p93

14:30 A. Shrivastava Role of cluster structure of 7Li in the dynamics of frag-
ment capture

p94

14:50 A. Mukherjee Importance of n–stripping process in the 6Li+159Tb re-
action at near barrier

p95

15:10 P. Figuera Elastic scattering and heavy residue production in the
collisions 6,7Li+64Zn around the Coulomb barrier

p96

15:30 M.S. Hussein Coulomb and nuclear breakup at low energies and the
scaling law

p97

14:00 – 15:30 Parallel S5 chair: Rauno Julin
14:00 F.G. Kondev Spectroscopy of neutron–deficient nuclei near the Z=82

shell closure via symmetric fusion reactions
p65

14:30 Y. Zhang Euclidean dynamical symmetry in nuclear shape phase
transition

p66

14:50 P. Jones Study of 0+ states at iThemba LABS p67

15:10 M. Aggarwal Prolate non–collective– A rare shape phase in high spin
state proton emitters 141−144Ho and 131−135Eu

p68

15:40 – 16:10 Tea Break

18.00 Symposium Banquet at the Rydges Lakeside
1 London Circuit, Canberra

Friday, 12 April

09:00 – 10:45 Parallel AR6 chair: Franz Käppeler
09:00 B. Fulton Recent measurements of key nuclear astrophysics reac-

tion rates
p125

09:35 K.E. Rehm Nuclear astrophysics experiments at Argonne p126

10:10 H. Feldmeier Clusters, halos and s–factors in Fermionic molecular
dynamics

p99

09:00 – 10:45 Parallel S6 chair: Alfredo Galindo-Uribarri
09:00 N. Stone Quasi–particle and collective magnetism in high–K iso-

mers
p69

09:30 O.J. Roberts A new UK fast–timing array p70

09:50 P. Papadakis Combined in–beam γ–ray and conversion electron spec-
troscopy with radioactive ion beams

p71

10:10 I. Mukul Giant dipole resonance in A ∼ 144 mass region p72
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10:30 T. Marchi Probing core polarization around 78Ni:
intermediate energy Coulomb excitation of 74Ni

p73

10:45 – 11:15 Tea Break

11:15 – 13:00 Plenary 10 chair: Brian Fulton
11:15 M. Suter Challenges in the development of compact AMS facilities p47

11:50 M. Freer Challenges to understanding the structure of light nuclei p48

12:25 M. Dasgupta Symposium closing

13:00 – 14:00 Lunch
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Accelerator mass spectrometry - from DNA to astrophysics
W. Kutschera1

1Vienna Environmental Research Accelerator (VERA)
Faculty of Physics, University of Vienna, Vienna, Austria

Direct atom counting with Accelerator Mass Spectrometry (AMS) revolutionized the utiliza-
tion of long-lived radionuclides, which previously had to be detected through their feeble
radioactive decay. This brought about a reduction in sample size by factors of thousand to a
million (g to mg to µg), opening up many new applications.

With AMS one usually measures ratios of the rare radionuclide to a stable nuclide in the range
from 10−12 to 10−16 with mass spectrometric techniques including an accelerator. It turned
out that tandem accelerators have many advantages for such measurements, and consequently
almost all AMS facilities around the world (∼100) are based on this type of accelerator.
Although 14C comprise about 90% of all AMS measurements, nearly 50 different radionuclides
across the nuclear chart - both natural and man-made – are by now being utilized by AMS. This
led to a wide variety of AMS applications in almost every domain of our environment at large.

In this presentation, an overview of AMS application will be attempted touching briefly on
the many fields of research where AMS has made an impact. These include (in alphabetical
order) anthropology, archaeology, astrophysics, atmospheric science, biomedicine, cosmic
ray physics, environmental science, geophysics, glaciology, hydrology, nuclear physics,
oceanography, paleoclimatology. A few non-standard applications of AMS such as the dating
of DNA with the 14C bomb peak to determine the birth of cells in humans, and the search for
superheavy nuclides in nature will also be discussed.
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Probing quantum many–body dynamics with heavy–ion
collisions

C. Simenel,1 M. Dasgupta,1 D.J. Hinde,1 A. Kheifets,2 and A. Wakhle1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
2Atomic and Molecular Physics Laboratory,

The Australian National University, ACT 0200, Australia

The quantum many-body problem is common to all fields aiming at describing complex
quantum systems of interacting particles. Examples range from quarks and gluons in a nucleon
to macromolecules such as fullerenes. Nuclear systems are another example where up to about
500 nucleons (in the case of actinide collisions) may interact. What make nuclear systems
special to test quantum many-body theories is their small size (few fermi) and short “native”
time scale (few zeptoseconds) ensuring the complete isolation from external environment, and
then, the preservation of quantum coherence during the collision. Heavy-ion collisions are then
ideal to investigate fundamental aspects of quantum physics, such as collective motion [1],
tunnelling and dissipation [2], coupled channels [3], correlations [4], entanglement [5], etc.

Predicting the outcome of heavy-ion collisions is very challenging as several reaction mech-
anisms may occur. Ideally, the same theoretical model should be able to describe all the
outcomes, e.g., (in)elastic scattering, multi-particle transfer, and fusion. A good starting point
is to consider that the particles evolve independently in the mean-field generated by the ensem-
ble of particles. This leads to the well known time-dependent Hartree-Fock (TDHF) theory
proposed by Dirac. Recent applications of the TDHF approach and some of its extensions in
nuclear physics [6] will be discussed in the talk.

The present microscopic calculations are applied to nuclear collisions around the Coulomb bar-
rier. The fusion mechanism will be discussed first. The fusion between two heavy ions is a
complex, highly non linear, and irreversible process. It is strongly coupled to internal struc-
tures of the colliding partners resulting from their quantum nature, as well as other reaction
mechanisms such as (multi)nucleon transfer. We then investigate how the transfer probabilities
evolve with energy. Moreover the path to fusion strongly depends on the mass of the nuclei.
For instance, two light nuclei in contact are likely to fuse, whereas this condition is clearly not
sufficient for heavy systems which exhibit a fusion hindrance due to the quasi-fission mecha-
nism. Indeed, in the latter, a mass flow between the reactants occurs, leading to a re-separation
of more symmetric fragments in the exit channel. A good understanding of the competition
between fusion and quasi-fission mechanisms is expected to be of great help to optimize the
formation and study of heavy and superheavy nuclei. The quasi-fission mechanism is then also
investigated. The predictions of these calculations are compared to experimental data measured
at the Heavy-Ion Accelerator Facility of the ANU.

[1] A. Bohr and B. Mottelson, Nuclear Structure, Vol. 2 (W.A. Benjamin, Inc., 1975).
[2] A.O. Caldeira and A.J. Legett, Phys. Rev. Lett. 46, 211 (1981).
[3] K. Hagino and N. Takigawa, Prog. Theor. Phys. 128, 1061 (2012) (review article).
[4] M. Assi and D. Lacroix, Phys. Rev. Lett. 102, 202501 (2009).
[5] M. Lamehi-Rachti and W. Mittig, Phys. Rev. D 14, 2543 (1976).
[6] C. Simenel, Eur. Phys. J. A 48, 152 (2012) (review article).
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Stellar neutron capture rates – key data for the s process
F. Käppeler1

1Karlsruhe Institute of Technology, Campus North, IKP,76021 Karlsruhe, Germany

Neutron reactions are responsible for the formation of the elements heavier than iron. The
corresponding scenarios relate to the He– and C– burning phases of stellar evolution (s process)
and to supernova explosions (r and p processes). The s process, which is characterized
by low neutron densities, operates in or near the valley of β–stability and has produced
about half of the elemental abundances between Fe and Bi in the solar system. Because
the s abundances are essentially determined by the (n, γ) cross sections along the reaction
path, accurate neutron data constitute the key input for s process studies. Important con-
straints for the physical conditions at the stellar sites can be inferred by comparison of the
abundance patterns from current s–process models with solar system material or presolar grains.

The experimental methods for the determination of stellar (n, γ) rates are outlined at the
example of recent cross section measurements and remaining quests will be discussed for
existing laboratory neutron sources and future developments.
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Gamma–ray spectroscopy at TRIUMF–ISAC: recent
highlights and future plans

G.C. Ball 1 and for the 8π/TIGRESS collaboration
1TRIUMF, 4004 Wesbrook Mall, Vancouver, B. C. V6T2A3, Canada

The availability of a wide variety of intense beams of exotic nuclei from the next generation of
radioactive ion beam facilities such as the Isotope Separator and Accelerator (ISAC) facility at
TRIUMF provides an unprecedented opportunity to address key questions of current interest
in nuclear astrophysics, nuclear structure physics and fundamental symmetries. Gamma–ray
spectroscopy is a powerful and versatile tool that is essential to all three areas of research at
ISAC.

Short–lived isotopes are produced at ISAC by the ISOL (on–line isotope separation) method
using a beam of up to 100 µA of 500 MeV protons from the TRIUMF H– cyclotron to bombard
thick production targets. The targets can be coupled to a wide variety of ion sources including:
surface, laser (TRILIS) and plasma (FEBIAD) sources. Since Dec. 2011 UCx production
targets operating at up to 10 µA produce high yields of short–lived neutron-rich and actinide
isotopes. A superconducting LINAC installed in 2007 has made nuclear reaction studies with
reaccelerated RIBs possible at energies up to 7A MeV for A < 150.

Over the past decade the 8π gamma-ray spectrometer has been dedicated to β-decay studies
with stopped radioactive beams at ISAC-I. The 8π is an array of 20 Compton–suppressed HPGe
detectors used in combination with a suite of ancillary detectors including plastic–scintillators
for beta coincidences, LN2-cooled Si(Li) detectors for conversion electron measurements and
an array of BaF2/LaBr3 scintillators for fast-timing measurements. Recent experimental high-
lights include: a high precision branching ratio measurement for the superallowed β–emitter
74Rb, and a study of the properties of neutron–rich Sr isotopes along the r–process path. The
recent funding of GRIFFIN (Gamma–Ray Infrastructure For Fundamental Investigations of
Nuclei) will dramatically upgrade the decay spectroscopy capabilities at ISAC–I. GRIFFIN
will consist of an array of sixteen large–volume HPGe clover detectors with a total singles
absolute efficiency of 17% at 1.3 MeV. It has been designed to couple to all existing 8π
ancillary detector systems and the new digital data acquisition system will operate at large data
through–put in a semi–triggerless mode.

The gamma–ray spectroscopy program at ISAC–II is centered on TIGRESS, a next generation
array of high–efficiency segmented HPGe detectors with digital signal processing that is
specifically designed to meet the challenges of experiments with high-energy radioactive
ion beams at high energies. A number of auxiliary detectors are also under development
for use with TIGRESS including: an array of neutron detectors DESCANT, a conversion
electron spectrometer SPICE and a recoil mass spectrometer EMMA. During the past three
years, the experimental studies included: Coulomb excitation of 10−11Be to test recent ab
inito calculations of light halo nuclei and the first experiments with a DSSSD charged particle
detector SHARC including a measurement of the 25Na(d, p)26Na reaction as part of a program
to follow the evolution of shell structure of neutron-rich sd–shell nuclei.

An overview of these facilities and recent results from the diverse program of nuclear structure,
nuclear astrophysics and fundamental studies they support, will be presented.
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Heavy ion transfer reactions: ongoing and future experiments
performed with large acceptance magnetic spectrometers

L. Corradi1

1INFN - Laboratori Nazionali di Legnaro, Italy

Significant advances have been achieved in the last years in the field of multinucleon transfer
reactions (see Ref. [1] and references therein for the last review on the subject). The advent
of the last generation large solid angle magnetic spectrometers pushed the detection efficiency
more than an order of magnitude above previous limits, with a significant gain in mass
resolution for very heavy ions. The coupling of these spectrometers to large gamma arrays
allowed to perform gamma spectroscopy for nuclei moderately far from stability produced via
nucleon transfer or deep-inelastic reactions, especially in the neutron-rich region.

In the last period we focused mostly on transfer measurement at sub-barrier energies, an ideal
energy range to probe nucleon-nucleon correlations. By exploiting the advantages of inverse
kinematics, transfer probabilities have been studied for the closed shell 96Zr+40Ca [2] and
superfluid 116Sn+60Ni [3] systems. The comparison between experimental and theoretical
transfer probabilities, especially at large internuclear distances, provides precious inputs to
probe nucleon-nucleon correlations.

These inverse kinematics experiments are also very useful to efficiently detect both binary
partners and to study the production yield in the neutron rich regions. Besides the “light”
partner products, the “heavy” partners are presently receiving peculiar attention. In fact, certain
regions of the nuclear chart, like that below 208Pb or in the actinides and transactinides, can be
hardly accessed by fragmentation or fission reactions, and multinucleon transfer represents a
suitable (if not the only one) mechanism to approach those neutron rich areas.

A presentation will be given on these items, focusing on specific aspects also important for
future experiments with radioactive beams.

[1] L. Corradi, G. Pollarolo and S. Szilner, J. Phys. G: Nucl. Part. Phys. 36, 113101 (2009).
[2] L. Corradi et al., Phys. Rev. C 84, 034603 (2011).
[3] D. Montanari et al., NN2012, S.Antonio, Texas (USA) May 27 - June 1, 2012, to be published in J.

of Phys. G.
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Using Chinese loess 10Be to reconstruct the precipitation of
the last 130 ka

W. Zhou,1, 2, ∗ F. Xian,1 Y. Du,1 X. Kong,1, 2 Z. Wu,1, 2 and Y. Zhu1

1State Key lab of loess and Quaternary Geology,
Institute of Earth Environment, CAS, Xi’an, China

2Xian AMS Center, Xi’an, China

Cosmogenic 10Be is considered as a useful proxy for past changes in precipitation. This
is because its fallout flux in sediments was mainly controlled by wet precipitation after its
production in Earths atmosphere [1, 2].

Here we present a new study for precipitation reconstruction since the last 130 ka using Chinese
loess 10Be. In our method, the two components of geomagnetic modulation and the dust dilution
have been removed from 10Be concentration in loess in order to derive the pure precipitation
component. Thus, we have quantitatively reconstructed the last 130 ka precipitation sequence
in central Chinese Loess Plateau. The general similarity between our result and the absolutely
dated δ18O records from Hulu/Sanbao caves indicates that the new 10Be method is robust. Our
result also displays that increased precipitation occurred during Marine Isotope Stage 3 (MIS
3), and its variation amplitude is generally similar with that of MIS 5. Through the comparison
between 10Be precipitation, the stacked marine isotopes and summer insolation, we propose that
the rising precipitation during MIS 3 in China appears to be basically controlled by the summer
insolation differential forcing between 30◦N and 30◦S.

[1] F. Heller et al., Earth Planet. Sci. Lett. 114(2), 385 (1993).
[2] W. Zhou et al., Radiocarbon 49(1), 139 (2007).

∗Electronic address: weijian@loess.llqg.ac.cn
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The onset of triaxiality in neutron-rich rhenium isotopes
M.W. Reed,1 G.J. Lane,1 G.D. Dracoulis,1 A.P. Byrne,1 H. Watanabe,1, 2

R.O. Hughes,1 F.G. Kondev,3 M.P. Carpenter,4 R.V.F. Janssens,4

T. Lauritsen,4 C.J. Lister,4, 5 D. Seweryniak,4 S. Zhu,4 and P. Chowdhury5

1Department of Nuclear Physics, R.S.P.E.,
The Australian National University, Canberra ACT 0200, Australia

2RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
3Nuclear Engineering Division, Argonne National Laboratory, Argonne IL, U.S.A.

4Physics Division, Argonne National Laboratory, Argonne IL, U.S.A.
5Department of Physics, University of Massachusetts Lowell, Lowell, MA 01854, U.S.A.

Experiments that observe nuclear isomers provide insight into the composition of nuclei
and enable tests of nuclear structure predictions. In general, isomers in heavy neutron-rich
isotopes, at or beyond the line of stability, cannot be produced by conventional fusion-fission
or fusion-evaporation reactions. Our approach has been to access these nuclei via multinucleon
transfer or deep inelastic reactions. Neutron-rich rhenium isotopes were populated using
a pulsed or chopped 136Xe beam produced by the ATLAS accelerator at Argonne National
Laboratory, incident on gold-backed 187Re and 192Os targets. Gamma-ray emission from
excited reaction products was measured using the Gammasphere detector array.

The region close to 190W has been predicted to exhibit changes in nuclear deformation [1],
transitioning from prolate, through triaxial, to oblate shapes as more neutrons are added.
Recent experiments on heavy neutron-rich isotopes in the region (188,190W and 191,193Ir) [2, 3]
show signatures of a transition to triaxial shapes. Specifically, in 188W and 190W there is a
decreasing trend of the reduced hindrances for the isomer decays in more neutron-rich nuclei.
Whilst the significant signature splitting of the h11/2 band in 191Ir and 193Ir points to these nuclei
having non-prolate shapes, theoretical calculations predict significant changes in triaxiality for
different 3-quasiparticle configurations [3].

The present focus is on the neutron-rich isotopes 187Re, 189Re and 191Re. Previous experiments
in this region identifed delayed γ–rays from isomeric states in 187Re [4] and 191Re [5]. In
addition to γ–ray spectroscopic studies, 187Re,189Re and 191Re have also been the subject
of particle transfer experiments (polarised t,α) on stable osmium targets, where low-spin
excited states were examined [6]. In the current experiment, the 9/2−[514] proton state and its
associated rotational band were observed in the decay of 3-quasiparticle isomers in all three
isotopes. The trends in the isomeric transition reduced hindrances and the aligned angular
momenta of the 9/2−[514] bands are related to shape changes across the isotopic chain, and
can be used to test the inference of increasing triaxiality in the more neutron-rich isotopes.

This work is supported in part by the US Department of Energy, Office of Nuclear Physics,
under contract No. AC02-06CH11357.

[1] P. D. Stevenson et al., Phys. Rev. C 72, 047303 (2005).
[2] G. J. Lane et al., Phys. Rev. C 82, 051304(R) (2010).
[3] G. D. Dracoulis et al., Phys. Lett. B 709, 59 (2012).
[4] T. Shizuma et al., Eur. Phys. J. A 17, 159 (2003).
[5] S. J. Steer et al., Phys. Rev. C 84, 044313 (2011).
[6] C. R. Hirning et al., Nucl. Phys. A 287, 24 (1977).
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Near–barrier reactions with radioactive ion beams at the
ReA3 facility

Z. Kohley1, 2

1National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48842, USA

2Department of Chemistry, Michigan State University, East Lansing, Michigan 4842, USA

The new ReA3 reaccelerated beam facility at the National Superconducting Cyclotron Lab-
oratory (NSCL) will provide high quality radioactive ion beams (RIBs), produced from fast
fragmentation reactions, at energies around the Coulomb barrier. A gas-catcher, charge breed-
ing ion source, and a linear accelerator have been developed to stop, ionize, and re-accelerate
the RIBs at energies up to 3-6 MeV/u. Potentially, any RIB that can be produced from the fast
fragmentation reactions will now be available for study at energies around the Coulomb barrier.
These radioactive isotopes can have exotic properties such as neutron/proton skins, halos, or
unexpected changes in their shell structure. ReA3 will allow us to explore how these exotic
properties manifest themselves in low-energy reactions. In particular, heavy-ion fusion induced
with medium mass RIBs remains almost completely unexplored as only three fusion reactions
using RIBs, between oxygen (Z=8) and tin (Z=50), have ever been measured. A new research
program focused on the study of heavy-ion fusion reactions is being developed to take advan-
tage of the world-unique RIBs offered by the ReA3 facility. Along with an overview of the
ReA3 facility, details about three devices being developed for exploration of fusion reactions
induced by RIBs will be discussed.
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Exploration of natural 236U in groundwater and rock from
the Beverley North sandstone-hosted uranium deposits, South

Australia
M. Srncik,1 M.J. Murphy,2 L.K. Fifield,1 S.G. Tims,1 S.P. Turner,2 and A. Wallner1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
2GEMOC National Key Centre, Department of Earth and Planetary Sciences,

Macquarie University, NSW 2109, Australia

The minor uranium-236 (236U) isotope with a half-life of 23 Ma is continuously produced via
thermal neutron capture on 235U and to a negligible extent due to the decay of 240Pu. In the
natural environment, neutrons arise from (α,n) reactions with light elements (like Li, Be, Na,
Mg, etc.), from the spontaneous fission of 238U, from neutron-induced fission of 235U and at
the earths surface from cosmic rays. As our samples are all collected between 220 and 260
m below the surface the influence of cosmic radiation (∼30 m) as well as the anthropogenic
contribution of 236U can be excluded.

10 to 20 L of groundwater was collected from the Pepegoona deposit and drill core rock
samples were obtained from the Pepegoona, Pepegoona West and Pannikan deposits. The
chemical procedure is based on the uranium extraction using UTEVA resin and the samples
were measured by accelerator mass spectrometry using the 14 UD Pelletron accelerator at the
Australian National University.

All samples show 236U/238U isotopic ratios at the level of a few parts in 10−12. These ratios are
characteristic of natural production, and are at the low end of the range previously measured in
uranium ores. Due to the high uranium concentration in the drill core samples, it was possible
to obtain mg quantities of uranium from them, and hence to obtain sufficient 238U beam to
allow measurements of 236U/238U ratios at these low levels; the ratios ranged from (1.14 ±
0.46)× 10−12 to (9.09± 0.55)× 10−12. The uranium concentrations in the water samples were,
however, very low (∼ few ppb), and only one water sample collected directly within the high–
grade mineralisation zone produced sufficient 238U beam. The 236U/238U isotopic ratio for this
sample was (6.57 ± 2.97) × 10−12, which is essentially the same as that measured in the host
rock.
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Recent results of decay spectroscopy at RIBF
H. Watanabe1, 2

1School of Physics and Nuclear Energy Engineering,
Beihang University, Beijing 100191, China

2RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

The nucleus is an isolated quantum system which consists of a finite number of fermions. A
nucleus has a defined surface due to its finite volume, giving rise to a variety of nuclear shapes
and dynamics depending on the interactions between the constituent protons and neutrons.
Such shape-transitional behavior of atomic nuclei has been one of the major subjects explored
in both experimental and theoretical nuclear physics. Meanwhile, the stability of nuclear shape
is potentially influenced by the presence of the magic numbers (shell closures). For the last few
decades, the study of exotic (unstable) nuclei using radioactive isotope (RI) beams revealed that
the magic numbers that have been observed for the nuclei near the line of β-stability are not
necessarily universal and are subjected to a change in certain regions with highly unbalanced
ratios of protons and neutrons. The research on such a paradigm shift is the frontier of nuclear
structure science.

γ-ray spectroscopy following the β decay is an effective tool for exploring low-lying yrast
and non-yrast states, which provide key structure information such as the shape transi-
tions/coexistence and the single-particle levels. For the study of rare isotopes, especially when
the nucleus of interest lies at the boundaries of availability for spectroscopic studies, isomeric
decays are likely to be a more useful means than decays to populate lower-lying levels. The
identification of such characteristic isomers will pin down currently controversial subjects
including the evolution of shell structures. The combined β- and isomeric-decay measure-
ments at the RI Beam Factory (RIBF) [1], which has the capability of providing the world’s
strongest RI beams, are at the forefront of exploration of exotic nuclei far from the stability line.

This presentation focuses on the achievements obtained in the first decay spectroscopy at RIBF
in 2009. A major aim of this work was the study of neutron-rich nuclei around Z = 40 and
A = 110, where the shape transitions from prolate, via gamma-soft, to oblate deformations
are predicted to occur with increasing the number of neutrons. New results include the
observation of shape evolution in 106,108Zr [2], a possible oblate-shape isomer in 109Nb [3], and
a large-amplitude -soft dynamics in 110Mo [4]. These findings revealed the shape-transitional
phenomena in this neutron-rich region for the first time.

Research opportunities for decay spectroscopy at RIBF will be expanded with the high-efficient
gamma-ray spectrometer EURICA (EUROBALL-RIKEN Cluster Array) [5]. The first long-
term EURICA experimental campaign has been carried out in November and December in
2012. Very neutron-rich nuclei in the vicinity of the doubly-magic nuclei 78Ni and 132Sn were
produced from 238U beams with an intensity of 7-12 pnA. The highlights of this experimental
campaign will be also introduced.

[1] Y. Yano, Nucl. Inst. Meth. B 261, 1009 (2007).
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[2] T. Sumikama et al., Phys. Rev. Lett. 106, 202501 (2011).
[3] H. Watanabe et al., Phys. Lett. B 696, 186 (2011).
[4] H. Watanabe et al., Phys. Lett. B 704, 270 (2011).
[5] http://www.riken.jp/engn/r-world/info/release/press/2012/120326 4/index.html
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Understanding the interplay between sub–barrier breakup of
6,7Li and above-barrier suppression of complete fusion

D.H. Luong,1 D.J. Hinde,1 M. Dasgupta,1 and M. Evers1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

With the discovery of halo nuclei, and recent intensive development of radioactive ion beams
(RIBs) around the world, there is renewed interest in studying interaction of weakly-bound
light nuclei as a basis for understanding interactions of halo nuclei and RIBs. Using a
novel experimental approach [1], reactions of the weakly–bound nuclei 9Be and 6,7Li with
heavy targets consistently showed suppression of complete fusion by ∼30% [2, 3]. The
low threshold energies for breakup of Li and Be are widely associated with their observed
suppression of complete fusion [1–5], with breakup described as cluster decay from unbound
states independent of the mechanism that populates it [6–12]. However, knowing the reaction
processes leading to breakup is not sufficient to understand the interplay between breakup and
suppression of fusion [3]. It is critical to also know the timescale of each process [13], whether
the breakup occurs before or after the projectile reaches its point of closest approach to the
target nucleus.

From our recent sub–barrier coincidence measurements for the reactions of 6,7Li with 207,208Pb
and 209Bi, breakup mechanisms and their timescale are identified. The probability for sub–
barrier breakup processes fast enough (∼10−22s) to affect fusion are extracted and used to pre-
dict above-barrier suppression of complete fusion using the classical trajectory model PLATY-
PUS [14]. The results of this study will be presented.

[1] M. Dasgupta et al., Phys. Rev. Lett. 82, 1395 (1999)
[2] M. Dasgupta et al., Phys. Rev. C 66, 041602(R) (2002).
[3] M. Dasgupta et al., Phys. Rev. C 70, 024606 (2004).
[4] C. Signorini et al., Eur. Phys. J. A 5, 7 (1999).
[5] Y.W. Wu et al., Phys. Rev. C 68, 044605 (2003).
[6] H. Freiesleben et al., Phys. Rev. C 10, 245 (1974).
[7] G.R. Kelly et al., Phys. Rev. C 63, 024601 (2000).
[8] R. Ost et al., Z. Phys. 266, 369 (1974).
[9] J.L. Québert et al., Phys. Rev. Lett. 32, 1136 (1974).

[10] D. Scholz et al., Nuc. Phys. A 288, 351 (1977).
[11] C. Signorini et al., Phys. Rev. C 67, 044607 (2003).
[12] A. Shrivastava et al., Phys. Lett. B 633, 463 (2006).
[13] D.H. Luong et al., Phys. Lett. B 695, 105 (2011).
[14] A. Diaz-Torres et al., Phys. Rev. Lett. 98, 152701 (2007).
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AMS measurements of cosmogenic and supernova–ejected
radionuclides in deep–sea sediment cores
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4HZDR, Bautzner Landstraße 400, 01328 Dresden, Germany

Accelerator Mass Spectrometry (AMS) provides the highest sensitivity for measurements of
long-lived radionuclides with half-lives in the order of million years. We apply this method to
search for live supernova (SN)-produced radionuclides on Earth.

The first indication of a SN close-by to the solar system was published by Knie et al. in 2004.
AMS measurements of a ferromanganese crust from the Pacific Ocean showed an excess of
60Fe corresponding to a time some 2 Myr ago. We have obtained two deep-sea sediment cores
from the Indian Ocean, which provide a better time resolution due to higher accumulation rates.
We use AMS for measuring concentrations of the long-lived radionuclides 26Al, 53Mn and
60Fe in these sediment cores with high time resolution. All three radionuclides, with half-lives
between 0.7 and 3.7 Myr, are produced in the late burning phases and during a supernova
explosion of a massive star and are ejected into the interstellar medium in the explosion.
In contrast to 60Fe, which is not produced in-situ on Earth, cosmogenic production of 26Al
and 53Mn in the atmosphere and in-situ adds to a potential extraterrestrial signal. Therefore,
accurate data are required for these radionuclides. The cosmogenic isotope 10Be, produced
from cosmic rays in the Earth’s atmosphere, is analysed for dating purposes.

We will present our first AMS measurement results for 10Be (DREAMS facility, Germany) and
26Al (VERA, Austria) and will show that, in addition to 10Be, 26Al might be a valuable isotope
for dating of deep-sea sediment cores for the past few million years.
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Search for the greater potential of Auger electrons
B.Q. Lee,1 T. Kibédi,1 A.E. Stuchbery,1 K.A. Robertson,1 and F.G. Kondev2
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Auger electrons and characteristic X–rays, collectively named as atomic radiation, are
emitted following atomic ionization. Radionuclides that emit Auger electrons have been of
particular interest as therapeutic agents. This is primarily due to its short range in tissue,
controlled linear paths, and high linear energy transfer of these particles. Their biological
effects are very localized thus making Auger–electron emitters ideal for precise targeting of
cancer cells. On the other hand, Auger electrons can also damage healthy cells. Accurate
knowledge of Auger yields is needed both to evaluate the dose to healthy cells, when radioiso-
topes are administered for diagnostics, and to design radioisotope use in targeted cancer therapy.

A pilot computational model, based on the Monte Carlo method and using up–to–date nuclear
input data, has been developed at the ANU. Details of the model and results for 99mTc and 111In
have been published [1]. Ab initio calculations of atomic transition energies are performed at
every propagation step of the Auger cascade using the relativistic Dirac–Fock method. This
approach has never been used by existing calculations and it effectively eliminates energetically
forbidden transitions. An important result of the pilot model is that deduced total yield of
Auger electrons per nuclear decay for 99mTc is 3.55, reasonably consistent with the calculation
of Pomplun [2]. We have begun to calculate the charge distribution after electron capture, and
to simulate experimental spectra. These results will be presented. They are in good agreement
with the experimental data. In addition, future plans to refine the pilot model will also be
discussed.

[1] B.Q. Lee, T. Kibédi, A.E. Stuchbery, K.A. Robertson, Comp. Math. Meth. Med., Article ID 651475
(2012) doi:10.1155/2012/651475.

[2] E. Pomplun, Int. J. of Radiation Biology, 88 (2012) 108.
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Superheavy element research at GSI: recent results and
future plans

C.E. Düllmann1

1Johannes Gutenberg University Mainz, 55099 Mainz, Germany
GSI Helmholtz Center for Heavy Ion Research, 64291 Darmstadt, Germany

Helmholtz Institute Mainz, 55099 Mainz, Germany

At GSI Darmstadt, a unique combination of experimental facilities is installed that allows ad-
dressing key questions in SHE research. Currently studied topics include:

(i) synthesis of the heaviest elements

(ii) nuclear reactions

(iii) nuclear structure, with a focus on isomerism in Z∼100 –110 nuclei

(iv) direct mass measurements beyond fermium

(v) atomic number identification of nuclides from 48Ca-induced reactions on actinides

(vi) chemical properties of the transactinide elements

I will start with a brief introduction to the current status of SHE research from a GSI perspective,
also giving an overview on the GSI program and presenting recent highlights. The main part
of my talk will be devoted to recent experiments performed at the gas-filled separator TASCA,
dedicated to search for new elements beyond the heaviest claimed element with Z=118. In the
last part I will discuss future perspectives for SHE research at GSI.
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Combined electron and gamma spectroscopy of heavy nuclei
The SAGE spectrometer?

R.–D. Herzberg1

1Department of Physics, University of Liverpool, L69 7ZE, UK

A growing number of experiments is currently opening up the transfermium region of nuclei
for detailed spectroscopic investigations [1–3]. In the deformed nuclei in the nobelium region
this allows an identification and mapping of single particle orbitals closest to the top end of the
nuclear chart.

Initial in–beam measurements in the region focussed on γ–ray spectroscopy of even–even
nuclei (e.g. 252,254No, 250Fm), studying the ground–state yrast bands and allowing extraction
of parameters such as the moments of inertia, and proving the deformed nature of these
nuclei. More recently, it has become possible to do combined in-beam gamma ray and
conversion electron spectroscopy with the SAGE spectrometer [4]. The first experiments
have focused on the study of odd–mass transfermium nuclei and are currently being analysed.
These experiments will yield data which can be used to determine the excitation energies and
configurations of quasiparticle states in the region, and to compare them to the predictions of
various theories.

An overview of the most recent results and the experimental techniques used will be presented
and the SAGE spectrometer in Jyväskylä will be discussed.

? This work is supported by the UK STFC.

[1] R.-D. Herzberg, J. Phys. G 30, R123 (2004).
[2] R.-D. Herzberg, P.T. Greenlees, Prog. Part. Nucl. Phys. 61, 674 (2008).
[3] R.-D. Herzberg and D.M. Cox, Radiochim. Acta 99, 441 (2011).
[4] M. Scheck et al., Phys. Rev. C83 037303 (2011) and NIM, to be published.
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Equation of state of dense matter and consequences for
neutron stars

A.W. Thomas1

1CoEPP and CSSM, School of Chemistry and Physics,
The University of Adelaide, Adelaide SA 5005

There is currently tremendous interest in the role of hyperons and other exotic forms of matter
in neutron stars. This is particularly so following the measurement by Demorest et al. [1] of a
star with a mass almost 2 solar masses. Given that we know of no physical mechanism to stop
the occurrence of hyperons at matter in beta–equilibrium above roughly 3 times nuclear matter
density, we discuss the constraints on the possible maximum mass when hyperons are included
in the equation of state [2]. The discussion includes a careful assessment of the constraints
from low energy nuclear properties as well as the properties of hypernuclei. The model within
which these calculations are carried out is the quark-meson coupling (QMC) model, which is
derived starting at the quark level [3]. It is therefore also natural to extend considerations to the
possible effect of unconfined quarks.

[1] P. Demorest et al., Nature 467 (2010) 1081.
[2] D.L. Whittenbury et al., arXiv:1204.2614
[3] P.A.M. Guichon et al., Nucl. Phys. A601 (1996) 349
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Ultra-sensitive atom counting with the 14UD accelerator –
technique and application

L.K. Fifield1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
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Nuclear reaction dynamics at ANU
D.J. Hinde1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
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Metastable states, moments and monopoles - nuclear
structure down under

A.E. Stuchbery1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
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Isobars in AMS: how to stop them cold
R. Golser,1 O. Forstner,1 P. Andersson,1 M. Martschini,1 A. Priller,1 and P. Steier1

1University of Vienna, Faculty of Physics,
Vienna Environmental Research Accelerator (VERA), Austria

Accelerator Mass Spectrometry (AMS) is the most sensitive method to measure long-lived
isotopic species. Abundance sensitivities of a radioisotope relative to the stable isotope can
routinely be measured as low as 10−15 if no stable isobar interferes. C–14 is a prominent
example, where the stable isobar N–14 is suppressed in the ion source due to its atomic
properties (carbon does form negative ions, nitrogen does not). Cl–36 is an example, where the
stable isobar S–36 is usually separated in a gas–ionization detector due to the different energy
loss in matter, i.e. due to the difference in nuclear charge. This method requires high energies of
the order of 0.5 MeV per nucleon. However, chlorine and sulfur differ also in their negative–ion
properties: the electron affinities (EAs) are 3.6 eV and 2.1 eV, respectively. A suitable laser can
neutralize sulfur anions by electron detachment but leave chlorine anions unaffected, so they
can then be accelerated. Because of the low cross section for photo–detachment of the order
of 10−17 cm2, an interaction time in the millisecond range is necessary for a continuous wave
laser of a few watts. This can be realized by buffer–gas–cooling the negative ions to thermal
energies with helium gas in a linear RF quadrupole guide (see e.g. [1]).

Our aim is to utilize laser photodetachment for AMS with VERA. We want to suppress inter-
fering isobars almost fully from interesting radioisotopes already at the low energy side. This
opens up the possibility of using molecular ions, where we expect that the EAs of a large number
of radioisotopes change to values higher than the EA of the respective isobaric interference. For
example, the negative molecular ions FeH− and HfF−

5 would allow VERA to measure Fe–60
and Hf–182 by suppressing the interference from Ni–60 and W–182, respectively. So far, se-
lective neutralization of buffer–gas–cooled molecular anions, whose vibrational and rotational
degrees of freedom smear out the onset of photodetachment, is a promising idea. We are just at
the edge of putting this idea into practice for AMS.

[1] Y. Liu et al., Appl. Phys. Lett. 87 113504 (2005).
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Energy dependence of nuclear shape evolution
J. Randrup1

1Berkeley, California 94720, USA

The recently developed treatment of Brownian shape evolution is further refined to take ac-
count of the gradual subsidence of shell effects as the excitation energy is raised. It is assumed
that the Fermi-gas level-density parameter approaches its macroscopic form exponentially with
excitation. The modulation of the level density parameter is equivalent to the introduction of
an energy-dependent effective potential energy surface which is easier to depict. Illustrative
calculations of fission fragment mass distributions are made and compared with experimental
data.
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Spectroscopy of proton-drip line and heavy nuclei
R. Julin on behalf of the join-European JUROGAM collaboration1

1Department of Physics, University of Jyväskylä,
P.O. Box 35, FIN-40014 University of Jyväskylä, Finland

The interplay between single-particle motion, collectivity and pairing in nuclei is seen as a rich
tapestry of exotic excitations and coexistence of various structures at low excitation energy. To
understand the origin of these structures it is important to extend the systematic spectroscopic
studies to nuclei at the extremes of neutron and proton numbers.

Nuclei at the proton drip line and in the region of super-heavy elements can be produced in
fusion-evaporation reactions with stable-ion beams and targets. Recently, it has been shown
that highest sensitivity and best resolution in spectroscopic studies of these nuclei are obtained
in tagging experiments by combining novel in-beam gamma-ray and conversion-electron
spectrometer systems with instruments developed for off-beam decay studies. In addition to
the gamma-ray, electron- and particle spectrometers, a recoil separator is the key instrument
in selecting the very weak reaction channels of interest. The newest developments include a
differential-plunger device for lifetime measurements and beta-tagging for studies of N = Z
nuclei.

New results obtained in tagging experiments carried out at the JYFL Accelerator Labo-
ratory in Jyväskylä, Finland, will be presented. They include experiments for N = Z nuclei,
very neutron deficient nuclei in the Sn and Pb region as well as heavy nuclei close to the
Z = 102 nucleus.

Plans to improve sensitivity in such measurements include developments of digital elec-
tronics, higher efficiency separators and detector arrays, and higher intensity beams. These
developments and expected detection limits will be discussed.
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Coulomb excitation and transfer reactions with radioactive
ion beams

A. Galindo-Uribarri1, 2, 3

1Physics Division, Oak Ridge National Laboratory,
Bethel Valley Rd, Oak Ridge TN 37831, U.S.A.

2Department of Physics and Astronomy, Univ. of Tennessee,
401 Nielsen Physics Bldg., Knoxville TN 37996, U.S.A.

3Department of Earth and Planetary Sciences,
University of Tennessee, 1412 Circle Dr, Knoxville TN 37996, U.S.A.

At HRIBF, we have made pioneer measurements of B(E2) values for several neutron-rich
radioactive nuclei in the mass A = 80 and A =130 regions. We have repeated some of
these measurements with increased statistics. Also we are revisiting some of the reported
measurements of B(E2) and quadrupole moments using stable beams along chains of isotopes
such as Ni, Ge, Se, Zr, Sn, and Te to resolve some existing discrepancies. The approach has
been to do safe Coulomb excitation reactions between various projectile-target combinations
that allow for consistency crosschecks, to keep the corrections to the data to a minimum
(e.g. electronics deadtime), and to extract and compare the results obtained using various
independent techniques (e.g. normalization to Rutherford vs. normalization relative to the
target well known B(E2) values). Together with the results obtained with RIBs (and using
the same techniques) these revisited data will allow and more meaningful comparison and a
stringent test to theoretical predictions.

Another very successful program at HRIBF has been the study of transfer reactions using
particle-gamma techniques. Transfer reactions give direct access to the microscopic shell
structure of nuclei. One-nucleon pickup (p, d) and one-nucleon stripping (d, p) reactions are
useful spectroscopic tools in inverse kinematics with RIBs. Their advantages include simplicity
on the interpretation and large transfer cross–sections for single particle (or hole) states.
Techniques for performing the above reactions in inverse kinematics with unstable beams are
been developed however, substantial development is still required in both targets and detection
systems to fully exploit the potential of transfer reactions in hydrogen isotopes. Alternative
approaches include the use of heavy ion transfer reactions with RIBs which we are exploring at
HRIBF as a technique to study the structure of nuclear states inaccessible or difficult to populate
in light ion reactions. It is possible to reach the same final nucleus by using a wide variety
of different projectiles and by transferring different number of nucleons. Much may then be
deduced concerning the structure of a state simply from its population or non-population in a
series of different reactions. An attractive feature of heavy ion reactions below the Coulomb
barrier is their insensitivity to the nuclear interaction between the cores simplifying the analysis.

Another approach we are also pursuing is to develop techniques that allow us to measure
more sensitive observables. The use of a polarized target in transfer reactions for example
would allow the measurement of observables such as the analyzing power which gives an
unambiguous determination of the total spin J.

The use of RIBs to do both Coulomb excitation reactions and transfer reactions presents
serious challenges associated to their low intensities, potentially high backgrounds in the
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gamma-ray and charged particle detectors caused by the radioactivity of the beam, and isobaric
contamination. Some of these problems can be solved with specially designed detection
systems and with good quality beams.

Research sponsored by the Office of Nuclear Physics, U.S. Department of Energy.
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RFQ reaction cells for AMS: developments and applications
W.E. Kieser,1 X-L Zhao,1 A.E. Litherland,1 J. Eliades,1, 2 and R.J. Cornett3

1Department of Physics & IsoTrace Lab, University of Ottawa, ON, Canada
2Current address: Korea Institute of Science and Technology (KIST),

Advanced Analysis Centre, Seoul, 136–791, Republic of Korea
3Department of Earth Sciences & IsoTrace Lab, University of Ottawa, ON Canada

The use of Radiofrequency Quadrupole (RFQ) guided ion-gas reaction cells has been shown to
be very effective in the elimination of a number of atomic and molecular isobars which have
caused difficulties for Accelerator Mass Spectrometry (AMS) measurements [1, 2]. However,
the transformation of the equipment used for these proof–of–principle measurements into a
system suitable for routine analysis has required attention to many of the aspects of the ion
beam transport and gas handling sub-systems. For example, the cross sections of the ion-gas
reactions, involving both the analyte ion as well as the isobar, are critically dependent on the ion
energy. This has to be reduced from the ion source energy, usually between 20 and 80 keV, to
energies typically in the range of several eV, a task which is complicated by the energy spread
and the divergence of beams from AMS sputter sources. With simulations using SIMION 8.1
[3] and tests of promising configurations in a laboratory test system, several guiding principles
for the design of the retarder optics have been developed. These will be discussed, along with
the design currently being implemented and the results of the simulations and tests leading to
this design.

Applications of this technique to heavier ions have frequently involved the use of fluoride an-
ions which both extend further the range of elements that AMS can analyze and provide, in
the ion source as well as in the reaction cell, significant isobar rejection capability [4]. Appli-
cations of the ion-gas reaction cell technique presented will include recent measurements on
these molecular super-halogen anions. In particular, tests on molecules incorporating actinides
and fission fragments are in progress, one of which has demonstrated the ability to distinguish
between 238U and 238Pu.

[1] J. Eliades et al., Nucl. Instr. and Meth. B 268, 839 (2010).
[2] X.-L. Zhao et al., Nucl. Instr. and Meth. B, (2012), doi:10.1016/j.nimb.2012.01.046
[3] SIMION 8.1, Scientific Instrument Services, Inc., http://simion.com/
[4] J. Eliades et al., Nucl. Instr. and Meth. B, (2012), doi:10.1016/j.nimb.2011.11.030
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Advances in gamma-ray tacking: GRETINA status, physics
and future plans*

A.O. Macchiavelli1

1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720

The gamma–ray tracking technique uses highly segmented Ge detectors, and measures pulse
shapes from each of the segments using fast digital electronics. These pulses are analyzed, in
a procedure called signal decomposition, to determine energy, time, and three–dimensional
positions of all gamma–ray interactions. This information is then used, together with the
characteristics of the Compton and pair–production processes, to group and sequence the
interactions points and determine the scattering path of the original gamma–rays. A 4π
detector array based on this novel technique would provide high efficiency (∼40% for 1 MeV
gamma–rays), excellent peak–to–total ratio (∼0.6), and accurate position resolution (∼2 mm),
increasing the detection sensitivity of the spectrometer by several hundreds compared to current
arrays used in nuclear physics research.

GRETINA, a first implementation of such an array using coaxial crystals (6x6 segments)
and covering 1 solid angle, was completed in March 2011 at LBNL. A similar system devel-
oped in Europe, the AGATA demonstrator, is currently running a campaign at Legnaro. In this
talk, we will review the basic principles of gamma ray tracking and the measured performance
of GRETINA with radioactive sources and in-beam experiments.

Besides their intrinsic value as demonstrators of the tracking technique, these instruments
provide unique physics opportunities in nuclear structure: we will discuss some examples and
present the plans for commissioning runs and first research campaigns.

*This work is supported by US-DOE under contract number DE–AC02–05CH11231.
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Changes in shell structure in A ∼ 60 neutron–rich nuclei as a
function of spin

R.V.F. Janssens1

1Physics Division, Argonne National Laboratory, Argonne, IL60439, USA

Using the resolving power of spectrometers such as Gammasphere in combination with a vari-
ety of reactions ranging from fusion-evaporation with exotic beams or targets to deep inelastic
reactions, it has been possible to investigate to fairly high angular momentum neutron–rich
nuclei in a number of regions of the nuclear chart. The primary motivation for such studies
is to provide the data required to characterize changes in shell structure as a function of the
neutron–to–proton ratio that can be used to develop large–scale shell-model calculations and
to characterize the impact of a large neutron excess on global properties, such as the nuclear
shape, for example.

This presentation will review the nature of excitations in neutron–rich fpg–shell nuclei between
Ca and Ni, where interactions incorporating the monopole tensor force are responsible for a
neutron sub–shell closure at N=32 [1–3]. Also of particular interest in this region is the role
of the g9/2 orbital in driving the nuclear shape as has been demonstrated by the presence of
collective excitations at moderate spin in neutron–rich Cr, Fe and Mn isotopes [4–6]. This
suggests that mixing between the “deformed” and the “shell–model” states might have a strong
influence on their properties. This presentation will conclude with a discussion of recent results
obtained in the direct vicinity of 68Ni [7].

This work is supported by the U. S. Department of Energy, Office of Nuclear Physics, under
contract No. DE-AC02-06CH11357.

[1] A. Huck et al., Phys. Rev. C 31, 2226 (1985); A. Gade et al., Phys. Rev. C 74, 021302 (R) (2006).
[2] R.V.F. Janssens et al., Phys. Lett. B546, 55 (2002).
[3] J.I. Prisciandaro et al., Phys. Lett. B510, 17 (2001).
[4] S. Zhu et al., Phys. Rev., C 74, 064315 (2006) and references therein.
[5] D. Steppenbeck et al., Phys. Rev. C 85, 044316 (2012) and references therein.
[6] D. Steppenbeck et al., Phys. Rev. C 81, 014305 (2010) and references therein.
[7] S. Zhu et al., Phys. Rev. C 85, 034336 (2012) and references therein
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Everywhere present, hard to detect: oceanography to geology
with the new AMS isotope 236U

P. Steier,1 R. Eigl,2 A. Priller,1 F. Quinto,3 A. Sakaguchi,4

I. Spendlikova,5 M. Srncik,6 G. Wallner,2 S. Winkler,1 and R. Golser1

1Faculty of Physics, University of Vienna, A-1090 Vienna, Austria
2Department of Inorganic Chemistry, University of Vienna, A-1090 Vienna, Austria

3European Commission-Joint Research Centre,
Institute for Transuranium Elements, 76125 Karlsruhe, Germany

4Graduate School of Science, Hiroshima University, Hiroshima, 739-8526, Japan
5Faculty of Nuclear Sciences and Physical Engineering,

Czech Technical University Prague, 166 36 Praha, Czech Republic
6Department of Nuclear Physics, The Australian National University, ACT 0200 Canberra, Australia

The recent finding that about 1000 kg of 236U from nuclear weapons tests were spread by
global fallout [1, 2] has opened up a range of possible applications. 236U is present at levels
well above the maximum natural concentrations in practically all compartments of the surface
environment. Several laboratories worldwide have developed capabilities for detection of 236U
with sufficient sensitivity during the past years.

In global oceans, where 236U is present at levels up to 236U/U ∼10−8 first successful applica-
tions underline the good suitability as a tracer for oceanography, and show that relatively small
water samples are sufficient [2, 3]. At VERA, we have measured ocean depth profiles and coral
archives, revealing complementary or superior properties to established tracers like 14C, CFCs,
137Cs and 129I. Studies of land-bound fallout 236U in soil and water samples demonstrate the
applicability in hydrology and sediment transport studies.

Technical development at VERA focuses on decreasing the minimum sample size for anthro-
pogenic 236U. However, the relatively high isotopic ratios encountered do not fully exploit the
extraordinary abundance sensitivity of VERA. We therefore strive to extend our measurement
capabilities towards the natural 236U in typical crustal rocks (expected isotopic ratio between
10−13 and 10−15), by installing an additional bending magnet and switching to helium as a strip-
per gas. Also laboratory background must be minimized. We expect many applications on the
field of geology and hydrology.

[1] A. Sakaguchi et al., Sci. Tot. Env. 407, 4238 (2009).
[2] S.R. Winkler, P. Steier, J. Carilli, Earth & Planetary Sci. Lett. 124-130, 359 (2012).
[3] A. Sakaguchi et al., Earth & Planetary Sci. Lett. 333-334, 165 (2012).
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Production and study of new neutron rich heavy nuclei in
multinucleon transfer reactions

V.I. Zagrebaev1 and W. Greiner2

1Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Moscow Region, Russia
2Frankfurt Institute for Advanced Studies,

J.W. Goethe-Universität, Frankfurt, Germany

30 years ago there had been a great deal of interest in the use of heavy ion multinucleon transfer
reactions for the production of new neutron rich isotopes of heavy nuclei. Many experiments
of such kind have been performed those time and very interesting information concerning
collision dynamics have been derived. The cross sections for the production of above–target
elements were found to decrease very rapidly with increasing atomic number of surviving
heavy nuclei. Nevertheless, the level of 0.1 µb of the cross sections has been reached those
time, and several isotopes of Fm and Md have been synthesized in low–energy collisions of
238U with 248Cm target. It was found that the yields of near– and above–target actinide nuclei
depend strongly on a choice of the projectile nucleus. Nuclear structure effects (in particular,
the closed neutron shell N = 126) were also observed in the distribution of binary reaction
products formed in low–energy damped collisions of heavy ions.

Renewed interest in the multinucleon transfer reactions with heavy ions is caused by the
limitations of other reaction mechanisms for the production of new heavy and superheavy
neutron enriched nuclei. The present limits of the upper part of the nuclear map are very
close to the beta–stability line while the unexplored area of heavy neutron–rich nuclides (also
those located along the neutron closed shell N = 126 to the right–hand side of the stability
line) is extremely important for nuclear astrophysical investigations and, in particular, for the
understanding of the r process of astrophysical nucleogenesis. For elements with Z>100 only
neutron deficient isotopes (located to the left of the stability line) have been synthesized so far.
The “northeast” area of the nuclear map cannot be reached in fusion, fission or fragmentation
processes widely used nowadays for the production of new nuclei. Multinucleon transfer
processes in near barrier collisions of heavy (and very heavy, U–like) ions seem to be quite
promising reaction mechanism allowing us to produce and explore neutron–rich heavy nuclei
including those located at the superheavy island of stability.

In my talk I shall discuss briefly our view (and our model [1, 2]) of damped heavy ion collisions.
Our predictions for the production of new neutron-rich heavy nuclei in multinucleon transfer
reactions will be discussed and new experiments will be proposed. A special attention will
be paid to the “inverse” quasi–fission mechanism leading to formation of reaction fragments
with masses lighter than projectile and heavier than target masses. A new project (new setup)
realized at Flerov laboratory (JINR) and aimed on the production and study of new heavy nuclei
produced in the multinucleon transfer reactions will be shortly reviewed.

[1] V. Zagrebaev and W. Greiner, J. Phys. G 34, 1 (2007).
[2] V.I. Zagrebaev and W. Greiner, Phys. Rev. C 83, 044618 (2011).
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Challenges in the development of compact AMS facilities
M. Suter,1 H.-A. Synal,1 M. Christl,1 J. Lachner,1 S. Maxeiner,1

A.M. Müller,1 M. Seiler,1 C. Vockenhuber,1 and L. Wacker1

1Laboratory of Ion Beam Physics, ETH Zürich, 8093 Zürich, Switzerland

Looking at small AMS facilities, one might get the impression that these instruments are
simply based on a reduction in size. But the physics is changing significantly when the energy
is reduced from the MeV region to the 100 keV range. Therefore the lower energies require
a careful optimization of the design of the various components. In particular, it is essential
to consider all of the processes taking place in the stripper canal such as energy loss, energy
and angular straggling and charge state yield as well as the destruction of molecules. In this
context, a good understanding of the gas density distribution, as well as good pumping, is
essential for minimizing the background. In the ion optics, the effects of energy and angular
straggling have to be considered.

For isotopes that require particle identification due to the presence of isobaric background
or m/q ambiguities, the detection systems must be individually optimized for the specific
application. To this end, systematic studies are being performed at ETH to obtain reliable
information on the limitations of various detection schemes, such as gas detectors, the absorber
method and the degrader foil technique for finding the best solutions to provide performance
that is competitive with larger instruments.

Based on examples, the physics will be discussed and procedures described for optimizing
the lay–out of small AMS systems. Especially the potential of stripping with He gas will be
discussed. Recent results from ETH developments directed towards radiocarbon instruments
operating with final energies around 50 kV are shown. Also the potential of multi–isotope
AMS facilities (10Be, 26Al, 41Ca 129I and Actinides) operated with accelerator voltages in the
few hundred kV range will be discussed.
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Challenges to understanding the structure of light nuclei
M. Freer1

1School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, UK

One of the greatest challenges in nuclear structure physics is arriving at an understanding of
the nature of the strong interaction such that it might be possible to calculate in detail the
properties of nuclei from first principles – so–called ab initio. Great progress has been made in
terms of theory with leading approaches which include Greens Function Monte Carlo, No-Core
Shell Model and Effective Field Theory. Each one of these may most readily be applied
to light nuclear systems and some are computationally limited to masses less than A=12.
Understanding these highly complex calculations and how they map onto phenomenological
models is a challenge in itself. Another challenge is the provision of experimental data which
has the requisite precision such that it constrains the calculations, discriminating between
approaches. For many of these models reproducing properties of the 7.65 MeV Hoyle state has
become the defining challenge, mainly due to its rather unusual experimental characteristics – it
has a well–defined cluster structure.

This talk will focus on experimental studies of this state and some of the outstanding challenges
in light nuclear systems.

Heavy Ion Accelerator Symposium for Fundamental

and Applied Research, 8–12 April 2013

48



Heavy Ion Accelerator Symposium for Fundamental

and Applied Research, 8–12 April 2013

Nuclear structure

49



Wigner energy and restoration of isospin symmetry
I. Benley1 and S. Frauendorf2

1Department of Chemistry and Physics, Saint Mary’s College, IN 46556, USA
2Department of Physics, University Notre Dame, IN 46556, USA

The linear term proportional to in the nuclear symmetry energy (Wigner energy) is demonstrated
arising from restoring the isospin symmetry, which is spontaneously broken by the isovecor
pair field and the isovector part of the nuclear potential. A model that uses an isospin invariant
isovector pair interaction in the particle–particle channel, a schematic interaction in the particle–
hole channel, and single particle levels from a deformed potential is capable of reproducing the
Wigner term as well as the energy distance between the lowest and states in odd–odd nuclei. The
model parameters are fixed independently by the standard strength of the isovector pairing and
the dependence of the nuclear potential. The pairing correlations are calculated by numerical
diagonalization of the pairing Hamiltonian acting on the seven levels nearest the Fermi surface.
Implementation of the concept into large–scale nuclear mass calculations will be discussed.
Isoscalar pair correlations were included in the same model. The comparison with experiment
did not provide evidence for the presence of a substantial isoscalar pair field. Complementary
signatures for isoscalar pair correlations will be discussed.

FIG. 1: The linear contribution to the symmetry energy αSYM = |N − Z|(|N − Z|+X).
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Competing structures in 188Pb nucleus
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Hadynska-Klek,3 A. Herzan,1 R.-D. Herzberg,2 U. Jakobsson,1 R. Julin,1 S. Juutinen,1

J. Konki,1 M. Leino,1 A. Mistry,2 D. ODonnell,2 P. Peura,1 P. Ruotsalainen,1

M. Sandzelius,1 J. Sarén,1 J. Sorri,1 S. Stolze,1 J. Uusitalo,1 and K. Wrzosek-Lipska4

1Department of Physics, University of Jyväskylä,
P.O. Box 35, FI-40014, Jyväskylä, Finland

2Department of Physics, Oliver Lodge Laboratory,
University of Liverpool, Liverpool L69 7ZE, United Kingdom

3Heavy Ion Laboratory, University of Warsaw,
ul. Pasteura 5A, 02-093 Warszawa, Poland

4Instituut voor Kern- en Stralingsfysica,
Katholieke Universiteit Leuven, B-3001 Leuven, Belgium

In the atomic nucleus, the interplay between single-particle motion, collectivity and pairing
is seen as a rich tapestry of coexisting nuclear shapes and exotic excitations. One of the
richest regions is formed by very neutron-deficient nuclei with the proton number Z close to
the magic 82 and the neutron number N close to 104 midshell [1–3]. A considerable body of
both theoretical and experimental evidence has been gathered for coexisting configurations
possessing different shapes in this region, but yet there are many open questions left. In this
presentation, our recent experimental results on 188Pb will be discussed. These include simul-
taneous in–beam γ–ray and conversion electron spectroscopy using the SAGE spectrometer [4]
and Coulomb excitation experiment of post–accelerated 188Pb beam at REX–ISOLDE, CERN
[5].

[1] J.L. Wood et al., Phys. Rep. 215, 101 (1992).
[2] K. Heyde et al., Phys. Rev. C 44, 2216 (1991).
[3] R. Julin et al., J. Phys. G 27, R109 (2001).
[4] P. Papadakis et al., AIP Conf. Proc., 1090 (2009) 14.
[5] O. Kester et al., Nucl. Inst. Meth. Phys. Res., Sect. B 204, 20 (2003).
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Pair spectroscopy of the Hoyle state
T. Kibédi1 and A.E. Stuchbery1

1Department of Nuclear Physics, R.S.P.E.,
The Australian National University, Canberra ACT 0200, Australia

The second excited state of 12C at 7.654 MeV, the Hoyle state is particularly important for
understanding the formation of carbon in the universe. At the late stage of the evolution of
red giant stars, when hydrogen in the central core has been largely converted into helium,
gravitational contraction raises the central temperature to ∼ 108 K and the density to ∼ 105

g/cm3. The triple-alpha process then plays a crucial role in the energy generation and in the
synthesis of the elements: 3 × 4He ↔ 12C(7.654 MeV) → 12C + γ. Central to a quantitive
knowledge of stellar evolution is the radiative width of the Hoyle state, Γrad, which is the sum
of the decay widths of photon, internal pair conversion and conversion electron emissions.
Recently we proposed a new approach to determine the radiative width of the electromagnetic
transitions from the Hoyle state [1]. In this approach the radiative width will be evaluated
from the ratio of the pair conversion intensities of the 7.654 MeV E0 and the 3.215 MeV E2
transitions, from the E2 pair conversion coefficient and from the absolute E0 transition rate.

In this paper we report on the development of a new magnetic pair spectrometer, which
combines the ANU Super-e electron spectrometer [2] and an array of six Si(Li) detectors. The
results of the first experiments and the progress in pair spectroscopy will be presented.

[1] T. Kibédi, et al, AIP Conf. Proc. 1109 (2009) 66.
[2] T. Kibédi, et al., Nucl. Inst. Meth. Phys. Res. A294 (1990) 523.
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Quantum fluctuations in low–lying collective states of
deformed nuclei

Yang Sun1 and Fang-Qi Chen1

1Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China

The appearance of low–energy collective motion is a widespread phenomenon in quantum
systems. To describe fluctuations about deformation equilibrium, especially to understand the
nature of excited 0+ states in deformed nuclei, we improve nuclear many–body wave functions
by superimposing angular-momentum and particle–number projected states constructed with
different quadrupole deformation and pairing gap parameters as two–dimensional generator
co–ordinates. Using these as trial wave functions, we solve the Hill–Wheeler Equation and
analyze obtained weight functions with help of the Gaussian overlap approximation.

We take deformed rare–earth nuclei as examples and quantitatively compare the calculated
low–lying 0+ bands and associated electric monopole transition rates with experimental
data. The analysis of the obtained results for the excited 0+ states indicates clear features
of quantum oscillation, with large fluctuations in deformation found for soft nuclei and
strong anharmonicities in oscillation for rigidly–deformed nuclei. We try to identify physical
quantities that may help for understanding competitions between shape and pairing fluctuations.

Work supported by the National Natural Science Foundation of China (No. 11135005 and
11075103) and by the 973 Program of China (No. 2013CB834401).
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Investigation of the collective structures at low and medium
spins in the N=90 and 91 nuclei 158Er and 159Er

T.S. Dinoko,1 J.F. Sharpey-Schafer,1 R.A. Bark,2 S.P. Bvumbi,3 T.D. Bucher,2

J. Easton,1 M.F. Herbert,1 P. Jones,2 E.A. Lawrie,2 J.J. Lawrie,2 S.N.T. Majola,2, 4

D. Negi,2 J.N. Orce,1 P. Papka,2, 5 O. Shirinda,2 M. Stankiewicz,4 and M. Wiedeking2

1Department of Physics, University of Western Cape, South Africa
2Department of Nuclear Physics, iThemba LABS, South Africa

3Department of Physics, University of Johannesburg, South Africa
4Department of Physics, University of Cape Town, South Africa
5Department of Physics, Stellenbosch University, South Africa

As part of a general investigation of collective structures, and the coupling of single-particle
states to these structures, in nuclei near N=90 we have used the 150Sm(12C,4n)158Er and
150Sm(13C,4n)159Er reactions to study the low and medium spin structure of the 158,159Er nuclei.
Gamma-gamma coincidences were detected in the 9 escape suppressed clover detectors of
the AFRODITE spectrometer at iThemba LABS. DCO ratios and gamma-ray polarization
measurements were used to establish the spins and parities of newly observed and previously
established rotational bands. The observed bands will be discussed in terms of both traditional
quadrupole rotation-vibration models and in terms of recent predictions of octupole correla-
tions in N=90 and neighbouring nuclei. The data we have obtained will be compared with the
systematics of the spectroscopy of neighbouring nuclei.
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Exotic rotations and seniority isomers in Nd nuclei
C.M. Petrache1

1Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse,
Université Paris-Sud and CNRS/IN2P3, F-91405 Orsay, France

The existence of triaxial nuclei has been the subject of a long standing debate. The possibility
of soft and rigid triaxiality has been proposed very early, and many theoretical and experimental
studies have been devoted to this intriguing phenomenon since then. More recently two unique
fingerprints of triaxiality in nuclei have been intensively studied: the wobbling motion [1]
and the dynamic chirality [2]. These exotic types of motion were observed in specific regions
of the nuclear chart: the wobbling motion in the odd-even Lu nuclei with A ∼ 160 [3], the
chirality primarly in the odd–odd and odd–even nuclei with A ∼ 130 nuclei [4, 5]. We have
recently studied the Nd nuclei up to very high spins and identified several bands, which were
interpreted as the manifestation of various types of collective motion: tilted axis rotation,
principal axis rotation along the short and long axes, wobbling motion, chiral bands [6].
Another phenomenon revealed by our recent results on the Nd nuclei with neutron numbers
just below the N=82 shell closure, is the shape coexistence. It is induced by the existence
of some high-spin seniority isomers which are built on a spherical shape and are surrounded
by triaxial bands. The shape coexistence phenomenon is well described by Cranked Nilsson
Strutinsky calculations. All these types of excitation and their interpretation will be discussed
and exemplified with recent results obtained on Nd nuclei.

[1] A. Bohr and B.R. Mottelson, Nuclear Structure (Benjamin, Reading, MA, 1975), Vol. II.
[2] S. Frauendorf, Rev. Mod. Phys. 73, 463 (2001).
[3] S.W. Ødegård et al., Phys. Rev. Lett. 86 5866 (2001).
[4] C.M. Petrache et al., Nucl. Phys. A 597, 106 (1996).
[5] S. Mukhopadhyay et al., Phys. Rev. Lett. 99 172501 (2007).
[6] C.M. Petrache et al., Phys. Rev. C 86, 044321 (2012).
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CRIS: a new method for isomeric beam production
K.M. Lynch,1 J. Billowes,1 I. Budincevic,2 T.E. Cocolios,1 R.P. De Groote,2

S. De Schepper,2 K.T. Flanagan,1 R.F. Garcia Ruiz,2 H. Heylen,2 B.A. Marsh,3 G. Neyens,2

T.J. Procter,1 S. Rothe,4 G.S. Simpson,5 A.J. Smith,1 H.H. Stroke,6 and K. Wendt4

1School of Physics and Astronomy, The University of Manchester,
Manchester, M13 9PL, United Kingdom

2Instituut voor Kern- en Stralingsfysica, KU Leuven, B-3001 Leuven, Belgium
3Engineering Department, CERN, CH-1211 Geneva 23, Switzerland

4Institut für Physik, Johannes Gutenberg-Universität Mainz, D-55128 Mainz, Germany
5LPSC, F-38026 Grenoble, France

6Department of Physics, New York University, NY, New York 10003, USA

The Collinear Resonant Ionization Spectroscopy (CRIS) experiment at ISOLDE, CERN uses
laser radiation to stepwise excite and ionize an atomic beam for the purpose of ultra-sensitive
detection of rare isotopes, and hyperfine structure measurements [1]. The technique also offers
the ability to purify an ion beam that is heavily contaminated with radioactive isobars, including
the ground state of an isotope from its isomer [2], allowing sensitive secondary experiments to
be performed.

A new program using the CRIS technique [4] to select only nuclear isomeric states for decay
spectroscopy commenced last year [3]. The isomeric ion beam is selected using a resonance
of its hyperfine structure, where it is deflected to a decay spectroscopy station (DSS) [5]. This
consists of a rotating wheel implantation system for alpha and beta decay spectroscopy, and up
to three germanium detectors around the implantation site for gamma-ray detection.

Laser spectroscopy provides a measurement of the spin, moments and change in mean
square charge radii of the ground and isomeric states in the parent nucleus. Complementary
information on the level structure of the daughter nucleus comes from the decay spectroscopy,
thus providing a wealth of information on the isotope under investigation.

Resonant ionization laser spectroscopy and the new technique of laser assisted decay spec-
troscopy have recently been performed at the CRIS beam line on the neutron-deficient francium
isotopes. Here the latest results from our experimental campaign will be presented, alongside
an overview of the CRIS beam line and the DSS.

[1] K.T. Flanagan et al., CERN-INTC-2008-010 INTC-P-240 CERN, Geneva (2008).
[2] V.S. Letokhov, Opt. Commun. 7 1 59-60 (1973)
[3] K.M. Lynch et al., Journal of Physics: Conference Series 381 1 012128 (2012)
[4] T.J. Procter et al., Journal of Physics: Conference Series 381 1 012070 (2012)
[5] M.M. Rajabali et al., Submitted to Nucl. Inst. and Meth. Phys. B (2012)
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Stable and radioactive beam studies using LaBr3 detectors for
precision lifetimes measurements of excited states in exotic

nuclei
P.H. Regan,1 T. Alharbi,1 P.J. Mason,1 Zs. Podolyák,1 C. Townsley,1 S. Rice,1

R. Britton,1 A.M. Bruce,2 O.J. Roberts,2 F. Browne,2 N. Marginean,3

D. Filipescu,3 D. Deleanu,3 T. Glodariu,3 D. Ghita,3 R. Marginean,3 C. Mihai,3

D. Bucurescu,3 A. Negret,3 L. Stroe,3 T. Sava,3 K. Mullholland,4 and J.F. Smith4

1Department of Physics, University of Surrey, Guildford, GU2 7XH, UK
2School of Engineering, University of Brighton, Brighton, BN2 4GJ, UK

3Horia Hulubei National Institute of Physics and Nuclear Engineering, (IFIN-HH), RO-077125
4School of Engineering, University of the West of Scotland, Paisley, PA1 2BE, UK

Precision measurements of electromagnetic transition rates provide accurate inputs into
generic nuclear data evaluations and are also used to test and validate predictions of state of
the art nuclear structure models. Measurements of transition rates can be used to ascertain
or rule out multipolarity assignments for the measured EM decay, thus providing (in some
cases) firm spins and parities for states between which the transition takes place. We report
on a variety of precision measurements of electromagnetic transition rates between excited
nuclear states using coincidence “fast-timing” gamma–ray spectroscopy with cerium–doped
lanthanum–tribromide (LaBr3(Ce)) detectors. Examples of recent precision measurements
using a combined LaBr3–HpGe array based at the tandem van de Graaff accelerator, Bucharest,
Romania will be presented addressing nuclear structure issues around the N=20 [1], N=82 [2]
using stable-beam induced fusion-evaporation reactions; and the evolution of nuclear defor-
mation around in neutron-rich Hf, W, Os nuclei using 7Li induced light–ion transfer reactions
and following beta-decay [3]. The presentation will also discuss the ongoing development of
a new multidetector LaBr3 array for future studies of exotic nuclei produced at the upcoming
Facility for Anti–Proton and Ion Research (FAIR) [4] as part of the NUSTARDESPEC project
and current plans for pre–NUSTAR implementations of this array to study electromagnetic
transition rates in neutron-rich fission fragments at ILL–Grenoble, France and RIBF at RIKEN,
Japan.

*This work is supported by grants from the Engineering and Physical Sciences Research
Council (EPSRC-UK) and the Science and Technology Facilities Council (STFC-UK).

[1] P.J.R. Mason et al., Phys. Rev. C85, 064303 (2012)
[2] T. Alharbi et al., App. Rad. Isotopes 70, 1337 (2012) & submitted to Phys. Rev. C
[3] P.J.R. Mason et al., AIP Conf. Procs. 1491, 93 (2012)
[4] P.H. Regan, App. Rad. Isotopes 70, 1125 (2012)
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High spin states in neutron-rich Tantalum nuclei
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C.J. Chiara,2 P. Chowdhury,3 R.O. Hughes,1 R.V.F. Janssens,2 T. Lauritsen,2 C.J. Lister,2

E.A. McCutchan,2 D. Seweryniak,2 I. Stefanescu,2 H. Wanatabe,1 and S. Zhu2

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
2Argonne National Laboratory, Argonne, Illinois 60439, USA.

3Department of Physics, University of Massachusetts Lowe, Lowell, MA 01854, USA

The neutron-rich region of deformed nuclei around A=180-190 is challenging to access via
fusion–evaporation reactions. Recent progress in studying these nuclei has been achieved
through other population methods such as deep-inelastic, fragmentation and particle transfer
reactions [1–3].

One of the major interests in nuclei in this region is the presence of the metastable states,
isomers, in particular those that are related to non-conservation of the K–quantum number,
where K is the projection of the angular momentum on to the nuclear symmetry axis [4].
Identification and characterisation of these isomers can provide information on the intrinsic
single–particle orbitals lying close to the Fermi-surface and hence indirect data on the nuclear
deformation and shape.

The present measurements used an 840 MeV 136Xe beam from the ATLAS facility at Argonne
National Laboratory, incident on a 186W target with a gold backing sufficiently thick to stop the
recoiling reaction products. The Gammasphere array was used to detect the emitted γ–rays. A
range of neutron–rich nuclei were populated in the reactions, including 183Ta and 185Ta. It is
also expected that other tantalum nuclei between A=182 and A=187 will be populated.

Other than the decay of the 17 ms isomer in 185Ta [5, 6], there is little or no γ–ray decay data
available for excited states in tantalum nuclei heavier than 183Ta [7]. From the current work,
new structures and isomers have been observed in a range of neutron–rich tantalum isotopes.
The focus of this presentation will be on extensions to previously published structures in
183Ta [8] and a possible new level scheme for 184Ta. The spins and parities are investigated in
terms of both the available spectroscopic information as well as self–consistent Lipkin–Nogami
pairing calculations. Proposed configurations for the observed structures will be discussed.

[1] R. Broda, J. Phys. G: Nucl. Part. Phys. 32, R151 (2006).
[2] M. Pfutzner et al., Phys. Lett. B 444, 32 (1998).
[3] G. Lovhoiden et al., Phys. Scr. 22, 203 (1980).
[4] P.M. Walker and G.D. Dracoulis, Nature 399, 35 (1999).
[5] C. Wheldon et al., Eur. Phys. J. A 5, 353 (1999).
[6] G.J. Lane et al., Phys. Rev. C 80, 024321 (2009).
[7] T. Shizuma et al., Eur. Phy. J. A 39, 263 (2009).
[8] N. Palalani et al., EPJ Web of Conferences 35, 06004 (2012).
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Future Development of iThemba LABS
R.A. Bark1

1iThemba LABS, South Africa

iThemba LABS, based around the Separated Sector Cyclotron (SSC), is already the premier
nuclear particle accelerator laboratory in Africa and indeed in the Southern Hemisphere. It
proposes to address Grand Challenges identified by the Department of Science and Technology,
i.e. Energy Security and Space Sciences by building a radioactive-ion beam facility to bring
South Africa to a position of international leadership in the fields of nuclear physics and
material sciences.

Internationally, interest in nuclear physics is focusing on the study of the so-called terra
incognita the unknown part of the table of nuclides which includes the unstable neutron-rich
nuclei that cannot be produced using beams of stable atoms. This region holds the key to
our understanding of nuclear forces and the origin of the elements of which the Universe
is composed. Neutron-rich nuclei can only be created and studied in the laboratory by
using beams of artificially produced radioactive-ion beams from an accelerator such as a
cyclotron. Furthermore, radioactive probe ions are of particular use in the development of
advanced materials. Measurements of the decay of the probe ion give direct evidence on the site
of the implanted ion, on the nature of the site, and on diffusion characteristics of the dopant ions.

iThemba LABS proposes a staged development of a radioactive-ion beam facility:

(i) The first stage would see the addition of a high-current, 70-MeV cyclotron to iThemba
LABS.

This cyclotron would take over the production of radioisotopes, 24 hours a day, thus releasing
the existing SSC to be dedicated to physics research mainly pure and applied nuclear physics
and to neutron radiotherapy. The capacity for physics training would be more than doubled
and the links with international collaborations would be considerably strengthened owing to the
increased availability of beam time, currently restricted to weekends only. (Proton therapy is
assumed to be transferred to the proposed iThemba Particle Therapy Centre, a private-public
partnership which is currently under consideration by the minister.)

(ii) The second stage would see the production of radioactive-ion beams, bringing nuclear
and materials research and training in South Africa to the international forefront.

Since two H ion beams can be extracted simultaneously from the proposed new 70-MeV cy-
clotron, one of these will be used to produce radioactive ions via the Isotope-Separation-On-
Line (ISOL) method. These ions will then be formed into a beam which can then be post-
accelerated by the existing SSC for use in nuclear physics experiments.
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Laser spectroscopy at an in-flight production facility:
BECOLA at NSCL

P.F. Mantica1, 2 and K. Minamisono2

1Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA
2NSCL, Michigan State University, East Lansing, MI 48824, USA

Collinear laser spectroscopy (CLS) is a well–established technique for nuclear structure studies
along isotopic chains [1]. Mean-square charge radii and electromagnetic nuclear moments
can be determined from the hyperfine spectra obtained when a beam of atoms/ions with well-
defined energy and spatial dimension is co-propagated with frequency-stabilized laser light.
For many years, CLS has been successfully employed at isotope-separator on–line (ISOL)
facilities, where rare isotopes are diffused from a thick production target, ionized, and extracted
as a low energy, low emittance beam. The Beam Cooling and Laser Spectroscopy (BECOLA)
facility [2] has been constructed and commissioned at the National Superconducting Cyclotron
Laboratory (NSCL) at Michigan State University for CLS studies of rare isotopes produced
via the in-flight method. The in-flight production method is independent of any chemistry in
the production target due to the high momentum of the incoming heavy-ion projectile, and is
complementary to the ISOL production method. However, the rare isotope beams from in-flight
production typically have high energy (100s of MeV) and broad (few percent) momentum
distribution that are not conducive to high-precision CLS measurements. NSCL has developed
advanced beam thermalization techniques [3] to transform the poor quality, in-flight beams
to high quality, low energy (<60 keV) beams for precision mass measurements [4] and the
planned CLS program at BECOLA.

A summary and status of the BECOLA facility will be presented, along with the near- and
long–term science objectives in low–energy nuclear structure and the testing of fundamental
symmetries.

This work was supported in part by the National Science Foundation, Grant Nos. PHY–11–
02511 (NSCL) and PHY–12–28489 (MRI).

[1] H.J. Kluge and W. Nrtershuser, Spectrochimica Acta B 58, 1031 (2003).
[2] http://groups.nscl.msu.edu/becola/.

[3] L. Weissman et al., Nucl. Instrum. Methods Phys. Res. A540, 245 (2005).
[4] See, for example, G. Bollen et al., Phys. Rev. Lett. 96, 152501 (2006).
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Coulomb excitation of re-accelerated 208,210Rn and 206Po
beams
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In regions near magic nuclei, seniority can be regarded as a good quantum number. In the
trans-Pb nuclei near the Z = 82 and N = 126 shell closures, relative high-j single-particle
proton orbitals dominate the structure and thus levels up to I = 2j − 1 could, in principle, be
understood within the seniority scheme. In N = 122, N = 124 and especially in the closed
shell N = 126 isotones with Z ≥ 82, behaviour of the B(E2) values resembling the seniority
scheme predictions has been observed. These nuclei lie in, or at the boundary of the region
where seniority scheme should persist. However, contributions from collective excitations may
be present when moving away from the N = 126 closed shell. To date, surprisingly little is
know of the transition probabilities between the low-spin states in this region.

In the present study, B(E2; 0+ → 2+) values have been measured in 208,210Rn and 206Po nuclei
through Coulomb excitation of re-accelerated radioactive beams in inverse kinematics. The ra-
dioactive beams were produced at ISOLDE by bombarding a UCx primary target with 1.4 GeV
protons. The mass separated radioactive beams were re-accelerated with the REX-ISOLDE
linear accelerator to 2.8 MeV/u and delivered to the target position of the MINIBALL γ–ray
spectrometer, which recorded γ–rays following Coulomb excitation. The experimental setup
and resulting B(E2; 0+ → 2+) in 208,210Rn and 206Po are presented and discussed in terms
of systematics and relevant nuclear models. The presents study provides new insight into the
interplay between collective excitations and single-particle regime near N = 126.
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The SPICE detector at ISAC
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1TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada
2University of Guelph, 50 Stone Rd, Guelph, ON, N1G 2M7, Canada

Work is underway to construct a new ancillary detector system for the TIGRESS HPGe array
called SPectrometer for Internal Conversion Electrons (SPICE). SPICE will enable in-beam
electron spectroscopy and, in coupling to the TIGRESS HPGe array, coincident gamma–
electron spectroscopy with stable and radioactive beams. The device has been designed with
a particular sensitivity to higher–energy electrons than the majority of existing spectrometers
in order to focus on the measurement of electric monopole transition strengths in medium
mass nuclei. The experimental setup involves an annular 120–fold segmented 6.1 mm thick
lithium–drifted silicon detector located in vacuum which is shielded from direct sight of the
target by a photon shield. A single large magnetic lens formed of NdFeB plates is used to
collect and transport electrons released from the target around the photon shield to the detector.

Detailed GEANT4 simulations have been used to model this device and optimize the per-
formance of its various components. These simulations indicate that SPICE will provide an
absolute efficiency between 5 and 20% for electrons in the energy range of 100–3000 keV.
Methods of background suppression and reduction have been investigated using the GEANT4
simulations. These include coating high-Z surfaces with low–Z material to reduce the
contribution from scattered electrons and the resulting secondary radiations.

Construction of SPICE is underway and the spectrometer will be ready to begin in–beam
studies in 2013. The main features of the design, results of the GEANT4 simulations and the
progress to date will be presented.
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The polynomial approach to the standard pairing model
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The Heine-Stieltjes correspondence is extended and applied to solve Bethe ansatz equations
of the the standard pairing model[1, 2], from which the extended Heine-Stieltjes polynomial
approach to the model is proposed. Exact solutions of the model for nuclei are formulated from
the corresponding polynomials [3]. The effect of pairing correlation on the spectral statistical
behaviors of the model is studied based on the exact solutions. It is found that variation of the
pairing interaction strength G in the model is likely to change the statistical properties of the
spectrum. The spectrum is regular when G is small but nonzero or G is large enough. The
more or less chaotic behavior occurs near the critical point of the localized normal phase to the
superconducting (pair condensate) phase in the model. As an application to realistic nuclear
system, J = 0 level statistics of 154Sm is analyzed within the spherical shell model mean-field
plus standard pairing model.

[1] R.W. Richardson, J. Math. Phys. 6, 1034 (1965).
[2] J. Dukelsky, C. Esebbag, S. Pittel, Phys. Rev. Lett. 88, 062501 (2002).
[3] X. Guan X et al., Phys. Rev. C86 024313 (2012).
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Shape evolution and Gamow–Teller β–decay of neutron–rich
A∼100 nuclei within beyond mean field approach

A. Petrovici1

1Horia Hulubei National Institute for Physics and Nuclear Engineering, R-077125 Bucharest, Romania

Neutron–rich nuclei in the A∼100 mass region manifest drastic changes in some isotopic
chains and sudden variations of particular nuclear properties. Their β–decay characteristics
are relevant to the astrophysical r–process. Specific isotopes are of high interest as important
contributors to the decay heat in reactors.

Our recent investigations represent an attempt to the self-consistent description of exotic
phenomena in neutron–rich A∼100 nuclei [1, 2] within the complex Excited Vampir variational
model with symmetry projection before variation using a realistic effective interaction in a
large model space. The triple shape coexistence and the shape evolution in the N=58 Sr and
Zr isotopes, the shape evolution in a chain of Zr nuclei as well as the Gamow–Teller β–decay
properties of neutron-rich Zr and Tc nuclei will be presented.

[1] A. Petrovici, K.W. Schmid, and A. Faessler, Prog. Part. Nucl. Phys. 66, 287 (2011).
[2] A. Petrovici, Phys. Rev. C 85, 034337 (2012).
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Spectroscopy of neutron–deficient nuclei near the Z=82 shell
closure via symmetric fusion reactions

F.G. Kondev,1 M.P. Carpenter,2 S. Zhu,2 R.V.F. Janssens,2 J. Chen,1 C.A. Copos,2 I. Ahmad,2

B.B. Back,2 P.F. Bertone,2 C.J. Chiara,2 J.P. Greene,2 C.R. Hoffman,2 B.P. Kay,2 T.L. Khoo,2

T. Lauritsen,2 E.A. McCutchan,2 C. Nair,1 A.M. Rogers,2 D. Seweryniak,2 and D. J. Hartley3

1Nuclear Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439,USA.
2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA.

3Department of Physics, U.S. Naval Academy, Annapolis, Maryland 21402, USA.

Nuclear structure studies of proton–rich Au, Hg, Tl and Pb nuclei are important in order to
elucidate their shape evolution with neutron number from well–studied deformed minima at
mid–shell to the near spherical ground states observed for nuclei at the proton drip line. In
addition, detailed knowledge of level and decay properties of those nuclei are also relevant
for better understanding of rare decay modes in this region, such as electron–capture delayed
fission.

Over the last several years, we have performed a number of experiments using Gammas-
phere and the Argonne Fragment Mass Analyzer (FMA) aimed at measuring properties of
proton–rich nuclei in this region. In these studies, the use of the FMA is essential in order
to differentiate evaporation residues from the large fission background which dominates the
reaction cross–section. In addition, we have found that using symmetric fusion reactions
at bombarding energies near the Coulomb barrier is beneficial in performing these studies.
By keeping the bombarding energy low, fission is minimized and the reaction products are
concentrated in only a few channels.

New results have recently been obtained using the 89Y+92Mo reaction in studies of 179Tl and
180Tl via the 2n and 1n channel, respectively. While α decays from the ground and isomeric
states were observed in 179Tl, no α–decaying isomer was identified in 180Tl, in contrast to the
daughter nuclide 176Au. The corresponding decay properties were established from spatial
and time–correlated recoil–α–γ coincidences. The new results allowed quantum numbers and
configurations to be assigned, thus enabling the removal of ambiguities from earlier studies.
For the first time, excited structures associated with the α–decaying states in 179,180Tl were
identified. The implications of the new results on the structure evolution in the region and on
properties of daughter (Au) and grand–daughter (Ir) nuclides will be discussed.

∗This work was supported by the U.S. Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357.
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Euclidean dynamical symmetry in nuclear shape phase
transition

Yu Zhang1

1Department of Physics, Liaoning Normal University, Dalian City, China

A novel algebraic model with Euclidean dynamical symmetry in five dimension, called F(5),
is proposed. It is shown that the Euclidean dynamical symmetry arises naturally at the critical
point of the U(5)-SO(6) transition in the interacting boson model. More importantly, structural
evolution from the E(5) to X(5) critical point symmetry is realized in the model with a nonlinear
projection, which thus provides a unified symmetry-based way to describe shape phase transi-
tion occurring around the critical line connecting the U(5)-SO(6) and the U(5)-SU(3) critical
points.
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Study of 0+ states at iThemba LABS
P. Jones,1 P. Papka,2 J.F. Sharpey-Schafer,3 P. Vymers,2 and J. Wood4

1Department of Nuclear Physics, iThemba LABS, South Africa
2Department of Physics, Stellenbosch University, South Africa

3Department of Physics, University of Western Cape, South Africa
4School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA

The very strong attractive forces between nucleons in a nucleus cause the protons and neutrons
each to pair off into time reversed orbits with magnetic quantum numbers m and -m. Thus
the angular momentum of each nucleon is opposite to its pairing partner, giving zero angular
momentum for the pair. In nuclei with even numbers of both protons and neutrons (e–e) all
the nucleons are paired off and the lowest energy state, the “ground” state, has zero angular
momentum and is spherically symmetric. This is written 0+1 where 1 is for the first state and +
is the parity. Odd nuclei, e–e nuclei with an extra proton or neutron, then have the last nucleon
in a “single particle” state outside the e–e core. The properties of this state depend critically on
the shape of the nucleus.

Reactions where protons are stripped off the beam nucleus, so that the outgoing particle is a
neutron, are difficult to carry out. In particular it is especially challenging to obtain sufficient
neutron energy resolution. Examples of these neutron emitting direct reactions are (d,n) and
(3He,n) which donate one and two protons to the target nucleus respectively. One proton
stripping can be made with the (3He,d) reaction, but two proton stripping requires reactions
using heavy ions such as (16O,14C) and very good resolutions are still difficult to achieve. The
(3He,xn) reaction has been applied, using the detection of the neutrons, to search for excited
0+ states in the residual nucleus. Excellent energy resolution is achieved by the use of γ–ray
detection.

In order to establish the two paired proton components of the 100Ru and 150Sm 0+2 states a
wall of 12 neutron detectors has been constructed down-beam of the AFRODITE array to
detect fast neutrons in coincidence with γ–rays from the (3He,n) reaction on targets of 98Mo
and 148Nd. This “direct” reaction is only 0.1% of the total cross–section. Most γ–rays come
from fusion evaporation xn reactions whose associated neutrons have half the velocity of those
from (3He,n). A first analysis of the data is shows γ–rays from the 2+, 4+ and 6+ ground state
rotational band in 150Sm. However a very small 406 keV peak is from the first excited 0+2 state.
This demonstrates that this state has only a very small component that appears as its isotone
148Nd + two paired protons. This supports recent assertions that these first excited 0+

2 states are
two neutron configurations lowered into the pairing gap by configuration dependent pairing.
Results of these experiments will be presented.

There is a wealth of new experiments to be carried out using this innovative technique at
iThemba LABS for the study of 0+ states using such reactions and new approaches.
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Prolate non–collective – A rare shape phase in high spin state
proton emitters 141−144Ho and 131−135Eu

M. Aggarwal1

1Department of Physics, University of Mumbai,
kalina Campus, Mumbai 400 098. India

New experimental advances in measuring proton decay and identification of large number of
proton emitters [1] in ground or excited isomeric states near proton drip line have opened up a
new era of nuclear structure physics as it can be used as a powerful tool to probe the structure
of proton unbound Nilson orbitals and investigate nuclear deformations beyond proton drip
line. These experimental findings provide valuable information about exotic nuclei which give
impetus to the theoretical models truted for the stable nuclei to test their predictions on the
unstable nuclei that too in the extreme conditions of temperature and spin. We study structural
transitions in high spin states of deformed odd – Z proton emitters 141−144Ho and 131−135Eu in
a theoretical framework [2] using the deformed Nilsson potential and Strutinsky’s prescription
combined with statistical theory [3] of hot rotating nuclei. These proton emitters are found to
exhibit shape transition to a rare prolate non–collective shape phase in excited high spin state.
This prolate noncollective equillibrium phase had not been anticipated before the Ref. [4] and
then our work on proton radioactivity from high spin states of proton rich 94Ag [5], which
is caused directly by rotation at certain angular momentum values which creates a residual
quantum shell effect. This unexpected prolate noncollective phase generated by rotation un-
dergoes the expected transition to the oblate noncollective phase at higher angular momentum
values [5]. Such a phase exists only in a narrow domain bound by the two spin dependent
very low critical temperatures. Investigation of high spin states of the experimentally identified
proton emitters 141−144Ho shows shape transition from highly deformed triaxial to rarely seen
prolate non–collective shape phase. Shape transition from deformed prolate non–collective
to oblate non–collective shapes at high spins is observed in 131−135Eu. Phenomenon of shape
coexistence with prolate and oblate non–collective shapes is also speculated in high spin state
131Eu.

Author acknowledges the financial support from DST, India, under WOS-A scheme.

[1] P.J. Woods and C.N. Davids, Annu. Rev. Nucl. Part. Sci. 47, 541 (1997).
[2] M. Rajasekaran and Mamta Aggarwal, Phys. Rev. C 58, 2743 (1998).
[3] M. Rajasekaran, T.R. Rajasekaran, and N. Arunachalam, Phys. Rev. C 37, 307 (1988).
[4] A.L. Goodman, Phys. Rev Lett. 73, 416 (1994).
[5] M. Aggarwal, Phys. Lett. B 693, 489 (2010).
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Quasi–particle and collective magnetism in high-K isomers
N. Stone1

1Department of Physics and Astronomy,
University of Tennessee, Knoxville, TN 37831 USA

K-Isomeric states in isotopes of elements between Lutetium (Z= 71) and Tungsten (Z = 74)
and the bands built upon them have been the subject of many experimental and theoretical
investigations. In this talk I will briefly report recent experimental work on measurement of
the magnetic dipole moment of the 37/2− K-isomer in 177Hf and of E2/M1 mixing ratios in
transitions between levels of bands built upon the 23/2+ isomer and the 9/2− single quasi-
particle state in this isotope. The magnetic moments of band-head (I = K) states in the collective
model are given by

µ = gK .[I
2/(I + 1)] + gR[I/(I + 1)]

where gK is the combined quasi-particle g-factor and gR is the collective g–factor. The new
results will form the basis for a discussion of the accuracy of additivity in prediction of the gK
values of high-K multi-quasi-particle states in this region. Using additivity as a principle to
estimate gK more widely opens the possibility to explore the variability of gR using measured
values of |gK − gR| from in-band branching ratios. The gR parameter (given by the ratio
Ip/Ip + In where Ip, In are the proton and neutron contributions to the total moment of inertia)
is influenced by pairing, which acts to reduce, independently, both the proton and neutron
contributions to the total moment of inertia. Pairing is blocked by the presence of quasi-particle
excitations. With pairing neglected, gR reduces to the simple ratio Z/A. However gR has
sensitivity to the degree of blocking of each nucleon type and can vary above and below this
value.

The high-K isomers provide the ideal region to explore this hitherto neglected sensitiv-
ity. Results from a review of the literature will be reported to demonstrate the sensitivity of
gR to single and multiple combinations of quasi-proton and quasi-neutron excitations. The
deduced value of the parameter gK has been widely used to aid identification of the quasi-
particle make-up of different high-K isomers in the same nucleus, based on measurements of
|gK − gR|, assuming a single value of gR. Lack of regard for the variability of gR can give rise
to considerable error in gK and possible mis-identification.

*This work was supported by the US DoE Office of Science.
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A new UK fast-timing array
O.J. Roberts,1 A.M. Bruce,1 K.F. Mulholland,2 Zs. Podolyák,3
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4Department of Physics, Universidad Compultense de Madrid, Madrid, Spain.

5IKP, University of Cologne, Cologne, Germany.
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7STFC Daresbury Laboratory, Daresbury, Warrington, WA4 4AD, UK.

A new fast timing array is currently under development for use at the future Facility for
Antiproton and Ion Research (FAIR). The array will be used to measure the half–lives of
excited states in exotic nuclei implanted in the Advanced Implantation Detector Array (AIDA
[1]) at the focal plane of the the FRS/SuperFRS at GSI/FAIR [2]. It is planned that the array
will consist of LaBr3(Ce) detectors which have become increasingly popular in the field of
nuclear physics due to their exceptional timing properties, and reasonable energy resolution.

One of the major decisions in the design of the array is whether to use small 1” detectors which
have a good intrinsic timing resolution (150 ps FWHM at 1.1 MeV [3]), but a lower efficiency
than larger 2” or 3” detectors, which have worse timing properties (300 ps FWHM at 1.1 MeV
for 2” detectors [3]). Therefore a series of simulations has been carried out using the GEANT4
Monte–Carlo code to determine the efficiency of various geometrical configurations of
detectors around AIDA. These efficiencies have been used to derive precisions of various array
configurations, where precision is defined as the intrinsic timing resolutions of the detector
divided by the standard deviation of the number of counts. New tapered Hybrid crystals have
also been simulated in an attempt to maximise solid angle coverage and efficiency, while
maintaining an intrinsic sub–nanosecond timing resolution.

The results of these simulations will be considered along with results from preliminary
measurements at Bucharest in order to make a final decision about the size of detectors and
their arrangement for the array.

[1] T. Davinson et al., http://www2.ph.ed.ac.uk/˜td/DSSD/
[2] http://www.gsi.de/portrait/fair.html

[3] N. Marginean et al., Eur. Phys. J. A 46, 329 (2010).
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Combined in–beam γ–ray and conversion electron
spectroscopy with radioactive ion beams

P. Papadakis,1, 2, 3 J. Pakarinen,1, 2, 3 and the SPEDE collaboration
1Department of Physics, University of Liverpool, UK.

2Department of Physics, University of Jyvskyl, Finland.
3Physics Department, CERN, Geneva, Switzerland.

In–beam spectroscopic techniques have long been one of the most prominent tools in our effort
to disentangle and interpret complex nuclear structure phenomena. In heavy nuclei, where
internal conversion increasingly competes with γ–ray emission, the simultaneous study of γ
rays and conversion electrons can provide a much more complete image than either of them
independently.

The SPEDE spectrometer [1] aims to combine a silicon detector, for the detection of electrons,
with the MINIBALL γ–ray detection array for in-beam studies employing radioactive ion
beams at the HIE-ISOLDE facility at CERN. The setup will be primarily used for octupole col-
lectivity [2] and shape coexistence studies [3] in Coulomb excitation experiments. In the shape
coexistence cases the transitions between states of the same spin and parity have enhanced E0
strength [4]. Additionally the 0+ → 0+ transitions, typically present in nuclei exhibiting shape
coexistence [5], can only occur via E0 transitions, i.e. via internal conversion electron emission.

SPEDE is one of the first attempts to combine in–beam γ–ray and conversion electron
spectroscopy with radioactive ion beams. In this presentation an overview of the SPEDE
spectrometer will be presented and discussed.

[1] J. Pakarinen et al., Letter of Intent to the INTC for HIE-ISOLDE (2010).
[2] P.A Butler et al., Proposal to the INTC for HIE-ISOLDE (2012).
[3] K. Wrzosek-Lipska et al., Proposal to the INTC for HIE-ISOLDE (2012).
[4] C.Y. Wu et al., Phys. Lett. B541 (2002) 59.
[5] J.L. Wood et al., Phys. Rep. 215 (1992) 101.
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Giant dipole resonance in A ∼ 144 mass region
I. Mukul,1 A. Roy,1 P. Sugathan,1 G. Mohanto,1 J. Gehlot,1 R. Dubey,1 N. Madhavan,1

S. Nath,1 I. Mazumdar,2 D.A. Gothe,2 P. Arumugam,3 A.K. Rhine Kumar,3 and M. Kaur4
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2Department of Nuclear and Atomic Physics,

Tata Institute of Fundamental Research, Mumbai, India
3Indian Institute of Technology Roorkee, Roorkee, Uttarakhand, India

4Department of Physics, Panjab University, Chandigarh, India

The phenomenon of Giant dipole resonance(GDR) built on excited states in nuclei has been
a subject of continuing studies by many groups, which have carried out experiments to study
the dependence of temperature and angular momentum on GDR characteristics like width and
strength. The multiplicity filter with high efficiency and granularity plays an important role
in such experiments to untangle the effect of angular momentum and temperature at given ex-
citation energy. We aim to perform experiments to study 144Sm nuclei at different excitation
energies. At Inter University Accelerator Centre (IUAC), New Delhi, we have performed an ex-
periment to study the effect of angular momentum on GDR widths and nuclear shapes by mea-
suring high energy gamma rays from decay of 144Sm nuclei populated through the 28Si+116Cd
reaction (Fig. 1). GDR widths are deduced from the analysis of the GDR gamma ray spectra at
excitation energy of ∼80 MeV for different angular momenta of the compound nucleus. The
exclusive measurement of GDR gamma rays was done using a 10×12 inches large NaI(Tl) de-
tector in coincidence with a 27 element NaI(Tl) multiplicity filter (sum–spin spectrometer) [4]
covering ∼ 80% of 4π of solid angle. Maximum angular momentum spanned in the reaction is
∼ 54 ~. The statistical model calculations were performed using statistical model code CAS-
CADE [5].
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FIG. 1: Left: High energy γ–ray spectrum for fold 9-11; Right: Experimental fold distribution for the
reaction 28Si+116Cd at 140 Mev lab. energy.

[1] K.A. Snover, Ann. Rev. Nucl. Part. Sci. 36 545 (1986).
[2] J.J. Gaardhoje, Ann. Rev. Nucl. Part. Sci. 42 483 (1992).
[3] Ish Mukul et al., DAE symposium on Nuclear Physics 2012.
[4] G. Anil Kumar et al., Nucl. Instr. Meth. A 611, 76 (2009).
[5] F. Puhlhofer, Nuclear Physics A 280, 267 (1977).
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Probing core polarization around 78Ni:
intermediate energy Coulomb excitation of 74Ni
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5Ionizing Radiations Laboratory, University of Salamanca, Spain
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The study of the evolution of nuclear shells far from stability provides fundamental information
about the shape and symmetry of the nuclear mean field. Nuclei with large neutron/proton
ratio allow to probe the density dependence of the effective interaction. Indeed, it was recently
shown that tensor and three-body forces play an important role in breaking and creating
magic numbers [1]. Of particular interest is the region of 78Ni where the large neutron excess
coincides with a double shell closure. At this N/Z ratio one could expect an increase of the
proton-neutron interaction strength that would modify the relative energies of the single particle
states, thus reducing the Z = 28 energy gap [2]. In such a scenario, particle-hole excitations
are expected to be strongly increased, driving to enhanced collectivity. The determination of
the B(E2) values of the low–lying transitions is therefore very important to measure these
features and to constrain the interaction used for the shell model calculations.

We have recently measured the B(E2; 0+ → 2+) of 74Ni in an intermediate–energy Coulomb
excitation experiment performed at NSCL (MSU). The 74Ni beam has been produced by
fragmentation of the primary 86Kr beam at 140 AMeV on a 9Be thick target. The primary
beam was provided by the Coupled Cyclotron Facility of the NSCL and the production reaction
fragments were analyzed using the A1900 fragment separator. As a matter of fact, this setup
produced a secondary ”cocktail-beam“ containing 74Ni ions with an intensity of ≈ 1 pps as
well as higher intensity 77Zn and 75Cu fragments. An 197Au foil of 640 mg/cm2 was used as
secondary target. The scattered ions were identified by the focal plane detectors of the S800
spectrograph and coincidence γ-rays emitted by Coulomb excited ions were detected by the
4π CAESAR array. Taking into account a proper cut on the impact parameter and using the
code DWEIKO for theoretical cross sections calculation, our results do not point towards an
enhanced value for the transition matrix element. Compared to what already measured by
Aoi and co–workers in [3], this result opens new scenarios in the interpretation of the shell
evolution of the Z=28 isotopes.

[1] T. Otsuka et al., Phys. Rev. Lett. 97 (2006) 162501.
[2] O. Sorlin, M.-G. Porquet Progr. in Part. and Nucl. Phys. 61 (2008) 602-673.
[3] N. Aoi et al., Phys. Lett. B 692 (2010) 302-306.
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Bare potentials in heavy ion fusion
L.F. Canto1

1Instituto de Fisica, Universidade Federal do Rio de Janeiro Cidade Universitria,
CT Bloco A 21941-972 Rio de Janeiro, RJ - Brazil

It is well known that channel coupling enhances the fusion cross section at sub-barrier energies.
To measure this enhancement, one usually compares the data with the fusion cross section
given by tunnelling through the one–dimensional barrier of the bare potential. For this purpose
it is then necessary to determine the bare potential or, at least, the barrier parameters associated
to it. There are two procedures to determine the bare potential. The first consists of extracting
the necessary information from above barrier data, where the influence of the couplings is
assumed to be negligible. The second procedure is to adopt a systematic treatment of the
optical potential, like the double folding model. Deriving the bare potential from above barrier
data has the advantage of being model independent. However, it relies on the assumption that
channel couplings do not influence fusion above the Coulomb barrier. The validity of this
assumption is questionable in collisions of weakly bound nuclei, where the elastic and the
breakup channels are strongly coupled, and it has not been fully checked when other kind of
couplings are involved.

In the present work, we check the accuracy of barrier parameters extracted from above barrier
data for systems influenced by different kinds of couplings, and compare barrier parameters
obtained using different theoretical models.
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Heavy–ion transfer reactions at large internuclear distances
using the PRISMA magnetic spectrometer
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The study of two-neutron transfer reactions is a powerful tool to investigate correlations be-
tween nucleons in nuclei. In heavy-ion reactions many nucleon transfer channels are available,
giving the possibility to compare the relative role of single particle and pair transfer modes [1].
Furthermore, at bombarding energies below the Coulomb barrier, nucleons are transferred in a
restricted excitation energy window and colliding nuclei, being at large internuclear distances,
are only slightly influenced by the nuclear potential. Under these conditions the complexity of
theoretical calculations diminishes and more information on pair correlations can be extracted
from data [2,3].

Using the large solid angle magnetic spectrometer PRISMA, at the Laboratori Nazionali
di Legnaro (LNL), a first reaction at sub–barrier energies has been performed in inverse
kinematics for the closed shell system 96Zr+40Ca [4]. An excitation function ranging from
above to well below the Coulomb barrier has been measured and transfer probabilities [5]
have been extracted for the neutron transfer channels. The comparison between data and
microscopic calculations shows the importance played by transitions to 0+ excited states.

We recently perfomed at LNL a similar experiment in inverse kinematics for the superfluid
system 60Ni+116Sn, for which the ground state Q–values for neutron transfers are close to their
optimum Q–values. Measurements of transfer cross sections have been obtained on the basis
of an event-by-event reconstruction of the ion trajectories inside PRISMA [6] and transfer
probabilities have been measured. It is therefore interesting to compare the behaviour of the
transfer mechanism to the previously measured closed shell system and to the same kind of
theoretical calculations.

In this talk the results of this recent measurement will be presented, and a discussion will be
made on the possibilities offered in the field by exploiting large solid angle spectrometers.

[1] R.A. Broglia and A. Winther, Heavy Ion Reactions (Addison-Wesley Pub.Co., Redwood City CA,
1991).

[2] B.F. Bayman and J. Chen, Phys. Rev. C 26, 1509 (1982).
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[4] L. Corradi et al., Phys. Rev. C 84, 034604 (2011).
[5] W. von Oertzen and A.Vitturi, Rep. Prog. Phys. 64, 1247 (2001).
[6] D. Montanari et al., Eur. Phys. J. 47, 4 (2011).
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The effect of two-neutron transfer with positive Q–value on
sub–barrier fusion

C.J. Lin,1 H.M. Jia,1 F. Yang,1 X.X. Xu,1 H.Q. Zhang,1

L. Yang,1 P.F. Bao,1 L.J. Sun,1 and Z.H. Liu1

1China Institute of Atomic Energy, P. O. Box 275(10), Beijing 102413, China

It has been proposed for about three decades that the fusion cross section (especially at
sub–barrier energy) will be greatly enhanced by the nucleon(s) transfer with positive Q-value
due to the additional kinematic energy increase [1,2]. Some experimental results do indeed
support this point of view. However, a recent experiment on the fusion of the 132Sn+58Ni
system did not show any enhancement caused by the positive Q-values transfer channels
comparing to its reference systems [3].

For the sake of simplicity, we focus our attention on two–neutron (2n) transfer with positive
Q–value. The fusion excitation functions of 16O+76Ge and 18O+74Ge at energies spanning
the Coulomb barrier were measured by an electrostatic deflector setup at the HI-13 tandem
accelerator of the CIAE. Both systems possess very similar nuclear structures and form the
same compound nucleus, but the Q–value of 2n stripping channel is +3.746 MeV for the latter.
Experimental results show that the excitation functions and barrier distributions of these two
systems are almost identical, and can be well reproduced by coupled-channels calculations
when only the inelastic channels were taken into account. It indicates that no visible effects of
positive Q–value 2n transfer exist in the 18O+74Ge system.

In order to make clear the effect, a systematic investigation was made on the 16,18O–induced
fusions of which the experimental data are available in the literature. However, the situation
becomes more complicate, which is beyond the considerations of up–to–date models. The
effect of neutron transfer, especially for the case with positive Q–values, on fusion is still an
open question.

Details of the experiment, data analysis, systematic investigation, and discussion will be pre-
sented in the conference.

[1] M. Beckerman et al., Phys. Rev. C 28, 1963 (1983).
[2] R.A. Broglia et al., Phys. Rev. C 27, 2433 (1983).
[3] Z. Kohley et al., Phys. Rev. Lett. 107, 202701 (2011).
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New dissipative non–Markovian model treatment of capture:
the need for precise experimental above–barrier cross

sections
M.V. Chushnyakova1 and I.I. Gontchar1

1Omsk State Transport University, Omsk, Russia

In Ref. [1] the problem of the apparently large diffuseness of the Woods–Saxon nucleus-nucleus
potential needed to fit a large number of precision capture excitation functions was formulated.
We presume that the large diffuseness is an artifact masking some dynamical effects. In order
to confirm or disprove this presumption we have developed a dynamical model and analyzed
several precision capture excitation functions [2–5] on the reactions involving spherical nuclei.

The model resembles the one of Refs. [6–8]: it is the dissipative trajectory model employing
the surface friction. Yet the potential is very much different: this is the double folding potential
based on the microscopically well founded M3Y NN–forces with the finite range exchange part
and density dependence. We account for the retarding friction and for the non–Markovian noise
as well. The modeling is performed for several cases:

(i) the classical dissipative trajectory calculations;

(ii) accounting for the Markovian noise;

(iii) accounting for the retarding friction without fluctuations;

(iv) including the retarding friction and the non–Markovian noise.

The first results look encouraging: it is possible to reproduce the precision capture excita-
tion functions with the double-folding potential possessing the small diffuseness. However,
the precise data are available only for near–barrier energies whereas for higher energies some
deviations of the calculated cross sections from older data are observed.

[1] J.O. Newton et al., Phys. Lett. B 586, 219 (2004).
[2] J.O. Newton et al., Phys. Rev. C 64, 064608 (2001).
[3] J.R. Leigh et al., Phys. Rev. C 52, 3151 (1995).
[4] C.R. Morton et al., Phys. Rev. C 60, 044608 (1999).
[5] M. Dasgupta, private communication (2012).
[6] D.H.E. Gross and H. Kalinowski, Phys. Rep. 45, 175 (1978).
[7] P. Fröbrich, B. Strack, and M. Durand, Nucl. Phys. A 406, 557 (1983).
[8] P. Fröbrich, Phys. Rep. 116, 337 (1984).
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Overview of the experimental constraints on nuclear
symmetry energy

B. Tsang1

1National Superconducting Cyclotron Laboratory and Joint Institute of Nuclear Astrophysics,
Michigan State University, East Lansing MI 48824, USA

The symmetry energy term in the nuclear equation of state affects many aspects of nuclear
astrophysics, nuclear structure, and nuclear reactions. A decade ago, Brown [1] showed that
realistic parameterizations of the Skyrme interactions that fit the binding energy differences be-
tween 100Sn and 132Sn nuclei yield very different symmetry term in the nuclear equation of state
and predict a large range of the skin radii of 208Pb. Substantial progress has been achieved in
recent years in constraining the density dependence of nuclear symmetry energy at and around
the saturation density with a wide range of experiments. In the talk, I will review current ex-
perimental constraints on the symmetry energy from different experiments. I will also examine
recent skin thicknesses measurements of 208Pb and compare their findings with the constraints
obtained from symmetry energy. The results are compared to modern day calculations on the
neutron matter equation of state including 3-body neutron force. The talk will also discuss the
implications of the constraints to nuclear structure and astrophysics and give an up-to-date as-
sessment in the ongoing quest to determine the symmetry energy dependence in regions above
the nuclear matter density.
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Modelling scattering and resonances of weakly-bound
radioactive nuclei

P.R. Fraser,1, 2 L. Canton,1 K. Amos,2 S. Karataglidis,3 J.P. Svenne,4 and D. van der Knijff2

1Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Padova I-35131, Italia
2School of Physics, University of Melbourne, Victoria 3010, Australia

3Department of Physics, University of Johannesburg,
P.O. Box 524 Auckland Park, 2006, South Africa

4Department of Physics and Astronomy, University of Manitoba,
and Winnipeg Institute for Theoretical Physics, Winnipeg, Manitoba, Canada R3T 2N2

For a theoretical description of weakly-bound systems studied with radioactive ion beams, it
is important to make allowance for low–lying collective–type excited states of the colliding
bodies which are not stable levels, but rather particle emitting resonances. This work describes
one such implementation in the framework of a multi-channel algebraic scattering formalism
for determining nucleon–nucleus cross sections and spectra at low energies. Results obtained
thus far are surveyed [1–3], and future expansions to the scope of the method outlined (for
instance, see Ref. [4]).

[1] P. Fraser et al., Phys. Rev. Lett. 101, 242501 (2008).
[2] P.R. Fraser et al., Rev. Mex. Fı́s 57, 20 (2011).
[3] K. Amos et al., Nucl. Phys. A 879, 132 (2012).
[4] L. Canton et al., Phys. Rev. C 83, 047603 (2011).
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Fusion, transfer and breakup of light weakly bound and halo
nuclei at near barrier energies
J. Lubian,1 P.R.S. Gomes,1 and L.F. Canto2

1Instituto de Fisica, Universidade Federal Fluminense, Niterói, R.J., 24210-340, Brazil
2Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

In the last years one has asked whether the complete fusion induced by light weakly bound
projectiles, particularly halo nuclei, is enhanced or suppressed when compared with the situa-
tion where there is no–breakup process. There are two kinds of effects to be investigated. The
first is static effects, caused by the longer tail of the optical potential, owing to the low bind-
ing energies of the weakly bound and specially halo nuclei. This effect gives rise to lower and
thicker barriers when compared with tightly bound systems, and enhances fusion cross-section
at sub–barrier energies not too much below the barrier. The second kind of effect is the dynamic,
which is due to the strong coupling between the elastic channel and the continuum states rep-
resenting the breakup channel. Recent systematic results have shown that the dynamics effects
due to breakup and transfer processes enhance the fusion cross section at sub–barrier energies
and suppress it at energies above the barrier for stable and neutron-halo nuclei, although for
proton-halo systems the behavior is quite different. In this talk we discuss the systematic re-
sults, the main open aspects in the field and explain the reason for the systematic fusion cross
section behavior. We point out the importance of direct transfer and breakup processes and also
the very recently observed sequential transfer followed by the breakup process. Different be-
haviors of the dynamic polarization potentials at different energy regions are used to explain the
observed fusion excitation functions for several light weakly bound projectiles, both stable and
radioactive. New measurements with high intensity light radioactive beams, and consequently
small error bars, are required to fully understand the coupling of different reaction mechanisms
involving halo nuclei, particularly with proton-halo nuclei.
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Searching the onset of nuclear dissipation in the fusion
reactions 16,18O+194Pt via ER measurements

E. Prasad,1 P.V. Laveen,1 N. Madhavan,2 S. Nath,2 J. Gehlot,2 K.M. Varier,3

A. Jhingan,2 A.M. Vinodkumar,4 A. Shamlath,1 B.R.S. Babu,5

B.R. Behera,6 R. Sandal,6 V. Singh,6 J. Sadhukhan,7 S. Pal,7 and S. Kailas8

1Department of Physics, Central University of Kerala, Kasaragod 671314, India
2Inter University accelerator Centre, Aruna Asaf Ali Marg, New Delhi 110067, India

3Department of Physics, Kerala University, Trivandrum 695581, India
4Department of Physics, University of Calicut, Calicut 673653, India
5Department of Physics, Sultan Quaboos University, Oman, Muscat

6Department of Physics, Panjab University, Chandigarh 160014, India
7Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Kolkata 700098, India

8Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India

Dissipative forces [1] play an important role in heavy ion fusion-fission reactions. Dissipation
increases the fission life–time relative to the Bohr–Wheeler estimates [2] and enhances the
particle emission probability from the hot composite system. Charged particle multiplicites,
neutron multiplicities, GDR-γ ray multiplicities and evaporation residues (ERs) are used as the
experimental probes for studying the role of nuclear dissipation in heavy-ion reactions. Among
these, ERs are the best suited probe to investigate pre–saddle dissipation at higher excitation
energies.
We measured ER cross section for 16,18O+194Pt
reactions at energies ∼5% below to ∼25% above
the Coulomb barrier. The experiments were
performed using the gas-filled recoil separator
HYRA [3] at IUAC, New Delhi. The reduced
ER cross sections of the two reactions are shown
in the figure. It has been observed that for
16O+194Pt reaction (forming the compound nu-
cleus (CN) 210Rn with neutron number N=124),
Bohr–Wheeler estimates under predict the cross
section. A dissipation strength of β=1.5 is re-
quired for fitting the experimental data [4]. The
latter reaction forms the CN 212Rn with N=126,
a neutron magic number. Back et al., [5] observed that in shell closed nuclei much higher en-
ergy is required for the onset of dissipation in comparison with non–shell closed nuclei. We
extend this study to further systems populating CN with N=126 and 124. The measurements,
analysis and statistical model calculations will be discussed in detail.

[1] P. Grange and H.A. Weidenmuller, Phys. Rev. 56, 426 (1939).
[2] N. Bohr and J. Wheeler, Phys. Rev. 56, 426 (1939).
[3] N. Madhavan et al., Pramana 75, 317 (2010).
[4] E. Prasad et al., Phys. Rev. C 84, 064606 (2011).
[5] B.B. Back et al., Phys. Rev. C 60, 044602 (1999).

Heavy Ion Accelerator Symposium for Fundamental

and Applied Research, 8–12 April 2013

83



Fusion-fission, quasifission and multi-nucleon transfer
processes in the reactions with heavy ions

E.M. Kozulin1

1Flerov Laboratory of Nuclear Reactions, JINR, 141980 Dubna, Russia

Total Kinetic Energy – Mass distributions of fission-like fragments for the reactions of heavy
ions with various targets leading to the formation of heavy and superheavy compound systems
at energies near the Coulomb barrier have been investigated. The measurements have been
perfomed by the two time–of–light spectrometer CORSET.

The results of the study of the properties of fission-like fragments formed in the reactions
40,48Ca+144,154Sm, 170Er; 36S+238U; 26Mg+248Cm; 58Fe+244Pu; 64Ni+238U and 136Xe+208Pb will
be discussed. Special attention will be paid on the symmetric fragment features in order to
clarify the origin of these fragments (fission or quasifission). The influence of shell effects on
the fragment yield in quasifission and multi–nucleon transfer reactions will be considered. The
following important results have been obtained:

• While the relative contribution of quasifision to the capture cross section mainly depends
on the reaction entrance channel properties, the features of asymmetric quasifission are
determined essentially by the driving potential of a composite system.

• The major part of the asymmetric quasifission fragments peaks around the region of the
Z=82 and N=126 (double magic lead) and (Z=28 and N=50) shells, and the maximum of
the yield of the quasifission component is a mixing between all these shells. Hence, shell
effects are everywhere present and determine the basic characteristics of fragment mass
distributions.

• An alternative way for further progress in SHE can be achieved using the deep–inelastic
or “inverse” quasifission reactions.
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Mapping low–energy fission in the very proton–rich nuclei
A.N. Andreyev1 and on behalf of the York – Leuven – Los Alamos – Bratislava

– Darmstadt – Geneva – Grenoble – Liverpool – Tokai(JAEA) collaboration
1Department of Physics, University of York, Yo10 5DD, United Kingdom

In the last decade, through technological, experimental and theoretical advances, the situation
in experimental low–energy fission studies has changed dramatically. With the use of advanced
production and detection techniques, much more detailed fission information can be obtained
for traditional regions of fission research and, very importantly, new regions of nuclei have
become accessible for fission studies.

The talk will give a review of recent low–energy fission experiments in very proton–rich nuclei
in the lead region. Results of recent experiments at ISOLDE (CERN) and at SHIP (GSI) on the
very exotic process of low–energy beta–delayed fission of neutron-deficient Tl, Bi, At and Fr
nuclei will be presented.

Beta-delayed fission is a rare nuclear decay process in which beta-decay of a parent nuclide
populates excited states of the daughter, which may then fission. As an example, a beta-
delayed fission study of 180Tl at ISOLDE will be discussed in details [? ]. Recent identification
of beta–delayed fission of 200,202Fr, 194,196At and 178Tl at ISOLDE will also be presented. The
studies of At and Tl isotopes were facilitated by the use of the highly–selective Resonance
Ionization Laser Ion Source of ISOLDE. Furthermore, in complementary experiments at
SHIP (GSI) beta–delayed fission of 186Bi and 192At was discovered.

As a result of these experiments, a new region of asymmetric fission was established, which
includes isotopes 178,180Hg (N/Z = 1.22–1.25), in addition to the previously known broad area
of asymmetric fission in the heavy actinides with N/Z ∼ 1.55–1.6.

Complementary results on higher–energy fission of the long chain of 180−194Hg isotopes ob-
tained in the measurements at the JAEA tandem will be also presented.

[1] A. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010).

Heavy Ion Accelerator Symposium for Fundamental

and Applied Research, 8–12 April 2013

85



Long lifetime components in the decay of excited super-heavy
nuclei

A. Chbihi,1 A. Drouart,2 J.D. Frankland,1 M.O. Frégeau,1 D. Jacquet,3

M. Morjean,1 L. Nalpas,2 M. Parlog,1, 4 and L. Tassan-Got3

1GANIL, CEA-DSM and IN2P3-CNRS, B.P. 55027, F-14076 Caen Cedex, France
2CEA-Saclay, IRFU/Service de Physique Nucléaire, F-91191 Gif sur Yvette Cedex, France

3IPNO, CNRS/IN2P3, Université Paris-Sud 11, F-91406 Orsay Cedex, France
4LPC, Caen Cedex, France

Evidences for long lifetime components (longer than 10−18s) in the decay of excited super–
heavy nuclei with Z = 120 and 124 have been obtained at GANIL by the blocking technique
in single crystals [1]. As expected from these results, XK fluorescence of atoms with Z =
120 formed in the reaction 238U+64Ni at 6.6 MeV per nucleon has been observed in a recent
experiment [2]. XK rays detected in coincidence with fission fragments from Z=120 have
been unambiguously identified from their energies and from reaction mechanism analyses
demonstrating that they are emitted by the compound nucleus (or its daughter nuclei, after
neutron evaporation). Since XK fluorescence results from the filling of K vacancies that have
a lifetime of the order of 10−18s for the element with Z = 120, the rather high measured
fluorescence yield provides us with an additional confirmation of the existence of long lifetime
components in the decay of the formed Z = 120 nuclei.

The very long fission times inferred, as well as the tiny cross-sections expected for evaporation
residues, have been taken into account in the framework of a statistical decay model, considering
temperature dependent fission barriers as predicted by Hartree–Fock–Bogoliubov calculations
[3, 4]. The strong expected correlation between the fission barriers and the survival probability
at long times provides us with a unique tool to explore super-heavy element stability far beyond
the mass domain accessible by other experimental approaches.

[1] M. Morjean et al., Phys. Rev. Lett. 101, 072701 (2008).
[2] M.O. Frégeau et al., Phys. Rev. Lett. 108, 122701 (2012).
[3] M. Girod and J.F. Berger, private communication.
[4] M. Morjean et al., J. of Phys. : Conference Series 282, 012009 (2011).
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Why sticking time matters: Experimental signatures of
quasifission in reactions leading to Curium

E. Williams,1 D.J. Hinde,1 M. Dasgupta,1 R. du Rietz,1

M. Evers,1 D.H. Luong,1 and A. Wakhle1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

Fusion is a delicate process, particularly when production of the heaviest elements is the aim.
Quasifission – a fission–like reaction outcome that takes place over incredibly short (< 10−20s)
timescales, before a compound nucleus can form – is one of the most important competitors
with fusion in reactions forming heavy (and superheavy) nuclei. This work will demonstrate
how to take a ‘snapshot’ of quasifission processes that occur over zeptoseconds, illustrate how
quasifission probabilities and timescales relate to the selected reaction parameters, and pro-
vide experimental evidence of quasifission for reactions leading to isotopes of Curium using
the Australian National University’s large solid-angle CUBE detector array and 14UD tandem
accelerator. Broader implications of this work on the ANU’s efforts to model a wide range of
reaction outcomes within a single model will be discussed.
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In-beam fission study at JAEA
K. Nishio1

1Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan

Current activity of in-beam fission study at the JAEA tandem-booster facility will be presented.

Fusion reactions using actinide target nuclei are extensively used to investigate super-heavy
nuclei (SHN). The reasons are (1) a relatively neutron rich SHN compared to the cold fusion
reactions are produced, thus the decay properties of these nuclei have information on the
structure in the vicinity of the spherically closed-shell at N=184, (2) nuclei having a relatively
long half-lives allows a study of the chemical properties, and (3) the cross sections maintain
values of a few picobarn even for the production of the heaviest elements [1]. In JAEA,
we are studying reaction mechanism in the in-beam fission experiment for reactions using
238U target nucleus, 30Si,31P,34,36S,40Ar,40,48Ca + 238U [2-5]. The mass distributions changed
drastically with incident energy. The results are explained by a change of the ratio between
fusion and qasifission with nuclear orientation. A calculation based on a fluctuation dissipation
model reproduced the mass distributions and their energy dependence [6]. Fusion probabilities
determined in this approach are consistent from those determined from the evaporation residue
cross sections of 263,264Sg [3] and 267,268Hs [4] produced in the reactions of 30Si + 238U and
34S + 238U, respectively. Discussion will be given in the 48Ca + 238U reaction, leading to the
copernicium isotopes (Z=112) [7,8].

The other study is fission followed by nucleon transfer. In transfer reaction, relatively neutron-
rich nucleus is produced. The excitation energy dependence of the fission probability gives
fission barrier height of the nucleus. We will also show the fission fragment mass distribution
for actinide nuclei populated by the transfer reaction in 18O + 238U.

[1] Yu.Ts. Oganessian, J. Phys. G 34, R165 (2007).
[2] K. Nishio et al., Phys. Rev. C 77, 064607 (2008).
[3] K. Nishio et al., Phys. Rev. C 82, 044604 (2010).
[4] K. Nishio et al., Phys. Rev. C 82, 024611 (2010).
[5] K. Nishio et al., Phys. Rev. C 86, 034608 (2012).
[6] Y. Aritomo et al., Phys. Rev. C 85, 044614 (2012).
[7] Yu.Ts. Oganessian et al., Phys. Rev. C 70, 064609 (2004).
[8] S. Hofmann et al., Eur. Phys. J. A 32, 251 (2007).
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Quasifission of superheavy composite systems with Z=110-116
in the 48Ca induced reactions with actinide targets

G.N. Knyazheva1

1FLNR, Joint Institute for Nuclear Research, Dubna 141980, Russia

In reactions with heavy ions complete fusion and quasifission (QF) are competing processes.
The relative contribution of QF to the capture cross section becomes dominant for superheavy
composite systems and compound nucleus formation is hindered by the QF process. The
balance between the two processes strongly depends on the entrance channel properties, such
as mass-asymmetry, deformation of interacting nuclei, collision energy and the Coulomb factor
Z1Z2.

Despite the QF was discovered about 30 years ago and a lot of studies on mass and angular
distributions have been done for different reactions, at present there is no systematic data on
QF fragment properties, such as fragment mass, its dispersion, and TKE in dependence on
incident energy and target–ion combination. In previous investigations the main attention was
paid to fusion probabilities and fusion-fission properties. Many efforts have been done also in
the investigations of mass–angular correlations of QF fragments in order to estimate the time
scale of heavy-ion-induced reactions.

The study of mass-energy distributions of binary fragments obtained in the reactions of 48Ca
ions with the 232Th, 238U, 244Pu and 248Cm at energies below and above the Coulomb barrier will
be presented. The properties of mass and TKE of QF fragments in dependence on interaction
energy have been investigated and compared with characteristics of the fusion-fission process.
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Study of fusion reactions forming the Cf nuclei
J. Khuyagbaatar1, 2, ∗

1Helmholtz Institute Mainz, Germany
2GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany

From the observation of the decay of the heaviest nuclei, basic data for understanding the
formation processes and properties of nuclei at the limits of stability as determined by the
interplay of the nuclear and Coulomb forces can be obtained.

The most successful reaction type for the production of heavy nuclei is fusion of two colliding
nuclei to form an excited compound nucleus, which subsequently deexcites by evaporation of
few neutrons [1]. However, this so called fusion-evaporation reaction is strongly dominated
by the fusion–fission reaction which is the main deexcitation channel of the excited compound
nuclei [2]. Thus, the investigation of the physical and chemical properties of heavy and
superheavy nuclei is limited by their production rates.

We have performed several complementary experiments to enhance our understanding of fusion
processes in a region of the chart of nuclei directly relevant for superheavy element studies.
The influence of the neutron numbers of the projectile and target nuclei was investigated
in 34,36S+204,206−208Pb fusion reactions by measuring the evaporation residues and fission
fragments at the velocity filter SHIP of GSI Darmstadt, Germany and at the Tandem accelerator
of JAEA Tokai, Japan [3, 4], respectively.

In a different set of experiments, mass angular correlations of the fission fragments from the
above mentioned reactions were investigated at the 14UD Pelletron electrostatic accelerator of
Australian National University in Canberra, along with other colliding systems like 12C+235U,
37Cl+205Tl and 44Ca+198Pt, which all lead to Cf compound nuclei.

Results from the above mentioned experiments will be presented.

[1] Yu. Oganessian, J. Phys. G. Nucl. Part. Phys. 34, R165 (2007).
[2] M.G. Itkis et al., Nucl. Phys. A 787, 150 (2007).
[3] J. Khuyagbaatar et al., Eur. Phys. Jour. A, 46, 59 (2010).
[4] J. Khuyagbaatar et al., accepted in Phys. Rev. C. (2012).

∗for HIM - GSI - U Mainz - JAEA - ANU collaboration.
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Fission fragment mass and angular distribution in
6,7Li+235,238U reactions
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The fission fragment (FF) mass and angular distributions provide a lot of information about
the structure and reaction mechanism involving two interacting nuclei. The breakup of weakly
bound projectiles like 6,7Li is expected to play an important role in modifying the energy
dependent behavior of different observables like FF angular anisotropy and FF mass distribu-
tion [1,2]. To investigate these effects we carried out FF angular distribution measurements
for 6,7Li+235,238U and mass distribution for 6,7Li+238U reactions. In addition to the projectile
breakup effect, the effect of target spin was also investigated while comparing the FF angular
anisotropies for 6,7Li+235U reactions with those for 6,7Li+238U reactions.

FF angular anisotropies (W(180)/W(90)) for 6,7Li involving 235U target (with s=7/2) at sub-
and near-barrier energies were found to be much smaller compared to the ones involving
238U target (with s=0) indicating that the larger target spin has reduced the FF anisotropy, as
expected. Secondly, the FF anisotropies calculated by saddle point statistical model (SSPM)
were found to be closer to the measured anisotropies for the reactions involving 235U.

The FF mass distributions were measured by time of flight method. The ratio of peak to valley
(P/V) of the mass distributions, that gives the information about the nuclear heating, was derived
as a function of excitation energy. It showed distinct behavior compared to the ones involving p
or n induced fission reactions. The ratio was found to increase more rapidly with the decrease of
excitation energy. This indicates that the compound nuclei are populated with lower excitation
energy than expected from a complete fusion, which is possible when a fraction of compound
nucleus formation is populated by breakup fragments (i.e. incomplete fusion). This observation
was supported by comparing the angle integrated fission cross sections, where it was found that
the fission cross sections at sub–barrier energies for 6Li induced reactions are much larger than
the ones for 7Li induced reactions implying larger contribution of breakup induced fission in
case of the former due to lower breakup threshold.

[1] H. Freiesleben et al., Phys. Rev. C 12, 42 (1975).
[2] I.M. Itkis et al., Phys. Lett. B 640, 23 (2006).
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Fission fragment mass distribution in 195Hg and 189Os
K. Ramachandran,1, 2 D.J. Hinde,1 M. Dasgupta,1 E. Williams,1

A. Wakhle,1 M. Evers,1 D.H. Luong,1 S. Das,1 and I.P. Carter1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
2Nuclear Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India

Nuclear fission is a dynamic process involving large scale shape changes. Fission fragment
mass distributions have been measured for many systems. The liquid drop model which was
reasonably successful in explaining the fission process was not good enough to explain the
mass distribution at lower energies for fission of nuclei in the mass region 228-258. The shell
effects in the fragments were also required to explain fission fragment mass distribution. Hence
at low to intermediate excitation energies, the fission of nuclei with mass around 264 were
found to have symmetric mass splits leading to two doubly magic fragments having (Aff∼132).
Fission–fragment mass distributions are asymmetric in the fission of typical actinide nuclei for
nucleon number A in the range 228–258 and proton number Z in the range 90-100. For lighter
systems it has been observed that fission mass distributions are usually symmetric. However, a
recent experiment showed that fission of 180Hg following electron capture on 180Tl is leading
to asymmetric mass distribution [1]. M.G. Itkis et al., [2] have also observed a small dip in
the low energy fission of nuclei in the mass region of 190-200. From fragment shell structure
point of view, the nuclei in these mass region were expected to have symmetric fission. The
recent calculation by Takatoshi Ichikawa, Akira Iwamoto, Peter Moller, and Arnold J. Sierk [3]
indicates that the mechanism of asymmetric fission must be very different in these mass region
compared to the actinide region. We have measured the fission fragment mass distribution for
13C+182W,176Yb systems forming compound nucleus of 195Hg and 189Os respectively at 60, 63
and 66 MeV using the CUBE detector setup located at the ANU Pelletron accelerator facility.
The analysis indicates that there is no asymmetric mass distribution for the systems studied.
The results of the current study will be presented.

[1] A.N. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010).
[2] M.G. Itkis et al., Sov. J. Nucl. Phys. 52, 601 (1990); 53, 757 (1991).
[3] T. Ichikawa et. al., Phys. Rev. C 86, 024610 (2012).

Heavy Ion Accelerator Symposium for Fundamental

and Applied Research, 8–12 April 2013

92



Two–proton decay along isospin bridges
R.J. Charity1

1Department of Chemistry, Washington University, St. Louis, USA

Experimental data on two–proton decay in light nuclei (A < 13) will be presented. The talk
will consider what nuclear structure one can glean from the two–proton–decay process itself and
use two-proton decay as a tool to find previously unobserved members of isobaric quintets and
sextets (isospin bridges). The easiest two–proton emitter to study is 6Be which can be made
abundantly with simple reactions. We will explore the momentum correlations between the
three decay products in details and consider the ramifications for its mirror nucleus 6He (a two–
neutron halo system). Two-proton decay will also be presented for 12O and its isobaric analog
state in 12N, both produced in knockout reactions with a 13O beam. The ground state of 8C was
known to decay to 4 protons and an alpha particle. We will show it undergoes two sequential
steps of two-proton decay. Like 12O, its isobaric analog state was also found to undergo two–
proton decay. Finally we will show that the double isobaric analog state of the halo nucleus
11Li in 11B also has a two–proton decay branch. From our new mass measurements obtained
with the invariant mass method, we have looked at isospin violation in the A=8 and 12 quintets
using the isobaric multiplet mass equation.
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Role of cluster structure of 7Li in the dynamics of fragment
capture

A. Shrivastava,1 A. Navin,2 A. Diaz-Torres,3 V. Nanal,4 K. Ramachandran,1

M. Rejmund,2 S. Bhattacharyya,5 A. Chatterjee,1 S. Kailas,1 A. Lemasson,2

R. Palit,4 V.V. Parkar,1 R.G. Pillay,3 P.C. Rout,1 and Y. Sawant1

1Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India.
2GANIL, CEA/DSM - CNRS/IN2P3, Bd Henri Becquerel,

BP 55027, F-14076 Caen Cedex 5, France.
3ECT*, Villa Tambosi, I-38123 Villazzano, Trento, Italy.

4DNAP, Tata Institute of Fundamental Research, Mumbai 400005, India.
5Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Kolkata 700064, India

In weakly bound nuclear systems, correlation among nucleons and pairing are manifested,
among others, as an emergence of strong clustering and exotic shapes [1]. Lithium isotopes
present a unique example of nuclear clustering, with lighter isotopes (6,7Li) having a well-
known α + x cluster structure and the heaviest bound isotope (11Li) exhibiting a two neutron
Borromean structure. 9Li has been described as 6He + t in a recent work. 7Li is an equally
interesting case with its well-known weakly bound α + t structure as well as less studied more
strongly bound clusters, 6He + p and 5He + d. Recent studies with weakly bound nuclei have
also focused on the understanding of the role of novel structures in the reaction dynamics [2].
Dominant reaction modes in nuclei with low binding energies, involve inelastic excitation to
low lying states in the continuum or transfer/capture of one of the cluster fragments from their
bound/unbound states to the colliding partner nucleus [3].

We have performed exclusive particle-gamma coincidence measurements in the 7Li +198Pt sys-
tem to study the dynamics of the process of fragment capture for the various cluster struc-
tures (α + t, 6He + p and 5He + d) of 7Li, at energy near the Coulomb barrier. Recent dy-
namic classical trajectory calculations [3], constrained by the measured fusion, α and t capture
cross–sections have been used to explain the excitation energy dependence of the residue cross–
sections. Comparison of results from the calculations with the measured data, illustrating the
role played by the cluster structures of 7Li in understanding the reaction dynamics will be pre-
sented

[1] H. Horiuchi, K. Ikeda and K. Kato, Prog. Theor. Phys. Suppl. 192, 1 (2012).
[2] N. Keeley et al., Prog. Part. Nucl. Phys. 63, 396 (2009).
[3] A. Diaz-Torres, J. Phys. G: Nucl. Part. Phys. 37, 075109 (2010).
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Importance of n-Stripping process in the 6Li+159Tb reaction
at near barrier energies

M.K. Pradhan,1 A. Mukherjee,1 S. Roy,1 P. Basu,1 A. Goswami,1

M. Saha Sarkar,1 R. Kshetri,1 P. Roy Chowdhury,1 V.V. Parkar,2 and R. Palit3

1Nuclear Physics Division, Saha Institute of Nuclear Physics, Kolkata-700064, India
2Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai-400085, India

3Department of Nuclear & Atomic Physics,
Tata Institute of Fundamental Research, Mumbai-400005, India

Our recent works on the systematic measurements of complete fusion (CF) and incomplete fu-
sion (ICF) excitation functions for the reactions 6,7Li+159Tb and 10,11B+159Tb [1, 2] have shown
that the CF cross sections at above–barrier energies are suppressed for reactions with weakly
bound projectiles and the extent of the suppression is correlated with the α–breakup threshold
of the projectile. The measurement also showed that the α–emitting channel is the favoured ICF
process. In the context of these observations, inclusive measurement of outgoing α–particles
was carried out for the 6Li+159Tb reaction. The total (angle-integrated) cross sections of the
inclusive α–particles have been measured at five bombarding energies of 23, 25, 27, 30 and 35
MeV (VB∼27 MeV). Since this is an inclusive measurement, several processes may contribute
to the inclusive α–particle yield. As we have not done any exclusive measurement, the α-
particle cross sections corresponding to the non-capture breakup (NCBU) process (6Li +159Tb
→ α + d + 159Tb) have been calculated in the continuum discretised coupled channels (CDCC)
formalism using the code FRESCO [3]. The CDCC calculated NCBU cross sections are found
to be much less than the measured inclusive α-particle cross sections. Therefore, α-particles
produced in other processes must be contributing to the inclusive α-particle yield. From the
γ–ray spectra of fusion excitation function measurement for the 6Li+159Tb reaction cite2, we
have extracted the cross sections of the α–emitting channels corresponding to the d-capture
ICF process and also the cross sections of the 160Tb nuclei corresponding to the single-neutron
stripping process. In the n–stripping process, the α–unstable 5Li nucleus is produced that in-
stantaneously decays into α and p. The n–stripping cross sections have been calculated in the
distorted wave Born approximation (DWBA) formalism using the code FRESCO [3]. We have
found that the sum of the cross sections corresponding to the d–capture ICF process and the
single–neutron stripping process is very close to the measured inclusive alpha–particle cross
sections in the present energy region of investigation. So the d–capture ICF process and the
single–neutron stripping process are the dominant contributors to the total α–particle yield in
the 6Li+159Tb reaction at energies around the Coulomb barrier.

[1] A. Mukherjee, S. Roy, M.K. Pradhan et al., Phys. Lett. B 636, 91 (2006).
[2] M.K. Pradhan, A. Mukherjee, P. Basu et al., Phys. Rev. C 83, 064606 (2011).
[3] I.J. Thompson, Comput. Phys. Rep. 7, 167 (1988).
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Elastic scattering and heavy residue production in the
collisions 6,7Li+64Zn around the Coulomb barrier

A. Di Pietro,1 P. Figuera,1 E. Strano,1, 2 M. Fisichella,1 M. Lattuada,1, 2 M. Milin,3

A. Musumarra,1, 2 M.G. Pellegriti,1, 2 V.Scuderi,1, 2 D.Torresi,1, 2 and M. Zadro3

1INFN-Laboratori Nazionali del Sud, Catania, Italy
2Dipartimento di Fisica e Astronomia Universita’ di Catania, Catania, Italy

3Ruder Boskovic Institute and University of Zagreb, Zagreb, Croatia

The study of nuclear collisions involving halo or, more in general, weakly bound nuclei at
energies around the Coulomb barrier had a considerable interest in the last decade, since the
peculiar structure of the colliding nuclei can deeply affect the reaction mechanisms (see e.g.
[1–3] and refs. therein). We measured elastic scattering angular distributions and heavy residue
production cross sections at several energies around the Coulomb barrier in the collisions
6,7Li+64Zn. Elastic scattering angular distributions have been reproduced within the Optical
Model using renormalized double folding potentials for the real and imaginary part. The
extracted energy dependence of the renormalization factors clearly show absence of the usual
threshold anomaly in the optical potential, as already observed in other systems involving
weakly bound nuclei.

The heavy residue production cross sections have been measured by using an activation tech-
nique, detecting off line the atomic X rays following the E.C. decay of the residues, al-
lowing their mass and charge identification. The heavy residue excitation function ratio
σ(6Li+64Zn)/σ(7Li+64Zn) shows an increasing trend as the energy is decreased below the barrier
as already observed by other authors for different similar systems (see e.g. [4] and refs. therein).
The experimental relative yields of the heavy residues have been compared with the predictions
of the statistical model code CASCADE. Such comparison suggests that heavy residue pro-
duction is dominated by complete fusion (CF) at above barrier energies whereas, in the region
below the barrier, other mechanisms such as incomplete fusion (ICF) are dominating. The large
yield of 65Zn observed in the low energy region suggests that, together with ICF, an important
n-transfer contribution could also be present. This would be in agreement with the results of
[5, 6], showing that in 6,7Li induced collisions breakup triggered by n transfer is an important
channel. Results confirm, to our opinion, that the study of fusion reactions induced by light
weakly bound nuclei on medium mass targets presents a number of experimental challenges.
Although the experimental problems related with the low energy of the produced evaporation
residues can be overcome by using activation or on–line gamma ray techniques, a clear separa-
tion of CF, ICF and transfer cannot be easily achieved and transfer processes might contaminate
what are believed to be total fusion excitation functions.

[1] L.F. Canto et al., Phys. Rep. 424, 1, (2006)
[2] N. Keeley et al., Prog. Part. Nucl. Phys. 59, 579, (2007)
[3] N. Keeley et al., Prog. Part. Nucl. Phys. 63, 396, (2009)
[4] M. Sinha et al., Eur. Phys. J. A 44, 403, (2010)
[5] D. Luong et al., Phys. Lett. B 695, 105, (2011)
[6] A. Shrivastava et al., Phys. Lett. B 633, 463, (2006)
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Coulomb and nuclear breakup at low energies and the scaling
law

M.S. Hussein1

1University of São Paulo, São Paulo, Brasil

The effect of the coupling to the breakup channel on the complete fusion of weakly-bound,
and especially, halo nuclei, has been under great scrutiny both experimentally and theoretically.
It seems that this coupling hinders the fusion at energies above the barrier, and enhances the
tunneling-dominated fusion below the barrier. Owing to the importance of the breakup channel
at these low energies, we make an effort to understand its cross section, and the relative impor-
tance of its Coulomb and the nuclear components. In particular, we investigate the dependence
of these components on the mass number of the target nucleus. We rely on a recent study of
this topic, especially with regards to the dependence on the target mass, made at higher energies
cite1. According to this study, the nuclear breakup cross section behaves at a given value of the
bombarding energy, ELab as,

σBU
N = P1 + P2A

1/3
T , (1)

where the parameters P1 and P2 depend on the projectile, the structure of the target and the
bombarding energy. Detailed CDCC calculation confirmed very well the above “scaling law”
for normal weakly-bound projectiles, while less so in the case of halo nuclei, such as 11Be.
We have extended the above study to near barrier energies [2], and as a result of the important
effect of the tunneling, the above scaling law is modified by fixing not the bombarding energy,
but rather its ration to the height of the Coulomb barrier, ELab/VB, such that

σBU
N = P 1 + P 2A

1/3
T . (2)

In Fig. 1 we show the nuclear breakup cross section of 6Li as a function of A
1/3
T at

ECM/VB = 0.84, 1.00, and 1.07. The general behavior resembles the high energy results of
Ref. [1], for the normal, non-halo, weakly-bound nucleus 7Be. In fact the almost straight lines 2
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FIG. 1: Scaling of nuclear breakup cross sections as a function of A
1/3
T at energies close to the Coulomb barrier.

of P2, which supply the slopes of the curves, are practically equal. Accordingly,
the modified scaling law presented here, should supply a useful and easy way to
estimate the nuclear breakup cross section at other energies close to the barrier,
and for other target nuclei.

One can also derive a scaling law for the Coulomb breakup cross section. Since
the matrix-elements for Coulomb breakup coupling are proportional to ZT , the
cross section should scale with Z2

T . Thus, plotting the Coulomb breakup cross
section as a function of the energy n ormalised with respect to VB, which is roughly
proportional to ZT , one should get a linear dependence. This is illustrated in figure
2, where we show σBU

Cou for the different systems studied here as functions of E/VB.

The above findings about the breakup cross section of weakly bound nuclei at low
energies, should be valuable in assessing their importance in the general study of
fusion reactions at near barrier energies, [2].

[1] M. S. Hussein, R. Lichtenthaler, F. M. Nunes, and I. J. Thompson, Phys. Lett. B 640, 91 (2006)
[2] D. R. Otomar, P. R. S. Gomes, J. Lubian, L. F. Canto, and M. S. Hussein, submitted for publication in Physical Review C

(2012).

FIG. 1: Scaling of nuclear breakup cross sections as a function of A1/3
T at energies close to the Coulomb

barrier.
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FIG. 2: Scaling of the Coulomb breakup cross sections as a function of ZT for the same systems as in Fig. 1 , for three energies
close to the Coulomb barrier.

FIG. 2: Scaling of the Coulomb breakup cross sections as a function of ZT for the same systems as in
Fig. 1, for three energies close to the Coulomb barrier.

that represents the curves for ECM/VB = 0.84, 1.00, and 1.07 are fitted with P1 = -14.76,
-62.60, -49.89 mb, and P2 = 4.11, 16.94, 15.41 mb, respectively. The rather large and negative
values of P1 are presumably traced to barrier penetration effects, which limits the use of the
geometrical picture behind the scaling law. On the other hand, at above the barrier energies
the values of P2, which supply the slopes of the curves, are practically equal. Accordingly,
the modified scaling law presented here, should supply a useful and easy way to estimate the
nuclear breakup cross section at other energies close to the barrier, and for other target nuclei.

One can also derive a scaling law for the Coulomb breakup cross section. Since the matrix-
elements for Coulomb breakup coupling are proportional to ZT , the cross section should
scale with Z2

T . Thus, plotting the Coulomb breakup cross section as a function of the energy
normalised with respect to VB, which is roughly proportional to ZT , one should get a linear
dependence. This is illustrated in Fig. 2, where we show σBU

Cou for the different systems studied
here as functions of E/VB.

The above findings about the breakup cross section of weakly-bound nuclei at low energies,
should be valuable in assessing their importance in the general study of fusion reactions at near
barrier energies [2].

[1] M.S. Hussein et al., Phys. Lett. B 640, 91 (2006).
[2] D.R. Otomar et al., submitted for publication in Phys. Rev. C (2012).
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Clusters, halos and S–factors in Fermionic molecular
dynamics
H. Feldmeier1

1GSI Helmholtzzentrum, Darmstadt

Light nuclei are studied within the Fermionic Molecular Dynamics model. An effective inter-
action based on the Argonne V18 interaction is used for all nuclei. Short–range central and
tensor correlations are treated explicitly using a unitary correlation operator. The evolution of
cluster structures and halos with increasing neutron or proton number or excitation energy is
discussed. The astrophysical S–factor is calculated for 3He(α,γ)7Be radiative capture reaction
in a fully microscopic fashion. Other applications are the Hoyle type states in 12C above the 3
alpha threshold or the two proton halo state in 17Ne.
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AMS and Nuclear (Astro)Physics – from 60Fe to the actinides:
examples of exciting applications

A. Wallner1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

Accelerator mass spectrometry (AMS) represents a sensitive technique for studying long-lived
radionuclides through ultra-low isotope ratio measurements. I will highlight

(i) the search for live supernova(SN)-produced radionuclides in terrestrial archives: Such stud-
ies probe directly specific nucleosynthesis sites and will help understanding heavy ele-
ment nucleosynthesis in massive stars. Our new data suggest an unexpected low abun-
dance of interstellar 244Pu (t1/2=81 Ma) - a perfect nuclide to study r process nucleosyn-
thesis that serves also as a probe for r process sites.

(ii) the status of the 60Fe (t1/2=2.6 Ma) sensitivity at the ANU using a gas-filled magnet setup: I
will discuss the newest measurement results with respect to the search of supernova(SN)-
produced live 60Fe in deep-sea sediments. I will also detail a new approach to determine
its strongly disputed half-life value.

(iii) the simulation of stellar nucleosynthesis processes in the laboratory via the study of dedi-
cated nuclear reactions to elucidate current open questions in astrophysics. The combina-
tion of sample activation and subsequent AMS measurement was applied where off-line
decay counting is difficult or impossible.

(iv) a novel approach for neutron-capture studies of U and Th: improved and highly accurate
nuclear data are urgently required for the design of advanced reactor concepts. Up to now,
no measurements were performed for such reactions applying AMS. This method is the
most direct approach and provides important and independent information for innovative
new nuclear technologies.
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AMS and other accelerator–based sciences in the golden
heart and heady wine–lands of the RSA

S.M. Mullins,1 P. Van Schalkwyk,2 A. Zondervan,3, ∗ and K. Sekonya1

1iThemba LABS (Gauteng), Private Bag X11, WITS 2050, South Africa
2iThemba LABS, P.O.Box 722, Somerset West 7129, South Africa

3National Isotope Centre, GNS Science,
P.O.Box 31312 Lower Hutt 5040, New Zealand

The Republic of South Africa (RSA) was reborn in 1994 under possibly the most enlightened
constitution of any country and a redrawn provincial structure. One of these provinces is
Gauteng, which means place of gold of in Sesotho, while another is the Western Cape, where
the vineyards instigated by Dutch and French Hugoenot settlers thrive to this day. Though these
two provinces reside in the same country, they are worlds apart, but share a common linkage
through the two sites of the iThemba Laboratory(ies) for Accelerator-Based Sciences (LABS).

At the Cape site, there are four accelerators, namely the venerable Van de Graaff of the
Materials Research Department and four cyclotrons, two of which are solid–pole designs which
act as injectors to the man K = 200 Separated–Sector Cyclotron (SSC), while the most recent
addition is an 11 MeV machine for the production of 18FDG. From Monday to Friday, the SSC
delivers beams of protons at 200 MeV for cancer treatment and at 66 MeV for the production
of Radio–Nuclides as well the generation of secondary neutron beams for the treatment of
large external cancer tumors. The weekends are used by nuclear physicists for research and
training with a variety of beams produced from the former HMI ECRIS4 and GTS (Grenoble
Test Source) ion sources. Measurements focused primarily on nuclear structure are carried
out with AFRODITE gamma–ray spectrometer, both in stand–alone mode and coupled with
auxiliary detectors such as the Recoil Detector (to suppress the background from fission) and
DIAMANT (to detect light-charged particles). Measurements on reaction mechanisms and
giant resonances are carried out with the K600 magnetic spectrometer with zero–degree and
faint-beam capabilities. There is also a general–purpose scattering chamber which has been
used to study the barrier distribution for the Super–Heavy–Element–relevant 86Kr + 208Pb
reaction.

At the Gauteng site, there is the fully–refurbished EN Tandem Accelerator which was inherited
from the facility in its previous incarnation, namely the Schonland Research Centre of the
University of the Witwatersrand in downtown Johannesburg. Ion–beam analytical techniques
such as Particle–Induced X-ray Emission (PIXE), Rutherford–Back–Scattering (RBS) and
Heavy–Ion Elastic Recoil Detection (HI-ERDA) are carried out, but the flagship project is
the Accelerator–Mass Spectrometry (AMS) facility that is nearing completion. At the time–
of–writing, the Low–Energy–Injection–System (LEIS) is undergoing commissioning and the
High–Energy–Analysis–System (HEAS) is under construction by the National Electrostatics
Corporation (NEC) with delivery expected later in 2013. Progress on the commissioning and
the plans for the research programme to be carried out with the AMS facility will be presented.

∗IAEA Expert under Project Number : SAF0004
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Resonant scattering of 22Na+p via a thick–target inverse
kinematic method

Y.B. Wang,1 S.J. Jin,1 J. Su,1 S.Q. Yan,1 Y.J. Li,1 B. Guo,1 Z.H. Li,1 W.P. Liu,1

H. Yamaguchi,2 J. Hu,2 D. Kahl,2 S. Kubono,2 H.S. Jung,3 J.Y. Moon,3

T. Terenishi,4 H.W. Wang,5 H. Ishiyama,6 H. Iwasa,7 and H. Komatsubara8

1Department of Nuclear Physics, China Institute of Atomic Energy, Beijing 102413, China
2Center for Nuclear Study, University of Tokyo, Saitama 351-0918, Japan

3Department of Physics, Chung-Ang University, Seoul 156-756, Republic of Korea
4Department of Physics, Kyushu University, Fukuoka 812-8581, Japan

5Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
6High Energy Accelerator Research Organization(KEK), Ibaraki 319-1195, Japan

7Department of Physics, Tohoku University, Miyagi 980-8578, Japan
8Department of Physics, University of Tsukuba, Tsukuba 305-8571, Japan

22Na is one of the most important yet debatable cosmic γ–ray emitters. Triggered by the
so–called Ne–E puzzle discovered in 1972 in Orgueuil meteorites with much excessive
22Ne/20Ne ratio [1], 22Na (T1/2 = 2.6 y) is long regarded as a promising sensitive probe for
nova and supernova outbursts. However, the recent observations from the orbiting γ–ray
telescope show that only an upper limit of 3.7 × 10−8 M� for the 22Na mass ejected by any
nova in the Galactic disk [2].

22Na(p,γ)23Mg is one of the key reactions that control the 22Na abundance in nova ejecta [3].
To investigate the complicated level structure of odd–mass 23Mg close to the proton threshold,
the resonant scattering of 22Na+p was studied with a 22Na radioactive ion beam bombarding
a hydrogen gas target at the CRIB facility, University of Tokyo. The excitation function of
the 22Na+p elastic resonant scattering was obtained in the energy interval of 0.8−1.6 MeV
in the center–of–mass frame. The experimental excitation function was analyzed with a
multi–channel multilevel R–matrix code, three resonance states in the compound nucleus
23Mg were revealed. Results on the deduced resonance parameters and the impact to the
22Na(p,γ)23Mg reaction rates will be presented and discussed.

[1] D.C. Black, Geoch. Cosmochim. Acta V36, 347 (1972).
[2] A.F. Iyudin et al., Astron. Astrophys. 300, 422 (1995).
[3] A.L. Sallaska et al.,, Phys. Rev. Lett. 105, 152501 (2010).
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The first year of operation of CologneAMS: performance and
developments

A. Dewald,1 S. Heinze,1 C. Feuerstein,1 C. Müller-Gattermann,1 A. Stolz,1 M. Schiffer,1

G. Zitzer,1 T. Dunai,2 J. Rethemeyer,2 M. Melles,2 H. Wiesel,2 and F. von Blanckenburg3

1CologneAMS/Institute of Nuclear Physics, University of Cologne, Germany
2Institute of Geology and Mineralogy, University of Cologne, Germany

3German Research Centre for Geosciences, Potsdam, Germany

CologneAMS [1], the centre for Accelerator Mass Spectrometry (AMS) at the University
of Cologne is operational since October 2011. The main part of the sample measurements
were devoted to research work of local geologists which demanded mostly for 14C and 10Be
measurements. In addition effort was spent to develop the equipment and the procedures
needed for effective measurements of different plutonium isotopes. Extensive ion optics
calculations were performed to obtain a better knowledge on the specific optical features of the
complete AMS system in order to find the optimal settings for specific isotopes and to provide
the basis for future extensions of the system aiming to improve the versatility and the quality
of AMS measurements at CologneAMS.

Especially energy and mass dispersions were investigated for the existing system at specific
locations. The ion-optics calculations were performed with a homemade transport code with a
dedicated user interface, which allows to modify easily parameters via software slide bars and
to present the results of the calculations simultaneously on screen.

In this contribution we will report on the measurements performed so far and especially on the
quality which has been obtained. We will present results on our first 239,240,242Pu measurements
as well as on the general performance of the total AMS system. In addition we will report on
our new TOF device [2] with beam profile capabilities and on some other hardware components
which were added to the existing system to improve beam diagnostics and beam tuning.

[1] A. Dewald et al., Nucl. Instr. Meth. B, in press, available online 16 May 2012
[2] G. Pascovici et al., Nucl. Instr. Meth. B, in press, available online 22 May 2012
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First results from the new 14C–AMS Facility (LAC–UFF) at
Niteroi, Brazil

P.R.S. Gomes,1 K.D. Macario,1 R. Linares,1 and R.M. Anjos1

1Instituto de Fisica, Universidade Federal Fluminense,
Av. Litoranea s/n, Niterói, R.J., 24210–340, Brazil

Researchers from the Institute of Physics of the Universidade Federal Fluminense (IF–UFF)
have been working for more than one decade in collaboration with foreign AMS radiocarbon
laboratories such as the Australian National University, the PRIME Lab of Purdue Univer-
sity and the Keck Carbon Cycle Laboratory of the University of California. Multidisciplinary
works have been performed in the fields of archaeology, marine biology, paleoclimatology and
geosciences. In 2009, the first Brazilian radiocarbon sample preparation laboratory for AMS
technique was installed at the IF–UFF. It consists of two separate areas, which are dedicated to
chemical treatment and graphitization. A stainless steel based vacuum line using a turbo pump
was constructed for carbon dioxide purification. Then, following the advice of Prof. K. Fifield,
from ANU, we have applied to the Brazilian Science and Technology Ministry, though its Inno-
vation Agency FINEP, to buy a 250 kV Single Stage Accelerator Mass Spectrometry (SSAMS)
system produced by National Electrostatic Corporation. We bought the SSAMS system at the
end of 2009, and at February 2012 it has arrived at the IF–UFF to be installed. It took less than
one month between the opening of the boxes and getting the first 14C-AMS measurements of un-
known samples. The LAC-UFF is the first 14C-AMS Laboratory in Latin America. In this talk
we will show some of the first results obtained at LAC–UFF. We have compared measurements
performed at our laboratory with those performed at the traditional CENA (Centre for Nuclear
Energy in Agriculture of the University of São Paulo), a 14C Laboratory using the benzene liq-
uid scintillation counting system, and with the University of Georgia (UGAMS), Georgia, USA.
Replicated pre–treated samples of shells, organic soils, vegetable fragments, charcoal and peats
were converted to CO2 and measured at UFF and CENA. Also, pretreated sediment samples
previously converted to CO2 at CENA were replicated and sent to the 14C AMS Laboratory of
CAIS, University of Georgia, and to LAC-UFF for graphitization and measurements. All results
from distinct inorganic and organic samples were in very good agreement. Also, at LAC-UFF,
the IAEA reference materials C2 (carbonate), C5 (wood) and C6 (sucrose) and calcite blanks
were prepared as quality control. Typical currents were 50 µA 12C−1 measured at the low en-
ergy Faraday cup. The isotopic fractionation is corrected by measuring the δ13C on–line in
the accelerator. Graphite and calcite blanks yielded average 14C/13C ratios of 1.3 × 10−12 and
1.1 × 10−12, respectively. Average machine background was 10−13 and average precision was
0.8%. These results indicate that the AMS LAC-UFF presented very good analytical accuracy
in this inter-comparison exercise and is ready to start with the routine analysis and also with the
research programs, mainly with Brazilian and Latin America groups in several areas of Science,
such as Geosciences, Oceanography, Archaeology. As example, we mention the investigation
of temporal changes of environmental processes in the Southern Brazilian Bight, for which two
60 cm long sediment cores were collected at 14 meters depth and parameters such as Total
Organic Carbon (TOC), nitrogen (N), phosphorus (P), δ13C, δ15N and granulometry were eval-
uated through the cores. From 15 to 35 cm depth, variations on the studied parameters lead to
an alternate influence of sediments from continental and marine sources which might be related
to changes in coastal dynamic, probably related to strong storms events and climatic changes.
Shell samples were radiocarbon dated and according to the calibration model used these events
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lie in the period between 1488 to 1586AD. Observed events can be evidence of severe storms
related to enhanced occurrence of cold fronts which could be associated to the period known as
the Little Ice Age (LIA). Results from other projects will also be presented.
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129I dispersion in Argentina
J.O. Fernández Niello,1, 2 A.E. Negri,1 A. Wallner,3 A. Arazi,1 L.K. Fifield,3 and S.G. Tims3

1Laboratorio TANDAR, CNEA, Av. Gral. Paz 1499,
B1650KNA, San Martn, Buenos Aires, Argentina

2Universidad Nacional de San Martn, Campus Miguelete, B1650BWA, Buenos Aires, Argentina
3Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

Measurements of total iodine (127I) and 129I concentration in thyroids, rivers, lakes and shal-
low seawater of Argentina are presented. Their latitudinal distribution was explained taken into
account their sources and fallout patterns. Deposition fluences for the catchment areas of the
studied lakes were estimated. These agree with calculated ones due to atmospheric nuclear
weapon tests and with other fluences reported for the southern hemisphere. These are the first
129I measurements in shallow seawater from the South Atlantic Ocean. While its concentra-
tions yield values associated with atmospheric nuclear tests at latitudes below 45◦S, at southern
latitudes concentration values corresponding to the pre-nuclear era were found.
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Monitoring of environmental samples from the vicinity of a
decommissioning nuclear power plant in Italy

M. De Cesare,1, 2 L.K. Fifield,1 S.G. Tims,1 N. De Cesare,2, 3 A. D’Onofrio,2, 3

A.M. Esposito,4 A. Petraglia,2 V. Roca,5, 3 C. Sabbarese,2, 3 and F. Terrasi2, 3

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia
2CIRCE, INNOVA, and Dipartimento di Matematica e Fisica,

Seconda Univesità di Napoli, Caserta 81100, Italy
3INFN Sezione di Napoli, Napoli 80100, Italy

4Società Gestione Impianti Nucleari - SoGIN, Roma 00100, Italy
5Dipartimento di Fisica, Università di Napoli, Napoli 80100, Italy

Italy built and commissioned 4 nuclear power plants between 1958-1978, which delivered
a total of 1500 MW. All four were closed down after the Chernobyl accident following a
referendum in 1987. One of the plants was Garigliano, commissioned in 1959. This plant
used a 160 MW BWR and was operational from 1964 to 1979, when it was switched off for
maintenance. It was definitively stopped in 1982, and is presently being decommissioned.
The work reported here was motivated by the desire to lower the level of risk perception by
the surrounding population by (hopefully) showing that the cumulative effect of the operation
and decommissioning of the plant on the nearby environment has been negligible. In addition,
measurements on structural samples from the plant itself, which are underway, are relevant for
the optimization of the decommissioning programme.

The Center for Isotopic Research on Cultural and Environmental heritage (CIRCE) [1], recently
upgrated for actinides measurements [2–4], in Caserta, Italy, and the Australian National Uni-
versity (ANU) [5] in collaboration with SoGIN (Nuclear Plant Management Company) started
a research program for measuring the concentration and isotopic ratios of U and xPu isotopes in
and around the Garigliano Nuclear Power Plant (GNPP). The measurements employed AMS,
and were applied to the analysis of both environmental and structural samples to quantify
and determine the origin of any U or xPu. In this report we present results on environmental
samples, collected up to 4.5 km from the plant.

The 236U and xPu environmental concentrations as well as the 240Pu/239Pu, 236U/238U and
236U/239Pu ratios are consistent with global fallout from the nuclear testing era, i.e. the values
are of the same order as a sample from the Sele plain, Salerno province, which is geologically
similar but is 130 km from the GNPP. We see no evidence for any contribution from the
Nuclear Plant. Changes in the 236U and xPu concentrations from site to site around the GNPP
are reflected in the 137Cs. The 137Cs/239+240Pu activity ratios vary, however, between 40 and
160, which are higher than in the global fallout from the nuclear testing era. It is likely that
this variability reflects the influence of Chernobyl, since the fallout from Chernobyl contained
appreciable 137Cs but negligible xPu or 236U [6]. Differences between sites in soil loss during
the period from the 1960s (global fallout from nuclear testing) until 1986 (Chernobyl) could
then account for the differences in 137Cs/239+240Pu ratios. These studies, like [6–8], demonstrate
that 236U and xPu isotopes are equally useful as sensitive fingerprints of releases from nuclear
facilities.
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[1] F. Terrasi et al., Nucl. Instr. and Meth. in Phys. Res. B 259, 14 (2007).
[2] M. De Cesare et al., Nucl. Instr. and Meth. in Phys. Res. B 268, 779 (2010).
[3] M. De Cesare et al., Radiocarbon 52 (Nr 2-3), 286-294 (2010).
[4] M. De Cesare, Nuclear Power - Control: Reliability and Human Factors, ISBN 978-953-307-599-0,

2011.
[5] L.K. Fifield et al., Nucl. Instr. and Meth. in Phys. Res. B 117, 295 (1996).
[6] F. Quinto et al., Appl. Rad. Isot. 67, 1775 (2009).
[7] L.K. Fifield, Quaternary Geochronology 3, 276 (2008).
[8] A. Sakaguchi et al, Science of the Total Environment 407, 4238 (2009)
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The measurement of 129I in Fe–Mn crust and aerosol samples
with AMS at the CIAE

S. Jiang,1 M. He,1 L.B. Xie,2 G.S. Liu,2 L.H. Ji,2 Q. Li,3

S.L. Wang,3 K.J. Dong,1 M. Lin,1 Y.G. Oyang,1 and S.Y. Wu1

1China Institute of Atomic Energy, P.O.Box275-50, Beijing 10241,China
2College of Ocean and Earth Sciences, Xiamen University, Xiamen 361005, China

3CTBT Beijing National Data Centre and Radionuclide Laboratory, Beijing 100085, China

In order to develop 129I applications, the marine Ferromanganese (Fe–Mn) crust and aerosol
samples were measured with AMS at the China Institute of Atomic Energy (CIAE).

Fe–Mn crust which growth history was about 10-100 Ma is a very important mineral resources
in the ocean. It is not enough for dating Fe-Mn crust by 10Be AMS method which can only
give a data of 10-15 Ma. 129I with the half of 15.7 Ma can be used for dating of the time scale
of about 80 Ma. The first Fe–Mn crust 129I measurement was carried out.

129I is also an important tool for monitor of nuclear power plant. 129I in aerosol samples in
Beijing during the accident of Fukushima nuclear power plant were measured. The result
shown that 129I has some important advantages than 131I γ detection.

Sample collection, preparation, AMS measurement and results in detail will be introduced at
the symposium.
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Recent results with the radioactive ion beam facility in Brazil
(RIBRAS)

A. Lépine-Szily,1 R. Lichtenthaler,1 V. Guimaraes,1 P. Descouvemont,2

L.R. Gasques,1 D.R. Mendes Junior,3 P.N. de Faria,3 E. Leistenschneider,1

A. Arazi,4 A. Barioni,5 E. A. Benjamim,1 M.C. Moraes,1 V. Morcelle,6 R. Pampa
Condori,1 K.C.C. Pires,7 V. Scarduelli,1 J.C. Zamora,1 and P.R.S. Gomes3

1Instituto de Fisica, Universidade de São Paulo,
Brasil, C.P. 66318 05508-970 São Paulo, Brazil

2Physique Nucleaire Theorique, Université Libre de Bruxelles, B1050, Brussels, Belgium
3Instituto de Fisica, Universidade Federal Fluminense, Niterói,R.J. 24210-340, Brazil

4Laboratório Tandar, Comission nacional de Energia Atômica, Buenos Aires, Argentina
5Instituto de Fisica, Universidade federal da Bahia, Salvador, Brazil

6Instituto de Fisica, Universidade Federal Fluminense, Niterói,R.J.24210-340, Brazil
7Universidade Tecnológica Federal do Paraná,

Campus Cornélio Procópio, 86300-000, Paraná, Brazil

The RIBRAS facility consists of two superconducting solenoids of maximum magnetic field
B=6.5 T, coupled to the 8UD-Pelletron tandem Accelerator installed at the University of
São Paulo Physics Institute [1, 2]. It is the first radioactive beam facility of the Southern
Hemisphere. Light radioactive ion beams are produced through transfer reactions, using solid
or gaseous production targets of 9Be, LiF, 3He etc. The solenoids make a magnetic rigidity
selection and the use of the two solenoids with a degrader between them allows the production
of quite pure secondary beams. Low energy (3-5 MeV/u) radioactive beams of 6He (halo
nucleus), 8Li, 7Be and 8B are produced with quite competitive intensities of 104 to 106 pps and
used to study elastic, inelastic, and transfer reactions on a variety of light, medium mass and
heavy secondary targets.

The scientific program is concentrated mainly on elastic scattering studies on light (p, 9Be,12C,
27Al) [3–6] medium mass (51V,58Ni) and heavy targets (120Sn) [7]. In the case of 6He beam, the
production of 4He through break-up into 4He+2n, or through 1 and 2 neutron transfer reactions
is also measured [8]. These results allow shedding light on the interaction potential and on the
reaction mechanism. The data will be presented as well as results of theoretical calculations
including the continuum.

Resonance elastic scattering of radioactive beams (6He and 8Li) on proton targets, and transfer
reactions of astrophysical interest will also be presented. One example is the 8Li(p,α)5He
reaction [9], realized in inverse kinematics and using the thick target method, where the
excitation function could be measured at low energies.

[1] R. Lichtenthäler et al, Eur. Phys. J. A 25, 733 (2005).
[2] A. Lépine-Szily et al., AIP Conf. Proc. 1423 (2012).
[3] E.A. Benjamim et al., Phys. Lett. B 647, 30 (2007).
[4] J.C. Zamora et al., Phys. Rev. C 84, 034611 (2011).
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[5] A. Barioni et al., Phys. Rev. C 84, 014603 (2011).
[6] K.C.C. Pires et al., Phys.Rev. C 83, 064603 (2011).
[7] P.N. De Faria et al., Phys. Rev. C 81, 044605 (2010).
[8] P.N. De Faria et al., Phys. Rev. C 82, 034602 (2010).
[9] D.R. Mendes et al., Phys. Rev. C 86, 064321 (2012).
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Interlaboratory study of the ion source memory effect in 36Cl
accelerator mass spectrometry

S. Pavetich,1 S. Akhmadaliev,1 M. Arnold,2 G. Aumaı̂tre,2 D Bourlés,2 J. Buchriegler,3

R. Golser,3 K. Keddadouche,2 M. Martschini,3 S. Merchel,1 G. Rugel,1 and P. Steier3

1Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany
2Aix-Marseille Université, CEREGE CNRS-IRD UM34, Aix-en-Provence, France

3Vienna Environmental Research Accelerator, University of Vienna, Austria

In 2011 the DREAMS (Dresden Accelerator Mass Spectrometry) facility [1] based on a HVE
6 MV Tandetron went operational. Since then constant effort was put into enabling routine
measurements of long–lived radionuclides such as 10Be, 26Al and 41Ca. In the case of 36Cl the
main focus was set on understanding and minimization of the ion source memory effect, which
is the key issue for precise AMS–measurements of volatile elements like Cl and I [2, 3]. For
this purpose, one of the two original HVE sources was mechanically modified. The new design
has a more open geometry to improve the vacuum level and a modified target loading and
positioning system, which allows exchanging the individual cathode aperture with each target.

To evaluate this improvement in comparison to other up–to–date ion sources, a small interlab-
oratory comparison had been initiated. The long–term memory effect in the four Cs sputter
ion sources of VERA [3] (Vienna Environmental Research Accelerator, NEC ion source:
MC-SNICS), ASTER [4] (Accélérateu pour les Sciences de la Terre, Environnement, Risques,
modified HVE SO110) and DREAMS (original HVE and modified HVE ion source) [1] had
been investigated by running samples of natural 35Cl/37Cl–ratio and samples containing highly
enriched 35Cl (35Cl/37Cl > 500).

Primary goals of the research are the time constants of the recovery from the contaminated
sample ratio to the initial ratio of the sample and the level of the long term memory effect in
the sources.

[1] S. Akhmadaliev et al., Nucl. Instr. Meth. B 294 (2013) 5.
[2] R. Finkel et al., Nucl. Instr. Meth. B 294 (2013) 121.
[3] M. Arnold et al., Nucl. Instr. Meth. B 294 (2013) 24.
[4] M. Martschini et al., Nucl. Instr. Meth. B 269 (2011).
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Equation of state of high–density matter
J. Stone1

1Department of Physics, University of Oxford,
Parks Road, OX1 3PU Oxford United Kingdom

The microscopic composition and properties of matter at super-saturation densities have been
a subject of intense investigation for decades. The scarcity of experimental and observational
data has lead to the necessary reliance on theoretical models. However, there remains great
uncertainty in these models which, of necessity, have to go beyond the over-simple assumption
that high density matter consists only of nucleons and leptons. Heavy strange baryons, mesons
and quark matter in different forms and phases have to be included to fulfill basic requirements
of fundamental laws of physics.

I will survey the latest developments in construction of the Equation of State (EoS) of high-
density matter at zero and finite temperature assuming different composition of the matter. Crit-
ical comparison of model EoS with available experimental data from heavy ion-collisions and
observations on neutron stars, including gravitation mass, radii and cooling patterns and data on
X-Ray burst sources and low mass X-ray binaries will be made. Fundamental differences be-
tween the EoS of low density, high temperature matter, such as is created in heavy ion collisions
and of high–density, low temperature compact objects will be discussed.
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Accelerator mass spectrometry for nuclear astrophysics at
Notre Dame

P. Collon,1 D. Robertson,1 M. Bowers,1 W. Lu,1 and K. Ostdiek1

1Nuclear Science Laboratory, University of Notre Dame, Notre Dame IN 46556, USA

Evolving from detection methods and techniques developed in nuclear physics, Accelerator
Mass Spectrometry makes it possible to unambiguously identify the A and Z of a specific ion.
This identification enables the separation of rare ions of interest from an isobaric background
many orders of magnitude higher. This technique has lead to many applications ranging
from environmental science and research in paleoclimates to nuclear astrophysics and meteor
research.

The talk will concentrate on the use of the gas-filled magnet technique used in conjunction
with Accelerator Mass Spectrometry (AMS) to measure radionuclide concentrations and
reaction cross–sections of importance in stellar nuclearsynthesis and galactic radioactivities.
Such a system (MANTIS; Magnet for Astrophysical Nucleosynthesis studies Through Isobar
Separation) was set-up at the Nuclear Structure Laboratory (NSL) at the University of Notre
Dame together with graduate and undergraduate students and is used as an AMS system for the
measurement of radioisotopes like 60Fe and 93Zr, as well as production cross sections such as
40Ca(α,γ)44Ti and 33S(α, p)36Cl. A number of future projects as well as some geared towards
applied methods will also be presented.
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239,240Pu isotope measurements from soils around Maralinga
S.G. Tims,1 D. Tsifakis,1 M. Srncik,1 and L.K. Fifield1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

The isotopes 239Pu and 240Pu are present in surface soils as a result of global fallout from
nuclear weapons tests carried out in the 1950’s and 1960’s. These isotopes constitute artificial
tracers of recent soil erosion and sediment movement. In practice the high throughput capabili-
ties and high sensitivity of the AMS technique makes the study of Australia’s geographically
large areas viable.

As part of its weapons development program the United Kingdom carried out a series of
atmospheric and surface nuclear weapons tests at Maralinga, South Australia in 1956 and
1957. The contribution from the Maralinga tests to the Pu isotopic abundances present in the
region around Maralinga is largely unknown. In global fallout, for example, the 240Pu/239Pu
ratio is typically in the range 0.17 - 0.19, but the influence of the regional tests could lead to
values outside this range. This would impact on the assessment techniques used in the soil and
sediment tracer studies. We report recent measurements on soil samples collected from across
the Maralinga Test site.
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Historical and climatological research in the Himalaya region
by 14C AMS dating of wooden drill cores from historic

buildings
W. Kretschmer,1 A. Bräuning,2 A. Scharf,1 and F. Daragon2

1Physics Institute, University of Erlangen,
Erwin-Rommel-Str. 1, Erlangen 91058, Germany

2Geography Institute, University of Erlangen, Kochstr. 4, Erlangen 91054, Germany

In recent years, the Geographical Institute of the University Erlangen could sample numerous
wooden drill cores from historic buildings in four regions of High Asia and could evaluate them
dendrochronologically. Part of the drill cores were collected from monasteries and temples in
the Dolpo region of western Nepal, a barely studied region in the Inner Himalaya and situated
in the rain shadow of the main Himalayan crest line. Another major part came from temples in
Central Tibet.

In many cases tree–ring dating of these drill cores was not possible, indicating that the sample
woods exhibit a higher age than the present range of the existing tree–ring chronologies which
only reach back to the 11th century. So these samples can be used to extend the tree–ring
chronologies of this region, which could help to detect suggested monsoon variations during
the Middle Ages. The historic tower buildings of Tibet and Sichuan are a special cultural
heritage which has been rarely studied up to now. The knowledge of their exact age could help
to better understand the cultural and historical context of their development and their function,
and could support the effort to declare them a UNESO World Heritage site.

The Erlangen AMS laboratory has performed 14C – datings via accelerator mass spec-
trometry on 200 samples of 74 of these drill cores. Using wiggle–matching these drill
cores could be dated with enhanced precision, and in many cases important information about
the time of construction of these important historic buildings could be obtained for the first time.
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Present performance of the 10Be / 14C / 26Al AMS system at
GNS science and modeling how 10Be beam transport can be

improved
A. Zondervan,1 M. Suter,2 J. Kaiser,1 and J. West1

1National Isotope Center, GNS Science, Lower Hutt, New Zealand
2Laboratory for Ion Beam Physics, ETH Zürich, Switzerland

The eXtended Carbon AMS system at GNS Science (XCAMS), based on NEC‘s design for
the 0.5 MV Pelletron CAMS, has been in operation for 3 years. It is the first such commercial
system with a capability to measure also 10Be and 26Al below/near 1 MeV. For 10Be AMS, the
10B isobar is rejected through the use of a 50 – 75 nm thick silicon–rich nitride foil as energy
degrader between the momentum (p/q) and energy (E/q) analyzers. The extension with an
additional magnet rejects charge–exchanged 9Be during mass 26 injection. While the main
focus has been on routine and high–precision modes of radiocarbon measurement, significant
effort has gone into researching how transport efficiency for 10Be AMS can be improved. Beam
optics calculations, incorporating realistic parameterizations of straggling effects in the stripper
gas and energy degrader, in conjunction with measured beam profiles, show that the present
setup downstream from the electrostatic analyzer is not optimal with regards to rejecting 10B
and accepting 10Be.

We will present actual realized values of key quality control parameters, such as 14C/12C and
10Be/9Be ratios for the blanks and repeatability of 14C and 10Be standards, and we will discuss
a plan to improve the transport efficiency of 10Be, by modifying how the beam is focused
through the additional magnet into the acceptance of the gas–ionization detector.
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Developing new methods to investigate nuclear physics input
to the cosmological Lithium problem

K.J. Cook,1 D.H. Luong,1 and E. Williams1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

A significant challenge to nuclear astrophysics is the cosmological lithium problem, where
models of Big Bang nucleosynthesis indicate abundances of 7Li two to four times larger than
what is inferred via spectroscopic measurements of metal-poor stars. Recent experimental
techniques developed for nuclear reaction studies at energies near the fusion barrier, if extended
to reactions of astrophysical interest, may help understand nuclear reactions that can affect the
production of 7Li during the Big Bang.

Experiments at the ANU, using new experimental techniques, have provided complete pictures
of the breakup mechanisms of light nuclei in collisions with heavy targets, such as 208Pb and
209Bi [1]. These experiments revealed dominant breakup mechanisms which had not even been
considered in theoretical models. The study of the breakup of 6Li and 7Li following interactions
with 58,64Ni and 27Al acts as a stepping stone from this previous work towards future experi-
mental studies of breakup reactions of astrophysical relevance. In all cases studied, breakup
is dominantly triggered by transfer of nucleons between the colliding partners, but the transfer
mechanisms are different. The findings of these experiments and experimental considerations
for extensions to reactions of light nuclei, such as d+7Be, will be presented.

[1] D.H. Luong et al., Phys. Lett. B 695, 105109 (2011).
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Accelerator-SIMS: technique and astrophysical applications
C. Vockenhuber,1 D. Güttler,1 M. Döbeli,1 and H.-A. Synal1

1Laboratory of Ion Beam Physics, ETH Zurich,
Schafmattstr. 20, 8093 Zurich, Switzerland

The use an ion source for Secondary Ion Mass Spectrometry (SIMS) coupled to the Accelerator
Mass Spectrometry (AMS) facility allows expanding the measurement capabilities of both
systems. Such a system is installed at ETH Zurich, where an ATOMICA SIMS ion source is
coupled to the 6 MV Tandem.

As in AMS all molecules are destroyed at the tandem accelerator allowing for measurements
without molecular interference. Furthermore, the high ion energies allows to identify isobaric
interference in an ionization chamber. This is a big advantage over the conventional mass
spectrometry in the heavy mass region where molecular and isobaric interferences severely
limit mass spectrometric analysis.

Compared to similar measurements of stable isotopes using standard AMS facilities the SIMS
source allows to sputter the sample material in a controlled way and a clean environment.
In addition up to three isotopes can be measured quasi-simultaneously with the fast beam
switching system at the first mass-analyzing magnet and a position-sensitive detector after the
final mass-analyzing magnet. This results in higher accuracy of the measured isotopic ratios
even under changing sputtering conditions.

Within the EuroGENESIS program we are using Accelerator-SIMS to measure isotopic com-
positions of heavy elements in pre-solar grains, which are difficult to analyze with conventional
mass spectrometry due to molecular and isobaric interferences. The isotopic signatures in these
grains carry the fingerprint of nucleosynthesis and provide valuable astrophysical information.
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Choosing the right stripper gas for AMS and other
applications with tandem accelerators at low and medium

terminal voltage
M.A.C. Hotchkis,1 D. Child,1 D. Fink,1 V. Levchenko,1 and K. Wilcken1

1Australian Nuclear Science & Technology Organisation, Sydney, New South Wales, Australia

Recent experimentation with stripper gases used for Accelerator Mass Spectrometry (AMS)
has seen a divergence in the practices adopted at laboratories performing AMS of high mass
species (such as actinides) at low and medium terminal voltages. At low voltages (<1 MV),
the Ion Beam Group at ETH Zurich has demonstrated the advantages of using helium as the
stripper gas, for both radiocarbon AMS [1] and for actinides AMS [2]. Meanwhile, at ANSTO
we have investigated several gases at 4 MV [3, 4] and find that a multi–atom molecular gas
such as sulphur hexafluoride provides the best yield for actinides AMS. In both cases, data
published 40 years ago provided clues as to the optimum gas in each situation.

In this paper we will present recent results obtained at ANSTO, where we have used the
ANTARES accelerator s ystem to measure charge state distributions for sulphur hexafluoride
at 4 MV terminal voltage for injected negative ions ranging from carbon to uranium oxide.
The charge state distributions are found to have mean charge states up to 1 charge unit higher
than, and to be broader than, corresponding distributions for argon gas, except in the case of
carbon beams. As a result, SF6 is shown to provide significantly higher yields for charge states
of heavy ions above the mean charge state. We now perform actinide AMS measurements
with 9% yield to the 5+ charge state, compared to 4-5% achieved previously with argon gas.
Potential for yield gains for other ion species of interest for AMS at around 4 to 6 MV will also
be discussed.

[1] T. Schulze-König et al., Nucl. Instr. & Meth. B 269, 34 (2011).
[2] C. Vockenhuber et al., Nucl. Instr. & Meth. B 294, 382 (2013).
[3] M.A.C. Hotchkis et al., Nucl. Instr. & Meth. B 294, 387 (2013).
[4] M.A.C. Hotchkis et al., to be published.
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Using radiocarbon in coral skeletons to reconstruct seep CO2

input into seawater DIC at Milne Bay, PNG
S.J. Fallon,1, ∗ K. Fabricius,2 J. Lough,2 S. Noonan,2 and C. Humphrey2

1The Australian National University, ACT 0200, Australia
2Australian Institute of Marine Sciences, Townsville, QLD 4810, Australia

Porites coral cores have been collected from unique volcanic CO2 seeps in Milne Bay Province,
Papua New Guinea. The CO2 gas bubbles emerging from the reefs provide local ocean acidifi-
cation conditions similar to those predicted for the middle to the end of this century, and beyond.
Volcanic CO2 bubbling through the seawater in Milne Bay is free of radiocarbon, resulting a
unique signal that is preserved in the coral skeleton. We have measured the radiocarbon con-
tent of the coral skeleton back through time from sites heavily impacted by CO2 and control
sites not impacted by CO2 seeps. Three impacted sites show an increase of CO2 into the DIC
by 4%, 10% and 14%. Using these values we can estimate the pH at the impacted sites. In
2009 the impacted sites had estimated pH of 7.85, 7.6 and 7.4. These values agree with in situ
measurements of seawater pH at the time the corals were collected.

∗Electronic address: stewart.fallon@anu.edu.au
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New research facilities for atomic mass spectrometry and ion
beam analysis at IFIN-HH

M. Straticiuc,1 I. Burducea,1 D.G. Ghita,1 C.I. Calinescu,1 D.V. Mosu,1

M.S. Dogaru,1 M.M. Gugiu,1 I.V. Popescu,2 Gh. Cata-Danil,1, 3

N. Marginean,1 M. Enachescu,1 A. Petre,1 C.A. Simion,1 C. Stan-Sion,1

M. Statescu,1 A. Pantelica,1 D. Pantelica,1 P. Ionescu,1 and N.V. Zamfir1

1Horia Hulubei National Institute for R&D in Physics and
Nuclear Engineering, 077125 Magurele-Ilfov, Romania

2Valahia University of Targoviste, 130024 Targoviste-Dambovita, Romania
3University Politehnica Bucharest, 060042, Bucharest, Romania

In this paper we present two new Cockroft-Walton tandem accelerators which were installed
at IFIN-HH. The 1 MV HVE Tandetron accelerator is dedicated to atomic mass spectrometry
(AMS) measurements, especially for 14C dating, while the 3 MV HVE Tandetron accelerator
has the reaction chambers and detection system prepared for ion beam analysis (IBA) measure-
ments, microprobe experiments and ion implantation [1, 2]. Both machines, manufactured by
High Voltage Engineering in Netherlands, were commissioned at the beginning of 2012 and the
preliminary tests results have been reported. The opportunities opened by these facilities are
also presented.

[1] http://www.nipne.ro/facilities/facilities/tandetron1mv.php
[2] http://www.nipne.ro/facilities/facilities/tandetron3mv.php
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New microanalysis capabilities at the Melbourne pelletron
J.C. McCallum,1, ∗ J.S. Laird,1, 2, 3 R. Szymanski,1 and C.G. Ryan1, 2, 3

1School of Physics, University of Melbourne, Melbourne, Victoria, Australia
2CSIRO, Earth Science and Resource Engineering,

School of Physics, University of Melbourne, Victoria, Australia
3Centre of Excellence in Ore Deposits (CODES),

University of Tasmania, Hobart, Tasmania, Australia

Recent funding provided by the Federal government has allowed considerable investment in
new equipment and development of new capabilities for the Nuclear microprobes and particle
accelerator facility at The University of Melbourne. Modernisation of the data collection and
analysis facilities has allowed us to greatly expand our elemental mapping and microanalysis
capabilities. Large area elemental maps can now be routinely produced over regions of the or-
der of ∼1 mm in at least one dimension and at a resolution of ∼1 µm using particle induced
X-ray emission (PIXE) and ionoluminescence (IL) microscopy. Mapping features over such
large areas at micron resolution is necessary for mineral analysis in ore deposit research in
certain instances. The experiments produce exquisitely detailed data but rely on a high level
of accelerator stability and reliability. In this presentation we will provide an overview of the
new data collection facilities and provide examples of the mapping capabilities and discuss
their value in ore deposit research. To expand our microanalysis capabilities to a much greater
extent we have invested in development of a new target chamber that will house a version of
the MAIA pixelated X-ray detector developed by CSIRO and Brookhaven National Laboratory.
This new detection system will provide a quantum leap in high definition and high throughput
PIXE imaging in the Melbourne Pelletron laboratory. It will be the most advanced PIXE sys-
tem anywhere and provide a real boost in capability for trace element imaging. Here, we will
give an overview of the capabilities of this system and give an update on progress towards its
implementation.

∗Electronic address: jeffreym@unimelb.edu.au
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Recent measurements of key nuclear astrophysics reaction
rates

B. Fulton1

1University of York, UK

With the advent of satellite missions capable of identifying gamma emission from short lived
radionuclides in explosive astrophysical sites, there is renewed interest in determining the rates
of the key nuclear reactions which provide the energy generation and element production in
these exotic sites. In many cases the large uncertainties in the reaction rates limit the modeling
of novae, X–ray bursters or supernovae, so that the underlying hydrodynamic development
and other physics processes cannot be explored. Most of the key reactions for which we need
accurate rates involve short lived nuclei, but the development of high quality beams on the
new generation of radioactive beam facilities is enabling us to make direct measurements.
Where the yields are too low, or where the beams have yet to be developed, we still have to
rely on model calculations of the reaction rates and so experiments with stable beams are often
required to pin down information in the states in the nuclei.

I will illustrate recent progress with some of our recent data on the 3He+4He rate (Big Bang and
stellar nucleosynthesis), the 17O(α,n) reaction which determines the role of 16O as a neutron
poison in the s–process in low metallicity stars, several reactions relevant for the production
and destruction of 18F impacting on the detectability of 18F gamma emission from novae and
plans for measurements of the key reactions in X–ray bursters which result in breakout from the
Hot–CNO cycle into the ap– and rp–processes.
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Nuclear astrophysics experiments at Argonne
K.E. Rehm1

1Argonne National Laboratory, Physics Division,
9700 South Cass Av., Argonne, IL 60439

The availability of radioactive ion beams has opened many new opportunities in nuclear astro-
physics. In this contribution I will report on new experiments performed with radioactive beams
produced at the ATLAS accelerator at Argonne. The topics addressed in these studies cover
questions in nuclear astrophysics as well as in nuclear structure and reactions. I will also report
on the development of novel detectors, optimized for experiments with weak radioactive beams.

This work was supported by the US Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357 and by the NSF Grant No. PHY-02-16783 (Joint Institute
for Nuclear Astrophysics).
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Time–dependent recoil in vacuum: Improved sensitivity to
hyperfine fields and nuclear moments
A. Ahmed,1 A.E. Stuchbery,1 T. Kibédi,1 and G.J. Lane1

1Department of Nuclear Physics, R.S.P.E.,
The Australian National University, Canberra ACT 0200, Australia

The so-called recoil in vacuum (RIV) method has proved powerful as a technique to measure
the magnetic moments of short-lived excited states of exotic nuclei produced as radioactive
beams [1, 2]. When a recoiling ion from a nuclear reaction leaves the target and enters vacuum,
the free-ion hyperfine fields couple the nuclear angular momentum, I , to the atomic angular
momentum, J , and together they undergo a precession about the total, F , at a frequency
proportional to the nuclear moment times the strength of the hyperfine magnetic field at the
nucleus. The method can therefore be used either to study free-ion hyperfine interactions
(if the nuclear moment is known) or measure nuclear moments (if the hyperfine fields are
known). In principle, the hyperfine fields can be calculated by atomic physics calculations
such as Multiconfiguration Hartree Fock (MCHF), especially if the ions have simple electronic
configurations (i.e. few electrons remain bound to the ion).

To date, the TDRIV measurements in which the hyperfine fields are determined precisely by
atomic physics calculations have been applied only to ions with H-like (or near H-like) con-
figurations. Because the hyperfine frequency of the 1s electron increases as Z3, the highest-Z
nucleus with a single electron for which the TDRIV method has been observed is 24Mg. At
higher Z the precession due to H-like configurations becomes too fast to observe. Thus to
apply the method to higher-Z nuclei requires that one consider the weaker fields of shielded
electrons, such as Li-like ions (2s electron) or Na-like ions (3s electron). The disadvantage
is that a Na-like ion, for example, has many more excited states than an H-like ion, with the
potential to wash out the unique frequency of the atomic ground-state configuration.

Nevertheless, recent measurements at the Australian National University on Ge and Se ions
[3], have found that there is a marked difference between the hyperfine fields of Ge and Se ions
recoiling into vacuum under nearly identical conditions. This observation implies that the net
hyperfine fields for Ge and Se ions, with about 12 remaining electrons, are being determined by
relatively few low-excitation atomic configurations. If this inference can be confirmed, there
is a possibility that precise g-factor measurements can be performed, based on the hyperfine
fields of alkali-like electron configurations. We are planning time-differential measurements to
test this hypothesis. Details of the experiment design and progress in the experiments will be
reported.

[1] N.J. Stone et al., Phys. Rev. Lett. 100 (2005) 187.
[2] A.E. Stuchbery and N.J. Stone, Phys. Rev C. 76 (2007) 034307.
[3] A.E. Stuchbery, Proceedings HFI/NQI-12, Beijing, Hyperfine Interact, (available online) DOI

10.1007/s10751-012-0683-7.
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Measurement of the radiative branching ratio for the Hoyle
state using cascade gamma decays

B. Alshahrani,1 T. Kibédi,1 A.E. Stuchbery,1 E. Williams,1 and S. Fares2

1Department of Nuclear Physics, R.S.P.E.,
The Australian National University, Canberra ACT 0200, Australia

2Department of Physics, Al-Baha University, Al-Baha, Saudi Arabia

It is well known that carbon is produced in the universe by the triple-alpha reaction in
helium-burning red giant stars. In 1953, Fred Hoyle realised that the fact that there is any
significant carbon in the Universe requires a resonant state in 12C very near 7.7 MeV. The
subsequent observation of this state, known as the Hoyle state, is often cited as the beginning
of experimental nuclear astrophysics [1].

The rate for the triple-alpha reaction can be written as r3α ∝ Γrad exp(−Q3αkT ), where T is
the temperature, Q3α is the energy released in the 12C (7.654 MeV) → 3α decay and Γrad is
the radiative width. The largest contribution to the uncertainty on r3α comes from Γrad, which
is the sum of the partial decay widths for photon (98.5%), pair conversion (1.5%) and electron
conversion (< 0.01%).

FIG. 1: The proton-γ-γ coincidence setup. (Cour-
tesy of Alan Harding, ANU)

We are developing a new setup to improve
the accuracy of Γrad/Γ, the branching ratio
required to determine the radiative width
using the so-called traditional way [2]. This
study complements our project to determine
the radiative width from the measurement of
the ratio of the pair conversion of the E0 and
E2 transitions from the Hoyle state [3].

Four 5” × 5” sodium iodide (NaI) scintillator
detectors will be used in combination with
an array of particle detectors [4] to record gamma–gamma–proton coincidence events. Such
an event is defined as follows: inelastic scattering of the incoming protons excites the Hoyle
state, which then decays via two E2 photon decays to the ground state. The ratio of such
events compared to the total excitation of the Hoyle state determines the Γrad/Γ branching ratio.

In this paper we describe the methods and the apparatus required to measure the Γrad/Γ branch-
ing ratio with an uncertainty better than the current adopted value of 4.13(11) × 10−4, which
is an average over 8 measurements [2] including the only previously published observation of
γ-γ-p coincidences by Obst and Braithwaite more than 35 years ago [5].

[1] D.N.F. Dunbar et al., Phys. Rev. 92 (1953) 3.
[2] S.M. Austin, Nucl. Phys. A758 (2005) 375c.
[3] T. Kibédi et al., Proc. of the 14th Int. Symp. on Capture Gamma-Ray Spectroscopy and Related

Topics, Guelph, August 28 - September 2, 2011, (World Scientific in press).
[4] S.K. Chamoli et al., Phys. Rev. C83 (2011) 054318.
[5] A.W. Obst, W.J. Braithwaite, Phys. Rev. C13 (1976) 203.
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Status and perspectives at the new tandem accelerators in
IFIN–HH

I. Burducea,1 M. Straticiuc,1 D.G. Ghita,1 C.I. Calinescu,1 D.V. Mosu,1

M.S. Dogaru,1 M.M. Gugiu,1 I.V. Popescu,2 Gh. Cata-Danil,1, 3

N. Marginean,1 M. Enachescu,1 A. Petre,1 C.A. Simion,1 C. Stan-Sion,1

M. Statescu,1 A. Pantelica,1 D. Pantelica,1 P. Ionescu,1 and N.V. Zamfir1

1Horia Hulubei National Institute for R&D in Physics and
Nuclear Engineering, 077125 Magurele-Ilfov, Romania

2Valahia University of Targoviste, 130024 Targoviste-Dambovita, Romania
3University Politehnica Bucharest, 060042, Bucharest, Romania

Two new Cockroft-Walton tandem accelerators were installed in 2012 at IFIN-HH dedicated to
both basic and applied research in atomic and nuclear physics [1, 2]. The 1 MV HVE Tandetron
accelerator is used for AMS measurements, while the 3 MV HVE Tandetron accelerator is
used for ion beam analysis measurements [3] and ion implantation experiments. Among
many possible techniques for materials analysis, ion beam techniques have become popular
and satisfy most analysis needs. The available methods include: Rutherford Backscattering
Spectrometry (RBS), Proton Induced X-ray Emission (PIXE) and Proton Induced Gamma-ray
Emission (PIGE) [3]. These techniques are particularly attractive and powerful because of their
inherent capability of providing information regarding the stoichiometry and thicknesses of
thin films using RBS and elemental analysis of the samples using the other methods.

[1] http://tandem.nipne.ro/ tnd3m/index.html
[2] http://tandem.nipne.ro/ tnd1m/index.html
[3] Handbook of modern ion beam materials analysis, Joseph R. Tesmer, Michael Nastasi, Materials

Research Society, 1995
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Development and performance of a position-sensitive
proportional avalanche counter tracking system

I.P. Carter,1 R. Kandasamy,1 M. Dasgupta,1 D.J. Hinde,1 and D.H. Luong1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

Most of our current understanding in nuclear physics has come from using stable targets and
beams. Stable nuclei represent only a small fraction of the total nuclei that can exist, but do not
exhibit many of the exotic proprieties seen in nuclei far from stability, such as halos [1]. The
ability to study unstable nuclei has opened up a vast new range of physics to be explored. The
decay of these isotopes makes most of them unsuitable as targets, but even short lived isotopes
can be used as beams, known as radioactive (or rare) isotope beams (RIBs) [2]. The reactions
dynamics group at the Australian National University (ANU) have been working on achieving
an Australian RIB capability [3]. Secondary beams (e.g 6He, 8Li, 10Be, 12B) will be produced
by high cross section transfer reactions [4].

The 6.5 T superconducting solenoidal RIB separator SOLEROO (solenoidal exotic rare
isotope separator), recently developed at the ANU [3] can achieve RIB reasonable purities, but
not more than 60% [4]. This single solenoid separator does not have the separating power of
the TwinSol and RIBRAS two-solenoid facilities [5, 6]. To compensate for this the SOLEROO
separator uses a pair of position sensitive proportional avalanche counters (PPACs) as track-
ing detectors operated with C3H8 gas [7]. These tracking detectors will electronically tag each
secondary beam ion passing through the tracking detectors, before hitting the secondary target,
allowing reconstruction of ion trajectories and the electronic removal of contaminant species.
This will allow the practical use of RIBs with physical purities as low as 10%. Combined with
an large solid angle 512 pixel Si detector system, the system will permit the measurement of
cross sections of interest in both nuclear reaction dynamics and astrophysics. This poster will
present the progress in developing the pair of twin PPAC tracking detectors and the capability
to identify the secondary RIBs of interest.

[1] P.G. Hansen, A.S. Jensen and B. Johnson, Annu. Rev. Nucl. Part. Sci. 45:591, 187 (1995).
[2] J.M. D’Auria and L. Buchmann, Nucl. Instr. and Meth. B 516, 500 (1991).
[3] R. Rafiei et al., Nucl. Instr. and Meth. A 631, 12 (2011).
[4] A.J. Horsley et al., Nucl. Instr. Meth. in Phys. Res. A 646, 174 (2011).
[5] F.D. Becchetti et al., Nucl. Instr. and Meth. A 505:377, 2003
[6] R. Lichtenhaler et al., Eur. Phys. J. A 2, 733 (2005).
[7] H. Kumagai et al., Nucl. Instr. and Meth. A 470, 562 (2001).
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Investigation of the origin of environmental compounds from
indoor air samples via accelerator mass spectrometry

W. Kretschmer,1 M. Schindler,1 A. Scharf,1 and A. Stuhl1

1Physics Institute, University of Erlangen,
Erwin-Rommel-Str. 1, Erlangen 91058, Germany

Many organic environmental compounds are potentially dangerous due to their allergic
or carcinogen impact on humans. For an effective program to reduce their concentration in
houses, their sources have to be detected. Our investigation is focussed on aldehyde compounds
since their indoor concentration is relatively high and since they originate from biogenic or
anthropogenic sources. Both types of sources can be distinguished by their different 14C
content which can be measured via accelerator mass spectrometry (AMS).

For the collection and separation of these gaseous substances they have to be converted into
liquid or solid phase by derivatization. This leads to the incorporation of up to six additional
carbon atoms into the derivatized sample and hence to a reduced 14C content and to an
increased uncertainty for the deduced 14C concentration. To reduce the number of additional
carbon atoms, different derivatization compounds and methods have been tested with acet- and
formaldehyde of known 14C content.

The Erlangen AMS facility, based on an EN tandem accelerator and a hybrid sputter ion source
for solid and gaseous samples, is well suited for the measurement of isotope ratios 14C / 12C ≈
10−12 − 10−15. The 14C concentration of the calibration samples and from various indoor air
samples have been determined by AMS, the corresponding results are discussed with regard to
potential sources of aldehydes.
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Progress report on the HIAF upgrade at ANU
N.R. Lobanov,1 L.K. Fifield,1 D.C. Weisser,1 J. Bockwinkel,1 A. Cooper,1

G. Crook,1 C. Gudu,1 A. Harding,1 J. Heighway,1 L. Lariosa,1

P. Linardakis,1 A. Muirhead,1 D. Tsifakis,1 and T. Tunningley1

1Nuclear Physics Department, Research School of Physics and Engineering,
The Australian National University, Canberra, Australia

Super Science Grant has been awarded for the enhancement of heavy ion accelerator facilities
(HIAF) at ANU. In this presentation we will highlight recent developments including significant
upgrade of accelerator infrastructure, development of new control and data acquisition systems,
enhancement of beam pulsing systems, implementation of new beam-lines and improvement
AMS and RIB capabilities.
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ANU 14UD computer control system upgrade to EPICS
A. Gratton,1 D. Tsifakis,1 and P. Linardakis1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

The 14UD accelerator control system has recently been upgraded to EPICS. The new system
is based on a variety of embedded input/output controllers and introduces a number of
improvements over the previous system. We will present the main features of the new control
system.
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Tube entrance lens focus control
D.C. Weisser,1 L.K. Fifield,1 T.F.G. Kitchen,1

T.B. Tunningley,1 N.R. Lobanov,1 and A.G. Muirhead1

1Department of Nuclear Physics, The Australian National University, ACT 0200, Australia

The entrance of the accelerator tube in a large electrostatic accelerator imposes a strong lens
that dominates the beam optics. The magnification of the lens is large because of the low in-
jection energy, the high voltage gradient of the acceleration tube and the long distance to the
terminal. In the absence of the acceleration, the magnification would produce an unacceptably
large beam spot at the terminal. The tyranny of the lens is especially irksome when the acceler-
ator is required to operate at a lower terminal voltage than the one corresponding to the nominal
gradient at high voltage. One way around the difficulty, used in NEC Pelletron accelerators, is
to insert a series of nylon and steel rods that short together units of the acceleration structure
at the terminal leaving the ones near the entrance close to the nominal gradient for optimum
transmission. This operation takes time and risks the loss of insulating gas. Another alternative
used in the 25URC at Oak Ridge National Laboratory, is to focus the beam at the tube entrance,
substantially diluting the effect of the entrance lens. The beam then diverges and so requires an
additional lens part way to the terminal. This solution is only partially effective and still neces-
sitates use of shorting rods for low voltage operation. The fact that these elaborate strategies
are used is evidence that the alternative of lowering the injection energy as the terminal voltage
is lowered imposes enough problems that it is not used in practice. We have modeled a solution
that controls the voltage gradient at the tube entrance using an external power supply. This not
only maintains the focusing effect of the lens but provides the opportunity to tune the beam by
adjusting the entrance lens. A 150 kV power supply outside the pressure vessel feeds a control-
lable voltage through a high voltage feed-through to the fifth electrode of the accelerator tube.
Thus 150 kV on this electrode creates the nominal gradient of 30 kV per gap. The beam optics
simulations demonstrating the effectiveness of this will be presented along with the design of
the tested high voltage feed through. Beam transmission test have confirmed the efficacy of
the lens in providing somewhat superior transmission to that achieved with shorting rods. The
typical optimal lens voltage is about 80% of the injection energy and displays a broad range of
acceptable values when combined with compensating settings for the electrostatic quadrupole
lens that precedes the accelerator entrance.
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