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Neutron Knockout to Probe 3N Forces in the Ca Isotopes *

H. L. Crawford! for the E12029 Collaboration

LDepartment of Physics and Astronomy,
Ohio University, Athens,
OH 45701, USA

Recent calculations by Holt et al. [1,2] have suggested that the inclusion
of 3N forces to describe the structure of neutron-rich Ca isotopes provides a
realistic description of the nuclear structure. Mass measurements [3,4] have
confirmed the importance of including 3N forces when starting from basic
NN-only interactions, but do not discriminate between these and predictions
of well-tested phenomenological interactions in the neutron-rich Ca isotopes.

Neutron knockout along the Z=20 isotopes provides an opportunity to
benchmark the more subtle results of NN+3N calculations. The calculations
of Holt et al. [1] predict a fragmentation of the 1f7,, neutron strength from
the first 7/2~ state in *°Ca into higher lying states, in contrast to the pre-
dictions of both the GXPF1 and KB3G phenomenological models, which
concentrate the strength in the lowest-lying 7/27 state. Thus, a measurement
of neutron spectroscopic factors in neutron knockout from °°Ca provides a
test of these calculations. Differences are also predicted for the summed f7/2
strength to bound nuclear states in both °°Ca and #°Ca neutron knockout. We
will report on a systematic study of one-neutron knockout along the Ca iso-
topes using GRETINA + S800. A relative measurement, anchored at 48y,
and a comparison of experimental spectroscopic factors to calculations will
be presented, providing insight into the success of NN+3N forces in describ-
ing the Z=20 isotopes.

[1]1J. D. Holt et al., J. Phys. G 39, 085111 (2012).

[2] J. D. Holt et al., J. Phys. G 40, 075105 (2013).

[3] A. T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012).
[4] E. Wienholtz et al., Nature 498, 346 (2013).

*GRETINA was funded by the US DOE - Office of Science. Operation of the array at NSCL
is supported by NSF under Cooperative Agreement PHY-1102511(NSCL) and DOE under grant
DE-AC02-05CH11231(LBNL).
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Nuclear Forces and Exotic Oxygen and Calcium
Isotopes

Jason D. Holtl’z*
'"Technische Universitit Darmstadt, Germany
2TRIUMF, Vancouver, BC, Canada

With the advent of next-generation rare-isotope beam facilities
worldwide, thousands of undiscovered nuclei, often existing at the
limits of stability, will be created and studied in the laboratory. The
quest to understand from first principle the properties of these exotic
nuclei, many critical for understanding the origin of heavy elements
in the universe, represents a cornerstone of modern nuclear science.
At the heart of these efforts are three-nucleon (3N) forces. Within
the context of valence-space Hamiltonians derived from different ab
initio many-body methods, I will discuss the importance of 3N
forces in understanding and making new discoveries in two of the
most exciting regions of the nuclear chart: exotic oxygen and
calcium isotopes.

Beginning in oxygen, I will show that the effects of 3N forces are
decisive in explaining why **O is the last bound oxygen isotope.
Furthermore, 3N forces play a key role in reproducing spectra,
including signatures of doubly magic ****O, as well as properties of
isotopes beyond the dripline. The calcium isotopes, with potentially
three new magic numbers beyond the standard N=20,28, present a
unique laboratory to study the evolution of shell structure in
medium-mass nuclei. From the viewpoint of two-neutron separation
energies and spectroscopic signatures of doubly magic systems, |
emphasize the impact of 3N forces in reproducing the N=28 magic
number in **Ca and in predicting properties of ***°Ca, which indicate
new N=32,34 magic numbers. Finally, I will highlight the close
connection of this work with recent and future experimental efforts
in these regions.

*e-mail: jholt@triumf.ca
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Laser spectroscopy of neutron-rich K and Ca

Isotopes up to N = 32
J. Papuga’, M.L. Bissell*, K. Kreim? R.F. Garcia-Ruiz}, K. Blaum?, M. De
Rydt', H. Heylen!, M. Kowalska®, R. Neugart®, G. Neyens®, W.
Nortershauser*®, M.M. Rajabali', R. Sanchez®, and D.T. Yordanov?’
1) Instituut voor Kern- en Stralingsfysica, KU Leuven, B-3001 Leuven,
Belgium
2) Max-Planck-Institut fur Kernphysik, D-69117 Heidelberg, Germany
3) Physics Department, CERN, CH-1211 Geneva 23, Switzerland
4) Institut fir Kernchemie, Universitat Mainz, D-55128 Mainz, Germany
5) Institut fir Kernphysik, TU Darmstadt, D-64289 Darmstadt, Germany
6) GSI Helmholtzzentrum fiir Schwerionenforschung, D-64291 Darmstadt,
Germany
7) Institut de Physique Nucléaire Orsay, IN2P3/CNRS, 914050rsay Cedex,
Frace

Hyperfine spectra of *°'K (Z = 19) and ****’Ca (Z = 20) isotopes
were measured at ISOLDE (CERN) for the first time, providing nuclear
structure information when filling the v2ps, orbit up to N = 32. The
experiments were performed at the high-resolution collinear laser
spectroscopy set-up (COLLAPS) with an improved highly efficient optical
detection system. The nuclear spin, nuclear moments and differences in
mean square charge radii were determined for isotopes between N = 20 and
N = 32. Highlights from these studies will be presented.

The measured ground-state spins of “K (I = 1/2) and *'K (I = 3/2) shed
light on the evolution of the n2s;, and nlds, levels beyond N = 28. The
observed re-inversion of these levels points to the role of the monopole
interaction in the evolution of the shell structure. In addition, magnetic
moments probe the configuration and purity of the ground-state wave
function. A considerable mixing of the (x1ds,™ v(fp),.) configuration with
the 1251, ' is needed to reproduce the measured magnetic moment and spin
of K [1] and also the ground state of “*K has a very mixed structure [2].

The nuclear spin of *'Ca is measured to be 3/2, originating from a hole
in the v2ps,. Quadrupole moments of *“**'Ca and magnetic moments of
#951Ca were measured for the first time and form a stringent test of different
modern theories far from stability [3].

The mean square charge radii <r>> in the region beyond N = 28 reveal a
monotonic increase which points to a strong N-dependence [4], while below
N = 28 a substantial Z-dependence was observed.

[1] J. Papuga et al., Physical Review Letters 110, 172503 (2013)
[2] J. Papuga et al., Physical Review C, in preparation

[3] R. F. Garcia Ruiz et al., in preparation

[4] [4] K. Kreim et al., Physics Letters B 731, 97-102 (2014)
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Structure of %*Ni: new insights on the low-lying 0" and 2+
states from two-neutron transfer on °°Ni and /3-decay of
68CO

F. Flavigny',* J. Elseviers', and the I1S467/IS504 collaborations.
L KU Leuven,
Instituut voor Kern- en Stralingsfysica,
B-3001 Leuven Belgium

Despite a significant set of experimental and theoretical information avail-
able on ®®Ni [1-8], the origin of its structure is still being questioned. A recent
clarification of the energy and spin assignment of several low-lying 0" and
2% states [4-6] and state-of-the-art shell model calculations [8] hinted to the
possibility of triple shape coexistence and highlighted the need of additional
experimental investigation.

To better understand the structure of %®Ni, two complementary experi-
ments concerning the two-neutron transfer reactions on 6Ni at 2.85 MeV/u
and the (-decay of ®®Co were performed at ISOLDE, CERN and will be
presented in this talk. On one hand, the %Ni(t,p)®*Ni probed the nature of 0
states in %8Ni. Coincidences between the outgoing light charged particles and
~ rays were detected using the combined MINIBALL and T-REX detection
setup. Angular distributions of the reaction products, revealing the most
populated states, will be presented and interpreted via DWBA calculations
and shell model two-nucleon amplitudes. On the other hand, the measure-
ment of the $-decay of the low-spin isomer in %8Co selectively produced
in the decay chain of %®Mn allowed us to build a revised decay scheme to
68Ni based on the clear identification of 3-y-EO delayed coincidences. A
strong emphasis will be put on the connections between the three lowest
lying 0% and 2% determined from observed transitions and upper limits.

[1] W. Mueller et al., PRC 61, 054308 (2000).
[2] O. Sorlin et al., PRL 88, 092501 (2002).

[3] F. Recchia er al., PRC 88, 041302 (2013).

[4] S. Suchyta et al., PRC 89, 021301(R) (2014).
[5] C.J. Chiara et al., PRC 86, 041304 (2012).
[6] R. Broda et al., PRC 86, 064312 (2012).

[7]1 S. Lenzi et al., PRC 82, 054301 (2010).

[8] Y. Tsunoda et al., PRC 89, 031301(R) (2014).

*e-mail: freddy.flavigny@fys.kuleuven.be
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M2 Quantum Monte Carlo with modern nuclear forces *

A. Gezerlis'
Department of Physics, University of Guelph,
Guelph, Ontario NIG 2WI1, Canada

I will introduce the family of accurate microscopic simulation methods
known as Quantum Monte Carlo (QMC). I will also discuss historically sig-
nificant QMC simulations of light nuclei and pure neutron matter, which used
phenomenological nuclear forces as input. I will then go over the efforts to-
ward connecting Quantum Chromodynamics with many-nucleon studies (via
chiral Effective Field Theory [EFT]). QMC and chiral EFT were recently
fused, via a local reformulation of chiral EFT, which makes it possible to use
such modern potentials within the framework of Quantum Monte Carlo. I will
show results for light nuclei and neutron matter, including non-perturbative
estimates of the theoretical uncertainties.

*Work supported in part by NSERC Discovery Grant “Strong Interactions In Nuclear Physics.”
Te-mail: gezerlis@uoguelph.ca
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Quadrupole collectivity in the Ni isotopes: relativistic
Coulex of ™™ Ni

A. Gottardo',* G. de Angelis?, P. Doornenbal?,

and the DALI2 and EURICA collaborations
LIPN Orsay, Orsay, France
2LNL INFN, Legnaro, Italy and
3RIKEN Nishina Center, Wako, Saitama, Japan

The isotopes from 58Ni to 7®Ni are the object of intense studies in mod-
ern radioactive beam facilities. The interest in the study of these very exotic
isotopes originates from the possible doubly-magic character of the "®Ni iso-
tope, also in connection to the role played by the tensor part of the nuclear
Hamiltonian [1]. This force induces shifts of the effective single-particle en-
ergies with orbital filling. In the specific case of %~ "8Ni isotopes, it is pre-
dicted that the Z=28 gap for protons in the p f-shell becomes smaller moving
from ®*Ni to "®Ni as a result of the attraction between the proton f5/> and
the neutron gg /o orbits and repulsion between the proton f7,, and neutron
go,/2 configurations thus modifying or even inverting the effective single par-
ticle states [1]. This change in the nuclear structure should induce significant
quadrupole collectivity in the 27 excited states. Indeed, the cause of the large
B(E2 : 2% — 0%) value observed in "°Ni has been attributed to these ef-
fects [2].

Within an experimental EURICA [3] campaign around the "®Ni region,
we have simultaneously performed a Coulomb excitation experiment of
73,74,75Ni. Neutron-rich Ni isotopes were produced by fission of a 233U
beam. The resulting fragments were analyzed using the BigRIPS separa-
tor [4] and transported to a secondary natural Pb target for Coulex reactions.
The v rays from Coulex have been detected by the DALI2 spectrometer [5]
in coincidence with the recoiling ions identified at the focal plane of the Ze-
roDegree spectrometer. The observation of the first excited states in 774 75Ni
and the measurement of their B(E2) will be presented. They seem to indicate
a standard seniority-like structure for the Ni isotopes approaching "®Ni, with
no increasing collectivity, at variance with the aforementioned previous work.
[1] T. Otsuka et al., Phys. Rev. Lett. 87, 082502 (2001)

[2] O. Perru et al., Phys. Rev. Lett. 16, 232501 (2006)

[3] P.-A. Soderstrom et al., Nucl. Instr. and Meth. Phys. Res. B317, 649
(2013)

[4] T. Kubo at al., Prog. Theor. Exp. Phys. 03C003 (2012)

[5]S. Takeuchi et al., RIKEN Acc. Prog. Rep. 36, 148 (2003)

*e-mail: gottardo@ipno.in2p3.fr
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Direct lifetime measurements of excited states in ">Ni*

D. Miller!," K. Kolos?, R. Grzywacz?, H. Iwasaki®*, M. Al-Shudifat?,
D. Bazin3, C. Bingham?, T. Braunroth®, G. Cerizza?, A. Gade®*,
A. Lemasson®, S. Liddick®®, M. Madurga?, C. Morse>*,
M.M. Rajabali’, F. Recchia®, L.L. Riedinger?, P. Voss”,
W.B. Walters®, D. Weisshaar®, K. Whitmore>4, and K. Wimmer®
YScience Division, TRIUMF, Vancouver, BC, Canada
2Dept. of Phys. and Astron., Univ. of Tennessee, Knoxville, TN, USA
3National Superconducting Cyclotron Laboratory,

Michigan State Univ., East Lansing, MI, USA
4Dept. of Phys. and Astron., Michigan State Univ., East Lansing, MI, USA
5]nslitut fiir Kernphysik der Universitdit zu Koln, Koln, Germany
SDept. of Chem., Michigan State Univ., East Lansing, M1, USA
7Dept. of Chem., Simon Fraser Univ., Burnaby, BC, Canada
8Dept. of Chem. and Biochem.,

Univ. of Maryland, College Park, MD, USA and
SDept. of Phys., Central Michigan Univ., Mt. Pleasant, MI, USA

We present the results of an experiment with the TRIPLEX plunger at Na-
tional Superconducting Cyclotron Laboratory. We measured the lifetimes of
the 2] and 4] states in "Ni populated in a proton knockout reaction at inter-
medate energies using the recoil distance method. The y-ray spectrum mea-
sured by GRETINA was directly compared to that produced by a comprehen-
sive GEANT4 simulation [1] with modifications to incorporate the GRETINA
geometry to determine the lifetimes of the states.

The electromagnetic transition strengths deduced from these lifetimes pro-
vide a stringent test of shell model calculations due to the small number of
valence nucleons involved. Recent B(E2) measurements in 7%:7Ni [2,3] in-
dicate increased collectivity in the mid-shell when compared to shell model
predictions in the fpg model space and a 56Ni core.

Moreover, recent Monte Carlo shell models [4] including the d5, orbital
fail to reproduce the enhanced B(E2)’s shown by the recent experiments
[2,3] despite producing a variety of nuclear shapes. The presented lifetime
results in "?Ni disagree with this increased collectivity while being in accord
with the most current calculations.

[1] P. Adrich et al., NIM A598 (2009) 454

[2] O. Perru et al., PRL 96 (2006) 232501

[3] N. Aoi et al., PLB 692 (2010) 302

[4] Y. Tsunoda et al., PRC 89 (2014) 031301(R)

* Work supported by the National Science and Engineering Research of Canada. Operation of
GRETINA at NSCL is supported by the U.S. National Science Foundation under Cooperative
Agreement PHY-1102511(NSCL) and the DOE under Grant DE-AC02-05CH11231(LBNL).

t e-mail: dmiller@triumf.ca
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Beta-delayed gamma-ray spectroscopy of neutron-rich
T7Cu nuclel

E. Sahir, F. Bello!, M. Niikura2, S. Nishimurd, and G. de Angelis
'University of Oslo, Department of Physics, Oslo, Norway
2Department of Physics, University of Tokyo,

Hongo 7-3-1, Bunkyo-ku, 113-0033 Tokyo, Japan
SRIKEN Nishina Center, 2-1 Hirosawa,

Wako, Saitama 351-0198, Japan and
4INFN Laboratori Nazionale di Leganro, Padova, Italy

Shell structure in atomic nuclei is strongly associatedhwitigic numbers
originated from a certain arrangement of single-partitdées and thus one of
the fundamental properties describing the nuclear stredtuatomic nuclei.
However, for nuclei towards the driplines, in particulares the neutron
excess is larger, it is still an open question as to what ¢xsiegle-particle
states will differ from those in stable nuclei. Over a decade, T. Otsuka
et al. [1] suggested that the tensor interaction has to tentako account
in order to explain expected modifications on the effectiagle-particle en-
ergies when going to the exotic regions in the nuclear cHars predicted
that the Z=28 gap for protons in the pf-shell becomes smatfem departing
from %8Ni towards"®Ni as a result of the attraction between thi » and
the vgy,, orbits and repulsion between thé; , andvgy /> configurations.
In such contest, neutron-rich Cu isotopes, having one protdside of the
Z=28 shell, are particularly interesting since they aredgpmbes to see the
changes on the single-particle structure clos€Mi. The aim of the present
work is, therefore, to identify the location of low-lying @itations in”>7"Cu
which will allow us to trace the evolution of the proton siegiarticle states
towards the Z=28 and N=50 shell closures. The experimentisemegion
of "®Ni have been performed at RIBF in RIKEN Nishina Center, Jaja
dioactive isotopes were produced via in-flight fissior#5iU with an energy
of 345 MeV/nucleon on a thickBe target. After being selected and identified
in the BigRIPS fragment separator, the nuclei of interegeviplanted in
the WAS3ABI active stopper. The EURICA array with 12 Ge ctusdetec-
tors was surrounding the active stopper. The excited stdt€s”Cu were
accessed via the decay of >>""Ni for the first time.~ coincidence data has
been used to build level schemes. Large-scale shell-mad&llations are
performed using advanced Monet Carlo Shell Model with thegpf_ ;5,2
model space for both protons and neutrons [2] . A scientiffzepas being
prepared for Phys. Rev. Lett. and the results in detail wilpbesented in this
contribution.

[1] T. Otsuka et al., Phys.Rev.Lett./bf 95, 232502 (2005)).
[2] Y. Tsunoda et al., arXiv:1309.5851v2.
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Spectroscopy of exotic nuclei with EURICA

P. Doornenbal*

YRIKEN Nishina Center, Wako, Saitama 351-0198, Japan

Within the EUROBALL RIKEN Cluster Array (EURICA) project [1,2],
exotic nuclei are studied at the Radioactive Isotope Beam Factory (RIBF)
via beta, beta-gamma, and isomer spectroscopy. The exotic nuclei are sepa-
rated in-flight with the BigRIPS fragment separator following fragmentation
and induced fission reactions of primary beams at 345 MeV/nucleon. EU-
RICA is located at the end of this BigRIPS/ZeroDegree beam line and con-
sists of twelve Cluster detectors, each containing seven HP-Ge crystals. The
produced exotic nuclei are implanted in the highly segmented active stopper
WAS3ABi mounted inside EURICA.

After commissioning in early 2012, several campaigns have been per-
formed at the RIBF employing very intense 124Xe and 238U primary beams.
In my presentation, I will report on details of the experimental setup and
initial results of experiments focusing on the most exotic nuclei spectroscop-
ically studied to date, notably the regions around the doubly-magic "®Ni,
1008, and 132Sn.

[1] S. Nishimura, Prog. Theor. Exp. Phys. p. 03C006 (2012).
[2] P.-A. Soderstrom et al., Nucl. Instrum. Methods B 317, 649 (2013).

* e-mail: pieter@ribf.riken. jp
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M easurement of 20 new -decay half-livesinto the r-process
path and the physical conditions of the r-process

G. Lorussd,* S. Nishimura, Z. Xu', H. Babd, F. Browné,

P. Doornenbal G. Gey, T. Isobé, A. Jungclaus, Z. Li®, K. Moschnef,
Z. Patel, H. Sakural, G. Simpsop, P.-A. Sderstdm!, T. Sumikama,
J.Taproggé, Zs.Vajtd, H. Watanab¥, J. Wu®, K. Yoshinaga!,

N. Inabé, N. Fukuda, D. Kameda, T. Kubd', H. Satd, Y. Shimizu,
H. Suzuki, H. Takeda, and and the EURICA collaboration

!RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
2University of Brighton, Brighton, UK
3Universié Joseph Fourier Grenoble, Grenoble, France
4Instituto de Estructura de la Materia, CSIC, Madrid, Spain
®Peking University, Beijing, China
SUniversity of KoIn, KoIn, Germany
"University of Surrey, Surrey, United Kingdom
8Tohoku University, Aoba, Sendai, Japan
9Institute of Nuclear Research of the Hungarian
Academy of Sciences (ATOMKI), Debrecen, Hungary
10Beihang University, Beijing, China and
"Tokyo University of Science, Noda, Chiba, Japan

The 8 decay of about 20 very neutron-rich nuclei with neutron namb
N ~ 82 were studied at the RIBF facility for the elements Ru—-Sn. New
results include the half-lives of the sixprocess waiting points!2”Rhgs,
128Pck,, 131 Agsy, 34Cdkg, 137Ingg, and'38Srys. These nuclei determine the
formation of theA = 130 peak of the solar system abundance pattern and the
breakout of theV = 82 r-process bottleneck.

The nuclei of interest were produced by in-flight fission of*&U beam
with an energy of 345 MeV/u colliding in a Be target. After idification,
fission fragments were implanted into the silicon activeppty WAS3ABI
working in conjunction with the EURICA HPGe detector array.

The new data are of great significance for both nuclear strecnd as-

trophysics. The unknown evolution of thé = 82 shell closure is, in fact,
a main challenge for nuclear models, whose predictionssadie shell gap
are often diverging. In addition, the new measurementsvadlonore reliable
comparison between the solar system abundance patterheipdedictions
of stellar models that constrain the r-process path anaitditions.

This contribution will present the experiment and will diss its results,
with a particular focus on its astrophysics implications.

*e-mail:| orusso@i bf . riken.jp
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The i;3/> neutron single-particle energy in the '*Sn region

P. Baczyk!,* A. Korgul', W. Urban!, T. Rzaca-Urban!,
A.G. Smith2, J. F. Smith?, I. Ahmad?, and J. P. Greene?®
YFaculty of Physics, University of Warsaw,
ul. Hoza 69, PL-00-681 Warsaw, Poland
2Schuster Laboratory, Department of Physics and Astrononty,
University of Manchester, Manchester M13 9PL, UK and
3Argonne National Laboratory, Argonne, IL 60439, USA

The growing knowledge of the nuclei around the '32Sn doubly-magic core
helps to predict properties of some, yet unknown, nuclei lying on the path
of the astrophysical r-process or to explain the role of tensor forces and the
monopole shifts [1, 2]. The reliability of such investigations critically de-
pends on the accuracy of the basic input data, such as single-particle energies.

Around the '¥2Sn core one encounters an opportunity to study the 13-
neutron orbital which was, for the first time, reported in our previous work [3],
where its single-particle energy has been estimated to 2694(200) keV. This
puts the viy3/5 level above the neutron separation energy of 2404(4) keV in
1338n [4]. The above value has rather large uncertainty. Despite this defi-
ciency this result is the only one available to date and has been used in all
the relevant studies. It is now of importance to verify and improve the vi;3/2
experimental energy in !33Sn, both its value and the precision.

Further studies [5-8] as well as our current work, based on the high-fold
gamma coincidences from fission of ?8Cm and 2°2Cf, measured with the
Eurogam? and the Gammasphere Ge arrays, respectively, have improved the
knowledge of '34Sb and revealed in 3°Sb and !3"Xe new levels comprising
the 413,5 neutron. Combining all these results we have determined more pre-
cisely the viy3/5 energy in the region of '*2Sn. In this paper we will present
the new, improved single-particle energy for the vi;3/5 orbital in the 1328n
core potential and discuss some, incorrect in our opinion, claims presented in
previous studies of 134Sb.

[1] P. Alexa et al., Phys. Rev. C 55, 179 (1997)

[2] L. Corragio, et al., Phys. Rev. C 87, 034309 (2013)

[31 W. Urban, et al., Eur. Phys. J A §, 239 (1999)

[4] M. Wang, et al., Chin. Phys. C 36, 1603 (2012)

[5] A. Korgul, PhD Thesis, unpublished, University of Warsaw (2000)
[6] B. Fornal et al., Phys. Rev. C 63, 024322 (2001)

[71 A. Korgul et al., Eur. Phys. J A 15, 181 (2002)

[8] J. Shergur et al., Phys. Rev. C 71, 064321 (2005)

* e-mail: pawel .baczyk@fuw.edu.pl
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32Mg + 32Mg - 64Cr
A walk on the neutron rich side.

A. Poved-? * E. Caurie?, F. Nowack?, K. Sieja, and S. M. LenZ
!Departamento de Fisica Teorica e IFT-UAM/CSIC,
Universidad Autbnoma de Madrid, E-28049 Madrid, Spain
2Isolde CERN, 1121 Genéve 23, Switzerland.
3IPHC, IN2P3-CNRS, and Université Louis Pasteur,
F-67037 Strasbourg, France. and
4Dipartimento di Fisica dell’Universita and INFN,
Sezione di Padova, 1-35131 Padova, Italy

The N=20 and N=28 "islands of inversion” are be described bygke
Scale Shell Model calculations using the interactsmPFuU-MiX [1] which
makes it possible to mix configurations with differentdN or equivalently
with different number of particles promoted from thé-shell to thepf-
shell. It connects the classical sd-shell calculationewdl=18, with the
sd(protons)-pf(neutrons) calculations beyond N=24-26 .4l the isotopes
from Oxygen to Argon, using the same interaction. For soratpes this
range contains all the nuclei between the proton and thearedtrip lines
and includes the N=20 and N=28 islands of inversion. Thetemxce of is-
lands of inversion/deformation is explained as the resiuthe competition
between the spherical mean field which favors the @onfigurations and
the nuclear correlations which favor the deformeeN\configurations. The
Magnesium chain is exceptional because in it, the N=20 an2i8Nislands
of inversion” merge, enclosing all the isotopes between Narid N=30. In-
deed, this would be also the case for the Neon and Sodiumstidieir drip
lines would reach N=28.

The next "island of deformation” at N=40 can be understoodvai
through LSSM calculations using the effective interactiddPS [2], which
reproduce nicely the experimental data available. At iwrslwe have to
deal with the triple (shape?) coexistence in the low enepggsum of*®Ni,
showing that the highly deformed band based upon the exbitestate at
2627 keV is in fact the natural gateway to the island.

[1] E. Caurier, F. Nowacki, and A. Poves, arXiv:1390.6955
[2] S. M. Lenzi, F. Nowacki, A. Poves and K. Sieja, Phys. Re82(2010)
054301

* e-mail: al f r edo. poves@am es
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Coupled-cluster computations of medium mass

and neutron rich nuclei
G. Hagenl’2
'Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831,
USA

’Department of Physics and Astronomy, University of Tennessee, Knoxville,
TN 37996, USA

In this talk T will present recent highlights in computing properties of
medium mass and neutron rich nuclei using coupled-cluster theory. The
coupled-cluster method is a microscopic theory that can naturally account
for (i) effects of three nucleon forces, (ii) the presence of open decay
channels and particle continuum, and (iii) many-nucleon correlations. All
these ingredients are necessary in order to build a framework with
predictive capabilities applicable at the extremes of the nuclear chart and
with relevance for experimental programs at rare isotope beam facilities.
Recently we used coupled-cluster theory to construct ab-initio effective
interactions for the shell model, our first application to the spectra of
neutron rich oxygen- and carbon isotopes are very promising [1]. Other
recent highlights include ab-initio coupled-cluster calculation of the giant
dipole resonance in '®O [2], coupled-cluster calculations of neutron rich
calcium isotopes, with an emphasis on the evolution of shell structure. In
particular we address the question regarding shell closure in **Ca [3] and
address Efimov physics around the very neutron rich isotope “’Ca [4].

[1] “Ab-initio coupled-cluster effective interactions for the shell model:
Application to neutron-rich oxygen and carbon isotopes”, G. R. Jansen, J.
Engel, G. Hagen, P. Navratil, A. Signoracci, arXiv:1402.2563 (2014).

[2] “First principles description of the giant dipole resonance in '°0”,
Sonia Bacca, Nir Barnea, Gaute Hagen, Giuseppina Orlandini, Thomas
Papenbrock, Phys. Rev. Lett. 111, 122502 (2013).

[3] “Evolution of shell structure in neutron-rich calcium isotopes”, G.
Hagen, M. Hjorth-Jensen, G. R. Jansen, R. Machleidt, T. Papenbrock, Phys.
Rev. Lett. 109, 032502 (2012).

[4] “Efimov Physics around the neutron rich Calcium-60 isotope”, G.
Hagen, P. Hagen, H.-W. Hammer, L. Platter, Phys. Rev. Lett. 111, 132501
(2013).
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Shape transitions, shape mixing and shape coexistence from
beyond self-consistent mean field calculations*

Tomds R. Rodriguez!:2
1D.eparmmento de Fisica Tedrica,
Universidad Autonoma de Madrid, E-28049, Madrid (Spain) and
2Institut fiir Kernphysik, Technische Universitiit
Darmstadt, D-64289, Darmstadt (Germany)

The study of the shape evolution, shape coexistence and shape mixing in
nuclei [1] from a microscopic point of view has been performed thoroughly
with mean field approaches based on energy density functionals. However,
it is mandatory to include beyond mean effects to compare with experimen-
tal spectra. Hence, symmetry restorations as well as shape mixing included
within the generator coordinate method are the perfect tools to study these
phenomena [2].

In the last few years, these methods have been implemented with Skyrme
[3], relativistic [4] and Gogny [5] functionals including the triaxial degree of
freedom. However, due to the high computational cost of such calculations,
very few of them have been performed so far, usually focused on individual
nuclei rather than isotopic chains. In this contribution, beyond mean field
calculations including exact particle number and angular momentum restora-
tion and shape mixing of axial and non-axial shapes with the Gogny force
will be presented. In particular, results for 448 16] and 8°Zr [7] nuclei, which
exhibit shape mixing and multiple shape coexistence respectively, will be
discussed. Finally, the shape evolution of the neutron deficient Kr isotopes
(that show shape coexistence [8]), Nd isotopes (related to a possible quantum
phase spherical-prolate transition [9]) and Os-Pt isotopes (prolate-oblate tran-
sition [10]) will be shown and compared to the most recent experimental data.

[1] K. Heyde, J. L. Wood, Rev. Mod. Phys. 83, 1467 (2011).

[2] M. Bender, P-.H. Heenen, P-.G. Reinhard, Rev. Mod. Phys. 75, 121
(2003).

[3] M. Bender, P-.H. Heenen, Phys. Rev. C 78, 024309 (2008).

[4]J. M. Yao, J. Meng, P. Ring, D. Vretenar, Phys. Rev. C 81, 044311 (2010).
[5] T. R. Rodriguez, J. L. Egido, Phys. Rev. C 81, 064323 (2010).

[6] T. R. Rodriguez, J. L. Egido, Phys. Rev. C 84, R051307 (2011).

[7] T. R. Rodriguez, J. L. Egido, Phys. Lett. B 705, 255 (2011).

[8] E. Clément et al., Phys. Rev. C 75, 054313 (2007).

[9] R. Kriicken et al., Phys. Rev. Lett. 88, 232501 (2002).

[10] P. John et. al, submitted.

* This work was partially supported by Spanish MINECO under Ramén y Cajal Program 2012
and by German BMBF under project 06DA70471.
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Exploring the Onset of Shape Coexistence with the
d(®*Sr,p)?°Sr Reaction*

P. C. Bender! on behalf of the TIGRESS collaboration
YTRIUME, Vancouver, British Columbia, Canada

The structure of nuclei in the Z ~ 40, N ~ 60 mass region is perhaps best
characterized by the deformation seen in the transition from N = 58 — 60 [1].
The competition of both spherical and deformed shell gaps near the Fermi
surface in this region leads to a unusually sudden onset of deformation with
the addition of only a few nucleons. The similarities in the size of the energy
gaps allow a nucleus to have a coexistence of shapes, as has been observed
in 96Sr. Work to better understand the competition and stabilization of dif-
ferent shapes in these nuclei is of substantial interest both experimentally and
theoretically. To help drive the ongoing theoretical discussion of both mean
field [2, 3] and shell model [4] calculations, measurements of the occupations
of shape-driving orbitals in this mass region are critical.

The present experiment probes this shape transition region by using a one-
neutron transfer reaction with a high mass (A > 30) radioactive beam in in-
verse kinematics, the first such experiment performed at the TRIUMF ISAC-
II facility. A °4Sr was produced by impinging a 500 MeV proton beam on
an ISAC UC,, target. The extracted beam was charge bred using an ECR to
15" before being accelerated to 5.47 MeV/u. The experimental station where
the d(°*Sr,p)?®Sr reaction was performed consisted of the TIGRESS gamma-
ray spectrometer [5] used in conjunction with the SHARC charged particle
detector [6].

The combination of detected gamma-rays as well as light charged parti-
cles is being used to extract energy levels, cross-sections, and proton angular
distributions of low-lying states. Analysis of Doppler-corrected gamma-ray
transitions show evidence for direct population of at least four excited states
in 95Sr. These results will be presented and discussed in the context of the
evolution of single-particle structure and compared to modern shell model
calculations.

[1] K. Heyde and J. L. Wood, Rev. Mod. Phys.83, 1467, (2011).
[2] R. Rodriguez-Guzman, et al., Phys. Lett. B 691, 202 (2010).
[3] H. Mei et al., Phys. Rev. C 85, 034321 (2012).

[4] K. Sieja et al., Phys. Rev. C 79, 064310 (2009).

[5] G. Hackman and C. E. Svensson, Hyper. Int. 225, 241 (2014).
[6] C. A. Diget et al 2011 J. Inst., 6, P020053, (2011).

* This work was supported in part by NSERC and STFC.
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Shape coexistence around N = 28: The structure of “6Ar
through (t,p) reactions in inverse kinematics

K. Nowak!, K. Wimmer!-2:3, V. Bildstein'**, R. Gernhiuser?,
S. Hellgartnerl, W. Henningl, R. Kriicken!-*6,

D. Miicher!, and the Miniball IS499 Collaboration
Yechnische Universitit Miinchen, Garching, Germany
2Central Michigan University, Mt. Pleasant, USA
3 NSCL, Michigan State University, East Lansing, USA
4University of Guelph, Guelph, Canada
STRIUME, Vancouver, Canada and
6 University of British Columbia, Vancouver, Canada

New data on the very exotic nuclei 42Si and 44S that have become avail-
able recently [1][2] show a continuous dilution of the N=28 shell gap with
decreasing proton number. Located below 48Ca, 42Si is characterized as a
well deformed rotor whereas for 44S comparison of experimental data to cal-
culations indicate a prolate-spherical shape. Calculations for 46 Ar also show
significant 2p-2h excitations, although two very different experimental B(E2)
values have been determined [3][4].

In the region around 32Mg it was impressively shown that (t,p) reactions of-
fer an alternative access to the single particle but also collective properties
of exotic nuclei. For the latter, the localization of the second excited Oj state
works as a tool to test the underlying shell structure. Therefore, a two neutron
transfer experiment t(4*Ar,p)*® Ar has been performed at the REX-ISOLDE
facility at CERN. With a unique, clean and high-intensity radioactive 4% Ar
beam and a tritium-loaded target, the setup T-REX with an angular cover-
age close to 47 was used for particle detection. The identification of transfer
protons allowed to determine the reaction channel, the excitation energy and
the angular distribution, whereas the gamma-ray detection by the T-REX sur-
rounding MINIBALL allowed selection of individual states.

In the combined analysis of particles and gamma-rays, several new states have
been identified. Especially the 0 state as well as its excitation strength are
supposed to give information about the 2p-2h excitation in 44Ar. We have
clear indications that the first excited 03 is located much higher in energy
than expected by previous measurements [5].

[1] S. Takeuchi et al., Phys. Rev. Lett. 109, 182501 (2012)

[2] O. Sorlin et al., Phys. Scr. T152 014003 (2013) and references therein
[3] A. Gade et al., Phys. Rev. C 68, 014302 (2003)

[4] D. Mengoni et al., Phys. Rev. C 82, 024308 (2010)

[5] Zs. Dombrédi et al., Nucl. Phys. A 727 (2003) 195206
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Nuclear structure goes pear-shaped *

L. P. Gaffney'"
YKU Leuven, Instituut voor Kern- en Stralingsfysica,
Celestijnenlaan 200D, 3001 Leuven, Belgium

Deformation in atomic nuclei has become a familiar topic in nuclear struc-
ture physics and axial- and reflection-symmetric quadrupole shapes are com-
mon across the chart of nuclides. There exists strong circumstantial evidence,
however, that nuclei in certain regions of the nuclear chart possess octupole
deformed nuclei, or reflection-asymmetric pear-like shapes. It can be ex-
pected that the actinide region is the most promising in this respect but so
far, only 2?6Ra, with its relatively long lifetime of 1600 years, has had its
octupole collectivity quantified.

Atoms with octupole-deformed nuclei are very important in the search for
permanent atomic electric-dipole moments (EDMs). Any non-zero atomic
EDM implies a violation of CP-symmetry and is a stringent test to the Stan-
dard Model, which predicts EDM values much below the detection limit. The
sensitivity of these experiments can be improved by a factor of 100-1000 over
the current best case, 19°Hg, using octupole-deformed nuclei. Nuclear struc-
ture input to these experiments is severely lacking so far.

With the advent of radioactive ion beams and
in particular, the ground-breaking ability to post-
accelerate the heavy elements radon and radium
at REX-ISOLDE, we have recently overcome
challenges limiting our knowledge in this region.
Coulomb excitation was successfully performed
on 229Rn and 22*Ra and the E1, E2 and E3 ma-
trix elements connecting the lowest-energy states
have been determined [1].

During this talk I will briefly review octupole
deformation in nuclei and discuss the results of these pioneering experiments
as well as outlining plans for the future. The results are not only significant
for nuclear structure, but also on the search for atomic EDMs. The conse-
quence of our results for experiments designed to use octupole-deformed
nuclei as a laboratory in their search for EDMs, will also be discussed.

FIG. 1: Representation of
the surface of 2**Ra

[1] L. P. Gaffney et al., Nature 497, 199 (2013).

*This work was supported the UK STFC and by an FWO Pegasus Marie Curie Fellowship.
TPresented work performed during the authors PhD studies at the University of Liverpool, UK;
e-mail: Liam.Gaffney@fys.kuleuven.be
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Octupole Strength in Neutron-Rich Nuclei:
Multi-step Coulomb Excitation of “Ba with
Re-accelerated CARIBU Beams*

M. Albers™, B. Bucher, D. Cline, A. B. Hayes, C. Y. Wu, S. Zhu, and the
Argonne, Berkeley, Livermore, University of Maryland,
Michigan State University, University of Rochester Collaboration

The strength of octupole collectivity in the Ba region near N = 90 is
currently a subject of much interest. While the characteristic E1 transitions
between positive and negative parity states have been observed (I" — I — 1
and I' — I"— 1), direct information on octupole strength is missing.

Nuclei in this region are now becoming available as radioactive beams,
and Coulomb-excitation experiments can be performed as a result.
Recently, the new CARIBU source was installed at the ATLAS facility of
the Argonne National Laboratory. In 2013, in a first test, radioactive '“Ba
nuclei were successfully extracted from CARIBU and post-accelerated by
ATLAS to an energy of ~4.6 MeV/A. In a multi-step Coulomb-excitation
reaction on a thin ?®Pb target, scattered recoils were detected with the
parallel-plate avalanche counter CHICO2 while emitted y rays were
detected by the Gammasphere array. Based on a clear identification of '“Ba
particles in CHICO2, coincident y rays up to spin and parity 8" were
observed. A follow-up, long-duration experiment is planned for early May
2014 with CHICO?2 and the y-ray tracking array GRETINA.

Results of both experiments will be presented.

* This work was supported in part by the U.S. DoE, Office of Nuclear
Physics, under Contract No. DE-AC02-06CH11357 and Grants No. DE-
FG02-94ER40834 and No. DE-FG02-08ER41556

** e-mail: malbers@phy.anl.gov
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New perspectives on octupole collectivity in **Th
from combined y-ray and electron spectroscopy

J. F. Smith*?, M. Smolen™?, E. Parr*2, P. T. Greenlees®, P. Papadakis®,
R. Chapman®? D. M. Cullen, T. Grahn®, L. Grocutt*?, R. D. Herzberg®,
D. H. A. Hodge*, D. T. Joss®, R. Julin®, J. Konki®, D. Mengoni®, A. Mistry®,
K. F. Mulholland™?, G. G. O’Neill°, J. Pakarinen®, P. Rahkila®,

M. Sandzelius®, C. Scholey®, M. Scheck™?, J. Sorri®, S. Stolze®,

M. J. Taylor*, and J. Uusitalo®.

YUniversity of the West of Scotland, Paisley, UK
“Scottish Universities Physics Alliance
$JYFL, University of Jyvaskyla, Finland
“Schuster Building, University of Manchester, UK
*Oliver Lodge Laboratory, University of Liverpool, UK
*INFN Legnaro & University of Padova, Italy

The recent measurement of E3 moments in gRn and ggRa nuclei [1] has
heralded a renaissance of interest in octupole collectivity. The largest
octupole correlations on the nuclear chart are in the light-actinide region
where orbitals with At=Aj=3 lie close to the Fermi surface for both neutrons
(992 and jys0) and protons (f;, and iy35) [2]. The experimental signatures of
octupole correlations are typically two rotational sequences of states with
opposite parities, connected by enhanced E1 transitions (~10° W.u. cf. 10°
W.u. in reflection-symmetric nuclei). Such features have now been
observed in over 20 nuclei in the light actinide region [3][4]. Despite the
wealth of information for the ground-state bands, there is generally very
little spectroscopic information in these nuclei beyond that.

The nucleus “*Th has one of the best known examples of a ground-state
octupole band. Recently a second, excited rotational band consisting of
Al=1 and Al=2 transitions has been observed in this nucleus. In order to
characterize this new band, and to determine the multipolarities of
associated transitions, an experiment has been performed at the JYFL
laboratory in Finland using the SAGE spectrometer [5]. Prompt y rays and
electrons detected by SAGE at the reaction site were tagged by
characteristic a decay of recoils at the focal plane of RITU. The new states
in *?Th have been observed and transition multipolarities have been
determined through e-y coincidence analysis. The results and their
implications for octupole collectivity in 2?Th will be presented.

[1] L. P. Gaffney et al., Nature 497, 199 (2013)

[2] P. A. Butler and W. Nazarewicz, Rev. Maod. Phys. 68, 349 (1996)
[3] J. F. Smith et al., Phys. Rev. Lett 75, 1050 (1995)

[4] J. F. C. Cocks et al., Phys. Rev. Lett. 78, 2920 (1997)

[5] J. Pakarinen et al., Eur. Phys. J A 50, 53 (2014)
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Quadrupole collectivity in neutron-rich Cd isotopes *

Th. Kroll!, S. Ilieva!, S. Bonig!, M. Thiirauf!, and

A.-L. Hartig! for the 1S411/1S477/1S524 collaborations
Ynstitut fiir Kernphysik, TU Darmstadt, Germany

The isotope 128Cd, only two proton and two neutron holes away from the
shell closures at Z = 50 and N = 82, exhibits an irregularity unique through-
out the nuclear chart: instead of a steep increase approaching N = 82 the
tentatively assigned excitation energy of the first 2% state in 128Cd (652 keV)
is slightly lower than in the lighter neighbour 126Cd (645 keV). The value is
more than 300 keV smaller than in the isotone '3?Te (E(27) = 974 keV),
but also smaller than in the neighbouring '2°Pd (E(27) = 693 keV).

This feature cannot be explained even by the most recent shell model cal-
culations. Currently, only a beyond-mean-field (BMF) approach is capable
to reproduce the anomaly predicting a considerable prolate deformation [1].
In particular, a possible shell quenching is also important for nuclear astro-
physics to describe the solar abundances around the A = 130 peak.

In a naive understanding of low-lying collective states, lower F(21) val-
ues are correlated with larger B(E2) values as reflected in Grodzins’ rule.
We investigated the exotic isotopes 122:123:124,126,128C( for the first time by
“safe” Coulomb excitation at the REX-ISOLDE facility at CERN. Scattered
particles were detected by a DSSSD in coincidence with the y-rays measured
by the 24 6-fold segmented HPGe detectors of the MINIBALL array [2]. Ad-
ditionally, we studied ?°Cd in a lifetime measurement applying the DSA
method.

For the isotopes 122:124:126C( evidence for larger B(E?2) values compared
to shell model predictions has been found [3]. The quadrupole moments
Q(2%) are more consistent with rather spherical nuclei than strong defor-
mations. The most exotic isotope ?8Cd, already 12 neutrons off stability,
follows this trend [4].

In this contribution we will present and discuss the results for the
122,123,124,126,128( jsotopes in comparison with state-of-the-art shell model
calculations as well as new BMF calculations including triaxiality.

[1] T. R. Rodriguez et al., Phys. Lett. B 668 (2008) 410

[2] N. Warr et al., Eur. Phys. J. A 49 (2013) 40

[3] S. Ilieva et al., Phys. Rev. C 89 (2014) 014313

[4] S. Bonig (PhD thesis, TU Darmstadt, 2014); to be published.

*This work was supported by the German BMBF (No. 06DA9036I and 05P12RDCIA), the EU
through EURONS (No. 506065) and ENSAR (No. 262010), HIC for FAIR, and the MINIBALL
and REX-ISOLDE collaborations.
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Coulomb excitation of radioactive 36Te *

JM. Allmond'," M. Danchev??3, C. Baktash*, A.E. Stuchbery®,
C.R. Bingham®*, A. Galindo-Uribarri®>*, C.J. Gross*, P.A. Hausladen?,
K. Lagergren4, E. Padilla-Rodal®, J. Pavan®*, D.C. Radford*,
M.A. Riley7, D.W. Stracener?, R.L. Varner?, and C.-H. Yu*
LJINPA, Oak Ridge National Laboratory,

Oak Ridge, Tennessee 37831, USA
2Faculty of Physics, St. Kliment Ohridski University of Sofia, 1164 Sofia, Bulgaria
3Department of Physics and Astrononty,

University of Tennessee, Knoxville, Tennessee 37996, USA
4Physics Division, Oak Ridge National Laboratory,

Oak Ridge, Tennessee 37831, USA
SDepartment of Nuclear Physics,

Australian National University, Canberra ACT 0200, Australia
S Instituto de Ciencias Nucleares, UNAM,

AP 70-543, 04510 Mexico, D.F.,, Mexico and
"Department of Physics, Florida State University,

Tallahassee, Florida 32306, USA

A HPGe and CsI v-particle array (CLARION+HyBall) was used to study
the Coulomb excitation of radioactive 136Te (Z = 52 and N = 84) in inverse
kinematics with a titanium target. The 2] and 4] states of 136 Te were popu-
lated and B(E2;2{ — 07), Q(2), and B(E2;4] — 2]) were measured.
The new B(E2;2{ — 07) value is larger than the previously published value
[1] and it is in better agreement with microscopic calculations. Scattered tar-
get nuclei were measured at forward angles relative to the beam direction
(corresponding to backward angles in the center-of-mass frame) to provide
a clean trigger for selecting the v-ray transitions from the Coulomb-excited
beam and to normalize the integrated beam current through Rutherford scat-
tering; the emitted ~ rays from the titanium target provided an additional
normalization. A Bragg-curve detector was used at zero degrees to measure
the beam composition and energy loss through the target. The emergence
of quadrupole deformation and collectivity for two protons and two neutrons
outside of the double-magic 132Sn core will be discussed.

[1] D.C. Radford et al., Phys. Rev. Lett. 88, 222501 (2002); M. Danchev et
al., Phys. Rev. C 84, 061306(R) (2011).

*This research was sponsored by the Office of Nuclear Physics, U.S. Department of Energy.
fe-mail: ymallmond@gmail . com
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Shell structure in heavy nuclei*

P. T. Greenlees!
LDepartment of Physics, University of Jydskyld,
FIN-40014 University of Jydskyld, Finland

Over the past decade or so, advances in detection technology have lowered
the observational limit for studies of heavy and superheavy nuclei. In par-
ticular, exploitation of variations of the recoil-decay tagging technique have
enabled a great deal of new data to be obtained in nuclei in the so-called
“transfermium” region [1]. In-beam spectroscopic studies can now be carried
out at the level of 10 nb and up to Z=104 [2,3].

The transfermium nuclei have proton number Z around 100 and neutron
number N around 152, and are quadrupole deformed. Use of coincident
a-7y spectroscopy, in-beam spectroscopy of rotational bands, and studies of
high- K states has led to a consistent picture of the single-particle structure of
nuclei in this region. In turn, this consistent picture from experimental data
can be used to confront modern approaches of theoretical nuclear structure
physics. An interesting case is the poor reproduction of the deformed shell
gaps at Z=100 and N=152 in modern self-consistent approaches based on
Skyrme energy-density functionals or relativistic mean field. Attempts to
improve the theoretical description of these nuclei are under way [4].

An overview of the most recent experimental and theoretical studies of heavy
nuclei will be given.

[1] R.-D. Herzberg and P.T. Greenlees, Prog. Part. Nucl. Phys. 61, 674
(2008)

[2] J. Piot et al., Phys. Rev. C 85, 041301(R) (2012)

[3] P.T.Greenlees et al., Phys. Rev. Lett. 109, 012501 (2012)

[4] Yue Shi, J.Dobaczewski and P.T.Greenlees, Phys. Rev. C 89, 034309
(2014)

* This work was supported by the European Research Council (Project 203481 SHESTRUCT)
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Study of isomeric states in **Rf using digital DAQ"

J. Chen', H.M. David*, F.G. Kondev', D. Seweryniak'™, J. Gates’,

K. Gregorich’, I. Ahmad*, M. Albers®, M. Alcorta’, B. Back®, B. Baartman’,
P. Bertone!, L. Bernstein®, C. Campbell’, M.P. Carpenter®, C.J. Chiara’®,
R. Clark’, D.T. Doherty?, G. Dracoulis®, N. Esker’, O. Gothe’,

J.P. Greene', P.T. Greenlees®, D.J. Hartley’, K. Hauschild®, P. Fallon’,
C.R. Hoffman, S.S. Hota®, R.V.F. Janssens®, J. Karwsik’, T.L. Khoo®,

J. Konki®, T. Lauritsen', A. Macchiavelli’, P. Mudder’, C. Nair', Y. Qiu®,
J. Rissanen’, A.M. Rogers', P. Ruotsalainen®, G. Savard®, S. Stolze®,

A. Wiens’, S. Zzhu*

'Argonne National Laboratory, Argonne, Illinois, USA
“University of Edinburgh, Edinburgh, United Kingdom
*Department of Physics, University of Jyvaskyla, Finland
*United States Naval Academy, Annapolis, Maryland, USA
®CSNSM, IN2P3-CNRS, Orsay Campus, France
SUniversity of Massachusetts, Lowell, Massachusetts, USA
"Lawrence Berkeley Laboratory, Berkeley, California, USA
8Australian National University, Canberra, Australia
°Lawrence Livermore National Laboratory, Livermore, California, USA
yniversity of Maryland, College Park, Maryland

Deformed, axially-symmetric nuclei in the transfermium region are
known to exhibit high-K isomerism, owing to the presence of high-K
orbitals near both the proton and neutron Fermi surfaces. The properties of
such isomers provide important information on the single-particle structure
in the region, as well as on the role played by the pairing and residual
nucleon-nucleon interactions.

Rf nuclei were produced using the **Ti+?®Pb reaction with a cross
section of only 2 nb and studied using the Fragment Mass Analyzer at ANL
and the Berkeley Gas-Filled Separator at LBNL. A digital data acquisition
system was employed to measure decays as fast as ~100 ns. Recoil
implantation followed by fast bursts of electrons and y rays and subsequent
fission of the ?**Rf ground state were observed. The electrons and y rays
were interpreted as being emitted from two isomeric states in >*Rf with
halflives of ~4 us and ~300 us and isomeric ratios of ~15% and ~1%,
respectively, analogous to the two- and four-quasiparticle isomers in %*No.

The data will be shown and the results will be compared with predictions
of multi-quasiparticle blocking calculations that include empirical estimates
for the residual configuration-dependent, nucleon-nucleon interactions.

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

**e-mail: seweryniak@anl.gov
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Classification of K -forbidden transition strengths*

G. D. Dracoulis' T and F. G. Kondev?

Y Department of Nuclear Physics,
R.S.PE., Australian National University,
Canberra, A.C.T. Australia 0200 and
2 Nuclear Engineering Division, Argonne
National Laboratory, Argonne IL 60439, U.S.A.

Electromagnetic transitions from high- K states in deformed nuclei are usu-
ally discussed in terms of the nominal forbiddenness, v = AK - A which, for
v > 1 represents the shortfall between the change in the projection K and
multipolarity A. The usual analysis procedure has been to extract the so-
called reduced hindrances given by f, = FI}V/ ", where Fyy = 1, the partial
lifetime compared to the Weisskopf estimate. Early work by Gallagher [1]
and Rusinov [2] was followed by Lobner [3] who confirmed that the observed
hindrances roughly scale, with a dependence that implies that f, is approx-
imately a constant of magnitude ~ 100. This has been the basis of much of
the subsequent discussion of K -hindrances.

From a recent compilation of K -forbidden transition strengths [4], it has
been possible to quantify and expand the analysis of [3], which gave only a
simple range for each value of AK, to show the distribution for £1, M1 and
FE2 multipolarities. This leads us to the suggestion of a factorization of the
total hindrance into two components, (as already implied by Lobner [3]), so
that

F=Fyx (fo)" =Fy x (fo)*K>

where Fj is the underlying (multipolarity-dependent) intrinsic hindrance and
fo is the additional factor due to K -forbiddenness.

Values for each of the factors can be extracted by fitting to the centroids
of the observed distributions, noting that there are anomalous cases that can
significantly skew the distributions if not accounted for. The nuclear structure
effects - Coriolis mixing, random interactions etc. - which contribute to these
will be outlined. The analysis shows that the extracted value of f; for the
three multipolarities is an order of magnitude smaller than the rule-of-thumb
value of f;, ~ 100 normally used in interpreting the nuclear structure.

[1] C. J. Gallagher, Nucl. Phys. 16, 215 (1960).
[2] L.I. Rusinov, Soviet Physics Uspekhi 4 , 282 (1961).
[3] K. E. G. Lobner, Phys. Lett. B 26, 369 (1968).

[4] F. G. Kondev, G. D. Dracoulis and T. Kibédi, to be published

* This work was supported by the Australian Research Council Discovery Program and the U.S.
Department of Energy, Office of Nuclear Physics, under Contract No. DE-AC02-06CH11357.
T e-mail: george.dracoulis@anu.edu.au
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Rotations built on the highest neutron orbitals’

P. Chowdhuryl**, S.S. Hota', T.L. Khoo?, Y. Qiul, M.P. Carpenterz,
R.V.F. Janssens’, I. Ahmad?, J.P. Greene?, S.K. Tandel'”,

D. Seweryniakz, S. Zhu?, P.F. Bertone?, C.J. Chiara®*, A.Y. Deo',
N. D'Olympia’, S. Gros®, C.J. Guess', T. Harrington', D.J. Hartley”,
G. Henningz, C.R. Hoffman?, E.G. Jackson', F.G. Kondevz,

S. Lakshmi', T. Lauritsen?, C.J. Lister', E.A. McCutchan?, K. Moran',
C.K. Nair’, D. Peterson?, U. Shirwadkar', I. Stefanescu®*
IDepartment of Physics, U. Massachusetts Lowell, Lowell, MA, USA
2Argonne National Laboratory, Argonne, IL, USA
SUM-DAE Centre for Excellence in Basic Sciences, Mumbai, INDIA
“University of Maryland, College Park, MD, USA
’Department of Physics, US Naval Academy, Annapolis, MD, USA

Deformation and angular momentum play a key role in providing an
experimental basis for probing the physics of very heavy nuclei, and, in
shell-stabilized A~250 nuclei, high-spin studies provide important checks
for theoretical model predictions. While fusion-evaporation reactions with
stable beams and targets are the only method for populating Z > 100,
inelastic and transfer reactions can populate nuclei with the highest neutron
numbers (N < 154), using long-lived radioactive 94 < Z < 98 targets.

High-spin states in **?*Pu (Z=94), *****Cm (Z=96) and *****'Cf
(Z=98) nuclei were populated in a series of experiments using ***Pb and
*%Bji beams from the ATLAS facility at Argonne, incident on radioactive
#py, 8Cm, **Cf, and mixed **>'Cf targets. Multiple new rotational
bands in 150<N<154 nuclei were identified using the Gammasphere array
up to typical spins of ~257 [1]. The new results, coupled to recent studies in
this region [2], provide spectroscopic information on the alignment
frequencies for the first nucleon pair over an N-Z landscape that includes
the highest neutron orbitals. With sparse data to date, prevalent models have
been chronically deficient in predicting the competition between #;3, proton
and j;s, neutron pairs in these heaviest nuclei. The new odd-A results allow
a disentangling of competing alignments by comparing rotations built on
configurations where the vj;s, alignment is either allowed or blocked.
Higher multipole deformations, namely S, appear crucial for understanding
the observed alignments. Finally, new insight is gained on the evolution of
neutron pairing as the Fermi level traverses the N=152 sub-shell gap.

[1]1 S.S. Hota, Ph.D. thesis, U. Massachusetts Lowell, 2012.
[2] S.K. Tandel ef al., Phys. Rev. C 82, 041301(R) (2010).

*Supported in part by USDOE Grants DE-FG02-94ER40848 and
DE-AC02-06CH11357.
**e-mail: partha chowdhury@uml.edu
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Super heavy Element Studies with TASCA at GSI:
Spectroscopy of Element 115 Decay Chains

D. Rudolph, on behalf of the TASCA & TASISpec Collaborations
Department of Physics, Lund University, Lund, Sweden

During the past decade, correlaiedlecay chains, which all terminate by
spontaneous fission, have been observed in several indepesdgeriments
using“*8Ca-induced fusion-evaporation reactions on actinideetargThese
are interpreted to originate from the production of neutrimh isotopes with
proton numbers up t& = 118 [1].

Following successful studies on the synthesis and deca3] [@s well as
the chemistry [4] of fleroviumZ = 114), the reactiong®Ca +243Am, 8Ca
+ 249Bk, 50Tj + 249Bk, and®°Ti + 249Cf have been investigated recently at
the gas-filled "TransActinde Separator and Chemistry Appes” (TASCA)
at GSI Darmstadt. In several-months long campaigns, higbithéty was
reached, especially in the search for element 119. Decapsbfelement
117 are being reported [5].

Since neither the masd, nor the atomic numbef, of any of the new ele-
ments had been measured directly, the TASISpec set-up y&agEmployed
for high-resolutiony, electron, X -ray andy-ray coincidence spectroscopy to
search fora-X-ray events to identify uniquely atomic numbers of isotopes
alongZ = 115 decay chains [8-10].

Latest results of this 2011-2012 TASCA campaign are goinbeaqre-
sented, with a focus on nuclear structure aspects of the amtipely com-
prehensive spectroscopic data on element 115 and its dasght

[1] Yu. Ts. Oganessian, J. Phys34 R165 (2007); Radiochim.Ac®0, 429 (2011).
[2] Ch.E. Dullmanret al., Phys. Rev. Lettl04, 252701 (2010).
[3] J.M. Gatestt al., Phys. Rev. B3, 054618 (2011).
[4] A. Yakushevet al., Inorg. Chem53, 1624 (2014).
[5] J. Khujagbaataet al., submitted to Phys. Rev. Lett.
[6] L.-L. Anderssonret al., Nucl. Instr. Meth. 422, 164 (2010).
[7] L. Sarmiento, L.-L. Andersson, D. Rudolph, Nucl. Indteth. A667, 26 (2012).
[8] U. Forsberget al., Acta Phys. Pol. B3, 305 (2012).
[9] D. Rudolphet al., Phys. Rev. Lett111, 112502 (2013).
[10] D. Rudolphet al., Acta Phys. PolB45, 263 (2014).
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Decay Spectroscopy of Element 115 Daughters”

J.M. Gates?, K.E. Gregorich?, O.R. Gothe!?, G.K. Pang?, D.L. Bleuel®,
M. Block*, R.M. Clark?, C.M. Campbell*, H.L. Crawford™"™, M. Cromaz?,
A. Di Nitto®, Ch.E. Dillmann*58, N.E. Esker'?, C. Fahlander’, P. Fallon?,

R.M. Farjadi?, U. Forsberg’, E.M. Gantz*2, W.D. Loveland?,

A.O. Macchiavellit, P.R. Mudder*?, D.T. Olive!, A.C. Ricel?, J. Rissanen?,
D. Rudolph’, L.G. Sarmiento’, J.A. Shusterman®?, M.A. Stoyer?, E.C.
Uribel?, A. Wiens?, H. Nitsche'?

LLBNL, USA, 2UC Berkeley, USA, 3LLNL, USA, “GSI, Germany,
SUniversitat Mainz, Germany, ®HIM, Mainz, "Lund University, Sweden,
80regon State University, USA

Over the last 15 years, a collaboration working at Flerov Laboratory for
Nuclear Reactions [FLNR] has reported the discovery of six new
superheavy elements (SHE) with proton number Z=113-118 [1]. Despite
knowing about SHE for more than a decade, little is known about the
structure of these nuclei. However, modern separators and detectors now
allow for detailed a-yor e™-y spectroscopy of the heaviest elements [2].

In April — June 2013, forty-three decay chains matching those reported for
288115 were produced during a five-week long experiment at Lawrence
Berkeley National Laboratory (LBL) using the 2*3Am(*8Ca,xn) reaction.
The element 115 evaporation residues were separated with the Berkeley
Gas-filled Separator [3] and implanted into the Corner-Cube-Clover (C3)
detector. The C3 detector is designed for the detection of jrays in prompt
coincidence with the a-decay of heavy elements (i.e. element 115 and its
daughters). A similar experiment at GSI involving the LUND/GSI/LBL
collaboration reported 22 correlated decay chains assigned to 28115 [4].
Here we report results from the LBL experiment interpret the combined
data set.

[1] Y. Oganessian, J. Phys. G 34 (2007) R165.

[2] R.M. Clark, Phys. Lett. B 690 (2010) 196

[3] K.E. Gregorich, Nucl. Instrum. Methods Phys. Res. A 711 (2013) 47.
[4] D. Rudolph, Phys. Rev. Lett 111 (2013) 112502.

* This work was supported by the U.S. Department of Energy, Office of
Science, Nuclear Physics, Low Energy Physics Program, through the
Lawrence Berkeley National Laboratory under Contract No. DE-AC02-
05CH11231

** Now at University of Ohio, USA
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Shape coexistence in gold, thallium and astatine
isotopes studied by in-source laser spectroscopy at
ISOLDE

A.N. Andreyev*
University of York (UK) and Japan Atomic Energy Agency (JAEA)

The competition between spherical and deformed configurations at low
energy gives rise to shape coexistence in the neutron-deficient isotopes
around Z~82 and N~104 [1], while on the neutron-rich side effects due to
octupole deformation in the vicinity of N~133 could be important. In order
to determine to which extend the ground and isomeric states of these
nuclides are affected by these phenomena, an extended campaign of
investigation of changes in the mean-square charge radii is being conducted
at ISOLDE by the Windmill Collaboration. The measurements rely on the
high sensitivity provided by a combination of the in-source laser
spectroscopy with RILIS, ISOLDE mass separation and Windmill
spectroscopy setup [2].

In this contribution, we will present the systematics of charge radii recently
obtained for the light thallium isotopes [3,4], the astatine chain and the
lightest isotopes ""**2Au [5]. In the gold and astatine cases, the Multi-
Reflection Time-of-Flight (MR-ToF) mass separation technique [6],
involving the ISOLTRAP collaboration, was used for the first time. With
the newly-acquired data, the gold chain demonstrates the unique behavior
whereby the transition occurs from the nearly-spherical shapes in ¥ Au,
to strongly-deformed in ®*¥Au, and finally back to more spherical ones in
177'179AU.

[1] K. Heyde and J. Wood, Rev. Mod. Phys., 83, 1467 (2011)

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

[3] A.E. Barzakh et al., Phys. Rev. C 88, 024315 (2013)

[4] AN. Andreyev, A. E. Barzakh et al., IS511 experiment at ISOLDE
(2012)

[5] A.N. Andreyev, V. N. Fedosseev, P. Van Duppen et al., 1S534
experiment at ISOLDE (2012)

[6] R. N. Wolf et al., Nucl. Instr. and Meth. A 686, 82-90 (2012)

* On behalf of Leuven-Gatchina-1ISOLDE-Mainz-Manchester-York and
Windmill-ISOLTRAP-RILIS collaboration
*e-mail: Andrei.Andreyev@york.ac.uk
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Evolution of Ground State Properties in Neutron-Deficient
Francium Isotopes

A. Voss',* I. Behr?, J. Billowes?, F. Buchinger®, B. Cheal®, J. E. Crawford*,
A. A. Kwiatkowski?, C. D. P. Levy?, M. R. Pearson?, and O. Shelbaya?®
YWUniversity of Jyviiskyld, Jyviskyld, Finland
2TRIUME, Vancouver, BC, Canada
3The University of Manchester, Manchester, UK
*McGill University, Montréal, Canada and
5 University of Liverpool, Liverpool, UK

Francium is the heaviest known alkali metal. As one of the very few
elements with no stable isotope, it is also the least well studied of the al-
kali group. Francium isotopes recently attained much interest as their rel-
atively simple atomic structure with just one valence electron outside oth-
erwise closed shells and high nuclear charge (hence a large nuclear volume)
make it an ideal laboratory for the investigation of parity non-conservation ef-
fects in atoms as well as investigations into the time evolution of fundamental
constants. However, for either of these effects to be extracted with any degree
of certainty, it is important to understand both the nuclear and atomic struc-
tures involved, in both experiment and theory, over as large a range of isotopes
as possible. Detailed measurements of the nuclear spin, electromagnetic mo-
ments and change in root mean-squared charge radii provide invaluable input
and benchmark tests for theoretical treatments of the systems.

Collinear laser spectroscopy has been the workhorse at radioactive ion
beam facilities for decades and is at the forefront of today’s nuclear physics.
If performed with high-resolution, collinear laser spectroscopy on fast beams
provides a model-independent determination of some of the most fundamen-
tal nuclear properties, including the nuclear spin, electromagnetic moments
as well as changes in mean-squared charge radii, through atomic hyperfine
structures and isotope shifts along isotopic chains.

In this contribution, the laser spectroscopic work performed at TRIUMF-
ISAcC [? ] probing the neutron-deficient isotopes around the N = 118 neu-
tron subshell closure will be presented. In addition to the standard photon
background reduction using bunched beams a new technique was developed
to further minimise the laser scattered background as well as to reduce hyper-
fine pumping. That method will be introduced alongside interpretation of the
nuclear physics results.

[1] A. Voss et al. Phys. Rev. Lett. 111 (2013) 122501

*e-mail: anvoss@jyu.fi
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T4

Toward a fundamental understanding of nuclear
reactions and exotic nuclei

S. Quaglioni'
' Lawrence Livermore National Laboratory, P.O. Box 808, L-414,
Livermore, CA 94551, USA

Nuclear systems near the drip lines offer an exciting opportunity to
advance our understanding of the interactions among nucleons, which has
so far been mostly based on the study of stable nuclei. However, this is not
a goal devoid of challenges. From a theoretical standpoint, it requires the
capability to address within an ab initio framework not only bound, but also
resonant and scattering states, all of which can be strongly coupled. The ab
initio no-core shell model with continuum [1] provides a unified framework
for the description of structural and reaction properties of light nuclei. In
this approach the nuclear many-body states are seen as superimpositions of
continuous cluster wave functions in the spirit of the resonating-group
method [2] and square-integrable eigenstates of the A-nucleon system. Each
cluster of nucleons and the compound nuclear states are obtained within the
ab initio no-core shell model [3]. In this talk T will present ab initio
calculations of nucleon [4] and deuterium scattering on light nuclei starting
from chiral two- and three-body Hamiltonians as well as the first
investigation of the low-lying continuum spectrum of °He within an ab
initio framework that encompasses the ‘Het+n+n three-cluster dynamics
characterizing its lowest decay channel.

[1] S. Baroni, P. Navratil, and S. Quaglioni, Phys. Rev. Lett. 110, 022505
(2013); Phys. Rev. C 87, 034326 (2013).

[2] Y. C. Tang et al., Phys. Rep. 47, 167 (1978); K. Langanke and H.
Friedrich, Advances in Nuclear Physics, chapter 4., Plenum, New York,
1987.

[3] P. Navratil, J. P. Vary, and B. R. Barrett, Phys. Rev. Lett. 84, 5728
(2000); Phys. Rev. C 62, 054311 (2000).

[4] G. Hupin, J. Langhammer, P. Navratil, S. Quaglioni, A. Calci, and R.
Roth, Phys. Rev. C 88, 054622 (2013).

[5] S. Quaglioni, C. Romero-Redondo, P. Navratil, Phys. Rev. C 88,
034320 (2013).

* Prepared by LLNL under Contract DE-AC52-07NA27344. Support from
the U. S.DOE/SC/NP (Work Proposal No. SCW1158) is acknowledged.
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Single-particle structure of neutron-rich N = 40 isotopes:
A new Island of Inversion*

K. Wimmer':2T and the 12012 collaboration
' Department of Physics, Central Michigan University,
Mount Pleasant, MI 48859, USA and
2 National Superconducting Cyclotron Laboratory, East Lansing, MI 48824, USA

The region around neutron-rich N = 40 nuclei has recently attracted a lot
of interest. The high-lying 27 state in °*Ni and its small transition probability
to the ground state are a result of the N = 40 harmonic oscillator shell gap
between the fp shell and the 1gg,o orbital. This shell gap is reduced for
the more neutron-rich Fe and Cr isotopes; both the N = 40 isotones 66Fe
and %4Cr show an increase in quadrupole collectivity [1]. This behavior is
caused by quadrupole correlations which favor energetically the deformed
intruder states from the neutron vgg /5 and vds /o orbitals. In the shell model
the increase in B(E2) values and the decrease in 27 excitation energy can be
reproduced if the neutron vgg,5 and vds o intruder orbitals are included in
the model space [2].

Spectroscopic studies of neutron-rich nuclei around N = 40 have been
performed at the NSCL utilizing the S800 spectrometer and the GRETINA
gamma detector array. The study focused on the one-neutron removal re-
actions from %8Ni and 64-%°Fe. The longitudinal momentum distribution of
reaction residues indicates the angular momentum of the removed nucleon,
and spectroscopic factors can be extracted from the measured cross section
for the population of individual states in the odd-mass residual nucleus. An
experimental challenge in this region of the nuclear chart is the occurrence
of low-lying isomeric states resulting from the neutron v gy /5 intruder orbital.
This experiment employs a new technique of combined prompt and delayed
~-spectroscopy allowing to quantify the occupancy of the intruder neutron
vgg/2 and vds /o orbitals in **Ni and 4-%Fe. Comparison of the measured
spectroscopic factors with large-scale shell model calculations show a signif-
icant occupation of the intruder orbitals across the N = 40 sub-shell gap.
Therefore the existence of a new “Island of Inversion” at N = 40 has been
experimentally verified for the first time.

[1] H. L. Crawford et al., Phys. Rev. Lett. 110 (2013) 242701.
[2] S. M. Lenzi et al., Phys. Rev. C 82 (2010) 054301.

*This work was supported by by the National Science Foundation under Grant No. PHY-
1306297.
fe-mail: wimmelk@cmich.edu
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Low-lying structure of **Na and the sd-pf shell gap*

M. Petril’z**, P. Fallon®, A. O. Macchiavelli’ for the 05122 collaboration
!Institut fiir Kernphysik, Technische Universitit Darmstadt, D 64289
’Nuclear Sciecne Division, Lawrence Berkeley National Lab, CA 94720

Light neutron-rich nuclei around N=20 show properties that are not in line
with their expected magicity but rather imply a deformed shape. These
nuclei lie in the so-called “Island of Inversion” where the deformation is
due to neutron cross-shell excitations, namely v(sd)*(fp)* configurations,
dominating their ground and low-lying states. Recently, there has been
much interest in studying the transition towards this region to determine the
evolution of the N=20 shell gap and to provide a stringent test for nuclear
models.

In this work the odd-odd nucleus **Na is studied via 1p, 1pln and In
knockout reactions at the NSCL using *'Mg, **Mg and *'Na radioactive
beams, respectively. Combining high-resolution y-ray spectroscopy with the
selectivity of the various reaction mechanisms we are able to distinguish
multiple distinct configurations. Negative parity states in *’Na are identified
for the first time, providing an important measure of the excitation of the
Iplh configuration. Gamma rays de-exciting both K=1 and K=2 2p2h
structures have been observed, while the rotational band built on the ground
state has been established. These new results provide a stringent test for the
state-of-the-art effective interactions used in this region and constrain the
sd-pf shell gap.

* This work was supported in part by DOE contract No. DE-ACO02-
05CH11231.

**e-mail: mpetri@ikp.tu-darmstadt.de
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Frontiers in Ab Initio Nuclear Structure Theory*

Robert Roth!," Sven Binder!, Angelo Calci', Eskendr Gebrerufael,
Joachim Langhammer!, Stefan Schulz!, Christina Stumpf?,
Alexander Tichai!, Richard Trippel', and Roland Wirth!

Ynsitut fiir Kernphysik, Technische Universitit Darmstadt, Germany

Low-energy nuclear theory has entered a new era of ab initio nuclear struc-
ture and reaction calculations connected to QCD via chiral effective field the-
ory. The universal input for these calculations are two- and three-nucleon
interactions constructed within chiral effective field theory. On this basis,
ab initio theory is advancing into different directions, covering an increasing
range of nuclei and nuclear observables.

In this talk we summarize recent developments on the theoretical inputs
and tools, ranging from the chiral interactions over similarity renormaliza-
tion group transformations to various ab initio many-body approaches, that
enable us to attack new frontiers in nuclear theory. We address ab initio cal-
culations for the structure and spectroscopy of p- and sd-shell nuclei, e.g.,
throughout carbon and oxygen isotopic chains, using the importance trun-
cated no-core shell model [1] and we compare to in-medium similarity renor-
malization group calculations [2,3]. We discuss recent breakthroughs in the
ab initio description of ground states of medium-mass and heavy nuclei up to
the tin isotopes in the coupled-cluster framework with chiral two- plus three-
nucleon interactions [4,5,6]. Finally, we present the first ab initio calculations
for p-shell hypernuclei using chiral Hamiltonians [7]. Together with the cor-
responding advances in low-energy reaction theory these examples highlight
the broad and exciting perspectives that ab initio nuclear theory offers nowa-
days.

[1] R. Roth et al., Phys. Rev. Lett. 107, 072501 (2011)
[2] H. Hergert et al., Phys. Rev. Lett. 110, 242501 (2013)
[3] S.K. Bogner et al., arXiv:1402.1407 (2014)

[4] S. Binder et al., Phys. Rev. Lett 109, 052501 (2012)
[5] S. Binder et al., Phys. Rev. C 87, 021303(R) (2013)
[6] S. Binder et al., arXiv:1312.5685 (2013)

[7]1 R. Wirth et al., arXiv:1403.3067 (2014)

* This work is supported by DFG through SFB 634, by the Helmholtz International Cen-
ter for FAIR (HIC for FAIR), by the BMBF under contract 06DA70471, and by the GSI
Helmholtzzentrum.

t e-mail: robert .roth@physik.tu-darmstadt.de
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Shell structure beyond N = 82

A. Gargano',* L. Coraggio', A. Covello?, and N. Itaco!-2
Ystituto Nazionale di Fisica Nucleare,
Complesso Universitario di Monte S. Angelo,

Via Cintia - 1-80126 Napoli, Italy and
2Dipartimento di Fisica, Universita di Napoli Federico II,
Complesso Universitario di Monte S. Angelo,

Via Cintia - 1-80126 Napoli, Italy

A central theme of modern nuclear physics is the evolution of the shell
structure when approaching the neutron drip line. Thanks to the availabil-
ity of radioactive ion beams (RIBs) and advances in detection techniques,
experiments performed in the last twenty years have evidenced shell struc-
ture changes when nuclei have a large excess of neutrons, leading to the
breakdown of the traditional magic numbers and the appearance of new ones.
These findings, which have come out in particular for light and medium mass
nuclei, have driven a great theoretical effort to understand the microscopic
mechanism underlying the shell evolution, with special attention to the role
of the different components of the nuclear force (see, for istance, [1]).

While experimental information for nuclei around !32Sn is now available,
data for systems with N > 82 remain still scarce. In this case, some peculiar
properties have been observed which do not seem, however, to be a clear sig-
nature of a modification in the shell structure. New data are certainly needed
to clarify this point, which may be provided by the next generation of RIB
facilities.

Over the past several years, we have performed various shell-model stud-
ies [2] of neutron-rich nuclei beyond 32Sn, which have all yielded results in
very good agreement with experiment. In all these studies a unique Hamil-
tonian has been used with single-particle energies taken from experiment
and the two-body effective interaction derived from the CD-Bonn nucleon-
nucleon potential [4] without using any adjustable parameter.

Here we shall present some selected results and show how our microscopic
effective interaction is able to account for the available observed properties.
Predictions that may provide guidance to future experiments will be also dis-
cussed.

[1] T. Otsuka et al., Phys. Rev. Lett. 104, 012501 (2010)

[2] L. Coraggio et al., Phys. Rev. C 88 041304(R) (2013), and references
therein

[3] R. Machleidt, Phys. Rev. C 63, 024001 (2001)

*e-mail: gargano@na.infn.it
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High precision mass measurements for nuclear structure
studies and fundamental physics

M. Block!+?
LGSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany and
2 Helmholtz-Institut Mainz, Mainz, Germany

High precision mass measurements with Penning traps are employed for
nuclear structure studies of exotic nuclides. Structural effects such as shell
closures and the onset of deformation are reflected in nuclear binding ener-
gies that are obtained from masses. Masses allow us to track the evolution of
magic numbers and to measure the strength of shell effects even far away from
stability. The combination of buffer gas stopping and advanced ion manipu-
lation techniques has extended the reach of Penning trap mass spectrometry
to radionuclides of essentially all elements. Recently, direct mass measure-
ments have been performed also in the region of the heaviest elements [1].
In addition, new developments like the novel PI-ICR method [2], where the
mass is obtained based on a phase measurement of the ion motion, pave the
way to reach shorter-lived and ever more exotic nuclides.

In my presentation I will show results concerning the structure of the heav-
iest elements and discuss the shell effects at N = 152 and N = 162, also in
comparison with theoretical predictions. In addition, I will introduce the PI-
ICR method and present selected results for mass measurements of nuclides
relevant in the context of neutrino physics.

[1] M. Block et al., Nature 463, 785 (2010)
[2] S. Eliseev et al., Phys. Rev. Lett. 110, 082501 (2013)
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Recent exploits with the ISOLTRAP mass spectrometer

D. Lunney!, P. Ascher?, D. Atanasov?, K. Blaum?, Ch. Bshm?, Ch.
Borgmann?, M. Breitenfeldt®, R.B. Cakirli*, T.E. Cocolios®, S. Eliseev?, T.
Eronen?, S. George?, F. Herfurth®, A. Herlert”, D. Kisler?, M. Kowalska®,

S. Kreim?8, Yu. Litvinov®, V. Manea!, E. Minaya Ramirez?2, S. Naimi?,
D. Neidherr®, M. Rosenbusch?, A. de Roubin2, L. Schweikhard?,

J. Stanja'®, A. Welker!'?, F. Wienholtz?, R. N. Wolf?, and K. Zuber!°
LCSNSM-IN2P3-CNRS, Université de Paris-Sud, Orsay, France
2Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany
3 Instituut voor Kern- en Stralingsfysica, KU Leuven, Belgium
4Istanbul University, Department of Physics, Istanbul, Turkey
5 University of Manchester, Manchester, United Kingdom
SGSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany
"FAIR GmbH, Darmstadt, Germany
8CERN, PH Division, 1211 Geneva 23, Switzerland
O Institut fiir Physik, Ernst-Moritz-Arndt Universitiit, Greifswald, Germany and
O Technische Universitiit Dresden, Dresden, Germany

Mass measurements have a long tradition in the elucidation of nuclear
structure and the advent of Penning-trap mass spectrometry has made a sub-
stantial impact. The associated development of ion traps at on-line facilities
has also enabled new approaches for the study of exotic nuclides.

This contribution is centered on the recent integration of an electrostatic
ion-beam trap, also called a multi-reflection time-of-flight (MR-ToF) mass
spectrometer [1], into the ISOLTRAP experiment at ISOLDE. The MR-ToF
MS is a versatile device that achieves very high resolving power (above
100,000) very quickly (tens of milliseconds). In conjunction with a new
ion-stacking technique [2], we describe the use of the MR-ToF device as:
a separator, enabling isobaric purification of ISOL beams for a Penning-trap
mass measurement of 82Zn to probe neutron-star crusts [3]; a spectrometer, to
measure the mass of >*Ca, highlighting the magic stature of the N = 32 nu-
clide ®2Ca [4]; and a fast isobar-resolving monitor of the ISOLDE beam while
changing target parameters [5]. Using the MR-ToF MS for hyperfine struc-
ture scans with in-source laser ionization [5,6] has provided exciting results
concerning shape transitions in neutron-deficient nuclides below Z = 82.

The ISOLDE facility will re-open in the summer of 2014 and future exper-
imental plans will be discussed.

[1] R.N. Wolf et al., Int. J. Mass Spectrom. 349/350, 123 (2013)
[2] M. Rosenbusch et al., Appl. Phys. B 114, 147 (2014)

[3] R.N. Wolf et al., Phys. Rev. Lett. 110, 041101 (2013)

[4] F. Wienholtz et al., Nature 498, 346 (2013)

[5]1S. Kreim et al., Nucl. Instrum. Meth. B 317, 492 (2013)

[6] B.A. Marsh et al., Nucl. Instrum. Meth. B 317, 550 (2013)
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TITAN: mass measurements of short lived and highly
charged radionuclides*

A.A Kwiatkowski®,T C. Andreoiu?, U. Chowdhury'3, D. Frekers?,
A.T. Gallant"®, R. Klawitter’5, K.G. Leach!, A. Lennarz'4,
D. Lunney”, T.D. Macdonald!-®, B.E. Schultz', and J. Dilling!-?
LTRIUME, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
2Department of Chemistry, Simon Fraser University,
Burnaby, BC V5A 156, Canada
3Department of Physics and Astronomy,

University of Manitoba, Winnipeg, MB R3T 2N2, Canada
Anstitut fiir Kernphysik, Westfilische
Wilhelms-Universitdit, 48149 Miinster, Germany
5Department of Physics and Astrononty,

University of British Columbia, Vancouver, BC V6T 1Z1, Canada
S Max-Planck-Institut fiir Kernphysik,
Saupfercheckweg 1, 69117 Heidelberg, Germany and
"CSNSM-IN2P3-CNRS, Université Paris 11, 91405 Orsay, France

The atomic mass encompasses all underlying interactions among the con-
stituent particles and, thus, provides crucial insight into nuclear structure, nu-
clear astrophysics, and fundamental symmetries, including neutrino physics,
among other disciplines. Currently Penning trap mass spectrometry (PTMS)
offers the highest precision and accuracy. TRIUMF’s Ion Trap for Atomic
and Nuclear (TITAN) science facility has leveraged its fast beam preparation
and the high yields at TRIUMF-ISAC to perform PTMS on **Mg (T} /> = 20
ms), the second shortest lived nuclide measured with PTMS, and its neighbors
in the island of inversion. These measurements are critical to understanding
the intruder mechanism and the transition from the spherical Si isotopes to
the highly deformed Mg isotopes. Investigations of isospin symmetry break-
ing have led to mass measurements of 202!Mg to test the isobaric multiplet
mass equation (IMME) and to compare to shell model predictions. TITAN
has also pioneered charge breeding of radionuclides for PTMS. These efforts
have resulted in a high-precision mass measurement of the superallowed (3
emitter "*Rb as well as high-precision Q-value determinations to clarify the
“gallium anomaly” in neutrino physics. Recent highlights from the TITAN
research program will be presented.

* This work has been supported by the Natural Sciences and Engineering Research Council
(NSERC) of Canada and the National Research Council (NRC) of Canada through TRIUMF.
A.T.G. acknowledges support from the NSERC CGS-D, A.L. from the Deutsche Forschungs-
gesellschaft (DFG) under grant number no. FR601/3-1, and T.D.M from NSERC CGS-M.

T e-mail: aniak@triumf.ca
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Precision mass measurements of short-lived nuclides at
storage ring in Lanzhou*

Y. H. Zhang!," H. S. Xu', and Yu. A. Litovinov!' 23,
and CSR mass measurement collaboration

LKey Laboratory of High Precision Nuclear Spectroscopy,

Center for Nuclear Matter Science,

Institute of Modern Physics, Chinese Academy of Sciences,
Lanzhou 730000, People’s Republic of China
2Helmholtzzentrum fiir Schwerionenforschung,

Planckstrafle 1, 64291 Darmstadt, Germany and
3Max-Planck-Institut fiir Kernphysik,
Saupfercheckweg 1, 69117 Heidelberg, Germany

Nuclear mass is the fundamental property of a nucleus. The complex in-
terplay of strong, weak and electromagnetic interactions in the nucleus con-
tributes to the difference between its mass and the sum of the masses of its
constituent nucleons. Precise and systematic measurements of nuclear masses
not only provide information on nuclear structure, but also find their impor-
tant applications in nuclear astrophysics.

Recent commissioning of the Cooler Storage Ring at the Heavy Ion Re-
search Facility in Lanzhou (HIRFL-CSR) has allowed us for direct mass
measurements at the Institute of Modern Physics in Lanzhou (IMP), Chinese
Academy of Sciences (CAS). In the past few years, a series of mass measure-
ment experiments have been carried out using the CSRe-based isochronous
mass spectrometry (IMS). Masses of short-lived nuclides of both neutron-
rich and neutron-deficient have been measured up to a relative precision of
1075 ~ 10~7 via fragmentation of the energetic beams of **Ni, "®Kr, 86K,
and '*2Sn [1-4]. In this talk, the experiments and the results will be presented.
The implications of our experimental results with respect to nuclear structures
and stellar nucleosynthesis in the rp-process of x-ray bursts are discussed.
[1] X. L. Tu et al, Phys. Rev. Lett. 106, 112501 (2011)

[2] X. L. Tu et al., Nucl. Instrum. Meth. A 654 (2011) 213
[3] Y. H. Zhang et al, Phys. Rev. Lett. 109, 102501 (2012)
[4] X. L. Yan et al., AstroPhys. Jour. Lett. 766, L8 (2013)

* This work was supported by many agencies under several contracts: the 973 Program of China
(2013CB834401), the NSFC (11035007, U1232208), BMBF (Projekt-Nr. 01DO12012), and
CAS (2009J2-23).

 Yhzhang @impcas.ac.cn
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Gamow-Teller decay of Ni core from beta delayed
neutron spectroscopy

R. Grzywacz"?, M. Madurga', S.V. Paulauskas', W.A. Peters®, C.J. Gross?,
D. Miller', M. Al-Shudifat', D.W. Bardayan?, J.C. Batchelder®, J.
Blackmon4, N.T. Brewer'?, L. Cartegni', J.A. Cizewski®, P.A. Copp’, A.
Fijatkowska"®, M.E. Howard®, S. Ilyushkin’, C.U. Jost', S. Liv®, B.
Manning®, C. Matei®, M. Matos®, A.J. Mendez II%, K. Miernik*®, P.D.
O'Malley®, S. Padgett', F. Raiola’, C. Rasco*, A. Ratkiewicz®, K.
Rykaczewski?, F. Sarazin’, K.T. Schmitt', I. Spassova®, D.W. Stracener?, D.
Walter®, E.H. Wang’, M. Wolifiska-Cichocka®’, E.F. Zganjar*

'Dept. of Phys. and Astr.,, University of Tennessee, Knoxville, TN , USA
’Phys. Div., Oak Ridge National Laboratory, Oak Ridge, TN, USA
’Oak Ridge Associated Universities, Oak Ridge, TN, USA
‘Dept. of Phys. and Astr., Louisiana State University, Baton Rouge,LA, USA
’Dept. of Phys. and Astr., Vanderbilt University, Nashville, TN, USA
S Dept. of Phys. and Astr., Rutgers University, Piscataway, NJ, USA
"Phys. Dept., University of Wisconsin-La Crosse, La Crosse, WI, USA
8Faculty of Phys., University of Warsaw, Warsaw, Poland
’Dept. of Phys., Colorado School of Mines, Golden, CO, USA

Beta-delayed neutron emission (Bn) is the dominant decay channel for
the majority of very neutron-rich nuclei. Because this process directly
probes relevant physics on the microscopic level, energy-resolved
measurements of the beta-decay strength distribution constitute a strong test
of nuclear models. A new detector system called the Versatile Array of
Neutron Detectors at Low Energy (VANDLE) [1,2] was constructed in
order to study decays of very neutron-rich fission fragments. In its first
experimental campaign at the Holifield Radioactive Ion Beam Facility
neutron energy spectra, in key regions of the nuclear chart were measured:
near the shell closures at *Ni and '*2Sn, and for the deformed nuclei near
'“Rb. Many of the studied nuclei lie directly on proposed paths of the r-
process. In several cases, unexpectedly intense and concentrated, high-
energy neutron transitions were observed. Furthermore, models suggest that
these decays are due to large amplitude Gamow-Teller transformations of
the *Ni core.

[1] C. Matei et al., Proceedings of Science, NIC X, 138 (2008).
[2] S. Paulauskas et al., NIM A 737, 22 (2014).

* This research was sponsored in part by the National Nuclear Security
Administration under the Stewardship Science Academic Alliances program
through DOE Cooperative Agreement No. DE-FG52-08NA28552 and the
DOE Office of Nuclear Physics.
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Gamow-Teller excitations and 3-decay properties of
deformed neutron-rich Zr isotopes *

K. Yoshida'f
L Graduate School of Science and Technology,
Niigata University, Niigata, Japan

The Gamow-Teller (GT) strength distribution has been extensively investi-
gated not only because of interest in nuclear structure but also because (-
decay half-lives set a time scale for the rapid-neutron-capture process (r-
process), and hence determine the production of heavy elements in the uni-
verse. The r-process path is far away from the stability line, and involves
neutron-rich nuclei. They are weakly bound and many of them are expected
to be deformed according to the systematic Skyrme-EDF calculation.

Recently, S-decay half-lives of neutron-rich Kr to Tc isotopes with A ~
110 located on the boundary of the r-process path were newly measured at
RIBF [1]. The ground-state properties such as deformation and superfluidity
in neutron-rich Zr isotopes up to the drip line had been studied by the Skyrme-
EDF method, and it had been predicted that the Zr isotopes around A = 110
are well deformed in the ground states [2].

To investigate the GT mode of excitation and S-decay properties of the
deformed neutron-rich Zr isotopes, we constructed a new framework of the
deformed HFB + proton-neutron QRPA employing the Skyrme EDF self-
consistently in both the static and dynamic levels [3]. We find that the 7" = 0
pairing enhances the low-lying strengths cooperatively with the 7' = 1 pair-
ing correlation, which shortens the 5-decay half-lives by at most an order of
magnitude. The new calculation scheme reproduces well the observed iso-
topic dependence of the 3-decay half-lives of deformed '°°~110Zr isotopes.
[1] S. Nishimura et al., Phys. Rev. Lett. 106, 052502 (2011).

[2] A. Blazkiewicz et al., Phys. Rev. C 71, 054321 (2005).
[3] K. Yoshida, Prog. Theor. Exp. Phys. (2013), 113D02.

*This work was supported by KAKENHI Grant Nos. 23740223 and 25287065.
fe-mail: kyoshida@nt .sc.niigata-u.ac.jp
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The structure of the Hoyle state via pair conversion
spectroscopy *

T. Kibédi',! A.E. Stuchbery', M.W. Reed!,

B. Alshahrani!'2, A. Ahmed?!, and R. Pitt!
YDepartment of Nuclear Physics, RSPE,
The Australian National University, ACT 0200, Australia and
2 Department of Physics, King Khaled University,
Abha, Kingdom of Saudi Arabia

Carbon is a major player in the evolutionary scheme of the universe be-
cause of its abundance and its ability to form complex molecules. Although
it is well established that the source of carbon is the 3« (triple-alpha) nuclear
reaction, the rate at which this process occurs in stars, via the Hoyle state
in 12C, is surprisingly poorly known. The current uncertainty of ~12.5%
on the radiative width of the 7.654 MeV EO and 3.215 MeV E2 transitions
de-exciting the Hoyle state limits our understanding of stellar evolution and
nucleosynthesis. We propose to directly observe the electron-positron pairs
of both electromagnetic transitions from the Hoyle state using the ANU su-
perconducting electron spectrometer, Super—e [1]. The radiative width of the
Hoyle state will be deduced from the relative intensity of the EQ and E2 tran-
sitions, from the theoretical pair conversion coefficient of the E2 transition
and from the pair—width of the 7.6 MeV EQ transition. The spectrometer was
significantly modified to detect high energy electron—positron pairs with well
defined energy—sharing and separation angle. Key component of the mea-
surements is an array of six Si(Li) detectors, each 9 mm thick to fully absorb
electrons and positrons up to 3.5 MeV energy. The detector is well shielded
from the intense photon background produced in the '2C(p,p’) reaction at
10.5 MeV resonant energy. In comparison to previous measurements based
on bare scintillator detectors, the new magnetic pair spectrometer offers a
much higher selectivity for electrons and positrons, combined with improved
energy resolution.

This talk will focus on the development of the new pair spectrometer, and
the analysis procedures required to determine the relative pair yields of the
7.654 MeV and 3.215 MeV transitions with high precision. Results of the first
experiments with the new magnetic pair spectrometer will be also reported.

[1] T. Kibédi, G.D. Dracoulis, A.P. Byrne, Nucl. Instr. and Meth. in Phys.
Res. A294 (1990) 523.

*This work is supported by the Australian Research Council Discovery scheme, grant number
DP140102986.
fe-mail: tibor.kibedi@anu.edu.au
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3n decay from °Be”

A. N. Kuchera™, A. Spyrout2, J. K. Smith%2, T. Baumann®,
J. Brown?, P. A. DeYoung?* N. Frank®, M. Jones'?, Z. Kohley*®,
M. Thoennessen'-2
INational Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, MI, USA
2Department of Physics & Astronomy,

Michigan State University, East Lansing, MI, USA
3Department of Physics, Wabash College, Crawfordsville, IN, USA
“Department of Physics, Hope College, Holland, M1, USA
>Department of Physics & Astronomy, Augustana College,
Rock Island, IL, USA
®Department of Chemistry,

Michigan State University, East Lansing, MI, USA

The neutron-unbound nucleus **Be was recently observed for the first
time [1]. A resonance at 1.8(1) MeV which decays to the ground state in
14Be was found using a (d,p) reaction from a *Be beam and tentatively
assigned to have a spin and parity of 5/2*. Previously, a two-proton
knockout reaction from ¥'C, which was expected to populate the 3/2* state,
did not produce a significant number of one-neutron decay events from
15Be, therefore only an upper limit for the cross section could be determined
[2]. Both experiments used the Modular Neutron Array (MoNA) together
with the Sweeper dipole magnet and charged particle detectors to make
measurements of the neutron-fragment coincidences from the decay of the
neutron-unbound systems. The ’C—2p—*°Be data was recently analyzed to
search for the missing 3/2* state in the 3n decay channel. This unbound
state in °Be would then sequentially decay through the first excited
unbound state of **Be, which then decays by two neutrons to *?Be.

[1] J. Snyder et al., Phys. Rev. C 88, 031303(R) (2013).
[2] A. Spyrou et al., Phys. Rev. C 84, 044309 (2011).

* This work was supported by the National Science Foundation under Grant
Nos. PHY-06-51627, PHY-06-06007, PHY-10-68217, and PHY11-02511;
the Department of Energy National Nuclear Security Administration under
Award No. DE-NA0000979; and DOE Award No. DE-FG02-92ER40750.

**e-mail: kuchera@nscl.msu.edu
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Precise Measurement of the First 2" Level Lifetime
in ’Be*

E.A. McCutchan®", C.J. Lister?, H. Iwasaki®, A.A. Sonzogni’,

T.D. Johnson', P. Chowdhury?, E. Merchan?, V.S. Prasher?, D. Weisshaar®,
A. Gade®, V.M. Bader®, S. Beceiro Novo®, C. Loelius®, E.M. Lunderberg®,
C. Morse®, F. Recchia®, and K. Whitmore
National Nuclear Data Center, Brookhaven National Lab, Upton, NY, USA
“Department of Physics, Univ. of Massachusetts, Lowell, MA, USA and
*Michigan State University/NSCL, East Lansing, MI, USA

For many years, it has been suggested that ?Be exhibits a breakdown of
the N=8 shell gap. This reflects the tension between the propensity for
alpha clustering in beryllium, with *?Be appearing as a 2-alpha dumb bell
bound by a cloud of four poorly bound neutrons, and a conventional Shell
Model picture with the N=8 neutrons filling the p-shell and holding the
nucleus to a near spherical shape. Evidence for this tension can be seen in
1-neutron knockout where nearly equal s and p spectroscopic strengths were
first discovered [1] and later even a significant d wave component [2] in the
ground state wave function. The first 2* level energy decreases
dramatically from 3.3 MeV in °Be to 2.1 MeV in **Be, suggesting a loss of
sphericity at N=8 and the occurrence of an “island of inversion” driven by
clustering. However, the corresponding B(E2) strength from the first 2*
also decreases somewhat in moving from *°Be to '?Be, although the latter
value stems from a single measurement [3] with large uncertainty.

To provide a better understanding of the extend of the breakdown of the
N=8 shell gap, the lifetime of the first 2* state in *Be was measured using
intermediate-energy inelastic scattering of a 2Be beam combined with the
Doppler Shift attenuation method. Gamma rays emitted at the target
position were measured with GRETINA in coincidence with reaction
residues detected in the S800 spectrometer at NSCL. Three different targets
were measured, allowing for consistency checks and a better understanding
of systematic effects. Preliminary results on the B(E2) transition strength
from the first 2*state in *?Be will be presented.

[1] A. Navin et al., Phys. Rev. Lett. 85, 266 (2000).
[2] S.D. Pain et al., Phys. Rev. Lett. 96, 032502 (2006).
[3] N. Imai et al., Phys. Lett. B 673, 179 (2009).

* This work was supported by the DOE Office of Nuclear Physics under
Contract No. DE-AC02-98CH10946 and Grant No. DE-FG02-94ER40848.
**e-mail: mccutchan@bnl .gov
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Nuclear Structure of light halo nuclei determined
from Scattering on heavy targets at ISAC-I1I

O. Tengblad'. M.J.G. Borge'*, J. Gomez-Camacho™, A. Moro*
I. Martel® and V. Pesudo' for the DINEX collaboration
! Instituto de Estructura de la Materia, CSIC, Madrid, Spain
2ISOLDE-PH, CERN, Geneve, Switzerland
3 Centro Nacional de Aceleradores and
4Dpt. de Fisica Atomica, Molecular Nuclear, Univ. Sevilla, Spain
> Dpt. de Fisica Aplicada, Universidad de Huelva, Spain

The loosely bound structure of halo nuclei should affect the collisions with
heavy targets at energies around the Coulomb barrier. One can thus expect a
departure from Rutherford scattering. This deviation shed light on the
structure as well as on how the scattering process depends upon the
coupling to the continuum.

The interplay of two effects will occur: Firstly, the Coulomb break-up
reduces the elastic cross section. Secondly, the distortion of the wave
function, generated by the displacement of the charged core with respect to
the centre of mass of the nucleus, reduces the Coulomb repulsion, and thus
the elastic cross sections.

We report here on a series of experiments performed at ISAC-11 at TRIUMF
to study the behaviour of the scattering of the light halo nuclei ''Li and ''Be
on heavy targets.

The results are interpreted in the framework of 4-body Continuum-
Discretized Coupled-Channel calculations. The departure from Rutherford
scattering at energies below the barrier is well beyond the expected
behaviour. Further more, the breakup probability data shed light on the
effective breakup energy as well as on the slope of the B(E1) distribution.

* This work was supported by the Spanish National Projects No. FPA2009-
07387, No. FPA2009-07653, No. FPA2009-08848, and No. FPA2010-
22131-C02-01, and by the Consolider-Ingenio 2010 Program CPAN
(CSD2007-0004

***e-mail: olof .tengblad@csic.es
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Aligned states in ***°B with the (d,a) reaction”

A. H. Wuosmaa>? ", J. P. Schiffer’, S. Bedoor?, M. Albers®, M. Alcorta’,

S. Almaraz-Calderon®, B. B. Back?, P. F. Bertone®, C. M. Deibel*,
C. R. Hoffman®, B. Kay?, J. C. Lighthall?, S. T. Marley?®, R. C. Pardo’,
K. E. Rehm®, D. V. Shetty?

YUniversity of Connecticut, Storrs, CT USA
Western Michigan University, Kalamazoo, Ml USA
®Argonne National Laboratory, Argonne, IL USA
*Louisiana State University, Baton Rouge, LA USA

We have used the **°C(d,a)'®**B reactions in inverse kinematics to
study aligned states at high excitation energy in the neutron-rich isotopes of
boron, ***3B. It has long been known that due to both nuclear structure and
reaction kinematics the (d,a) and (a.,d) reactions are highly selective [1]. In
particular, these reactions strongly favor the case where the proton and
neutron are transferred either from, or to the same j orbital with their spins
aligned, coupling to the maximum possible angular momentum (J=2j,
T=0). For light nuclei near stability, with comparable Fermi energies for
protons and neutrons such states are typically at low excitation energy. With
N>Z, such states involve orbitals that are unequally bound and more highly
excited, and are usually not populated in single-nucleon transfer. They have
generally not been explored in very neutron-rich nuclei.

We have used HELIOS [2] at the ATLAS facility at Argonne National
Laboratory to study the ****C(d,a))****B reactions with beams of **C and **C
at 17.1 and 15.7 AMeV, respectively. Recoiling boron nuclei were
identified in a silicon-detector telescope array, permitting the isolation of vy,
1n and 2n decay branches of states in ****B. In B, we observe the strong
excitation of the known 3" state at 5.61 MeV formed by the removal of an
aligned pn pair from the Opg, orbital. In *B the spectrum reveals a strong
peak near Ex=11 MeV which likely corresponds to the doublet formed by
the coupling of the **B [r(0pay2) "v(0pay) ‘13- state to a sy, neutron. Details
of the experiment will be presented, with a discussion of the implications of
such studies for other exotic nuclei.

[1] R. H. Pehl et al., Phys. Rev. 137, B114 (1965), N. Frascaria et al., Phys.
Rev. C 10, 1422 (1974).

[2] A. H. Wuosmaa et al., Nucl. Instrum. and Meth. in Phys. Research 580,
1290 (2007) and J. C. Lighthall et. al., Nucl. Instrum. in Phys. Res. 622, 97
(2010).

* Work supported by the U.S. DOE under contracts DE-FG02-04ER41320
and DE-AC02-06CH11357, and NSF grant PHY-1068217.
**e-mail: alan.wuosmaaRuconn.edu
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Nuclear Structure Theory and Double Beta Decay*

Jonathan Engel'f
YUniversity of North Carolina, Chapel Hill, NC 27599-3255, USA

Extracting the neutrino mass scale from an observation of neutrinoless
double-beta decay requires knowing the values of nuclear matrix elements
that govern the decay. At present the matrix elements carry a larger uncer-
tainty than experimentalists can happily tolerate. I describe recent develop-
ments in nuclear-structure theory that should let us reduce the uncertainty
considerably. Initial calculations both in nuclear density-functional theory
and in coupled-cluster theory are promising.

* This work was supported by the U.S. Department of Energy under Contract No. DE-FGO02-
97ER41019 and through the Scientific Discovery through Advanced Computing (SciDAC)
program funded by the U.S. Department of Energy, Office of Science, Advanced Scientific
Computing Research and Nuclear Physics, under Award No. DE-SC0008641, ER41896.

 e-mail: engelj@physics.unc.edu
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Nuclear structure of 130:132.134136 X e Relevance to shape
transitions and Ov 35 decay*

E.E. Peter§ T.J. Ros$?, A. Chakraborty-2, B.P. Cridef, A. Kumar-2,
M.T. McEllistren?, F.M. Prados-Estévéz, and S.W. Yate's*f
!Dept. of Chemistry, University of Kentucky, Lexington, KY, USA and

2Dept. of Physics & Astronomy,
University of Kentucky, Lexington, KY, USA

The stable isotopes of xenon span a region which exhibitsvatutéon
of nuclear structure from spherical to gamma-soft behavtars these nu-
clei may provide insight into the nature of this transitiddighly enriched
(>99.9%) 13%Xe, 32Xe, 13*Xe, and!?®Xe gases were converted to solid
130X eF,, 132XeR,, etc., and were used as scattering samples for inelastic
neutron scattering measurements at the University of Kdytéccelerator
Laboratory. Lifetimes of levels up to 3.5 MeV in excitationezgy in each
xenon isotope were measured using the Doppler-shift ater method.
Gamma rays corresponding to new transitions and levelslhese observed
and reduced transition probabilities have also been détednThis new in-
formation will be examined in an effort to elucidate the strue of these
nuclei in a transitional region.

The nuclear structure df*136Xe are also of relevance for neutrinoless
double-beta decay¢35) experiments, specifically those searching for the
decay of!3%Xe to *°Ba. For example, the detector constructed by the EXO
collaboration utilizes liquid xenon as the source and deteand is enriched
to 80% in 136Xe, while the remaining 20% i§**Xe. As neutrons may be
produced by either incident muons or natural radionucligiesent in the
surroundings, excited states in either isotope may be ptguiby inelastic
neutron scattering. Therefore,rays emitted upon de-excitation of either
136X e or 134 Xe which have energies near the33 decay end-point energy,
2458.7 keV, may obscure the observation of this rare decawy. Nrays cor-
responding to transitions ¥ Xe have been observed in this energy region,
within the resolution of the EXO detector. Gamma-ray prditunccross sec-
tions have been measured and will be discussed.

* This material is based upon work supported by the U.S. NaliScience Foundation under
grant no. PHY-1305801.
t Presenter
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High-Precision Half-Life Measurements for the
Superallowed Fermi 5+ Emitters '“O and '*Ne*

A.T. Laffoley'," C. Andreoiu?, R.A.E. Austin®, G.C. Ball*, P.C. Bender?,
V. Bildstein', B. Blank®, H. Bouzomita®, D.S. Cross?, G. Deng!, A. Diaz
Varela', M.R. Dunlop!, R. Dunlop', P. Finlay', A.B. Garnsworthy*,

P. Garrett!, J. Giovinazzo®, G.F. Grinyer®, G. Hackman*, B. Hadinia',
D.S. Jamieson', B. Jigmeddorj', S. Ketelhut*, K.G. Leach®, J.R. Leslie”,
B. Mills%, M. Moukaddam?, A.J. Radich!, M.M. Rajabali4, E.T. Rand?,
C.E. Svensson!, E. Tardiff*, J.C. Thomas®, P. Voss2, and C. Unsworth?
YUniversity of Guelph, Guelph, Ontario, Canada
2Simon Fraser University, Burnaby, British Columbia, Canada
3Saint Mary’s University, Halifax, Nova Scotia, Canada
4TRIUMF, Vancouver, British Columbia, Canada
5Université de Bordeaux, 33175 Gradignan, France
SGANIL, CEA/DSM-CNRS/IN2P3, 14076 Caen, France and
7Queen’s University, Kingston, Ontario, Canada

High-precision measurements of the ft values for superallowed Fermi /3
decays have provided invaluable probes of the Standard Model description
of the electroweak interaction [1]. These measurements have been used to
test the CVC hypothesis, provide the most precise determination of V,,4, and
search for possible extensions of the Standard Model. Half-life measurements
for 140 and '®Ne are of particular interest as the low-Z superallowed decays
are most sensitive to a possible scalar current contribution in the electroweak
interaction. The current precision of the ®Ne half-life and branching ratio
are not yet at the required level of precision to be included in the calculation
of the world average corrected Ft value for superallowed Fermi 31 emitters.
A recent high-precision branching-ratio measurement for '®Ne performed at
GANIL has prompted us to improve the precision of its half-life at TRIUMF.
Using the 87 ~y-ray Spectrometer, an array of 20 HPGe detectors; the ancillary
Zero-Degree Scintillator, a fast plastic scintillator placed behind the beam
implantation point on the tape transport system within the 8; as well as a 4w
proportional continuous-flow gas counter, two simultaneous and independent
half-life measurements were made for each of *O [2] and '®Ne, the precision
of the latter being improved by a factor of 3, to £0.025%. These new high-
precision half-life measurements for 140 and 8Ne will be presented and their
importance for setting limits on scalar currents in 3 decay will be discussed.
[1]J. C. Hardy and I. S. Towner, Phys. Rev. C 79, 055502 (2009).

[2] A. T. Laffoley et al., Phys. Rev. C 88, 015501 (2013).

* Work supported by the Natural Sciences and Engineering Research Council of Canada.
T e-mail: alaffoleRuoguelph.ca
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Nuclear polarization effects in muonic helium*

C.Jil,t S. Bacca2, N. Nevo Dinur®, and N. Barnea?
YTRIUME, 4004 Wesbrook Mall, Vancouver, BC V6T2A3, Canada
2Department of Physics and Astronony,

University of Manitoba, Winnipeg, MB, R3T2N2, Canada and
3Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel

The proton radius extracted from recent high-precision measurements of
the 2S-2P transition frequencies in muonic hydrogen pH [1, 2] disagrees sig-
nificantly with that determined from eH spectroscopy or e-p elastic scatter-
ing. Intrigued by the proton radius puzzle, new measurements of the Lamb
shift in muonic helium, i.e., p*He™ and p3He™, will be performed at PSI.
These measurements aim to extract the nuclear charge radius with a relative
accuracy of 3 x 10™%, limited by the uncertainty in the nuclear polarization
corrections. To resolve the radius puzzle, the nuclear polarization contribu-
tions, which strongly rely on our knowledge of nuclear forces and structures,
need to be calculated to 5% accuracy [3].

To achieve this accuracy, we present an ab-initio calculation of the nu-
clear polarization effects to the Lamb shift in y*He™ [4, 5]. Combining the
Lorentz integral transform method [6] and the hyperspherical harmonics ex-
pansion few-body method [7], we have obtained the *He response functions
for two different state-of-the-art nuclear potential models. With the newly
developed application of Lanczos algorithm [8], we studied different energy-
dependent sum rules of the response functions, which result in the leading
multipole contributions to the nuclear polarization, plus Coulomb, relativistic,
and finite-nucleon-size corrections. The systematic accuracy of our analysis,
based on the uncertainty from both nuclear and atomic physics, is estimated
to be comparable with the desired 5% goal. We will also discuss the extension
of the calculations to the nuclear polarization in y*He* and p®H.

[1] R. Pohl et al., Nature 466, 213 (2010).

[2] A. Antognini et al., Science 339, 417 (2013).

[3] A. Antognini et al., Can. J. Phys. 89, 47 (2011).

[4] C. Ji, N. Nevo Dinur, S. Bacca, N. Barnea, Phys. Rev. Lett. 111, 143402
(2013).

[5] C. Ji, N. Nevo Dinur, S. Bacca, N. Barnea, arXiv:1311.0938 (2013).

[6] V.D. Efros, W. Leidemann, G. Orlandini, Phys. Lett. B 338, 130 (1994).
[7]1 N. Barnea, W. Leidemann, G. Orlandini, Phys. Rev. C 61, 054001 (2000).
[8] N. Nevo Dinur, C. Ji, S. Bacca, N. Barnea, arXiv:1403.7651 (2014).

* This work is supported in parts by the Natural Sciences and Engineering Research Council
(NSERC), the National Research Council of Canada, and the Israel Science Foundation (Grant
No. 954/09).

 e-mail: jichen@triumf.ca
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Spectroscopy of isobaric analogue states in exotic
proton-rich nuclei

M. A. Bentley et. al.'*
' Department of Physics, University of York,
Heslington, York, YO10 5DD. United Kingdom

The very small differences in excitation energy between isobaric ana-
logue states can be interpreted in terms of Coulomb, and other isospin-non-
conserving, effects, and the analysis of these mirror- and triplet-energy dif-
ferences (MED/TED) have been shown to be a remarkably sensitive probe of
nuclear structure effects as well as shedding light on isospin non-conserving
(INC) interactions (e.g. [1-5]). New experimental techniques have been ap-
plied in the last few years to access excited states in proton-rich nuclei
heading towards the proton drip-line to perform these studies. Recently-
developed techniques, which have been shown to be extremely effective, in-
clude mirrored fragmentation/knockout reactions [4,6] and recoil-beta tag-
ging [3] and have yielded spectroscopy of excited states in the heaviest stud-
iedT, = —1, —% and —2 nuclei. In this talk, results from mirrored knockout
reactions performed at the NSCL facility will be presented for the 7' = 2
and T' = % mirror pairs with A=52, 53 and 51 and also data on one-neutron
knockout from the high-spin proton-emitting isomer in °3Co, leading to a
comprehensive new scheme for T, = —1 ®2Co. Mirror energy differences
(MED) for these nuclei have been analysed in the context of the shell-model
and results interpreted in terms of the influence of isospin non-conserving
phenomena. In this talk, an attempt is made to bring together all the data on
mirror-energy differences in the f% shell to draw conclusions on the influence
of isospin-non conserving interactions in this region (see e.g. [1,4,7]) such as
the previously established J = 2 anomaly in this region. To do this, global
fits of the shell-model predictions to experimental MED data have been per-
formed, across the f 1 shell, and the results will be presented. Some latest

results from MED/TED studies above *°Ni will also be presented.

[11 M. A. Bentley and S. M. Lenzi, Prog. Part. Nucl. Phys. 59, 497 (2007)
[2] A. P. Zuker et. al., Phys. Rev. Lett. 89, 142502 (2002)

[3] P. Ruotsalainen et. al., Phys. Rev. C 88, 041308(R) (2013)

[4] P. J. Davies et. al., Phys. Rev. Lett. 111 072501 (2013)

[5] K. Kaneko et. al., Phys. Rev. C 89 031302(R) (2014)

[6]J. R. Brown et. al, Phys. Rev. C 80, 011306 (2009)

[7] K. Kaneko et al., Phys. Rev. lett. 110 172505 (2013)

*e-mail: michael.bentley@york.ac.uk
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Collectivity and shapes of N=Z nuclel at A~70

B.S. Nara Singh’, A. Nichols!, R Wadsworth®", D.G. Jenkins!, M.A.
Bentley" C.J. Barton® and the MSU, REX-ISOLDE/ MINIBALL
collaborations
YUniversity of York, Heslington, York YO10 5DD, UK

The study of nuclei residing at and close to the N=Z line in the mass 60-80
region is of significant interest because of the presence of the gg, intruder
orbital and the fact that neutron-proton shell effects and correlations can
influence the structure of nuclel in the region. Thisis also aregion where
nuclear shapes can vary very rapidly with both nucleon number and
angular momentum. In this work we have performed the first low energy
Coulomb excitation measurement using a 2.85 MeV/u beam of "?Kr
produced by the REX-I1SOLDE facility at CERN. The beam impinged on a
10%pd target and gamma rays were detected by the MINIBALL array.

We have also made the first measurements of the lifetimes of the low-lying
states in the odd-odd nucleus™Br using a one nucleon knockout reaction at
the NSCL facility at MSU [1].

For "?Kr data analysis has been performed with GOSIA and the results then
combined with the known B(E2: 2°— 0%) value deduced from relativistic
Coulex/ lifetime measurements[2,3]. Our initial results indicate that the 2*
state in this nucleus has a negative spectroscopic quadrupole moment,
which is consistent with a prolate shape. Since many calculations and
previous experimental work [4] suggest that the ground state is oblate the
results provide evidence for arapid change in nuclear shape occurring at
low-spin. Thisresult is reproduced by calculations using a five dimensional
collective Hamiltonian with parameters determined by the mean-field wave
functions.

The lifetime results for “Br reveal a staggering of the B(E2: 2* — 0%)
values along the N=Z line, which can be explained by shell model
calculations using the GXPF1A interaction in an fp model space including
the Coulomb, spin-orbit and isospin non-conserving interactions. The
lifetime results for the 2" state and other low-lying statesin “°Br suggest
that the gy, orbit does not play an important role at low-spin in these nuclei.

[1] A. Nicholset al., sub to Phys. Lett. B (2014)

[2] A. Gadeet al. , Phys. Rev. Lett. 95 022502 (2005)
[3] H Iwasaki et a., Phys. Rev. Lett. (accepted) (2014)
[4] E Bouchez et d., Phys. Rev. Lett. 90 082502 (2003)

*e-mail: rwi0@or k. ac. uk
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Split Isobaric Analog state in *°Ni: A case of isospin
mixing

Vandana Tripathi'™", S.L. Tabor’, A. Volya', S. N. Liddick®?, P. C.
Bender'™, N. Larson?*?, C. Prokop??, S. Suchyta*?, P.-L. Tai' and J. M.
VonMoss'

'Department of Physics, Florida State University, Tallahassee Fl, USA
*Department of Chemistry, Michigan State University, East Lansing, USA
3National Superconducting Cyclotron Laboratory, Michigan State
University, East Lansing, MI, USA

Isospin symmetry first proposed by Heisenberg allows us to treat
neutrons and protons as two states of the same particle [1]. However the
fact that the Coulomb force differentiates between protons and neutrons
makes this only an approximate symmetry. Still isospin is a relatively good
quantum number as the level of violation is quite small and mostly
neglected. With the ability to produce exotic nuclei far from the valley of
stability, exploring the isospin degree of freedom is at the forefront of
nuclear physics. The neutron deficient region near N=Z is of great interest
for exploration of isospin mixing.

Finding examples in nature where violations are enhanced and allow for
quantitative examination remains a challenge. The B decay of the exotic
Tz=-3/2 nucleus **Cu allowed us to demonstrate breakdown of isospin
symmetry in a model independent manner [2]. The Fermi transition in this
case is expected to populate the Isobaric Analog State (IAS) in **Ni with a
log ft of 3.31. Isospin symmetry prevents any fragmentation of the Fermi
transition; however the study of B decay of **Cu revealed a strongly isospin
mixed doublet (20 keV apart) in *Ni which represents the fragmented IAS
(based on log ft values) in violation of the isospin symmetry, thus
representing its breakdown. From the experimental distribution of strength
and energy spacing the isospin mixing matrix element was extracted which
is quite small, 9(1) keV. Instead the near degeneracy of a pair of 3/2" levels
with different isospin in **Ni resulted in this strong splitting of the Fermi
strength.

[1] W.E. Heisenberg, Zeitschrift f. Physik 77, 1 (1932).
[2] V. Tripathi et al., Phy. Rev. Lett. 111, 262501 (2013)

* This work was supported by NSF grants, PHY-10-64819 ,PHY-11-02511
and by U.S. DoE contracts DE-SC0009883 and NNSA DE-NA0000979.

** e-mail: tripathi.vandana@mai | . com

**% Present address: TRIUMF, Vancouver, British Columbia, CANADA
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Low-lying T = 0 states in the odd-odd N = Z nucleus %>Ga*

H.M. David'," P.J. Woods', G. Lotay',* D. Seweryniak?, M. Albers?, M.
Alcorta?, M.P. Carpenter?, C.J. Chiara®3, T. Davinson!, D.T. Doherty",
C.R. Hoffman?, R.V.F. Janssens?, T. Lauritsen?, A.M. Rogers?, and S. Zhu?
YUniversity of Edinburgh, Edinburgh, EH9 3JZ, United Kingdom
2Physics Division, Argonne National Laboratory,

Argonne, Illinois 60439, USA and
3 University of Maryland, College Park, Maryland 20742, USA

New, low-lying levels in the odd-odd, N = Z nucleus 52Ga have been iden-
tified using a sensitive technique, wherein a variation of the recoil decay tag-
ging method has been allied with a mass-separator device for the first time.
In the system, in-beam -y rays from short-lived nuclei are tagged with 3 de-
cays following recoil mass identification. High levels of selectivity can then
be achieved by taking advantage of fast 5 decays exhibited by exotic nu-
clei near the proton drip-line, which are not observed in more stable isobaric
contaminants. A comparison of the new results with shell-model and IBM-4
calculations demonstrates good agreement between theory and experiment,
with the majority of predicted low-lying, low-spin T = 0 states now identi-
fied. There is a dramatic change in the level density at low excitation ener-
gies for the N = Z nucleus °>Ga when compared with neighbouring odd-odd
Ga isotopes where, in contrast, the low-lying level structure is dominated by
configurations with T' = 1 pairing interactions between excess neutrons. This
illustrates the distinctively different aspects of nuclear structure exhibited by
nuclei with N = Z. The %2Ga results and possibilities for future studies will
be presented in this talk.

*This work was supported by the US Department of Energy, Office of Nuclear Physics, under
contract number DE-AC02-O6CH11357.

TNow at Argonne National Laboratory; e-mail:hdavid@anl .gov

¥Now at University of Surrey
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Spin Orbit force and Nuclear forces at the drip line *

0. Sorlin®
LGrand Accélérateur National d’lons Lourds (GANIL),
CEA/DSM - CNRS/IN2P3, B. P. 55027,
F-14076 Caen Cedex 5, France

The advent of radioactive beams worldwide and the growing of detector
capabilities has brought access to the study of nuclear structure evolution far
from stability. Different facets of the nucleon-nucleon interactions (central,
tensor, spin-orbit) can be now explored as various combinations of protons
and neutrons orbits are filled by nuclei spanning from the valley of stability
to the drip-line. Moreover the effect of the drip-line on the effective nucleon-
nucleon force can also be studied as several experimental results can lead
information on unbound states.

In this presentation I shall show in the first part experimental results that
intend to bring information on the spin-orbit force. For this purpose I will
present recent data on the bubble nucleus 34Si obtained at GANIL using (d,p)
reaction with MUST2 and EXOGAM [1] as well at the NSCL/MSU facility
using one-proton knock-out reactions with the Gretina array and the S800
spectrometer. In a second part I propose to study the effect of the presence of
continuum on nuclear structure. For this purpose, I will present recent results
in the odd-odd nuclei 2425F and obtained at GANIL [2] and at GSI using
one-proton knock out reaction with the crystal ball and the LAND neutron
array. Comparison to modern nuclear models will be given as well. More-
over I shall present a selected choice of recent results obtained at GANIL
using the EXOGAM array and present some perspectives to be achieved in
the forthcoming AGATA campaign at GANIL.

[1] G. Burgunder et al., Phys. Rev. Letters 112 (2014) 042502
[2] A. Lepailleur et al., Phys. Rev. Lett. 110 (2013) 082502

*This work was supported by many agencies under several contracts.
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Ab-initio Green’s function theory and impact of
chiral three-body forces in mid mass isotopes”

C. Barbieril**, A. Cipollonel, T. Duguetz’S, P. Navrétil4, and V. Soma’
'Department of Physics, University of Surrey, Guildford GU2 7XH, UK
’CEA-Saclay, IRFU/Service de Physique Nucléaire,

91191 Gif-sur-Yvette, France
SNSCL, Michigan State University, East Lansing, MI 48824, USA and
*TRIUMF, 4004 Westbrook Mall, Vancouver, BC, V6T 243, Canada

The talk will discuss the effects of three-nucleon forces (3NFs) on the
structure of medium mass and neutron rich isotopes. Chiral interactions,
including 3NF at NNLO, have been tested in ab-initio theory along several
isotope chains near to oxygen, calcium and Nitrogen. We find that physics
in the one valence shell is correctly reproduced [1,2]. Higher mass isotopes
are still predicted slightly over bound and with underestimated radii, which
should be addressed in improved chiral models for the nuclear interactions.

Calculations of long chains of open shell isotopes are possible through
extensions of self-consistent Green’s function theory. These include the
Gorkov reformulation of the method and the addition of many-body
interactions [3,4].

We also exploit the same formalism to derive microscopic, ab-initio,
description of nucleon-nucleus optical potentials. Implications of tensor
force and non-locality on scattering at medium energies are pointed out.

[1] A. Cipollone et al., Phys. Rev. Lett. 111, 062501 (2013).

[2] V. Soma et al., arXiv:1312.2068v1 [nucl-th].

[3] V. Soma, C. Barbieri, and T. Duguet, Phys. Rev. C 87, 011303R (2013).
[4] A. Carbone et al., Phys. Rev. C 88, 054326 (2013).

* This work is in part supported by the STFC of UK under grants No.
**e-mail: C.Barbieri@Surrey.ac.uk
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Decorrelated behaviour of spin-orbit partners in
neutron-rich copper isotopes

P. Morfouace!, S. Franchoo!, M. Assié!, F. Azaiez!, D. Beaumel®,

S. Boissinot?, C. Borcea'!, R. Borcea'!, J. Burgunder?, L. Céceres?,
9

N. De Séréville', Z. Dombradi®, J. Elsevier'?, B. Fernandez Dominguez®,
A. Gillibert?, S. Giron!, L. Grassi'?, S. Grévy®, J. Guillot!, F. Hammache',
V. Lapoux?, B. Le Crom!, L. Lefebvre!, A. Lepailleur®, C. Louchart?,
G. Marquinez-Duran?, I. Martel Bravo?, I. Matea', A. Matta',

D. Mengoni®, A. Mutschler!, L. Nalpas2, D. Napoli”, M. Niikura®,

C. Petrone!!, F. Recchia®, F. Rotaru'!, A. M. Sanchez-Benitez?,
J.-A. Scarpaci®, D. Sohler®, O. Sorlin®, M. Stanoiu'!, I. Stefan’,

C. Stodel®, D. Suzuki!, J.-C.. Thomas?, and Z. Vajta®
Ynstitut de Physique Nucléaire, Orsay,

France *IRF U, Saclay, France 3GANIL,

Caen, France 4University of Huelva,

Spain 5CENBG, Bordeaux, France *MTA,

Atomki, Debrecen, Hungary "LNL, Legnaro,

Italy 8University of Padova, Italy °University of Santiago,

Spain *° University of Leuven, Belgium "' IFIN-HH, Bucharest,

Romania “?>Ruder Boskovié Institut, Zagreb, Croatia

In two (d,>He) transfer reactions with MUST2 at Ganil and the split-pole
at Orsay, we have determined the position of the proton hole states in the
neutron-rich 7!Cu and %°Cu isotopes. We have found that in 7' Cu the effect
of the N = 40 subshell crossing is contrary to expectation. From §-decay,
the f5/o first excited particle state in these isotopes was known to come
down rapidly in energy when passing N = 40 and even become the ground
state in “Cu. This sudden energy shift has been explained in a number
of theoretical works. The prediction for the f7/, spin-orbit partner was
that it would lower in energy as well through a related effect. The present
result, however, unveils that the hole strength of the f7 /2 orbital lies at
higher excitation energies than expected, indicating a decorrelated behaviour
between the spin-orbit partners. We remeasured the single-particle strength
in %9Cu in the corresponding (d,>He) reaction in order to extend the existing
data and in particular to make sure that there is a consistent analysis of
spectroscopic factors between both isotopes. Taking together the results from
both reactions, we find that additional mechanisms may have to be included
to understand the nuclear structure of the neutron-rich copper isotopes and
constrain the weakening of the Z = 28 shell gap towards doubly magic "®Ni.
State of the art shell model calculations performed by the Strasbourg group
will be presented.
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Systematic investigation of coupling of
particle-octupole phonon states around closed shell

nuclei by transfer, (n,y) and
neutron induced fission reactions

S. Leoni
University of Milano and INFN sez. Milano

The coupling between a particle and a phonon is a very important issue in
nuclear structure studies, being a key process at the origin of the
anharmonicities of vibrational spectra, quenching of spectroscopic factors
and damping mechanism of giant resonances. The experimental and
theoretical investigation of this problem is presented in connection with a
systematic gamma spectroscopy study around closed shell Ca, Ni, Sn and
Pb nuclei. Different reaction mechanisms are employed, such as transfer,
(n,y) and neutron induced fission. The focus is, in particular, on 47Ca, “Ca
[1,2] and ®Cu [3] nuclei, which provide evidence for particle-phonon
coupled states based on the 3 octupole phonons of the **Ca and *Ni cores,
respectively. They are among the few fully established examples of
particle-vibration coupling in nuclei with mass A<100, showing the
robustness of nuclear collectivity in rather light systems. Preliminary results
are also given for similar type of studies around the doubly magic **Pb and
13281 cores, following (n,y) reaction on *’Bi and neutron induced fission on
25U and **'Pu targets. Of particular interest is the investigation around the
28n core, which is very relevant for future experiments with radioactive
beams.

The presented results are from several experiments performed at Legnaro
National Laboratory, NIPNE (Bucharest) and ILL (Grenoble), using
complex detection systems based on HpGe arrays, such as CLARA,
ROSPHERE and EXOGAM, coupled to magnetic spectrometers (PRISMA)
or fast LaBr; scintillator detectors for lifetime measurements by fast timing
techniques.

[1] D. Montanari et al., Phys. Lett. B697, 288 (2011).
[2] D. Montanari et al., Phys. Rev. C85, 044301 (2012).
[3] G. Bocchi et al., accepted for publication in Phys. Rev. C.

e-mail: silvia.leoni@mi.infn.it
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Nuclear Structure Studieswith INGA *

R. Palitt
Tata Institute of Fundamental Research, Mumbai-400005, INDIA

An experimental campaign aimed at studying various high ppienom-
ena using Indian National Gamma Array (INGA) at the BARC-RIPel-
letron Linac Facility has been successfully completed. AN&a collabora-
tive research endeavour by the nuclear physics groups frovensities and
research institutions across India. The array consistirgglarge number of
Compton suppressed clover detectors was coupled to aldigiia acquisi-
tion system with 96 channels. The present system providgeehithrough-
put, better energy resolution and better stability of gairttie multi-detector
Compton suppressed clover array compared to its previaugeational sys-
tem with analog shaping. Selected results from this arrdlybsidiscussed
which highlight the exotic shapes, novel excitation modesiateresting iso-
mers of nuclei. Preliminary results from the experimentfrés to improve
the sensitivity and capability of the array by adding aacjlldetectors will
be described. In addition, simulation studies to improwe ghlectivity and
photopeak efficiency of the large gamma detector array uréuvill be pre-
sented.

*Author would like to thank the INGA collaboration for the agut. The help of the accelerator
staff for providing stable beam during the campaign is gulefacknowledged. This work

was partially funded by the Department of Science and TedgyplGovernment of India (No.

IR/S2/PF-03/2003-11).

fe-mail:pal it@ifr.res.in
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Gamma ray spectroscopy with AGATA with slow
and fast beams

G. de Angelis'
'INFN, Laboratori Nazionali di Legnaro, Italy

The study of neutron-rich nuclei with unusually large neutron/proton
ratio is challenging the conventional description of the structure of nuclei.
Almost a decade of investigation has established that when moving from
the B - stability to the drip line, the shell structure undergoes important
modifications with the possible disappearance of the usual shell gaps and
the emergence of new magic numbers. This behaviour has been attributed to
the dynamic effects of the nucleon-nucleon interaction, its density
dependence, linked to the reduction of the spin-orbit contribution for more
diffuse systems, and the influence of the proton-neutron interaction and of
its higher order term, the tensor force. Recently also three-nucleon forces
have been invoked in order to justify the stabilization of the nuclear shells.
Unexpected shell erosions have been found all over the nuclear chart,
together with the appearance of low lying intruder states in supposedly
semi-magic nuclei, giving rise to the so-called islands of inversion. One
example is the Ni isotopic chain (Z=28) which covers two doubly-closed
shells with neutron numbers N=28 and 50 therefore providing an almost
unique testing ground for investigating the evolution of the shell structure in
neutron rich nuclei.

Binary reactions such as Coulomb excitation, deep-inelastic and multi-
nucleon transfer reactions are a powerful tool to populate yrast and non
yrast states in neutron-rich nuclei using stable or radioactive nuclear beams,
particularly in combination with high resolution gamma-ray detector arrays.
Results from the AGATA experimental campaigns at LNL and recently at
GSI, together with selected examples from others high and low resolution
gamma ray spectroscopy detectors, will be presented. Future experimental
campaigns and perspectives of the AGATA array will also be illustrated.

*e-mail: giacomo.deangelis@lnl.infn.it
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GRETINA:
Physics Highlights and Future Plans*

Augusto O. Macchiavelli **
Lawrence Berkeley National Laboratory, Berkeley CA 94720

GRETINA [1] is a first implementation of a gamma-ray spectrometer which
is capable of tracking gamma-rays through its active detector volume. It
consists of seven, four-crystal modules (6x6 segments). Each crystal is
individually encapsulated with all four crystals sharing a common cryostat.
The irregular, tapered hexagonal crystals pack into a spherical shell with the
seven modules spanning 17 solid angle.

GRETINA was constructed and commissioned at LBNL. It completed its
first physics campaign at NSCL/MSU in July of 2013 and is now running at
ATLAS/ANL. In this talk, T will give a short overview of the project,
discuss some technical aspects and the performance of the array, present
highlights from the experimental program carried out at NSCL, and some
initial results from the ATLAS campaign.

Future plans for GRETINA as well as its evolution into GRETA, a full 4%
array, will also be discussed.

[1] S. Paschalis, I.Y.Lee, ef al. NIM A709 (2013) 44-55

*GRETINA was funded by the US DOE - Office of Science.
Operation of the array at NSCL is supported by NSF under
Cooperative Agreement PHY-1102511(NSCL) and DOE under
grant DE-AC02-05CH11231(LBNL).

** aom@lbl.gov
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The GRIFFIN Spectrometer at TRIUMF-ISAC *

A.B. Garnsworthy! on behalf of the GRIFFIN Collaboration
LTRIUME, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada

Gamma-Ray Infrastructure For Fundamental Investigations of Nuclei
(GRIFFIN) is the new decay spectroscopy facility for TRIUMF-ISAC, which
will begin physics experiments in the fall schedule of 2014. GRIFFIN is
an array of 16 large-volume hyper-pure germanium clover detectors coupled
with a suite of ancillary detector systems and a custom-built digital data ac-
quisition system. The absolute singles photo-peak efficiency will be ~17%
at 1.3 MeV. The suite of ancillary detector systems presently includes the
SCEPTAR array of plastic scintillators for beta-tagging, the PACES array of
cryogenically-cooled lithium-drifted silicon counters for high-resolution in-
ternal conversion electron spectroscopy and an array of lanthanum bromide
scintillators for fast gamma-ray timing measurements. In addition, beginning
in 2015, GRIFFIN will be combined with arrays of neutron detectors, such as
the DESCANT array, developed by the University of Guelph and TRIUMF,
to enable studies of beta-delayed neutron emitting nuclei relevant to the as-
trophysical r-process.

The low-energy area of ISAC-I has been reconfigured and the new experi-
mental equipment is being installed during the first half of 2014. Experiments
are planned for an early-implementation of the GRIFFIN facility during the
fall schedule of 2014. The array will be completed in 2015 with the full com-
plement of 16 clovers. GRIFFIN will greatly enhance the capabilities in the
nuclear structure, nuclear astrophysics and fundamental symmetries research
programs with stopped radioactive beams available from ISAC and in the fu-
ture ARIEL. A detailed overview of the GRIFFIN project as well as an update
on the installation and commissioning will be presented.

*The GRIFFIN spectrometer is funded jointly by the Canada Foundation for Innovation (CFI),
TRIUMF and the University of Guelph. Operational funding for GRIFFIN is provided by the
Natural Sciences and Engineering Research Council of Canada (NSERC).

A-122



Notes

A-123



The TIGRESS Integrated Plunger Device for
Electromagnetic Transition Rate Studies at TRIUMF

P. Voss',* C. Andreoiu’, R. Ashley!, R. A. E. Austin?, G. C. Ball?,
P. C. Bender?, A. Bey3, A. Cheeseman?, A. Chester!, D. S. Cross',
T. E. Drake*, A. B. Garnsworthy®, G. Hackman®, R. Henderson?,
R. Holland', S. Ketelhut®, P. Kowalski', R. Kriicken?, A. T. Laffoley®,
K. G. Leach?, D. Miller3, W. J. Mills®, M. Moukaddam?,

C. J. Pearson®, J. Pore!, E. T. Rand®, M. M. Rajabali®, U. Rizwan®,
J. Shoults!, K. Starosta', C. E. Svensson®, E. Tardiff>,

C. Unsworth?, K. Van Wieren!, Z. -M. Wang!-3, and J. Williams'
YSimon Fraser University, Burnaby, BC, Canada V5A 156
2st. Mary’s University, Halifax, NS, Canada B3H 3C3
S3TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3
4Univ.ersity of Toronto, Toronto, ON, Canada M5S 1A7 and
5University of Guelph, Guelph, ON, Canada N1G 2W1

Quantifying the evolution of nuclear structure with increasing proton-
neutron asymmetry is a major focus of current experimental efforts. At
TRIUME, accelerated beams from ISAC-II permit access to this information
for a wide range of radionuclides via in-beam gamma-ray spectroscopy with
TIGRESS. Doppler-shift lifetime and Coulomb excitation measurements
play an important role in this pursuit, shedding light on the processes which
govern nucleon motion and benchmarking theoretical models.

Accordingly, the development of the TIGRESS Integrated Plunger (TIP)
[1] presents the opportunity for nuclear structure studies using TIGRESS in
combination with a suite of ancillary detector systems for charged-particle
tagging and light-ion identification following a variety of nuclear reaction
mechanisms. The TIP silicon PIN diode wall, annular silicon segmented de-
tector, and CsI(T1) scintillator wall have enabled particle-gamma correlation
investigations for reaction channel selectivity and kinematic reconstruction.

The first in-beam tests have highlighted the flexibility of TIP. Exit channel
selectivity via pulse-shape analysis of CsI(Tl) waveforms has been demon-
strated. Moreover, complementary transition rate studies of self-conjugate
36 Ar by Doppler-shift attenuation and Coulomb excitation techniques have
been performed to help resolve discrepancies in the literature. Such measure-
ments can grant access to both lifetimes and quadrupole moments with the
same setup, minimizing systematic uncertainties. An overview of the TIP
device and a discussion of recent results and analysis will be presented.

[1] P. Voss et al. Nucl. Instr. and Meth. A746, (2014) 87.

* e-mail: voss@triumf.ca
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Facility for Rare Isotope Beams under
Construction”

Georg Bollen
Facility for Rare Isotope Beams (FRIB),
Michigan State University, East Lansing, M1 48824 USA

FRIB, the US’s “Facility for Rare Isotope Beams” under construction at
Michigan State University (MSU), will be based on a 400 kW, 200 MeV/u
heavy ion linac. Once realized, FRIB will be a world-leading rare isotope
beam facility, providing a wide variety of high-quality beams of unstable
isotopes at unprecedented intensities, opening exciting research perspectives
with fast, stopped, and reaccelerated beams. This talk will summarize the
science opportunities with FRIB and present the status of the FRIB project.

* This material is based upon work supported by the U.S. Department of
Energy Office of Science under Cooperative Agreement DE-SC0000661, the
State of Michigan and Michigan State University. Michigan State University
designs and establishes FRIB as a DOE Office of Science National User
Facility in support of the mission of the Office of Nuclear Physics.
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Measurements on neutron-rich isotopes with low-
energy and reaccelerated beams at CARIBU

1’2**
G. Savard
Argonne National Laboratory, Argonne, Illinois, USA
“University of Chicago, Chicago, Illinois, USA

The Californium Rare lon Breeder Upgrade (CARIBU) of the ATLAS
superconducting linac facility provides low energy and reaccelerated
neutron-rich radioactive beams to address key nuclear physics, astrophysics
and application issues. These beams are obtained from fission fragments of
a 1.7 Ci *°°Cf source, thermalized and collected into a low-energy particle
beam by a helium filled RF gas catcher, mass analyzed by an isobar
separator, and charge bred to higher charge states for acceleration in
ATLAS. The methods used by CARIBU are fast and universal so that the
short-lived isotope yield scales essentially with Californium fission yield.

So far, mass separated radioactive beams of over 100 neutron-rich
species have been used for experiments at low energy and a few
experiments have been carried out with higher-energy radioactive beams
charge bred with an efficiency of up to 14% and reaccelerated to 6 MeV/u.
Experimental results obtained through mass measurements and beta-
delayed gamma and beta-delayed neutron measurements with the low-
energy beams, and Coulomb excitation with the reaccelerated beams, will
be presented. Ongoing improvements to CARIBU with the introduction of a
new EBIS charge breeder and an MRTOF mass selection system to improve
the purity and intensity of the CARIBU beams will also be presented.

* This work was supported in part by the U.S. DOE, Office of Nuclear
Physics, under contract DEAC02-06CH11357.
** e-mail: savard@anl .gov
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The ARIEL Facility

Lia Merminga
TRIUME, Vancouver, BC, Canada

TRIUMF has embarked on the construction of ARIEL, the Advanced Rare
IsotopE Laboratory, with the goal to substantially expand TRIUMF’s existing
capabilities in rare isotope production and utilization for nuclear physics and
astrophysics, materials science and health science.

ARIEL will use proton-induced spallation and electron-driven photo-
fission of ISOL targets for the production of short-lived rare isotopes that
are delivered to experiments at ISAC.

The first stage of ARIEL, funded in 2010 and on-track for completion in
2014, consists of a state-of-the-art 25 MeV, 100 kW superconducting radio-
frequency electron linear accelerator (e-linac) and the ARIEL building.

The next stage of ARIEL, ARIEL-II, will add new isotope production and
delivery systems to begin a broad program of up to 3 simultaneous experi-
ments, with a wider variety of exotic isotope species that will significantly
increase both the science productivity and impact.

The project is organized in five phases designed to interleave science and
construction to ensure a continuous stream of scientific results while new
capabilities are brought on line.

I will present an overview of ARIEL, beginning with an update on the
e-linac commissioning, and will discuss the phases, capabilities, science ob-
jectives, and timeline.
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The Active-Target Time-Projection-Chamber: First
Results*

T. Ahnt,T F. Abu-Nimeh!, D. Bazin?, J. Bradt!, S. Beceiro Novo!,

A. Fritsch!, J. J. Kolata?, W. Lynch!, W. Mittig!, D. Suzuki®, and N. Usher!
! National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, MI 48824, USA
2Department of Physics, University of Notre Dame,
South Bend, IN 46556, USA and
SInstitut de Physique Nucleaire, 91400 Orsay, France

Reaccelerated radioactive beams near the Coulomb barrier that will soon
be available with the ReA3 accelerator at NSCL will open up new opportuni-
ties for the study of nuclear structure approaching the driplines. To take full
advantage of these radioactive beams, a new detector, the Active-Target Time-
Projection-Chamber (AT-TPC), has been developed, which has the ability to
image charged-particle tracks in its gas-filled volume. The use of this volume
simultaneously as the target for nuclear reactions allows for an increase in lu-
minosity while maintaining good energy resolution. A commissioning exper-
iment was recently performed to characterize the performance of the detector
under real experimental conditions. An « beam of 1.5 MeV/n from the ReA3
accelerator was used to investigate « + « scattering where the measurement
of the Mott cross section at 90° can give information on the long range part of
the nuclear potential [1]. The first results from the commissioning experiment
will be presented.

[1] L. F. Canto et al., Phys. Rev. C 89, 024610 (2014).

FIG. 1. An illustration of the AT-TPC detector inside of the solenoid magnet.

* This work was supported by NSF MRI Award PHY-0923087.
T e-mail: ahn@nscl.msu.edu

A-134



Single-particle and collective excitations in
neutron-rich Ni isotopes”

M. Albers™, C. Hoffman, S. Zhu, R. V. F. Janssens, J. Gellanki,
I. Ragnarsson, C. J. Chiara, P. Chowdhury, A. Gade, C. J. Lister,
E. A. McCutchan, and the
Argonne, Florida State University, University of Manchester, University
of Massachusetts, Lund University, University of Maryland, Michigan
State University Collaboration

In order to obtain information on shell-driving effects in neutron-rich Ni
isotopes between neutron numbers N = 28—40 from their behavior at high
spins, a study of excited nuclear states up to an excitation energy of ~28
MeV and probable spins up to 28 h was carried out with the
Mg(*Ca,20Xny) reaction at ATLAS with Gammasphere and the FMA at
beam energies between 275 MeV and 320 MeV. Several collective bands,
built upon states of single-particle character, were identified in *>*¢Ni.
Transition quadrupole moments were extracted for some of those bands,
herewith quantifying the deformation at high spin. The results have been
compared with shell-model and cranked Nilsson-Strutinsky calculations.
Despite the Z = 28 shell closure and the approach to the purported N = 40
subshell, the ®Ni, “Ni, and *Ni isotopes are able to sustain collective
excitations at moderate and high spin.

The results of this work will be shown and discussed.

* This work was supported in part by the U.S. DoE, Office of Nuclear
Physics, under Contract No. DE-AC02-06CH11357 and Grants No. DE-
FG02-94ER40834 and No. DE-FG02-08ER41556, by the NSF under
Contract No. PHY-0606007, by the Swedish Research Council, and by the
United Kingdom Science and Technology Facilities Council (STFC).

**e-mail: malbers@phy.anl.gov
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A walk in PARADISE at ISOLDE

Purification-Assisted RadioActive Decay and Ionisation Spectroscopy of Exotic nuclei

T.E. Cocolios'on behalf of the RILIS-LIST-Windmill,

ISOLTRAP, and CRIS Collaborations*
' Nuclear Physics Group, The University of Manchester, United Kingdom

The study of exotic nuclei at radioactive ion beam facilities often suffers
from high isobaric contamination as interests gravitate towards more exotic
nuclei. At the CERN-ISOLDE facility, several avenues have been recently
explored to address this issue.

Selective ionisation with the Resonance Ionisation Laser Ion Source
(RILIS) combined with the suppression of contaminants with the Laser Ion
Source and Trap (LIST) has been successfully used online at ISOLDE. It has
allowed the first study of the neutron-rich isotopes 2!7-219Po for laser and
a-decay spectroscopy [1] at the border of the region of reflection asymmetry.

At the ISOLTRAP mass spectrometer, state-of-the-art ion traps and a new
Tape Station (TS) are combined for decay spectroscopy of ultra-pure samples.
This setup can alternatively be used for isotope identification, and subsequent
mass measurement in the high-resolution Penning trap. This technique has
recently been applied to isomers in the neutron-deficient thallium isotopic
chain [2], revealing new information about shape coexistence in the vicinity
of 186Pb,

Finally, the Collinear Resonance Ionisation Spectroscopy (CRIS) tech-
nique has recently been applied by means of a new experimental setup to
study the ground-state properties of the francium isotopes from 202Fr to 23! Fr.
A key point of the technique is the combination of high resolution collinear
laser spectroscopy with particle identification. This is exemplified in the case
of 204Fr, where pure beams of the ground state and each of the two long-lived
isomers have been produced and the branching ratio in the decay of the (107)
isomer has been determined accurately for the first time [3].

In this contribution, I shall report on those recent developments and their
impact on nuclear structure in the vicinity of Z = 82.

[1] D. A. Fink et al. Nucl. Inst. and Meth. B, 317:417-421, 2013.
[2] J. Stanja et al. Phys. Rev. C, 88:04322, 2013.
[3] K. M. Lynch et al. Phys. Rev. X, 4:011055, 2014.

*e-mail: thomas.cocolios@manchester.ac.uk
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Single-particle and Collective Band Structures in ¢1Co*

A.D. Ayangeakaal,T S. Zhu!, R.V.F. Janssens!, M. Albers!, M. Alcorta’,
T. BaugherQ’?’, P. F. Bertone!,f M.P. Carpenterl, C.J. Chiaral?, P.
Chowdhury®, A. N. Deacon®,® A. Gade?3, B. DiGiovine!, C. R. Hoffman',
F. G. Kondev”, T. Lauritsen®, C. J. Lister!,Y E. A. McCutchan®,**
D. S. Moerland™®, C. Nair!, A. M. Rogers!,’T and D. Seweryniak!

Y Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
2 National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, Michigan 48824, USA
3 Department of Physics and Astronomy,

Michigan State University, East Lansing, Michigan 48824, USA
4 Department of Chemistry and Biochemistry,

University of Maryland, College Park, Maryland 20742, USA
5 Department of Physics, University of Massachusetts,

Lowell, Massachusetts 01854, USA
8 School of Physics and Astronomy,

Schuster Laboratory, University of Manchester,

Manchester M13 9PL, United Kingdom
"Nuclear Engineering Division, Argonne National Laboratory,
Argonne, Illinois 60439, USA and
8 Department of Physics, Florida State University,

Tallahassee, Florida 32306, USA

An extensive study of the level structure of 51Co has been performed fol-
lowing the 26Mg(*®Ca, 2a4npy)®'Co reaction at a beam energy of 320 MeV,
using Gammasphere and the fragment mass analyzer (FMA). Two quasi-
rotational bands consisting of stretched-FE2 transitions have been observed
up to spins 39/2% and 41/2h, and excitation energies of 10 and 17 MeV,
respectively. These bands are built upon states with single-particle charac-
ter. In addition, two AT = 1 bands, reminiscent of the magnetic rotational
bands observed in 8Fe [1] have also been identified, along with a number
of other single-particle levels. A detailed discussion, complemented by theo-
retical calculations, of the observed band structures will be presented within
the context of shell structure evolution and collectivity in the A ~ 60 mass
region.

[1] D. Steppenbeck, R. V. F. Janssens, et. al. Phys. Rev. C 85 044316 (2012)

* This work was supported in part by the U.S. DOE, Office of Nuclear Physics, under Con-
tract No. DE-AC02-06CH11357 and Grants Nos. DE-FG02-94ER40834 and DE-FGO02-
08ER41556, by the NSF under Contract No. PHY-0606007, and by the UK Science and
Technology Facilities Council (STFC).

T e-mail: ayangeakaa@anl.gov

¥ Present Address: Marshall Space Flight Center, Building 4600 Rideout Rd, Huntsville, AL
35812, USA.

§ Present Address: Cargo Division, Rapiscan Systems, Stocke-on-Trent ST8 7PL, UK.

9 Present Address: Department of Physics, Univ. of Massachusetts, Lowell, MA 01854, USA.

** Present Address: NNDC, Brookhaven National Laboratory, Upton, NY 11973-5000, USA.
T Present Address: Nuclear Science Division, Lawrence Berkeley National Laboratory, Berke-
ley, CA 94720, USA.
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RESONEUT- A Low Energy Neutron Detector
Setup for studying (d,n) Reactions in Inverse
Kinematics.

Lagy T Baby", S. Kuvin" I Wiedenhéver', D. Gay?
! Department of Physics, Florida State university, Tallahassee, F1, USA
2 Department of Physics, University of North Florida, Jacksonville, Fl,
USA

A compact array of low energy neutron detectors have been developed
for use with the RESOLUT radioactive beam facility at the
superconducting accelerator laboratory at the Florida State University. The
array consists of 12 P-Terphenyl crystals coupled to mcp-pmt's with
excellent timing and has excellent characteristics for discriminating
neutrons and gamma radiations through pulse shape analysis. The main
motivation for installing these detectors is to study the 1=0 and I=1
resonances in astrophysically significant nuclei populated through (d,n)
reactions. Combined with charged particle detectors and a large acceptance
Nal array surrounding the target area, this setup allows the study of either
proton decaying resonances or gamma-decaying states in nuclei of interest.
A number of test runs with '?C(d,n)"*N reaction has demonstrated the
sensitivity of this setup for detecting and discriminating low energy
neutrons.

*e-mail: lagyv@nucmar .physics. fsu.edu
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Deriving the Nuclear Shell Model Microscopically *

A. F. Lisetskiy',! B. R. Barrett,! E. Dikmen 2,

P. Mari¢, A. M. Shirokov*'*?, and J. P. Vary
1University of Arizona, Tucson, AZ 85721, USA
2Suleyman Demirel University, Isparta, Turkey
3lowa State University, Ames, |A 50011, USA

“Lomonosov Moscow State University, Moscow 119234, Russiti a
SPacific National University, Khabarovsk 680035, Russia

One of the long term goals of nuclear-structure theory has e derive
the input for standard, inert-core shell-model (SM) catiohs from the fun-
damental nucleon-nucleon (NN) and three-nucleon (NNNdraattions. Ad-
vances in our understanding of these basic forces, alotgngitv and/or im-
proved nuclear many-body techniques and enhanced comgajebilities,
have created a Renaissance in nuclear structure and retoetary, especially
for light nuclei,i.e., A < 18. Thus, one would like to use what has been
learned for light nuclei to derive the standard SM paransetes., the core
energies, the single-particle (s.p.) energies, and thentwateon effective in-
teractions, from the bare NN and NNN interactions. With tree@bre Shell
Model (NCSM) [1,2,3] one can perform such a derivation byt fiexrforming
a standard NCSM calculation for a nucleus with a doubly-malgised core
plus two-valence nucleons,g.,'®F. The results of such a converged NCSM
calculation can be used to do a projection into the lowessiptes energy
state of that nuclide. These projected matrix elementsloam be separated
into a core energy, s.p. energies and two-nucleon effeattezaction matrix
elements, appropriate for performing standard SM calmriat[4,5]. This
procedure will be described in detail and applied to nuciehe sd-shell.

[1] P. Navrétil, J. P. Vary, and B. R. Barrett, Phys. Rev.tL&4, 5728 (2000);
Phys. Rev. (B2, 054311 (2000).

[2] P. Navrétil, S. Quaglioni, I. Stetcu, and B. R. Barrelt,Phys. G236,
083101 (2009).

[3] Bruce R. Barrett, Petr Navratil and James P. Vary, PRagt. Nucl. Phys.
69, 131 (2013).

[4] A. F. Lisetskiy, B. R. Barrett, M. K. G. Kruse, P. Navriati. Stetcu, and J.
P. Vary, Phys. Rev. @8, 044302 (2008).

[5] E. Dikmen, A. F. Lisetskiy, B. R. Barrett, P. Maris, A. MhBokov, and
J. P. Vary, to be published.

*Support by NSF PHY-0845912, 0904782; DOE DESC0008485, BBZ-87ER40371.
TNow at Mintec, Inc., Tucson, AZ
te-mail:bbar r et t @hysi cs. ari zona. edu
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Levels in 120:122:124.126Cq Isotopes Beta decays of
120,122,124,126 A g *

J. C. Batchelder!,! N. T. Brewer?, C. J. Gross®, R. Grzywacz®4,
J. H. Hamilton?, M. Karny>®, A. Fijalkowska*", S. H. Liu!, K.
Miernik3, S. W. Padgett?, S. V. Paulauskas?, K. P. Rykacewski®,
A. V. Ramayya?, D. W. Stracener?, and M. Wolinska-Cichocka®3
L UNIRIB/Oak Ridge Associated Universities, Oak Ridge TN 37831, USA
2 Vanderbilt University, Nashville TN 37235, USA
3 Physics Division, Oak Ridge National Laboratory, Oak Ridge TN 37931, USA
4 University of Tennessee, Knoxville TN 37996, USA and
5 Faculty of Physics, University of Warsaw, 00-681 Warsaw, Poland

The lowest lying levels in the neutron-rich even-even Cd isotopes have
structures that resemble an anharmonic vibrator coupled to 2-proton intruder
states. Deviations from this simple picture have been shown to occur in
112=116,120C( jsotopes [1,2]. In particular, none of the observed 0* and 2+
states previously assigned as three phonon states decay in a manner consis-
tent with a multiphonon state. If the explanation for the discrepancy between
observed and expected decays of these states at least partially arises from
mixing with intruder states, the picture should become more clear further
from the neutron mid-shell as there will be less mixing of the N-phonon and
intruder levels due to the increase in energy of intruder states. In order to de-
termine the systematics of these states in Cd across the neutron shell we have
measured the beta decays of the heavier even-mass 122:124:126 Ag isotopes.

Silver-122,124,126 ions were produced via the proton-induced fission of
238U at the HRIBF at ORNL. Fifty MeV protons were bombarded on a UCx
target, and the fission products were then separated by the High Resolution
Isobar Separator and deposited on a moving tape collector directly in the cen-
ter of the LeRIBSS (Low-Energy RIB Spectroscopy Station) array. Many new
levels in 122:124:126C(d have been observed. These results will be presented
and discussed.

[1] K. L. Green, etal., Phys. Rev. C 80, 032502(R) (2009).

[2] J. C. Batchelder, etal., Phys. Rev. C. 86, 064311 (2012).

*This work has been supported by the U. S. Department of Energy, Office of Nuclear Physics un-
der contracts DE-AC05-760R00033 (UNIRIB), DOE-AC05-000R22725 (ORNL), DE-FGO05-
88ER40407 (Vanderbilt University), DE-FG02-96ER40983 (University of Tennessee).

fe-mail: bat chelderjcRornl.gov
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In-beam ~-ray spectroscopy of **Mn*

T. Baugher™2," A. Gade'2, R. V. F. Janssens®, S. M. Lenzi*, D. Bazin'
M. P. Carpenter?, C. J. Chiara®®, A. N. Deacon®, S. J. Freeman®,
G. F. Grinyer’, C. R. Hoffman®, B. P. Kay®, F. G. Kondev®, T.
Lauritsen®, S. McDaniel':2, K. C. Meierbachtol!:2, A. Ratkiewicz!:2,}
S.R. Strobergl’z, K. A. Walsh!>2, D. Weisshaar!, and S. Zhu?

! National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA
2Department of Physics and Astronomy,

Michigan State University, East Lansing, Michigan 48824, USA
3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Dipartiment0 di Fisica e Astronomia dell’Universita and INFN,
Sezione di Padova, 1-35131 Padova, Italy
SDepartment of Chemistry and Biochemistry,

University of Maryland, College Park, Maryland 20742, USA
8School of Physics and Astronomy, University of Manchester,
Manchester M13 9PL, United Kingdom
"Grand Accélérateur National d’lons Lourds (GANIL),
CEA/DSM-CNRS/IN2P3, Bvd Henri Becquerel, 14076 Caen, France
8 Nuclear Engineering Division, Argonne National Laboratory,
Argonne, Illinois 60439, USA and
Department of Physics and Astronony,

Rutgers University, Piscataway, New Jersey, 08854, USA

k)

Neutron-rich, even-mass chromium and iron isotopes approaching neutron
number N = 40 have been important benchmarks in the development of
shell-model effective interactions incorporating the effects of shell evolution
in the exotic regime. Odd-mass manganese nuclei have received less atten-
tion, but provide important and complementary sensitivity to these interac-
tions. We report the observation of two new ~-ray transitions in %*Mn, and
the low-lying level scheme and the excited-state lifetimes are compared with
large-scale shell-model calculations using different model spaces and effec-
tive interactions in order to isolate important aspects of shell evolution in this
region of structural change.

* This work was funded in-part by the NSF under contract PHY-0606007; by the US DOE,
Office of Nuclear Physics, under contracts DE-AC02-06CH11357 and DE-FG02- 08ER41556
and by the UK Science and Technology Facilities Council (STFC). TB is supported in-part by
Rutgers University under NSF grant 1067906.

T e-mail: travis.baugher@gmail . com; Present address®

¥ Present address®
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The Search for Cluster Structure in 1“C with the Prototype
Active Target-Time Projection Chamber (pAT-TPC) *

S. Beceiro!
e-mail: beceiro@nscl.msu.edu

A. Fritsch!, W. Mittig!, D. Suzuki?, T. Ahn', D. Bazin!, Z. Chajecki’,
W. Lynch!, J. Kolata®, A. Howard?, A. Roberts?, X. Tang?, and F. Becchetti*
! National Superconducting Cyclotron Lab, Michigan State University
2Institut de Physique Nucléaire, Orsay
8 University of Notre Dame, South Bend, Indiana and
4University of Michigan, Ann Arbor, Michigan

Certain light nuclei are known to have inherent cluster structure, and there
is much discussion of a possible triple-alpha structure in the Hoyle state of
12C. The study of clustering in neutron-rich nuclei could shed light on how
neutrons affect alpha clustering, making '*C a logical candidate for study [1].
We performed an experiment at the University of Notre Dame with the pAT-
TPC [2] (Fig. 1 a.) to study the elastic and inelastic scattering of a 40 MeV
secondary 19Be beam on a *He gas active target. The pAT-TPC combines the
active target and time projection chamber techniques allowing for the study
of reactions induced by secondary beams with high resolution and efficiency.
The angular distribution of resonant states in “C are shown in Fig. 1 b. Spin-
parity state assignment to the resonant states will be shown and compared to
the existing cluster theoretical predictions.

Energycm. [MeV]

Elastic Anglec.m. [deg]

b)

FIG. 1: a) Schematic view of the pATTC. b) **C excitation energy versus angle for
the elastic scattering events.

[1] Suhara and Kanada-Enyo, Phys Rev C 82, 044301 (2010)
[2] D. Suzuki, et al., Nucl. Instr. and Meth. A 691 (2012) 39

*This work was supported by NSF MRI award PHY-0923087.
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DESCANT - A new neutron detector array at TRIUMF *

V. Bildstein'T and DESCANT collaboration
YUniversity of Guelph, Guelph, ON, Canada

The DESCANT array at TRIUMF is designed to track neutrons from
RIB experiments. For this purpose DESCANT can either be coupled to
the TIGRESS array at ISAC-II with beam energies between 1.5 and 15
MeV/nucleon or to the GRIFFIN array at ISAC-I with low beam energies
(30-60 keV).

DESCANT is comprised of 70 close-packed deuterated liquid organic scin-
tillators coupled to digital fast read-out ADC modules. Deuterated benzene
has the same PSD capabilities to distinguish between neutrons and ~-rays
interacting with the detector as un-deuterated scintillators. In addition, the
anisotropic nature of n-d scattering as compared to the isotropic n-p scatter-
ing allows the determination of the neutron energy spectrum directly from the
pulse-height spectrum, complementing the time-of-flight information.

A detailed overview of DESCANT will be presented together with first
designs of the firmware written for the fast sampling ADC modules.

*This work has been supported by the Natural Sciences and Engineering Research Council of
Canada, the Canada Foundation for Innovation, and the US National Science Foundation Grant
No. PHY-0956310.

Te-mail: vbildste@uoguelph.ca
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p-decay half-lives and pB-delayed neutron emission
measurements for very exotic nuclei beyond
N=126"

R. Caballero-Folch'**, C. Domingo-Pardo” and the S410 collaboration
'Universitat Politécnica de Catalunya (UPC), Barcelona, Spain
2IFIC (CSIC-University of Valencia), Valencia, Spain

This contribution reports on the status of the data analysis of the
experiment performed at the GSI-FRS facility (Germany), where very
exotic nuclei, beyond N=126, were produced and isotopes of Pt, Au, Hg, TI,
Pb, Bi, Po, At, Rn and Fr were precisely identified using tracking detectors
with the method of time-of-flight. Thanks to the detection system which
comprised two detection systems: a Double-sided Silicon Strip Detector and
a high efficiency Neutron detector, the decay properties of the implanted
isotopes of Hg, Tl and Pb were measured via implant-beta-neutron
correlations. Around 14 isotopic species were implanted with enough
statistics to determine their half-life. About half of them are expected to be
neutron emitters, in such cases it will be possible to obtain the B-delayed
neutron emission branching ratios Pn. The relevance of these data and the
role of this kind of measurements in nuclear structure and r-process
nucleosynthesis will be discussed.

* This work has been partially supported by the Spanish Ministry of
Economy and Competitivity under grants FPA 2011-28770-C03-03 and
AIC-D-2011-0705.

**e-mail: roger.caballero@upc.edu
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Coexisting shapes at low excitation energies in "Ni *

C. J. Chiara,” W. B. Walters, D. Weisshaar, F. Recchia, and the
University of Maryland — Argonne National Laboratory —
Michigan State University — Universita degli Studi di Padova
— Lawrence Berkeley National Laboratory — University of
Edinburgh — Orsay — Central Michigan University collaboration

Recent experimental studies [1,2] have demonstrated a likely shape-
coexistence picture for the low-lying structure of 6Ni, supporting the pre-
dictions of Monte Carlo Shell Model calculations [3]. These calculations
also suggest that a similar situation is expected in neighboring “°Ni. In this
context, as well as to provide additional data in the neutron-rich Ni region
with which to test effective interactions in modern shell-model calculations,
the structure of °Ni was investigated in two experiments.

Excited states in "°Ni, produced in 7°Zn + 298Pb deep-inelastic reactions
at the ATLAS facility at Argonne National Laboratory, were studied up to
moderate spins. Prompt and delayed ~ rays were detected with the Gammas-
phere Ge-detector array. A complementary experiment was performed using
knockout reactions at the National Superconducting Cyclotron Laboratory at
Michigan State University to populate low-spin states in “°Ni. Prompt -y rays
were detected with the GRETINA Ge-detector array located in front of the
S800 separator.

The data demonstrate the presence of an oblate sequence in "°Ni that is
consistent with shell-model calculations involving solely neutron excitations,
and the strong likelihood of a prolate sequence that requires additional proton
basis states in the model space. The level scheme has also been extended
to higher spins by the addition of presumed negative-parity levels involving
neutron excitations across the IV = 40 gap into gy, orbitals. Modifications
to the previously known 7°Ni decay scheme provide better agreement with
shell-model calculations.

[1] F. Recchia et al., Phys. Rev. C 88, 041302(R) (2013).
[2] S. Suchyta et al., Phys. Rev. C 89, 021301(R) (2014).
[3] Y. Tsunoda et al., Phys. Rev. C 89, 031301(R) (2014).

*This work was supported in part by the US DoE (DE-FG02-94ER40834, DE-AC02-
06CH11357), NSF (PHY-1102511), and NNSA (DE-NA0000979).
te-mail: cjc@anl .gov
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Doppler shift lifetime studies following fusion-evaporation:
Mg and %Se using the TIGRESS Integrated Plunger

A. Chester',* C. Andreoiu’, R. Ashley!, R. A. E. Austin?, G. Ball?,
P. C. Bender®, A. Bey?, A. Cheeseman®, D. S. Cross', T. E. Drake?,
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S. Ketelhut?, P. Kowalski!, R. Kriicken?, A. T. Laffoley®, K. G. Leach?,
D. Miller?, W. J. Mills?, M. Moukaddam?, C. J. Pearson?,

J. Pore!, E. T. Rand®, M. M. Rajabali®, U. Rizwan', J. Shoults’,
K. Starostal, C. E. Svensson®, E. Tardiff?, C. Unsworth?,

K. Van Wieren!, P. Voss', Z.-M. Wang?, and J. Williams'
YSimon Fraser University, Burnaby, BC, Canada V5A 156
2st, Mary’s University, Halifax, NS, Canada B3H 3C3
S3TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3
4Univ.ersity of Toronto, Toronto, ON, Canada M5S 1A7 and
5University of Guelph, Guelph, ON, Canada N1G 2W1

Doppler shift lifetime measurements offer an opportunity to directly access
information about electromagnetic transition rates and discriminate between
model calculations. The current TIGRESS Integrated Plunger (TIP) infras-
tructure [1] supports such measurements via gamma-ray spectroscopy with
the TIGRESS segmented HPGe array and coincident charged-particle detec-
tion as part of the experimental program at the ISAC-II facility of TRIUMF.

Initial studies using TIP employed fusion-evaporation reactions and a
24-element CsI(TI) wall for light charged-particle identification. Reaction
channel selectivity was demonstrated following a Doppler shift attenuation
method experiment performed at TRIUMF. The Mg two proton evapora-
tion channel was successfully identified following the 80 +'2C reaction and
lineshapes for the 1.2(1)ps 2* — 0% transition and 105(35)fs 47 — 27
transition in 2Mg have been observed.

One of the main goals of the TIP experimental program is the investigation
of shape evolution and shape coexistence along the N = Z line, in particular
inthe N = Z = 34 58Se nucleus. The matrix elements of electromagnetic
operators are planned to be extracted from Doppler shift lifetime measure-
ments with charged particle identification provided by the CsI(TI) wall. A
Geant4-based code for TIP is being developed as a tool to aid this analy-
sis and for the optimization of future experiments. The device, experimental
approach, analysis, and preliminary results will be presented and discussed.
[1] P. Voss et al., Nucl. Instr. and Meth. A746, (2014) 87.

*e-mail: ascheste@sfu.ca
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Model-independent approach to electromagnetic transitions
in deformed nuclei *

E. A. Coello Pérez!" and T. Papenbrock+?
! Department of Physics and Astronomy,
University of Tennessee, Knoxville, Tennessee 37996, USA and
2Physics Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831, USA

We develop an effective theory for the model-independent description of
electromagnetic transitions in deformed nuclei. Minimal coupling (gauging
the Hamiltonian) and non-minimal couplings enter, and for a single rotational
band, the leading-order deviations from the rigid rotor are linear in angular
momentum. The effective theory is richer in structure than phenomenological
models and also gives an improved description of the much weaker inter-band
transitions.

*This work has been supported by the U.S. Department of Energy under grant Nos. DE-FG02-
96ER40963 (University of Tennessee) and DE-AC05-000R22725 with UT-Battelle, LLC (Oak
Ridge National Laboratory).

fe-mail: ecoello@vols.utk.edu
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BELEN detector for 5-delayed neutron emission
measurements”

G. Cortes' T and A. Riego', J.L. Tain?, C. Domingo-Pardo?,
R. Caballero-Folch!, F. Calvifio!, 1. Dillmann®, M. Marta?®,
J. Agramunt?, C. Pretel!, L1. Batet!, A. Torner', A. Poch?,
M.B. Gémez-Hornillos', V. Gorlychev!, N. Garcia-Vilanova®,
A. Algora2, D. Cano-Ott*, A. Garcia*, T. Martinez?*
YUniversitat Politécnica de Catalunya, Barcelona, Spain
2JFIC, CSIC-Universidad Valencia, Valencia, Spain
3GSI, Darmstadt, Germany and
4CIEMAT, Madrid, Spain

The study of S-delayed neutron emission probabilities of nuclei far from
the stability is very important to understand processes that take place in dif-
ferent fields related with nuclear technology, nuclear astrophysics and nuclear
structure. The improvement of data bases with high precision experimental
data implies the need to do very accurate measurements. The main re-
strictions to measure 3-delayed neutrons of many nuclei is their low neutron
emission intensities and also the lack of enough information about the neutron
energy spectrum. This restrictions means that is needed a neutron detector
with high neutron detection efficiency and a low dependence with neutron en-
ergy from thermal energies up to 5 MeV. In this work we describe the BELEN
detector (BEta deLayEd Neutron detector), a high efficiecy neutron detec-
tor, designed, constructed and tested [1] by an international collaboration
between the UPC(Barcelona-Spain), IFIC(Valencia-Spain), GSI(Darmstadt-
Germany) and CIEMAT(Madrid-Spain). The BELEN detector has been
developed for the HISPEC/DESPEC experiment (NUSTAR Collaboration),
a research area of the FAIR facility, that will be built in GSI. The BELEN
detector is based on 48 3He counters (10 counters at 10 atm, and 38 counters
at 8 atm) embedded in a polyethylene matrix. The mean neutron detection
efficiency for neutron energies from 0.1 keV to 2 Mev is around a 45 %,
with an efficiency ratio of 1.07. For neutron energies up to 5 MeV the mean
neutron detection efficiency is 43 %, with an efficiency ratio of 1.31. The
BELEN detector has been tested in IGISOL and GSI and has been calibrated
at the PTB (Physikalisch-Technische Bundesanstalt, Germany), giving a very
good agreement between Monte Carlo simulations and experimental data.

[1] M. B. Goémez-Hornillos et al., 5-delayed neutron emission studies, Hy-
perfine Interactions, January 2014, Volume 223, Issue 1-3, pp 185-194

* This work was supported by the spanish government, Ministry of Economy and and Compet-
itiviness, Plan Nacional de I+D+I under contract FPA2011-28770-C03-03
T e-mail: guillem.cortes@upc.edu
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Inelastic Neutron Scattering Studies of "°Se and "°Ge
Relevant to Neutrinoless Double-5 Decay *

B.P. Crider!, .M. Allmond?, M.T. McEllistrem?', E.E. Peters®, EM.

Prados-Estévez!:3, T.J. Ross!3, J.R. Vanhoy*, and S.W. Yates'3
YDepartment of Physics and Astronomy,
University of Kentucky, Lexington, Kentucky 40506-0055, USA
2 Joint Institute of Nuclear Physics and Applications,

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3Department of Chemistry, University of Kentucky,
Lexington, Kentucky 40506-0055, USA and
4Department of Physics, United States Naval Academy,
Annapolis, Maryland 21402, USA

Observation of neutrinoless double-5 decay (Ov503), if such a process were
to exist, would allow for understanding of the nature of the neutrino and point
to physics beyond the standard model. The search for Ov33 from "°Ge to
76Se is the focus of the MAJORANA and GERDA collaborations, as "°Ge
can serve as both detector and source for the experiment. There are many
difficulties with the large-scale efforts to observe Ov3/3; perhaps principal
among them are the sensitivites required to observe a process with such a
long expected half-life (>102° y). To reach these extreme levels of sensitivity,
knowledge of potential sources of background is key.

If OvBp5 is observed, complications still exist in extracting the absolute
mass scale of the neutrino. The nuclear matrix element involved in the cal-
culation of the Ov /30 rate is dependent upon nuclear structure models, thus
experimental knowledge of the structure of the participating nuclei is critical.

In an effort to supply information on the above-mentioned areas relevant
to Ov3, excitation function and gamma-ray angular distribution measure-
ments utilizing the "°Ge(n, n’vy) and "*Se(n, n’v) reactions were performed
at the University of Kentucky at neutron energies ranging from 2.0 MeV to
4.0 MeV. Analysis of these data has yielded new spin-parity assignments as
well as transition probabilities, while also addressing issues with the currently
accepted level schemes. Additionally, y-ray cross sections were studied with
inelastic neutron scattering for “Ge. This work has shown that there appears
to be greater spectral activity near the 2039-keV region of interest (the Qgg
for the decay of "5Ge to 75Se) than had been previously anticipated.

*This material is based upon work supported by U.S. National Science Foundation under grant
no. PHY-1305801.
fe-mail: ben.crider@uky.edu
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The Study of ™°Sn via Conversion-Electron
Spectroscopy

D.S. Cross', J. L. Pore!, C. Andreciu?, G. C. Ball?, V. Bildstein®, A.
Chester’, R. Churchman?, G. A. Demand®, A. Diaz Varela®, R. Dunlop®, A.
B. Garnsworthy?, P. E. Garrett®, B. Hadinia®, G. Hackman?, B. Jigmeddorj®,
R. Kanungo®, A. T. Laffoley®, A. Liblong®, B. Noakes', C. E. Svensson®, P.

Voss', Z. M. Wang™?, J. M. Wilson®, J. L. Wood®, S. W. Y ates’

! Simon Fraser University, Burnaby, BC, Canada V56 1
2 TRIUMF, Vancouver, BC, Canada V6T 2A3
3University of Guelph, Guelph, Ontario, Canada NI\G 12
* Saint Mary’s University, Halifax, Nova Scotia, Gata B3H 3C3
® Georgia Institute of Technology, Atlanta, Geordik§A 30332
® University of Kentucky, Lexington, Kentucky, USA05-0055

Motivated by a study of the prevalence of collectivity in nuclei at closed
shells [1], and studies of isotopes of cadmium [2] we have revisited *°Sn
(Z=50; N=66), which is already known to exhibit evidence for shape co-
existence [3]. Because the phonon-vibrationa model appears to have
deficienciesin describing the structure of cadmium isotopes, we have begun
to re-examine the mixing between bands in °Sn, where EO transition
strengths are associated with changes of shape and with the degree of
mixing of statesin a nucleus.

A high-statistics decay experiment was conducted using a *®In beam
produced via the ISOL technique at TRIUMF. The beta decay of *°In to
185n has been measured using the 8n spectrometer of HPGe detectors
coupled to the PACES array of Si(Li) detectors for conversion-electron
Spectroscopy.

In this presentation, we will discuss the spectroscopy of the '°Sn nucleusin
order to augment and improve the existing knowledge of the structure of
18gn, In particular, re-measurements of internal conversion coefficients and
EO strengths will be discussed as they pertain to the possibility of mixing of
different shapes between bandsin *°Sn.

[1] K. Heyde and J.L. Wood, Rev. Mod. Phys. 83, 1467 (2011)
[2] P. E. Garrett et al., Acta Phys. Pol. B 42, 799 (2011)
[3] S. Raman et al., Phys. Rev. C 43 521 (1991)

* This work was supported by the Natural Sciences and Engineering
Research Council of Canada
** e-mail: dcr ossa@f u. ca
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Online neutron energy, timing and - discrimination for
DESCANT using digital electronics *

G. A. Demand!:T, V. Bildstein!, C. J. Pearson2, and P. .E. Garrett!
YUniversity of Guelph, Guelph, ON, Canada and
2TRIUMF, Vancouver, BC, Canada

DESCANT is a newly constructed deuterated scintillator neutron detector
array that will be used in conjunction with TIGRESS for fusion evaporation
reactions and with GRIFFIN for high-statistics S-delayed neutron studies at
TRIUME. The use of a deuterated scintillator allows in principle the extrac-
tion of neutron energies using both time-of-flight and pulse-height spectrum
analysis.

The waveforms from the DESCANT detectors will be sampled at 1 GHz
by custom TIG/GRIF-4G cards using 125 MHz FPGAs using 8 parallel data
streams. Energy, time and particle identification are determined in firmware
and recorded in the data stream.

I will be presenting the development and implementation of constant frac-
tion discrimination, charge-charge comparison, zero-crossover-time, pulse
gradient analysis and energy determination algorithms used with DESCANT.

*This work was supported by the Canadian Foundation for Innovation, Ontario MRI and
NSERC.
t e-mail: gdemand@uoguelph.ca
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Structure study of '°Cd via a high-statistics 37/EC-decay
H01n measurement

A. Diaz Vareld,* P.E. Garrett, G.C. Balf, D.S. Cros$, G.A. Demand,
P. Finlay,! A.B. Garnsworthy, K.L. Greert, G. Hackman,

B. Jigmeddorj, W.D. Kulp*, K.G. LeacH-2, J.N. Orcé,* A.A. Phillips!,
A.J. RadicH, E.T. Rand, M.A. Schumakek, C. Sumithrarachchj’
C.E. Svensson S. Triambak*, J. Wond, J.L. Wood, and S.W. Yates
! Department of Physics, University of Guelph, Guelph, ON, Canada
2TRIUMF, 4004 Weshbrook Mall, Vancouver, BC, Canada
3Department of Chemistry, Smon Fraser University, Burnaby, BC, Canada
“Department of Physics, Georgia Institute of Technology, Atlanta, GA, USA and
®Deptartment of Physics, University of Kentucky, Lexington, KY, USA

The collective Bohr model and the IBM have used the stable-even
Cd isotopes as classic examples of vibrational nuclei f@ades. Experi-
ments with the 4, 2n) reaction,3 decay measurements and ani{’~y) study
have identified multi-phonon states in th€Cd decay scheme indicating vi-
brational motion. These studies have also suggested @rteahfigurations
based on more deformed 2p-4h proton excitations. Therederee, how-
ever, of systematic deviations at the three-phonon levekadhe Cd isotopic
chain suggesting a breakdown of vibration motion in the &pin states [1].
Through work done [2] oA'2Cd, an alternative interpretation has been pro-
posed where the three-phon@h state is assigned as an intruder excitation.

A study of the''%In 3*/EC decay was performed at the TRIUMF Isotope
Separator and Accelerator (ISAC) facility to probe the ieme nature of
the 1'°Cd nucleus. The data were collected in scaled-down gamngéesin
gamma-gamma coincidence, and gamma-electron coincidmock. A
random-background subtracteg-coincidence matrix was created contain-
ing a total of 850 million events. We expanded the level sahef''°Cd
significantly, doubling the number of previously observiethsitions under
3.8 MeV. Branching fractions as low &sl(3) x 104 have been extracted.
New log(ft) have been measured and a detailed study will be presenied. T
new S-decay results combined with a re-analysigofn’v) data has led to
the suggestion thdt°Cd presents g-soft rotational spectrum.

[1] P.E. Garrett, K.L. Green, and J.L. Wood, Phys. Rev8C044307 (2008).
[2] P.E. Garretet al., Phys. Rev. @5, 054310 (2007).

*e-mail: adi azvar @oguel ph. ca

TNow at Instituut voor Kern-en Stralingsfysica, Katholidkaiversiteit Leuven
¥Now at Dept. of Physics, University of the Western Cape

$Now at National Superconducting Cyclotron Center, Michiiate University
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Alternative Similarity Renormalization Group
generators in ab initio nuclear structure

Nuiok Martine Dicaire'?, Conor Omand'?, and Petr Navratil'™
"TRIUMF, Vancouver, BC, Canada
2University of Ottawa, Ottawa, Canada
’Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC, Canada

The Similarity Renormalization Group (SRG) has been successfully applied
to soften interactions for ab initio nuclear calculations. In almost all
practical applications in nuclear physics, an SRG generator with the kinetic
energy operator was used. With this choice, a fast convergence of many-
body calculations can be achieved, but at the same time substantial three-
body interactions are induced even if one starts from purely two-nucleon
(NN) Hamiltonian. Three-nucleon (3N) interactions can be handled by
modern many-body methods. However, it has been observed that when
including initial chiral 3N forces in the Hamiltonian, the SRG
transformations induce non-negligible four-nucleon interaction that cannot
be currently included in calculations for technical reasons. Consequently, it
is essential to investigate alternative SRG generators that might suppress the
induction of many-body forces while at the same time might preserve the
good convergence. In this work we test different alternative generators with
operators of block structure in the harmonic oscillator basis. In the no-core
shell model calculations for 3H, *He and °Li with chiral forces, we
demonstrate that they appear quite promising.

* Support from the NSERC Grant No. 401945-2011 is acknowledged.
**e-mail: navratil@triumf.ca
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Reference Database for Beta-delayed Neutron
Emission

P. Dimitriou” for the IAEA Coordinated Research Project on “Development
of a Reference Database for Beta-delayed neutron emission”

Nuclear Data Section, International Atomic Energy Agency, Vienna,
Austria

The field of B-delayed neutron emission has been of interest since the
discovery of nuclear fission. In nuclear power reactors, excessively large
uncertainties in the delayed neutron data lead to costly conservatism in the
design and operation of reactor control systems. Reliable 3-delayed neutron
data are also important for summation calculations to determine the decay
heat produced in a nuclear reactor, and for the accurate quantification of the
antineutrino spectra produced by the fission products. The latter is believed
to be a significant asset in the non-invasive monitoring of reactor operations
and its possible application in safeguards.

Apart from their applications, improved B-delayed neutron data will also
have a significant impact in nuclear structure studies, as in the region near
the neutron drip line f-delayed neutron emission may be the only source of
information for the neutron-rich nuclei. In nuclear astrophysics, on the other
hand, the competition between B-delayed neutron emission and B-decay
influences r-process abundances during the freeze-out phase when the
material decays back to stability. During the last decade there has been a
renewed interest in the experimental and theoretical study of neutron-rich
nuclei far off the stability line at the next generation of radioactive beam
facilities. A large number of these neutron-rich nuclei, which could be
reached in the future, are potential delayed neutron emitters. Although half-
lives and P, data are scattered in several compiled and evaluated libraries
such as ENSDF, NUBASE, NuDat, etc., complete documentation of
measurements and evaluation procedures is often missing for these
properties. Previous dedicated compilations and evaluations suffer from
incompleteness as well, and have in the meantime become outdated.
Measured neutron spectra are not available in any database.

With these aspects in mind, a Coordinated Research project was initiated by
the IAEA with the purpose of producing a Reference Database for Beta-
delayed neutron Emission data [1]. This paper will present the objectives of
this CRP and recent achievements.

[1] http://www-nds.iaca.org/beta-delayed-neutron/

* email: P.Dimitriou@iaea.org
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Towards an ab initio description of the nucleus-nucleus
bremsstrahlung*

J. Dohet-Eraly!," P. Navratil’, S. Quaglioni?, and G. Hupin?
LTRIUME, 4004 Wesbrook Mall, Vancouver, BC V6T ,2A3, Canada and
2Lawrence Livermore National Laboratory,

P.O. Box 808, L-414, Livermore, California 94551, USA

Nucleus-nucleus bremsstrahlung designates a radiative transition between
continuum states where the photon emission is induced by a nuclear colli-
sion. The interest for this type of process has been revived by recent ex-
perimental and theoretical advances. On the experimental side, there are
the study of electromagnetic transitions in the unstable ®Be via the a + o
bremsstrahlung [1] and the perspective of using the ¢(d, n-y)« bremsstrahlung
to diagnose plasmas in fusion experiments [2]. On the theoretical side, there
is the development of a Siegert approach of the bremsstrahlung, i.e. based on
the charge density rather than on the current [3,4]. At low photon energies,
the Siegert approach enables one to take implicitly the main part of the meson
exchange currents into account and leads to more simple calculations than the
current approach.

We present the first ab initio study of the a + N bremsstrahlung. This
is a necessary preliminary step to the ab initio study of the ¢(d,nvy)a
bremsstrahlung since it describes the final channel. The bremsstrahlung
cross sections are calculated from the matrix elements of the electromagnetic
transition multipole operators evaluated between the o + N scattering wave
functions. These scattering wave functions are obtained from a description
of the o + N collision by the no-core shell model/resonating-group method
including two- and three-nucleon interactions derived from chiral effective
field theory [5]. The bremsstrahlung cross sections obtained in this ab ini-
tio approach are compared with the few experimental data available for the
a + p system [6] and with the bremsstrahlung cross sections obtained in a
microscopic cluster approach based on an effective nucleon-nucleon interac-
tion [4]. The impact of the inclusion of the three-body forces on the results is
discussed.

[1] V. M. Datar et al., Phys. Rev. Lett. 111 (2013) 062502.

[2] T. J. Murphy et al., Rev. Sci. Instrum. 72 (2001) 773.

[3]1J. Dohet-Eraly and D. Baye, Phys. Rev. C 88 (2013) 024602.

[4] J. Dohet-Eraly, Phys. Rev. C 89 (2014) 024617.

[5] G. Hupin et al., Phys. Rev. C 88 (2013) 054622.

[6] W. Wolfli, J. Hall, and R. Miiller, Phys. Rev. Lett. 27 (1971) 271.

* This work was partly supported by LLNL under Contract DE-AC52-07NA27344 and by the
NSERC No. 401945-2011.
T e-mail: jdoheter@triumf.ca
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Data Analysiswith Geant
for Experimentswith TIGRESS & ISACII *

T.E. Drake 'f
! Physics Department, University of Toronto, Toronto, Ont., Canada

Aswe move further from the valley of stability, our radioactive beam
facilities deliver low beam intensities, which with thicker targets,
yield sparce statistics. Such data need a model to compare with experiment.

For Coulomb-excitation and for particle-transfer experimentswith
TIGRESS at |SACII, | have developed and included Tigress classes
into Geant4 to simulate and to analyse data for Tigress experiments
with auxillary detectors.

Any theoretical code giving cross sections and reaction product angular
distributions can be inserted into this Geant4 data analysis approach.
Comparison is made with Gosiaand | present some illustrations from our
Tigress collaboration DSAM and Coulomb excitation experiments.

Fig.1 TIGRESS

*This work was supported by NSERC
Temail: drake@physics.utoronto.ca
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High-Precision Half-Life Measurements for the
Superallowed 3 emitter '°C *
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A. J. Radich!, M. M. Rajabali?, E. Rand®, C. E. Svensson',
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' Department of Physics, University of Guelph, Guelph, Ontario
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SDepartment of Physics, Queen’s University, Kingston, Ontario and
"Department of Physics, Louisiana State University, Baton Rouge, Louisiana

High-precision measurements of superallowed Fermi S transitions between
0% isobaric analogue states allow for stringent tests of the electroweak inter-
action described by the Standard Model. These transitions provide an exper-
imental probe of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, the Conserved-Vector-Current (CVC) hypothesis, as well as set limits
on the existence of scalar currents in the weak interaction. The lightest super-
allowed emitters are of particular interest as the low-Z superallowed decays
are most sensitive to a possible scalar current contribution.

There are two methods used to measure the half-life of 1°C: via directly
counting the 3 particles or measuring the ~y-ray activity following 3 decay.
Previous results for the '0C half-life measured via these two methods differ
at the 1.5¢0 level, prompting simultaneous and independent measurements of
the '0C half-life using both techniques. Since '°C is the lightest nucleus
for which superallowed 3 decay is possible, a high precision measurement
of its half-life is essential for obtaining an upper limit on the presence of
scalar currents in the weak interaction. Half-life measurements of °C via
both ~-ray photopeak and direct 5 counting were performed at TRIUMF’s
Isotope Separator and Accelerator facility using the 87 spectrometer and a
47 proportional gas counter, respectively. This presentation will highlight the
importance of these measurements and preliminary half-life results will be
presented.

*Work supported by the Natural Sciences and Engineering Research Council of Canada.
fe-mail: boudream@uoguelph.ca
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Branching-Ratio Measurements for A > 62 Superallowed
Fermi [3-decays and Future Prospects with GRIFFIN*
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High-precision measurements of superallowed Fermi (5 decays allow for
the extraction of the weak-vector coupling strength, and provide stringent
tests of the electroweak Standard Model. Superallowed decays of A > 62
nuclei are of particular interest as the nucleus-dependent isospin-symmetry-
breaking corrections in these nuclei are relatively large and hence provide
demanding tests of the theoretical models. However, branching ratio mea-
surements for the A > 62 decays present a unique challenge due to the large
Q@ pc values and large level density of available states in the daughter nucleus.
This results in weak, but significant, Gamow-Teller 5-feeding distributed over
a large number of states and limits the precision of the branching ratio mea-
surements. Therefore, very-high efficiency detectors are of paramount impor-
tance in determining the branching ratio for these decays.

The 87 ~-ray spectrometer at TRIUMF’s Isotope Separator and Acceler-
ator (ISAC) has already provided world-record precision for A > 62 super-
allowed branching ratios. Later this year, the new high-efficiency GRIFFIN
detector array will replace the 87 spectrometer at ISAC-I. In this talk, the im-
portance of one of the results from the 87 — the high-precision measurement
of the branching ratio for the superallowed Fermi 3-decay of "*Rb — will
be discussed, as well as the use of GRIFFIN in future superallowed 5 decay
studies at ISAC.

* Work supported by the National Science and Engineering Research Council of Canada and the
National Research Council of Canada.
T rdunlop@uoguelph.ca
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Optimizing kinematic correction algorithmsfor in-beam
electron spectroscopy with the SPI CE detector

L.J. Evitts-2,* M. Moukaddam, A.B. Garnsworthy,
S. Ketelhut, E.T. Rand, W.J. Mills!, T. Ballast,

C.E. Svenssoh C. Andreoid, G. Hackmah, and P.H. Rega
ITRIUMF, 4004 Wesbrook Mall, Vancouver BC, V6T 2A3, Canada
2Univer:sity of Surrey, Guildford, GU2 7XH, United Kingdom
3University of Guelph, Guelph ON, N1G 2W1, Canada
49 mon Fraser University, Burnaby BC, V5A 15, Canada and
SNational Physical Laboratory, Teddington, TW11 OLW, United Kingdom

The SPectrometer for Internal Conversion Electrons (SPIG&ich has
recently been constructed at TRIUMF, is designed to probadmixed struc-
tures in exotic nuclei via in-beam electron spectroscogye main compo-
nent of SPICE is the 6 mm thick segmented Si(Li) detectortktapstream
of the target which is shielded fromrays by a multi-layered photon shield.
Internal conversion electrons emitted from the target &exted around the
photon shield by NdFeB permanent magnets. The recoilingyhieas and
~ rays are detected by a downstream Si CD and the TIGRESS HR&g ar
respectively.

At relativistic velocities of the residual heavy-ion, theeegy of the emitted
electron is both shifted in the lab frame. In order to recargitthe electron
energy in the rest frame of the emitting heavy ion, its angdlemission is
required, yet only the final position on the Si(Li) and eneirgthe lab frame
are known. Using Geant4, a relationship was found relatiedital position
and energy to the emission angle of the electron. For thécpat case of
Coulomb excitation, calculated yields were used in conjonavith Geant4
to simulate these kinematic effects. This allowed fo