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1. Welcome

1.1 Introduction
The Nuclear Structure 2016 conference is hosted by the Physics Division of Oak Ridge

National Laboratory (ORNL), on July 24-29, 2016, at the Hilton Hotel downtown Knoxville.
This will be the 16th in this series of biennial conferences organized by North American national
laboratories. Previous meetings have been held in East Lansing (2008), Berkeley (2010), Argonne
(2012), Vancouver (2014).

The scientific program will be devoted to the latest research and development in experimental
and theoretical nuclear structure physics, with emphasis on the properties of nuclei at the extremes
of isospin, excitation energy, mass, and angular momentum.

1.2 Book Description
We are proud to present the Conference Program & Book of Abstracts for the Nuclear Structure

2016 Conference (NS2016).
Oak Ridge National Laboratory is very happy to welcome all of you in Knoxville for the

16th Nuclear Structure conference. We would like to acknowledge the work of the International
Organizing Committee (IOC) suggesting speakers and helping select the oral talks from the
contributed abstracts. With special thanks to all of you, our Local Organizing Committee (LOC)
has put together an exciting conference program with 16 invited and 51 contributed talks in 15
plenary sessions and two mini-talk sessions with a total of 28 talks and 2 poster sessions.

The next 5 days will be dedicated to the Nuclear Structure hottest topics.
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The main topics include:
• Nuclear physics with radioactive beams
• Nuclear spectroscopy far from stability
• Collective phenomena
• Reaction dynamics of light and heavy ions
• Single particle structure in transfer reactions
• Production and properties of the heaviest nuclei
• Ab-initio calculations, cluster models, and shell-model
• Nuclear energy density functionals
• Applications
• Results of gamma-ray tracking devices
• Mass measurements and traps
• Charge exchange reactions
• Decay spectroscopy
• Astrophysical aspects of nuclear studies
• Fundamental symmetries and interactions
To guide you during your NS2016 Conference experience, we have created this digital booklet,

which provides you with information on the program and activities planned. The first part includes
details on the program and sessions (i.e. the quick glance timetable, the agenda), practical
information related to the conference venue, and the city of Knoxville. Parts II-?? contain the
abstracts of the presentations at the NS2016. With this booklet we hope to cover all your basic
conference needs. This digital booklet has numerous internal links to aid navigation.

In the first session M1 the elected president of the American Physical Society (APS), Laura
H. Greene, accompanied by members of the Historic Sites Committee will present a plaque to
Thomas Zacharia, Scientific Director of ORNL, to commemorate the scientific achievements of
the Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge National Laboratory (ORNL),
designated as an historical site by the APS.

I-Yang Lee (2016 Tom W. Bonner Prize in Nuclear Physics) from Lawrence Berkeley National
Laboratory, will give a presentation to highlight the many scientific accomplishments of the array
to mark the twentieth anniversary of the dedication of Gammasphere.

A session at NS2016 will be dedicated to superheavy elements. IUPAC has very recently
named the four new elements nihonium, moscovium, tennessine, and oganesson. Yuri Oganessian,
from Russia’s Joint Institute for Nuclear Research (JINR) in Dubna, who has helped to discover
numerous superheavy elements will give a presentation. It will mark only the second time that an
element has been named after a living scientist.

Tennessine is in recognition of the contribution of the Tennessee region, including Oak Ridge
National Laboratory, Vanderbilt University, and the University of Tennessee at Knoxville, to
superheavy element research, including the production and chemical separation of unique actinide
target materials for superheavy element synthesis at ORNL’s High Flux Isotope Reactor (HFIR)
and Radiochemical Engineering Development Center (REDC).

It is a pleasure for us to host the NS2016. We hope you enjoy your stay in Tennessee. You can
contact us for any help you might need. Please see section 1.4 for the list of contacts.
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SUNDAY, JULY 24 MONDAY, JULY 25 TUESDAY, JULY 26 WEDNESDAY, JULY 27 THURSDAY, JULY 28 FRIDAY, JULY 29

HIWASSEE 1ST FLOOR CHEROKEE BALLROOM CHEROKEE BALLROOM CHEROKEE BALLROOM CHEROKEE BALLROOM CHEROKEE BALLROOM
7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions) 7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions) 7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions) 7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions) 7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)

M1 Chair: David Dean T1 Chair: Jolie Cizewski W1 Chair: Gordon C. Ball J1 Chair: Adam Garnsworthy F1 Chair: Kate Jones

8:30 AM 9:00 AM
Laura Greene

Opening Ceremony
8:30 AM 8:50 AM

Thomas Papenbrock
Effective Field Theory for Nuclear Vibrations with 

Quantified Uncertainties
8:30 AM 9:00 AM

Jon Engel
Beta Decay with Energy Density Functionals and the r 

Process
8:30 AM 9:00 AM

Miguel Madurga
Nuclear Structure of Ca and In isotopes from β-delayed 

neutron spectroscopy
8:30 AM 8:55 AM

Tibor Kibedi
The Radiative Width of the Hoyle State from Pair 

Conversion and Proton-gamma-gamma Measurements

9:00 AM 9:30 AM
Thomas Zacharia 

Mark Riley
HRIBF Dedication

8:50 AM 9:10 AM
Arianna Carbone

Nuclear Matter from a Green's Function Approach
9:00 AM 9:20 AM

Maciej Konieczka
DFT-rooted Calculations of Gamow-Teller Matrix Elements

9:00 AM 9:20 AM
Giovanna Benzoni

Investigation of 70,72,74Ni from Beta Decay of 70,72,74Co
8:55 AM 9:15 AM

Moshe Gai
The Triangular D3h Symmetry of 12C

9:10 AM 9:30 AM
Daniel Lubos

Spectroscopy around 100Sn
9:20 AM 9:40 AM

Nobu Hinohara
Binding Energy Differences of Even-even Nuclei as 

Pairing Indicators
9:20 AM 9:40 AM

 Michael Carpenter
Gauging Octupole Collectivity in Neutron Rich Ce Nuclei

9:15 AM 9:35 AM
Kelly Chipps

The Curious Case of the Second 0+: Resonances in 
25Al(p,γ)26Si

9:30 AM 10:00 AM
Krzysztof Rykaczewski

Reactor Anti-neutrino Spectra and Decay Heat in Fission 
Fragments from Total Absorption Spectroscopy

9:30 AM 9:50 AM
Robert Wadsworth

Isomer Decays in the N = Z Nucleus 96Cd Populated via 
Fragmentation

9:40 AM 10:00 AM
Luis Robledo

Octupole Correlations in a Full-symmetry Restoring 
Framework

9:40 AM 10:00 AM

Michelle Dunlop
High-Precision Half-Life Measurements for the 

Superallowed β+ Emitter 10C: Implications for Weak Scalar 
Currents

9:35 AM 9:55 AM
Alexandrina Petrovici

From Isospin-related Phenomena to Stellar Weak 
Processes within Beyond-mean-field Approach

10:00 AM 10:30 AM Coffee Break
9:50 AM 10:10 AM

Steven Pain
The First Campaign of Direct Reaction Measurements 

using GODDESS
10:00 AM 10:20 AM

Kenichi Yoshida
Enhanced Collectivity of Gamma Vibration in Neutron-rich 

Dy Isotopes with N=108-110
10:00 AM 10:20 AM

David Perez Loureiro
β-delayed γ-decay of 26P: Evidence for a Proton Halo?

9:55 AM 10:15 AM
Toshio Suzuki

Electron-capture Rates at Stellar Environments and 
Nucleosynthesis

M2 Chair: Robert K. Grzywacz

10:30 AM 11:00 AM
Anna Hayes

The Neutrino Anomalies
10:10 AM 10:30 AM Coffee Break 10:20 AM 10:50 AM Coffee Break 10:20 AM 10:45 AM Coffee Break 10:15 AM 10:30 AM Coffee Break

T2 Chair: Anatoli Afanasjev W2 Chair: David C. Radford J2 Chair: Thomas Papenbrock F2 Chair: Alfredo Galindo-Uribarri

11:00 AM 11:25 AM

Andrei Andreyev
Shape Coexistence and Charge Radii in Mercury Isotopes 

Studied by In-source Laser Spectroscopy at VADLIS/
RILIS-ISOLDE

10:30 AM 11:00 AM
Heiko Hergert 

Novel Ab Initio Methods for Nuclei
10:50 AM 11:20 AM

I-Yang Lee
Gamma sphere and its Recent Science Highlights 

10:45 AM 11:10 AM
Manuela Cavallaro

Signatures of the Giant Pairing Vibration in the 14C and 
15C nuclei

10:30 AM 11:00 AM
Rituparna Kanungo

Exploring the Exotic Landscape with Direct Reactions

11:25 AM 11:45 AM
Akaa Daniel Ayangeakaa

Shape Coexistence and the Role of Axial Asymmetry in 
Neutron-rich Ge isotopes

11:00 AM 11:20 AM
Carlo Barbieri

Advances in Self-Consistent Green's Function 
Calculations of Medium Mass Isotopes

11:20 AM 11:40 AM

 Amel Korichi
Characterization of Gamma--ray Tracking Arrays: 

Performance of the First Phase of AGATA and GRETA 
using a 60Co Source

11:10 AM 11:30 AM
Paul Stevenson

Effective Interaction Effects in Nuclear Dynamics
11:00 AM 11:30 AM

Mark Huyse
The HIE-ISOLDE Facility: Post-accelerated Beams at 

ISOLDE

11:45 AM 12:05 PM

Andrea Gottardo

Shape Coexistence in the 78Ni Region: Intruder 0+2 State 
in 80Ge

11:20 AM 11:40 AM
Bruce Barrett

Ab Initio Nuclear Shell Model for sd-shell Nuclei
11:40 AM 12:00 PM

Francesco Recchia
Neutron Single-particle Strengths in N = 40, 42 Nickel 

Isotopes
11:30 AM 11:50 AM

Isao Tanihata
Effect of Tensor Interaction and High-momentum 

Nucleons near the Ground States of Nuclei
11:30 AM 12:00 PM

Remco Zegers
Spin-isospin Excitations with rare Isotope Beams

12:05 PM 12:25 PM
Peter Bender

Exploring the Onset of Shape Coexistence using (d,p) with 
Exotic Sr Isotopes.

11:40 AM 12:00 PM
Sven Binder

Effective field theory in the harmonic oscillator basis
12:00 PM 12:20 PM

Walter Reviol
Detailed Spectroscopy of 137Xe and 139Ba – role of the 

vi13/2 Intruder in the Heavy Tin Region
11:50 AM 12:10 PM

Umesh Garg
Are there Nuclear Structure Effects on the Isoscalar Giant 
Monopole Resonance and the Nuclear Incompressibility 

12:00 PM 12:15 PM Closing Remarks

End of NS2016

12:25 PM 12:45 PM
Augusto Macchiavelli

The 30Mg(t,p)32Mg Puzzle Revisited
12:00 PM 12:20 PM

Elena Litvinova
Pion-nucleon Correlations and their Impact on Nuclear 

Structure Observables
12:20 PM 12:40 PM

 Andrew Stuchbery
g Factors and Nuclear Collectivity

12:10 PM 12:30 PM
Katsuhisa Nishio 

Study of Fission using Multi-nucleon Transfer Reactions

12:30 PM 2:00 PM LUNCH (on your own)

3:00 PM 8:00 PM Neutrino in Nuclear Physics Workshop

12:45 PM 2:00 PM LUNCH (on your own) 12:20 PM 2:00 PM LUNCH (on your own) 12:40 PM 2:00 PM LUNCH (on your own) 12:30 PM 2:00 PM LUNCH (on your own)
M3 Chair: Carl Svensson

2:00 PM 3:45 PM

CHAIR Mini-Talks II - INGO WIEDENHOVER
Ong, Hooi Jin
Tabor, Samuel

Pickstone, Simon Glynn
Brewer, Nathan

Chowdhury, Partha
Demand, Greg

MacLean, Andrew
Mazzocchi, Chiara

Smallcombe, James
Febbraro, Michael

Tsoneva Larionova, Nadia
Miller, Andrew
Morris, Titus

Tanihata, Isao

W3 Chair: Partha Chowdhury J3 Chair: Lee Riedinger

2:00 PM 2:30 PM
Alexander Obertelli

In-beam Gamma Spectroscopy at the RIBF: Recent 
Results from Proton-induced Direct Reactions

2:00 PM 2:20 PM
Krzysztof Starosta

Chiral Basis for Particle-rotor Model for Odd-odd Triaxial 
Nuclei

2:00 PM 2:30 PM
Takaharu Otsuka

Shape Coexistence, Shape Transition and Nuclear Forces

2:30 PM 2:50 PM
Heather Crawford

Characterizing Deformation in the Mg Isotopes: N=20 to 
N=28

2:20 PM 2:40 PM
Alain Gillibert

Spectroscopy of Neutron Rich Iron Isotopes Obtained from 
Proton Induced Direct Reactions

2:30 PM 2:50 PM
Alexandre Lepailleur

Spectroscopy of 26F and 28Na to Probe Proton-neutron 
Forces Close to the Drip Line

2:50 PM 3:10 PM
Ingo Wiedenhoever

Isomeric Character of the Lowest 4+ State in 44S
2:40 PM 3:00 PM

Christina Burbadge
Investigating the Nature of Excited 0+ States Populated via 

the 162Er(p,t) Reaction
2:50 PM 3:10 PM

Sunji Kim
Unbound Excited States in 17C

3:10 PM 3:30 PM

 John Sharpey-Schafer

On Low-lying Kπ=0+ and 2+ Rotational Bands in Deformed 

Nuclei

3:00 PM 3:20 PM
Lee Evitts

Electric Monopole Transition Strengths in Stable Nickel 
Isotopes

3:10 PM 3:30 PM
Anna Corsi

Search for Dineutron Correlation in Borromean Halo 
Nuclei

3:00 PM 7:00 PM REGISTRATION

3:30 PM 4:00 PM Coffee Break
3:20 PM 3:40 PM

Andrej Herzan
Detailed Spectroscopy of the Neutron-Deficient Bismuth 

Isotopes Bi-193,195

3:30 PM 4:00 PM Coffee Break

4:00 PM 6:00 PM

CHAIR Mini-Talks I - SAM TABOR
Crider, Benjamin

Walters, William B
Allmond, Mitch
Stolze, Sanna
Sethi, Jasmine
Bucher, Brian
Baker, Robert

Nevo Dinur, Nir
Cizewski, Jolie

de Groote, Ruben
Grzywacz, Robert

Goetz, Callie
Hartley, Daryl

Ahn, Tan

J4 Chair: Robert Wadsworth

3:40 PM 4:10 PM Coffee Break
4:00 PM 4:30 PM

Yuri Oganessian
Superheavy NucleiW4 Chair: John Simpson

4:10 PM 4:40 PM
Guy Savard

Mass Measurements on very Neutron-rich isotopes with a 
new Penning Trap Phase detection Technique

4:30 PM 4:50 PM
Anatoli Afanasjev

Structure of Superheavy Elements Reexamined

End of Talks
4:40 PM 5:00 PM

Kei Minamisono
Charge Radii of 36, 37K and Disappearance of Shell-closure 

Signature at N = 20
4:50 PM 5:10 PM

Michael Block
Laser Spectroscopy on Nobelium Isotopes at GSI3:45 PM 4:00 PM PHOTO

4:00 PM 6:00 PM
Poster Session

(Refreshments Served)
SEQUOYAH CONFERENCE CENTERS

5:00 PM 5:20 PM
Gaute Hagen

Coupled-cluster Computations of Atomic Nuclei
5:10 PM 5:30 PM

Piet Van Duppen
In-gas-jet Laser Spectroscopy of Neutron-deficient 
214,215Ac Isotopes and Prospects for Studies of the 

Actinide Region

5:20 PM 5:50 PM

Ronald Garcia-Ruiz
Laser Spectroscopy Studies on Neutron-rich Calcium 

Isotopes
5:30 PM 5:50 PM

Filip Kondev
Nuclear Archaeology: Properties of K isomers in 244,246Cm 

Populated in β- decays of 244,246Am
End of Talks End of Talks

End of Talks

6:00 PM 9:00 PM RECEPTION

6:00 PM 8:00 PM
Poster Session

 (Reception in Lieu of Dinner)
SEQUOYAH CONFERENCE CENTERS

6:00 PM 9:30 PM Banquet (Jackson Terminal)

7:15 PM 8:15 PM Dinner

8:00 PM 8:45 PM Dinner speaker:
Ray Smith

Historian, Y-12
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1.4 Contact List

Conference Chair
Alfredo Galindo-Uribarri uribarri@ornl.gov 865-235-5114

Admistrative
Angie Fincher fincherah@ornl.gov 865-387-1976
Sherry Lamb lambsm@ornl.gov 865-314-2646

Chrisanne Romeo cromeo@ut.edu 865-974-3343
Jessica Rose rosejl@ornl.gov 865-466-3985

Audiovisual Support
James T. Matta mattajt@ornl.gov -

mailto:uribarri@ornl.gov
mailto:fincherah@ornl.gov
mailto:lambsm@ornl.gov
mailto:cromeo@utk.edu
mailto:rosejl@ornl.gov
mailto:mattajt@ornl.gov


2. Knoxville

Knoxville, Tennessee is often described as a hidden gem. First time visitors are typically
amazed by all this city has to offer. The fact that some of its most appealing attractions are within
walking distance of a very vibrant downtown is a plus.

2.1 Maps
In this section you will find maps that can help you to get around downtown Knoxville

and to localize important events related to the NS2016 conference like the hotel layout and the
recommended route to the Banquet location (Jackson Terminal). We also present the map layout
for the posters location.
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2.1.1 Downtown Knoxville
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2.1.2 Jackson Terminal (Banquet)

Address:213 West Jackson Avenue, Knoxville, TN 37902

Figure 2.1: Route from Hilton Hotel to the Jackson Terminal
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2.1.3 Hilton Hotel Layout
Address: 501 West Church Ave., Knoxville, TN 37902
The orals and mini-talks are going to be held at the Cherokee Ballroom. Poster sessions will

be located in the Sequoyah Conference Centers (see Section 2.1.4). Registration and Reception
on Sunday will be at the HIWASSEE 1st Floor. On Monday registration desk will be located in
the Mezzanine.

Figure 2.2: Hilton Hotel Knoxville
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2.1.4 Sequoyah Conference Centers (Poster Layout)

Figure 2.3: Sequoyah 1
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Figure 2.4: Sequoyah 2
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Figure 2.5: Sequoyah 3
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2.2 Restaurants
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2.3 Transportation
• Information of taxis licensed to do business at the airport can be found here: Airport Taxis
• Discount Taxi (865-755-5143) charges $35 per van from the airport to downtown Hilton.

Reservations at: Reservations
• UBER service: UBER. Estimate fare from Airport to the Hilton: $13-$18
• Transportation from the Hilton Hotel to the Jackson Terminal (banquet) will be provided.
• Knoxville Area Transit (KAT) is the City of Knoxville’s transit system, operating buses,

trolleys (see Figure 2.6) and paratransit service across the city. For routes and schedules
visit the webpage: KAT
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Figure 2.6: Trolley Map

http://tys.org/tys/pay-us-a-visit/taxis-limousines-and-buses/
http://knoxvilleairporttaxi.com
https://www.uber.com/?exp=hp-c
http://www.katbus.com
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2.4 Calendar of Events in Knoxville (7/24-8/1)



Monday, July 25, 2016 

Geeks Who Drink: Trivia Contest                       The Speakeasy  

            8:00-9:00 P.M. 

The Mallet Brothers                    Preservation Pub 

                    10:00 P.M. 

Barre Belle Outdoor Yoga              Ijams Nature Center 

                        9:00-10:00 A.M. 

Norris Paddling Kayaking Discovery Class              Norris Dam Marina 

                      9:00 A.M. 

Tuesday, July 26, 2016 

Summer Slaughter Tour 2016                   The International 

                      2:00 P.M. 

Open Mic Night                          The Speakeasy 

           7:00-10:00 P.M. 

Einstein Simplified- Comedy Improv       Scruffy City Hall 

                     8:00 P.M. 

Marble City 5              Market Square Stage 

           8:00-10:00 P.M. 

The Joy of Pasta Making for Beginners             Ijams Nature Center 

           6:00-7:30 P.M. 

Tuesday Morning Bike Ride                   Cycology Bicycles 

                   10:30 A.M. 

Jazz on the Square             Market Square Stage 

           8:00-10:00 P.M. 

 



The Viking Age and Norse Genealogy        East TN History Center 

           12:00-1:00 P.M. 

Wednesday, July 27, 2016 

Master Gardener Workday              Knoxville Botanical Gardens 

                      9:00 A.M. 

Best of Ijams Guided Hike              Ijams Nature Center 

                    10:00 A.M. 

Hike To Ramsey Cascades         Alcoa Food City 

                      8:00 A.M. 

Positive Hits Tour        Knoxville Civic Coliseum 

                      7:00 P.M. 

Thursday, July 28, 2016 

Tarocco: A Soldier’s Tale                           Bijou Theatre 

                      7:30 P.M. 

BoomBox                 The Concourse at The International 

                      9:00 P.M. 

Parlor Jazz             The Emporium 

             7:00-9:00 P.M. 

Barre Belle SUP Yoga                            Ijams Nature Center 

                      6:00 P.M. 

Barre Belle Outdoor Yoga              Ijams Nature Center 

             6:30-7:30 P.M. 

Legally Blonde, JR. Musical             Knoxville Children’s Theatre 

                      7:00 P.M. 

 



Friday, July 29, 2016 

Greg Tardy Quintet                   Red Piano Lounge 

                        9:00-11:55 P.M. 

Legally Blonde, JR. Musical             Knoxville Children’s Theatre 

                      7:00 P.M. 

Saturday, July 30, 2016 

ACO World Championships of Cornhole           Knoxville Convention Center 

                      7:30 A.M. 

Barre Belle SUP Yoga                            Ijams Nature Center 

                      9:00 A.M. 

Making a Gourd Birdhouse              Ijams Nature Center 

             1:00-3:00 P.M. 

Legally Blonde, JR. Musical             Knoxville Children’s Theatre 

                       1:00 & 5:00 P.M. 

Ancestry in Detail          East TN History Center 

             1:00-3:00 P.M. 

World Wrestling Entertainment Live                Thompson Bowling Arena 

                      7:30 P.M. 

Slide the City                      Mary Costa Plaza 

             9:00 A.M. & 2:00 P.M. 

Sunday, July 31, 2016 

Summer Movie Magic: Breakfast at Tiffany’s              Tennessee Theatre 

                      2:00 P.M. 

DigiTour Summer               The Concourse at The International 

                      3:00 P.M. 



Shakespeare: King Lear                                                  Scruffy City Hall 

                      2:00 P.M. 

Party in the Park                    World’s Fair Park 

                            11:00 A.M.-2:00 P.M. 

Legally Blonde, JR. Musical             Knoxville Children’s Theatre 

                      3:00 P.M. 

Monday, August 1, 2016 

Mighty Musical Monday                  Tennessee Theatre 

                    12:00 P.M. 

Barre Belle Outdoor Yoga              Ijams Nature Center 

                        9:00-10:00 A.M. 
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2.5 Poster Reproduction Location
FedEx Office Print & Shop Center
1715 Cumberland Avenue
Knoxville, TN 37916
(865)-523-8213
Hours:
• M-F 7:30 AM-9:00 PM
• Sat 8:00 AM-6:00 PM
• Sun 12:00 PM-6:00 PM

Figure 2.7: Route to the closest FedEx Office Print & Shop Center to the Hilton Hotel

http://local.fedex.com/tn/knoxville/office-0501/?cmp=LOC-1001545-3-1-971-1110000-US-US-EN-GPLCOPYANDPRINT
https://www.google.com/maps/dir//FedEx+Office+Print+%26+Ship+Center,+1715+Cumberland+Ave,+Knoxville,+TN+37916/@35.9289321,-84.5715804,10.04z/data=!4m16!1m7!3m6!1s0x885c3d5f9604b313:0x8327e2447e5d8a78!2sFedEx+Office+Print+%26+Ship+Center!3b1!8m2!3d35.9563255!4d-83.9333902!4m7!1m0!1m5!1m1!1s0x885c3d5f9604b313:0x8327e2447e5d8a78!2m2!1d-83.9333902!2d35.9563255


3. Agenda

3.1 Sunday July 24th

SUNDAY JULY 24
HIWASSEE 1ST FLOOR

3:00 PM 7:00 PM REGISTRATION

6:00 PM 9:00 PM RECEPTION
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3.2 Monday July 25th

MONDAY, JULY 25
CHEROKEE BALLROOM

7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)
M1 Chair: David Dean

Laura Greene8:30 AM 9:00 AM Opening Ceremony
Thomas Zacharia

Mark Riley9:00 AM 9:30 AM
HRIBF Dedication

Krzysztof Rykaczewski
9:30 AM 10:00 AM Reactor Anti-neutrino Spectra and Decay Heat in Fission Fragments from

Total Absorption Spectroscopy
10:00 AM 10:30 AM Coffee Break

M2 Chair: Robert K. Grzywacz
Anna Hayes10:30 AM 11:00 AM The Neutrino Anomalies

Andrei Andreyev
11:00 AM 11:25 AM Shape Coexistence and Charge Radii in Mercury Isotopes Studied by

In-source Laser Spectroscopy at VADLIS/RILIS-ISOLDE
Akaa Daniel Ayangeakaa

11:25 AM 11:45 AM Shape Coexistence and the Role of Axial Asymmetry in Neutron-rich Ge
isotopes

Andrea Gottardo11:45 AM 12:05 PM Shape Coexistence in the 78Ni Region: Intruder 0+

2 State in 80Ge
Peter Bender

12:05 PM 12:25 PM Exploring the Onset of Shape Coexistence using (d,p) with Exotic Sr
Isotopes.

Augusto Macchiavelli12:25 PM 12:45 PM The 30Mg(t,p)32Mg Puzzle Revisited
12:45 PM 2:00 PM LUNCH (on your own)

M3 Chair: Carl Svensson
Alexander Obertelli

2:00 PM 2:30 PM In-beam Gamma Spectroscopy at the RIBF: Recent Results from
Proton-induced Direct Reactions

Heather Crawford2:30 PM 2:50 PM Characterizing Deformation in the Mg Isotopes: N=20 to N=28
Ingo Wiedenhoever2:50 PM 3:10 PM Isomeric Character of the Lowest 4+ State in 44S
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MONDAY, JULY 25
CHEROKEE BALLROOM

John Sharpey-Schafer3:10 PM 3:30 PM On Low-lying Kp
= 0+ and 2+ Rotational Bands in Deformed Nuclei

3:30 PM 4:00 PM Coffee Break
Mini I Chair: Samuel Tabor

Mini-Talks
Benjamin Crider

William B. Walters
Mitch Allmond

Sanna Stolze
Jasmine Sethi
Brian Bucher
Robert Baker

Nir Nevo Dinur
Jolie Cizewski

Ruben de Groote
Robert Grzywacz

Callie Goetz
Daryl Hartley

4:00 PM 6:00 PM

Tan Ahn
End of Talks

SEQUOYAH CONFERENCE CENTERS

Posters
(Reception in Lieu of Dinner)6:00 PM 8:00 PM
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3.3 Tuesday July 26th

TUESDAY JULY 26
CHEROKEE BALLROOM

7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)
T1 Chair: Jolie Cizewski

Thomas Papenbrock
8:30 AM 8:50 AM Effective Field Theory for Nuclear Vibrations with Quantified

Uncertainties
Arianna Carbone8:50 AM 9:10 AM Nuclear Matter from a Green’s Function Approach

Daniel Lubos9:10 AM 9:30 AM Spectroscopy around 100Sn
Robert Wadsworth9:30 AM 9:50 AM Isomer Decays in the N = Z Nucleus 96Cd Populated via Fragmentation

Steven Pain9:50 AM 10:10 AM The First Campaign of Direct Reaction Measurements using GODDESS
10:10 AM 10:30 AM Coffee Break

T2 Chair: Anatoli Afanasjev
Heiko Hergert10:30 AM 11:00 AM Novel Ab Initio Methods for Nuclei
Carlo Barbieri

11:00 AM 11:20 AM Advances in Self-Consistent Green’s Function Calculations of Medium
Mass Isotopes
Bruce Barrett11:20 AM 11:40 AM Ab Initio Nuclear Shell Model for sd-shell Nuclei
Sven Binder11:40 AM 12:00 PM Effective field theory in the harmonic oscillator basis

Elena Litvinova
12:00 PM 12:20 PM Pion-nucleon Correlations and their Impact on Nuclear Structure

Observables
12:20 PM 2:00 PM LUNCH (on your own)

Mini II Chair: Ingo Wiedenhover
Mini-Talks

Hooi Jin Ong
Samuel Tabor

Simon Glynn Pickstone
Nathan Brewer

2:00 PM 3:45 PM

Partha Chowdhury
Greg Demand

Andrew MacLean
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TUESDAY JULY 26
CHEROKEE BALLROOM

Chiara Mazzocchi
James Smallcombe
Michael Febbraro

Nadia Tsoneva Larionova
Andrew Miller
Titus Morris
Isao Tanihata
End of Talks

3:45 PM 4:00 PM PHOTO
SEQUOYAH CONFERENCE CENTERS

Posters
(Refreshments Served)4:00 PM 6:00 PM
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3.4 Wednesday July 27th

WEDNESDAY JULY 27
CHEROKEE BALLROOM

7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)
W1 Chair: Gordon C. Ball

Jon Engel8:30 AM 9:00 AM Beta Decay with Energy Density Functionals and the r Process
Maciej Konieczka9:00 AM 9:20 AM DFT-rooted Calculations of Gamow-Teller Matrix Elements
Nobuo Hinohara9:20 AM 9:40 AM Binding Energy Differences of Even-even Nuclei as Pairing Indicators

Luis Robledo9:40 AM 10:00 AM Octupole Correlations in a Full-symmetry Restoring Framework
Kenichi Yoshida

10:00 AM 10:20 AM Enhanced Collectivity of Gamma Vibration in Neutron-rich Dy Isotopes
with N=108 - 110

10:20 AM 10:50 AM Coffee Break
W2 Chair: David C. Radford

I-Yang Lee10:50 AM 11:20 AM Gamma sphere and its Recent Science Highlights
Amel Korichi

11:20 AM 11:40 AM Characterization of Gamma-ray Tracking Arrays: Performance of the
First Phase of AGATA and GRETA using a 60Co Source

Francesco Recchia11:40 AM 12:00 PM Neutron Single-particle Strengths in N = 40, 42 Nickel Isotopes
Walter Reviol

12:00 PM 12:20 PM Detailed Spectroscopy of 137Xe and 139Ba - role of the vi13/2 Intruder in
the Heavy Tin Region
Andrew Stuchbery12:20 PM 12:40 PM g Factors and Nuclear Collectivity

12:40 PM 2:00 PM LUNCH (on your own)
W3 Chair: Partha Chowdhury

Krzysztof Starosta2:00 PM 2:20 PM Chiral Basis for Particle-rotor Model for Odd-odd Triaxial Nuclei
Alain Gillibert

2:20 PM 2:40 PM Spectroscopy of Neutron Rich Iron Isotopes Obtained from Proton
Induced Direct Reactions
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WEDNESDAY JULY 27
CHEROKEE BALLROOM

Christina Burbadge
2:40 PM 3:00 PM Investigating the Nature of Excited 0+ States Populated via the 162Er(p,t)

Reaction
Lee Evitts3:00 PM 3:20 PM Electric Monopole Transition Strengths in Stable Nickel Isotopes

Andrej Herzan3:20 PM 3:40 PM Detailed Spectroscopy of the Neutron-Deficient Bismuth Isotopes 193,195Bi
3:40 PM 4:10 PM Coffee Break

W4 Chair: John Simpson
Guy Savard

4:10 PM 4:40 PM Mass Measurements on very Neutron-rich Isotopes with a New Penning
Trap Phase detection Technique

Kei Minamisono
4:40 PM 5:00 PM Charge Radii of 36,37K and Disappearance of Shell-closure Signature at

N=20
Gaute Hagen5:00 PM 5:20 PM Coupled-cluster Computations of Atomic Nuclei

Ronald Garcia-Ruiz5:20 PM 5:50 PM Laser Spectroscopy Studies on Neutron-rich Calcium Isotopes
End of Talks
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3.5 Thursday July 28th

THURSDAY JULY 28
CHEROKEE BALLROOM

7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)
J1 Adam Garnsworthy

Miguel Madurga
8:30 AM 9:00 AM Nuclear Structure of Ca and In isotopes from b -delayed neutron

spectroscopy
Giovanna Benzoni9:00 AM 9:20 AM Investigation of 70,72,74Ni from Beta Decay of 70,72,74Co
Michael Carpenter9:20 AM 9:40 AM Gauging Octupole Collectivity in Neutron Rich Ce Nuclei

Michelle Dunlop
9:40 AM 10:00 AM High-Precision Half-Life Measurements for the Superallowed b+ Emitter

10C: Implications for Weak Scalar Currents
David Perez Loureiro10:00 AM 10:20 AM b -delayed g-decay of 26P: Evidence for a Proton Halo?

10:20 AM 10:45 AM Coffee Break
J2 Chair: Thomas Papenbrock

Manuela Cavallaro10:45 AM 11:10 AM Signatures of the Giant Pairing Vibration in the 14C and 15C nuclei
Paul Stevenson11:10 AM 11:30 AM Effective Interaction Effects in Nuclear Dynamics
Isao Tanihata

11:30 AM 11:50 AM Effect of Tensor Interaction and High-momentum Nucleons near the
Ground States of Nuclei

Umesh Garg
11:50 AM 12:10 PM Are there Nuclear Structure Effects on the Isoscalar Giant Monopole

Resonance and the Nuclear Incompressibility?
Katsuhisa Nishio12:10 PM 12:30 PM Study of Fission using Multi-nucleon Transfer Reactions

12:30 PM 2:00 PM LUNCH (on your own)
J3 Chair: Lee Riedinger

Takaharu Otsuka2:00 PM 2:30 PM Shape Coexistence, Shape Transition and Nuclear Forces
Alexandre Lepailleur

2:30 PM 2:50 PM Spectroscopy of 26F and 28Na to Probe Proton-neutron Forces Close to
the Drip Line
Sunji Kim2:50 PM 3:10 PM Unbound Excited States in 17C
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THURSDAY JULY 28
CHEROKEE BALLROOM

Anna Corsi3:10 PM 3:30 PM Search for Dineutron Correlation in Borromean Halo Nuclei
3:30 PM 4:00 PM Coffee Break

J4 Chair: Robert Wadsworth
Yuri Oganessian4:00 PM 4:30 PM Superheavy Nuclei

Anatoli Afanasjev4:30 PM 4:50 PM Structure of Superheavy Elements Reexamined
Michael Block4:50 PM 5:10 PM Laser Spectroscopy on Nobelium Isotopes at GSI

Piet Van Duppen
5:10 PM 5:30 PM In-gas-jet Laser Spectroscopy of Neutron-deficient 214,215Ac Isotopes and

Prospects for Studies of the Actinide Region
Filip Kondev

5:30 PM 5:50 PM Nuclear Archaeology: Properties of K isomers in 244,246Cm Populated in
b� decays of 244,246Am

End of Talks
THURSDAY JULY 28

Jackson Terminal

6:00 PM 9:30 PM Banquet

7:15 PM 8:15 PM Dinner

8:00 PM 8:45 PM Dinner speaker:
Ray Smith

Historian, Y-12
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3.6 Friday July 29th

FRIDAY JULY 29
CHEROKEE BALLROOM

7:30 AM 8:30 AM Breakfast (Exhibitors/Open Research Discussions)
F1 Chair: Kate Jones

Tibor Kibedi
8:30 AM 8:55 AM The Radiative Width of the Hoyle State from Pair Conversion and

Proton-gamma-gamma Measurements
Moshe Gai8:55 AM 9:15 AM The Triangular D3h Symmetry of 12C

Kelly A. Chipps9:15 AM 9:35 AM The Curious Case of the Second 0+: Resonances in 25Al(p,g)26Si
Alexandrina Petrovici

9:35 AM 9:55 AM From Isospin-related Phenomena to Stellar Weak Processes within
Beyond-mean-field Approach

Toshio Suzuki9:55 AM 10:15 AM Electron-capture Rates at Stellar Environments and Nucleosynthesis
10:15 AM 10:30 AM Coffee Break

F2 Chair: Alfredo Galindo-Uribarri
Rituparna Kanungo10:30 AM 11:00 AM Exploring the Exotic Landscape with Direct Reactions

Mark Huyse11:00 AM 11:30 AM The HIE-ISOLDE Facility: Post-accelerated Beams at ISOLDE
Remco Zegers11:30 AM 12:00 PM Spin-isospin Excitations with Rare Isotope Beams

12:00 PM 12:15 PM Closing Remarks
End of NS2016

12:30 PM 2:00 PM LUNCH (on your own)

3:00 PM 8:00 PM NEUTRINOS IN NUCLEAR PHYSICS WORKSHOP



4. Posters and Mini-Talks

4.1 Poster List

NAME ABSTRACT TITLE AFFILIATION LOC

Auranen Kalle
Systematic studies of non-Yrast
isomeric intruder 1/2+ states in

odd-mass nuclei 197�203At

Argonne National
Laboratory/University of

Jyväskylä
S3-1

Anne Marie
Forney

Structure and shape coexistence of
73Zn University of Maryland S3-2

Jessica Harker The level structure of 72Zn: triaxiality
and shape coexistence University of Maryland S3-3

Bruno
Olaizola

Deformed Structures and Shape
Coexistence in 98Zr University of Guelph S3-4

Erin Peters Revealing the structure of 106Pd University of Kentucky S3-5

Harris
Bidaman

A Study on Low Spin States in 154Gd
Using (p,p’) Reaction University of Guelph S3-6

Alison
Dreyfuss

Probing alpha-clustering in
intermediate-mass nuclei Louisiana State University S3-7
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Badamsambuu
Jigmeddorj

High-statistics b+/EC decay study of
122Xe University of Guelph S3-8

Shelly Lesher Collectivity in Gadolinium University of Wisconsin S3-9

James Matta Observation of Transverse Wobbling in
135Pr Oak Ridge National Laboratory S3-10

Sharmistha
Mukhopad-

hyay

Nuclear structure of 76Ge from
inelastic neutron scattering

measurements and shell model
calculations

University of Kentucky S3-11

Mansi Saxena Study of static quadrupole moments in
120Te isotope University of Delhi S3-12

Jonathan
Baron

Ultra-High Spin and Band-Terminating
Structures in 157Ho Florida State University S3-13

Aaron Chester
Doppler shift lifetime measurements in

94Sr using the TIGRESS Integrated
Plunger

Simon Fraser University S3-14

Rebeka
Sultana Lubna Structure of Tz=+3/2, 33P Nucleus Florida State University S3-15

Kalisa
Villafana Rotational Behavior in 179,180W Florida State University S3-16

Enhong Wang Reinvestigation of octupole
correlations in 146,147La Vanderbilt University S3-17

Jonathan
Williams

Study of 22Ne and 28Mg excited states
using fusion-evaporation and Doppler

shift measurements
Simon Fraser University S3-18

Marija
Vostinar

Spectroscopy of 257,258Db in the
vicinity of the N=152 deformed shell

gap
University of Tennessee S3-19

Brittany
Abromeit

Study of Nuclear Structure of 39P
Using Beta-Delayed Gamma

Spectroscopy
Florida State University S3-20

Ryan Dunlop First Results from GRIFFIN:
Half-Lives of Neutron Rich 128�130Cd University of Guelph S3-21
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Nicole Larson Reinvestigation of low-lying isomeric
states in 115Ru

National Superconducting
Cyclotron Laboratory/Michigan

State University
S3-22

Jennifer Pore
A High-Statistics Measurement of the
Beta Decay of 46K with the GRIFFIN

Spectrometer
Simon Fraser University S3-23

Mustafa
Rajabali

The b decay of 34,35Mg and the
structure of 34Al

Tennessee Technological
University S3-24

Umesh Silwal Correcting the database: the case for
74Ga b -decay Mississippi State University S3-25

Steven Taylor
Beta-Delayed Neutron Spectroscopy of

Statistical and Shell-Model Nuclei
Using VANDLE

University of Tennessee S3-26

Gemma
Wilson

Beta-delayed neutron emission studies
with a C7LYC array at CARIBU

University of Massachusetts
Lowell S3-27

Marzena
Wolinska-
Cichocka

b -decay Studies of Decay Chain
142Cs� >142 Ba� >142 La with

Modular Total Absorption
Spectrometer

Heavy Ion Laboratory University
of Warsaw S3-28

Tammy Zidar
Investigation of the nuclear structure of

33Al through b -decay of 33Mg to
probe the island of inversion

University of Guelph S3-29

Daniel Negrea Proton–neutron pairing in N=Z nuclei:
Quartetting versus pair condensation

National Institute of Physics and
Nuclear Engineering S3-30

Yongchi Xiao Search for the heaviest N⇠Z alpha
emitters

University of Tennessee,
Knoxville S3-31

Igor Izosimov
Gamma-decay in Light Nuclei.

Isospin, Borromean Halo, Tango Halo,
and Halo- Isomers.

Joint Institute for Nuclear
Research S1-1

Igor Izosimov
Fine structure of the b -decay strength
functions Sb (E) in spherical, deformed,

and transition nuclei

Joint Institute for Nuclear
Research S1-2

Michael Jones Two-neutron sequential decay of 24O Lawrence Berkeley National
Laboratory S1-3
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Sean Kuvin
Precise Tests of Ab-initio Calculations
of Light Nuclei and Charge Symmetry

Breaking in A=10 10B
University of Connecticut S1-4

Craig Mehl Determining the shape of the
clustering nucleus 20Ne

The University of the Western
Cape S1-5

Christopher
Morse

New measurement of the first 2+

1 state
lifetime of 12Be

University of Massachusetts
Lowell S1-6

Andrea
Richard

Spectroscopy of Neutron-rich Mg
Isotopes in and around the Island of

Inversion
Ohio University S1-7

Vandana
Tripathi

Shell evolution in neutron rich
Phosphorus isotopes Florida State University S1-8

David Garand

Proposed optical pumping schemes for
the determination of charge radii of

radioactive nuclides of transition
metals

National Superconducting
Cyclotron Laboratory/Michigan

State University
S1-9

Shintaro Go
Segmented scintillator based

implantation detectors for decay
studies

University of Tennessee S1-10

Kyle Schmitt Neutron dEtector with Tracking
(NEXT) University of Tennessee S1-11

Karl Smith First Data with the Hybrid Array of
Gamma Ray Detectors (HAGRiD) University of Tennessee S1-12

Paul
Thompson

Next Generation Nuclear Structure
Studies Using JENSA University of Tennessee S1-13

Joseph Turko
Simulating the DESCANT Neutron

Detection Array with the Geant4
Toolkit

University of Guelph S1-14

Jonathan
Wright

The Effects of Pulse Shape Analysis
on Single Element Compton Imaging

using a Double Sided Germanium
Strip Detector

University of Liverpool S1-15

Elisa Romero-
Romero

Search for Doubly Charge Negative
Atomic Ions using Accelerator Mass

Spectrometry
Oak Ridge National Laboratory S1-16
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Rebecca
Toomey

A neutron spectroscopic approach to
measuring low cross section (a ,n)

reactions.
Rutgers University S1-17

David Walter
Spectroscopic Factors near the
r-process path using Combined

Measurements
Rutgers University S1-18

Sylvester
Agbemava

A global analysis of octupole
deformation in the ground states of

even-even nuclei within the covariant
density functional theory.

Mississippi State University S1-19

Daniel Odell Infrared Extrapolations of Quadrupole
Moments and Transitions University of Tennessee S1-20

JamesTracy Jr A Binding Energy Study of the Atomic
Mass Evaluation 2012 Mississippi State University S1-21

Charlie Rasco

b and b -n Decays of 137Xe and 137I
Studied with the Modular Absorption

Spectrometer (MTAS) and their
Influence on Nuclear Reactor Decay

Oak Ridge National Laboratory S2-23

Sean Burcher Gamma-ray Spectroscopy of 131Sn81
via the (9Be,8Be,g) Reaction

University of Tennessee,
Knoxville S2-24
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NAME ABSTRACT TITLE AFFILIATION LOC

Benjamin
Crider

Shape coexistence from lifetime and
branching-ratio measurements in

68,70Ni

National Superconducting
Cyclotron Laboratory / Michigan

State University
S1-23

William B.
Walters

New structures for 68Zn: subshell
effects at N = 38 and superdeformation University of Maryland No

Poster

Mitch
Allmond

Moments of Inertia of Axially
Asymmetric Nuclei Oak Ridge National Laboratory No

Poster

Sanna Stolze Collectivity and single-particle
structures in 166,168Os University of Jyvaskyla S2-1

Jasmine Sethi Structure and shape evolution in 75Ge University of Maryland S2-2

Brian Bucher First direct observation of enhanced
octupole collectivity in 144,146Ba

Lawrence Livermore National
Laboratory S2-3

Robert Baker
Ab initio symmetry-adapted no-core

shell model results for light to
medium-mass nuclei

Louisiana State University S2-4

Nir Nevo
Dinur

Nuclear structure and the proton radius
puzzle TRIUMF S2-5

Jolie Cizewski Fragmentation of Single-Neutron
States in Neutron-Rich Tin Isotopes Los Alamos National Laboratory No

Poster

Ruben de
Groote

High-resolution laser spectroscopy of
neutron-rich copper isotopes 76,77,78Cu

with CRIS
Katholieke Universiteit Leuven S2-6

Robert
Grzywacz

Gamow-Teller decays of 74Co ground
state and isomer University of Tennessee S2-7

Callie Goetz Total absorption spectroscopy of
84,85,86Br

University of Tennessee/Center for
Interdisciplinary Research and

Graduate Education
S2-8

Daryl Hartley
New Beta Decay Studies of Deformed,

Neutron-Rich Nuclei in the A⇠160
Region

United States Naval Academy No
Poster

Tan Ahn Search for cluster structure in 14O
using resonant a scattering University of Notre Dame S2-9
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Hooi Jin Ong

Understanding effect of tensor
interactions in light nuclei via

high-momentum one-neutron-transfer
reaction

RCNP/ Osaka University S2-10

Samuel Tabor Using GRETINA as a Compton
Polarimeter Florida State University No

Poster

Simon Glynn
Pickstone

The g-decay behaviour of the Pygmy
Dipole Resonance in 92,94Mo Institute for Nuclear Physics S2-12

Nathan
Brewer

Characterization of detectors and
activities found at the Dubna Gas

Filled Separator.
ORNL/UTK/JINPA S2-13

Partha
Chowdhury

Fast Neutron Spectroscopy with a
Novel C7LYC Scintillator Array

University of Massachusetts
Lowell S2-14

Greg Demand A transition centric approach to level
scheme determination University of Guelph S2-15

Andrew
MacLean

Gamma-Gamma Angular Correlation
Measurements With GRIFFIN University of Guelph S2-16

Chiara
Mazzocchi

Exotic decay modes studied by means
of the Warsaw Optical Time Projection

Chamber
University of Warsaw S2-17

James
Smallcombe

The Spectrometer for Internal
Conversion Electrons at

TRIUMF-ISAC
TRIUMF No

Poster

Michael
Febbraro

Study of the d(7Be,n)8B reaction
through neutron spectroscopy and

d(7Be,7Be) elastic scattering
measurement

Oak Ridge National Laboratory No
Poster

Nadia
Tsoneva

Larionova

Energy-density functional plus
multi-phonon theory as a powerful tool
for nuclear structure and astrophysics

Frankfurt Institute for Advanced
Studies

No
Poster

Andrew Miller
Charge radii and nuclear moments of

52,53Fe, and the shell-closure signature
at N = 28

National Superconducting
Cyclotron Laboratory S2-20

Titus Morris
Recent Improvements in the

In-Medium Similarity Renormalization
Group

Oak Ridge National Laboratory No
Poster
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Poster
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Shape coexistence, shape transition and nuclear forces

T. Otsuka

1
, Y. Tsunoda

2
, T. Togashi

2
and N. Shimizu

2

1
Department of Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 1130033, Japan

2
Center for Nuclear Study, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 1130033, Japan

Key words: shape coexistence, shape transition, shell evolution, Ni, Zr, nuclear forces

Abstract

We first show how Ni and Zr isotopes, including exotic ones, can be described by state-of-

the-art large-scale Monte-Carlo shell-model calculations. For each chain of the isotopes, a single

Hamiltonian is used. A unified description has been obtained for each chain, including e�ects

of (sub-)shell closures and strong deformations. For instance, very low-lying excited 0

+
levels in

68,70
Ni are shown to be states of strong prolate deformation. The double magicity of

78
Ni can

be discussed quantitatively in comparison to

56,68
Ni. The Zr isotopes can be described as well.

For example, the sharp lowering of the 2

+
level at

100
Zr is reproduced precisely as well as other

properties of exotic Zr isotopes, as a clear evidence of the first-order quantum phase transition

in the nuclear shape described by the shell model. The crucial role of Type II shell evolution

is presented in both cases of Ni and Zr. Actually there is an underlying common mechanism

arising from Type II shell evolution driven by the tensor and central forces. The central force

provides with strong quadrupole-quadrupole interactions, while the tensor force controls the

resistance power against the deformation. It is thus illustrated that the nuclear forces, including

the tensor force, are crucial ingredients to the nuclear shapes, represented by features such as

shape coexistence and shape transition, somewhat beyond our conventional expectations.

We shall discuss some other related properties. In particular, if time allows, we can mention

possible relevance of superdeformation and fission along the same line.

Some details of this possible new feature can be found in Ref. [1].

[1] T. Otsuka and Y. Tsunoda, J. Phys. G: Nucl. Part. Phys. 43 (2016) 024009.

1
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Signatures of the Giant Pairing Vibration in the 14C and 15C nuclei

M. Cavallaro1⇤
1Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Sud, Catania, Italy

Giant resonances are collective excitation modes for many-body systems of fermions governed by a mean
field, such as the atomic nuclei. The microscopic origin of such modes is the coherence among elementary
particle-hole excitations, where a particle is promoted from an occupied state below the Fermi level (hole) to
an empty one above the Fermi level (particle). The same coherence is also predicted for the particleparticle
and the holehole excitations, because of the basic quantum symmetry between particles and holes. In nuclear
physics, the giant modes have been widely reported for the particlehole sector but, despite several attempts,
there is no precedent in the particleparticle and holehole ones, thus making questionable the aforementioned
symmetry assumption.

The Giant Pairing Vibration (GPV) is the leading particleparticle giant mode. Recently we have provided
the first experimental signature of the GPV in light nuclei 14C and 15C excited by the two-neutron transfer
reaction (18O,16O) at 84 MeV and 270 MeV incident energy. These results, published in Nature Commun.
[1], will be presented and discussed.

[1] F. Cappuzzello,et al., Nat. Commun. 6:6743 doi: 10.1038/ncomms7743 (2015).

⇤ e-mail: manuela.cavallaro@lns.infn.it
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5.3 Engel, Jon

Beta Decay with Energy Density Functionals and the r Process

Jon Engel1⇤
1University of North Carolina

I report on work to use Skyrme energy-density functional theory to calculate beta decay rates in all heavy
nuclei, particularly those important for r process nucleosynthesis. The calculations entail a fit to determine
the time-odd part of the Skyrme functional, a part that is unconstrained by ground-state properties in even-
even nuclei or nuclear matter. I discuss both the consequences of the new calculations for our understanding
of the astrophysical conditions in which the r process takes place and ways in which the calculations can be
improved further.

⇤ e-mail: engelj@physics.unc.edu
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5.4 Garcia-Ruiz, Ronald

Laser spectroscopy studies on neutron-rich calcium isotopes 
  
 
Isotopes in the vicinity of doubly magic nuclei are of particular importance for our 
understanding of the nuclear many-body problem. Their simple structure provide an ideal test 
for our knowledge of the nuclear force and the development of many-body methods. 
With a magic number of protons (Z=20) and two naturally occurring doubly-magic 
isotopes, 40Ca (N=20) and 48Ca (N=28), the calcium isotopic chain constitutes a unique nuclear 
system. Additionally, evidence of doubly-magic features have been suggested for two short-
lived isotopes 52Ca (N=32) [1] and 54Ca (N=34) [2]. 
 
Here, we will discuss recent experimental results obtained with the collinear laser 
spectroscopy setup (COLLAPS) at ISOLDE, CERN [3].  The ground state electromagnetic 
moments, spins and root-mean-square charge radii were determined from measurements of 
the hyperfine structure spectra and isotope shifts of 40-52Ca [4].  
 
The isotope 52Ca (estimated yield of ∼ 250 ions/s) is at the limit of optical detection 
techniques. To extend our knowledge to isotopes further from stability, a highly sensitive 
experimental setup has been developed at the COLLAPS beam line [5, 6]. The first results will 
be presented in addition to ongoing developments for the next experimental campaigns. 
 
 
 
 
 
[1] F. Wienholtz et al., Nature 498, 346 (2013). 
[2] D. Steppenbeck et al., Nature 502, 207 (2013). 
[3] R.F. Garcia Ruiz et al., Phys. Rev. C 91, 041304(R) (20015). 
[4] R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016). 
[5] L. Vermeeren, et al., Phys. Rev. Lett. 68, 1679 (1992). 
[6] R.F. Garcia Ruiz  et al. In preparation (2016). 
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5.5 Hagen, Gaute

Coupled-cluster Computations of Atomic Nuclei

Gaute Hagen1⇤
1Oak Ridge National Laboratory

This talk reviews recent progress in first-principles computations of atomic nuclei. An optimization of
an interaction from chiral effective field theory to few-nucleon systems and oxygen isotopes yielded much
improved binding energies and charge radii in light and medium-mass nuclei. The computation of the nucleus
48Ca showed that its neutron skin (difference between the radii of the neutron and proton distributions) is
smaller than previously thought, and we made prediction for its dipole polarizability. We predicted the 2+

state in 78Ni from a correlation with the 2+ state in 48Ca using chiral nucleon-nucleon and three-nucleon in-
teractions. Our results confirm that 78Ni is doubly magic. We found that continuum effects play an important
role in the level ordering of 79Ni, and we also found a low-lying 2+ state in 80Ni.

⇤ e-mail: hageng@ornl.gov
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5.6 Hayes, Anna

The Neutrino Anomalies

Anna Hayes1⇤
1Los Alamos National Laboratory

The neutrino anomalies generally refer to the hints from appearance and disappearance experiments for
eV-scale neutrinos. In the 1990s, the LSND experiment reported a neutrino appearance oscillation signal that,
when viewed together with the solar and atmospheric neutrino oscillation experiments, is in conflict with
the Standard Model expectation of three neutrino flavors. The follow-on experiment to LSND, MiniBooNE,
reported inexplicable excess events at low energies, but not at high energies. More recently, two additional
low-energy neutrino disappearance anomalies have been reported. These are the Reactor anomaly, in which
the number of observed reactor antineutrinos is fewer than expected in all short-baseline experiments, and the
Gallium anomaly, in which the number of neutrinos from radioactive sources detected in gallium detectors
is fewer than expected. If these anomalies are neutrino oscillation phenomena, they require the existence
of 1eV sterile neutrinos that do not interact via the normal Standard Model electroweak interaction. In
this talk I review the current neutrino anomalies. I discuss the uncertainties involved and possible standard
model explanations, with an emphasis on the Reactor anomaly. Finally, I will briefly summarize the needs
for and the planned new very short-baseline experiments designed to confirm or refute the existence of sterile
neutrinos.

⇤ e-mail: anna hayes@lanl.gov
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5.7 Hergert, Heiko

Novel Ab Initio Methods for Nuclei

H. Hergert⇤
Facility for Rare Isotope Beams and Department of Physics & Astronomy,

Michigan State University, East Lansing, MI 48824, USA

In recent years, there has been tremendous progress in the field of ab initio nuclear many-body
theory. Computationally efficient methods like Coupled Cluster (CC) [1,2], Self-Consistent Greens
Function (SCGF) theory [3], and the In-Medium Similarity Renormalization Group (IM-SRG) [4]
are nowadays routinely applied for nuclei as heavy as the tin isotopes, greatly increasing the oppor-
tunities for confronting modern nuclear two- and three-nucleon interactions from Chiral Effective
Field Theory (EFT) with a wealth of experimental data.

New variants extend these many-body methods to open-shell nuclei [3-8], e.g., through sym-
metry breaking and restoration, concepts that are customarily associated with nuclear density func-
tional theory. Using the Multi-Reference IM-SRG as a representative example, I will discuss the
perspectives of such an approach for including correlations that are hard to capture in more tradi-
tional expansion schemes, and survey current capabilities for describing ground and excited state
properties with controlled theoretical uncertainties.

[1] G. Hagen et al., Rep. Prog. Phys. 77, 096302 (2014)
[2] S. Binder et al., Phys. Lett. B736, 119 (2014)
[3] V. Somá et al., Phys. Rev. C89, 061301 (2014)
[4] H. Hergert et al., Phys. Rept. 621, 165 (2016)
[5] H. Hergert et al., Phys. Rev. Lett. 110, 242501, (2013); Phys. Rev. C 90, 041302, (2014)
[6] T. Duguet, J. Phys. G42, 025107 (2015)
[7] A. Signoracci et al., Phys. Rev. C91, 064320 (2015)

⇤ e-mail: hergert@nscl.msu.edu
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5.8 Kanungo, Rituparna

Exploring the exotic landscape with direct reactions 
 

Rituparna Kanungo 
 

Saint Mary’s University, Halifax, Canada 
	
	
Nuclei	far	from	stability	offer	us	the	scope	of	exploring	new	features	that	surface	
prominently	at	large	isospin	and	weak	binding.	 Direct reactions have laid the foundations of 
unraveling unexpected phenomena through the discovery of the nuclear halo. This has triggered a 
new era in nuclear science breaking the boundaries of conventional concepts. The halo properties 
elucidate new features that till date remain a challenge to decipher from fundamental principles. 
Defining the nuclear force from the foundations built on quantum chromodynamics remains one 
of the major tasks in nuclear physics.  Nuclear reactions hold promise to be sensitive probes for 
constraining the nuclear interaction.  
 
This presentation will introduce the reaction spectroscopy facility, IRIS, stationed at TRIUMF, 
Canada that uses a novel thin windowless solid hydrogen target. Recent experiments from the 
facility will be discussed exploring the neutron halo nucleus, 11Li at the neutron drip-line. 
Observations at the proton-drip line exploring the nuclear force with experiments coupled to ab 
initio theory will also be discussed.  
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5.9 Kibedi, Tibor

The radiative width of the Hoyle state from pair conversion and
proton-gamma-gamma measurements⇤

T. Kibédi1
1Department of Nuclear Physics, Research School of Physics and Engineering,

The Australian National University, Canberra, ACT 2601, Australia

Stellar formation of carbon occurs when three alpha particles fuse and form the excited 7654
keV 0

+ Hoyle state in 12C. Stable carbon is only formed if the excited nucleus decays to the ground
state. The Hoyle state is located above the 3↵ threshold, which makes the triple alpha process very
unlikely as the excited carbon nucleus decays back to three alpha particles 99.96% of the time. The
process is therefore a bottleneck in nuclear astrophysics, and good knowledge about the production
rate is imperative for proper modelling of carbon formation in the universe. Since the formation of
stable carbon depends on the electromagnetic decays from the Hoyle state, the 3↵ rate is directly
related to its radiative transition probabilities. The internal decay of the Hoyle state occurs either by
a 7654 keV E0 transition to the 0

+ ground state, or by a 3215 keV E2 transition to the first excited
2

+ state. The current value of the radiative width, �

rad

, has been determined in an indirect way,
resulting in a ⇡12.5% uncertainty on the 3↵ rate.

Here we report on two new experiments to improve our knowledge on �

rad

. In both experiments
the Hoyle state was excited with proton bombardment of natural carbon. In the first experiment,
carried out at the Oslo Cyclotron Laboratory, using the CACTUS and SiRi arrays the cascading
gamma-rays of E2 multipolarity and 3.215 MeV and 4.439 MeV energy were observed. The �

rad

/�
ratio was determined from the ratio of singles proton events to number of proton-gamma-gamma
triple coincidences. The angular correlation of the � � � events corresponding to the 0

+
2 � 2

+
1 � 0

+
1

transition was also measured, which uniquely confirms a spin parity of 0

+ of the Hoyle state.

In the second experiment, carried out at the Australian National University, using the Super-e
spectrometer, the pair conversion of the 3.215 MeV E2 and 7.654 MeV E0 transitions, de-exciting
the Hoyle state, was observed in a single experiment for the first time since the state was observed
in the laboratory more than sixty years ago. The experimental ratio of the E0 and E2 pair conversion
events will allow the determination of �

rad

in more direct way.

⇤ Australian Research Council DP140102986
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Gammasphere and its Recent Science Highlights

I-Yang Lee1⇤
1Lawrence Berkeley National Laboratory

Gammasphere being operated at ATLAS is continued to be a forefront instrument. Its high scientific pro-
ductivity, evident by the steady stream of high impact publications, is due to a number factors. These include
new research ideas, a dedicated management staff, sufficient beam time, performance enhancing upgrades,
and the addition of more powerful auxiliary detectors. This talk will review some of these factors, as well as
a give a few examples of science highlight in the study of highest spin states, the detection the weakest decay
branch, and the results from the use of auxiliary detectors. Possible detector development pathways beyond
the current generation of tracking detectors will be discussed briefly.

⇤ e-mail: IYLee@lbl.gov
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Nuclear Structure of Ca and In isotopes from �-delayed neutron spectroscopy⇤

M. Madurga1, A. Gottardo2, R. Grzywacz3,4, and the VANDLE and IDS collaborations
1ISOLDE, EP Department, CERN, CH-1211 Geneva, Switzerland

2Centre de Spectromtrie Nuclaire et de spectromtrie de Masse (CSNSM),
CNRS/IN2P3 and Universit Paris-Sud, F-91405 Orsay Campus, France.

3Dept. of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA and
4Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA.

The investigation of nuclei far away from stability is one of the most promising avenues to learn
about the nuclear properties in extreme conditions. Large proton-neutron imbalances are possible
for neutron-rich nuclei resulting in interesting new phenomena. Classical magic numbers can disap-
pear [1] and deformation can quickly dominate for nuclei thought to be described by good spherical
shell properties [2]. The �-decay provides a selective and sensitive tool to study both the properties
of the daughter states populated in the decay as well as the ground state configuration of the mother
using the decay strength distribution [3].

Naturally, as we study neutron-rich nuclei further away from stability, increasing �-decay win-
dows and decreasing neutron separation energies result in large portions of the decay strength pop-
ulating neutron-unbound states. The Versatile Array of Neutron Detectors at Low Energies (VAN-
DLE) is a scintillator array designed at University of Tennessee/ORNL to study �-delayed and
reactions’ neutron spectroscopy using the time-of-flight (ToF) technique [4]. The array consists
of 100 individual scintillator detector modules that can be arranged in experiment-tailored config-
urations for high-efficiency and flexibility. The use of state-of-the-art digital electronics [4] and
photo-multiplier tubes allows for unprecedentedly large detection efficiency, 45% at 1 MeV, and
low energy detection thresholds.

Here we report the first results of two experimental campaigns with VANDLE at the ISOLDE
facility, CERN. The first experiment studied the neutron-unbound single particle states in odd cal-
cium isotopes populated in �-decay of potassium. The energies of single particle states in 53Ca are
necessary to validate shell-model calculations using competing three-body-force frameworks [5].
The �-delayed two-neutron emission channel and decay strength distribution of 51�53Ca were also
studied.

The second experiment investigated the beta decay of the r-process waiting point 132Cd. The
decay properties of even-even Cd isotopes are heavily determined by the position of the first 1+

state in their In daughters [6]. Here we report the observation of very large and concentrated neutron
intensity at 1.6 MeV, indicating a lightly fragmented ⌫[(f7/2)

+2
(g7/2)

�1
]⇡(g9/2)

�1 1+ state at 4.0
MeV in 132In.
[1] C. Detraz et al., Nucl.Phys. A394, 378 (1983).
[2] C. Sotty et al., Phys. Rev. Lett. 115, 172501 (2015).
[3] E. Nacher et al., Phys. Rev. Lett. 92, 232501 (2004).
[4] S.V. Paulauskas et al., Nucl. Instr. and Methods 737, 22 2014.
[5]D. Steppenbeck et al., Nature 502, 207 (2013).
[6]I. Dillmann et al., Phys. Rev. Lett. 91, 162503 (2003).

⇤ List here your supporting agencies.
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5.12 Obertelli, Alexander

In-beam Gamma Spectroscopy at the RIBF: Recent Results from Proton-induced
Direct Reactions

Alexandre Obertelli1⇤
1CEA Saclay

IRFU/Service de Physique nucleaire

In-beam �-ray spectroscopy is a powerful tool to investigate new excited states and the properties of very
exotic nuclei. At the Radioactive Isotope Beam Factory (RIBF), it combines the in-flight BigRIPS fragment
separator with an efficient �-ray spectrometer. Details of the method are described alongside the performance
of the �-ray spectrometers, first results, and prospects for future experiments and setups.

⇤ e-mail: alexandre.obertelli@cea.fr
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5.13 Oganessian, Yuri

Superheavy nuclei⇤

Yu. Ts. Oganessian1

1 Joint Institute for Nuclear Research, RU-141980 Dubna, Russian Federation

The first experimental evidence of the existence of superheavy nuclei (SHN) was obtained in
2000 in complete fusion reactions of the 244Pu and 248Cm target nuclei with 48Ca projectiles. These
results have opened up new possibilities of synthesis of the heaviest nuclei and study of nuclear and
atomic properties of the superheavy elements. As a result of the experiments performed with use
of a beam of 48Ca ions and neutron-rich isotopes of actinides, the heaviest elements with atomic
numbers from 113 to 118 were synthesized. In these investigations 53 new nuclides, isotopes of
elements 104 to 118 having the largest number of neutrons, were produced for the first time, and
their decay properties have been determined. A significant increase in the stability of the SHN
with the number of neutrons, their relatively high cross sections caused by high fission barriers;
scenario and decay characteristics of new nuclides form a direct indication of the existence of an
island of stability among very heavy (superheavy) elements predicted by the microscopic theory
over 45 years ago. In the talk the experimental approaches to the synthesis of SHN as well as brief
compares experimental data with the predictions of the macro-microscopic theory will be given.
Some prospects associated with the new accelerator and experimental facilities will be discussed
also.

⇤ for a collaboration JINR Dubna-LLNL Livermore-ORNL Oak Ridge-Vanderbilt Nashville-UTK Knoxville
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5.14 Rykaczewski, Krzysztof

Reactor anti-neutrino spectra and decay heat in fission fragments from total
absorption spectroscopy.⇤

K. P. Rykaczewski1
1Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Decay studies of over seventy nuclei abundantly produced in nuclear reactors were performed at
ORNL using Tandem, on-line mass separator and Modular Total Absorption Spectrometer MTAS
[1,2,3]. The results are showing increased decay heat values, typically by about 10% to 40%,
which is of interest for nuclear fuel cycle analysis. Respectively, the energy spectra of emitted beta
particles and anti-neutrinos got shifted towards lower energies [4]. It results in a reduced number
of anti-neutrinos interacting with matter, often by tens of percent per studied fission product [5],
affecting the reported value of reactor anti-neutrino anomaly [6,7]. However, the discrepancy be-
tween predicted and directly measured high energy part of the reactor anti-neutrino spectrum (see,
e.g., [8,9,10] gets increased, when MTAS results are accounted in the reference anti-neutrino flux
[11]. MTAS results for several nuclei will be presented and their impact on reactor anti-neutrino
properties and decay heat pattern in power reactors will be discussed.

[1] M. Wolińska-Cichocka et al., Nuclear Data Sheets 120, 22, 2014.
[2] B. C. Rasco et al., Nucl. Instr. Meth. Phys. Res. A 788, 137, 2015.
[3] M. Karny et al., submitted to Nucl. Instr. Meth. Phys. Res. A.
[4] A. Fijałkowska et al., Nuclear Data Sheets 120, 26, 2014.
[5] A. Fijałkowska, Beta decay studies of fission products by total absorption spectroscopy, PhD
Thesis, May 2016, University of Warsaw, Warsaw, Poland, to be published.
[6] G. Mention et al., Phys. Rev. D 83, 073006, 2011.
[7] P. Huber, Phys. Rev. C 84, 024617, 2011.
[8] F. P. An et al., (Daya Bay Collaboration), Phys. Rev. Lett. 116, 061801, 2016.
[9] D. A. Dwyer and T. J. Langford, Phys. Rev. Lett. 114, 012502, 2015.
[10] A. A. Sonzogni, T. D. Johnson, and E. A. McCutchan, Phys. Rev. C 91, 011301, 2015.
[11] B. C. Rasco et al., submitted to Phys. Rev. Letters.

⇤ work supported by the U.S. DOE Office of Nuclear Physics under DOE Contract No. DE-AC05-00OR22725 with
UT-Battelle.
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5.15 Savard, Guy

Mass measurements on very neutron-rich isotopes with a new Penning trap phase
detection technique⇤

G. Savard1,2

1Argonne National Laboratory, Argonne, IL 60439, USA and
2University of Chicago, Chicago, IL 60637, USA

Mass measurements provide key insight into changes in nuclear structure as one moves away
towards the neutron dripline. They also are a critical input to the modeling of nucleosynthesis events
such as the r-process. A series of mass measurements on very neutron-rich isotopes has recently
been completed with the CPT mass spectrometer at CARIBU. It utilizes a new mass measurement
technique based on the determination of the phase of the cyclotron motion of radioactive ions stored
in a Penning trap. Determining the phase of the cyclotron motion instead of the frequency itself
allows one to overcome the Fourier limit and obtain much higher resolution for short-lived isotopes.
Recent results using this novel approach will be presented and their implication for nuclear structure
around doubly-magic 132Sn and in the octupole deformation region in neutron-rich Barium isotopes
will be discussed. Recent results on isotopes with enhanced influence on the astrophysical r-process
scenarios will also be mentioned.

⇤ This work was supported by the US DOE, Office of Nuclear Physics, under contract DE-AC02-06CH11357.
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5.16 Zegers, Remco

Spin-isospin excitations with rare isotope beams⇤

R. G. T. Zegers1†

1NSCL, Michigan State University, East Lansing, MI, USA
2Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA and

3Joint Institute for Nuclear Astrophysics - Center for the Evolution of the Elements,
Michigan State University, East Lansing, MI, USA

Charge-exchange reactions at intermediate energies (>⇠100 MeV/u) provide a unique way to
test the isovector sector of theories that aim to describe nuclei and their interactions. One of the
key methods is to extract Gamow-Teller strength distributions model-independently from measured
differential cross sections at forward scattering angles, based on the proportionality between these
cross sections and the associated strengths. The proportionality can relatively easily be calibrated
by using transitions for which the strength is known from �-decay experiments. This methods has
been used successfully for about 35 years. With the advent of rare-isotope beam facilities, charge-
exchange reactions are now used to inspect the spin-isospin response of rare isotopes, and to develop
novel reaction tools that provide selectiveness for specific types of transitions (e.g. with and without
spin-transfer).

At NSCL, a variety of charge-exchange reactions are studied for different purposes. The (t,3He)
reaction, performed with a secondary triton beam, is used to study isovector transitions from stable
targets. In recent years, the (t,3He) reaction has been also measured in coincidence with � rays,
and most recently with neutrons. The primary goal of these experiments is to benchmark and test
theoretical models used for estimating weak reaction rates that are employed in astrophysical simu-
lations, but they also provide information about other, more exotic, excitations, such at the isovector
giant monopole resonances. The latter have also been successfully studied with the newly developed
(10Be,10B+�) reaction.

The (7Li, 7Be) and (p,n) reactions in inverse kinematics have been developed to study isovector
excitations from unstable nuclei. The (p,n) reaction in inverse kinematics is particularly interesting
to study the spin-isospin response of rare isotopes up to high ( 20 MeV and beyond) excitation
energies. The further development of these techniques is especially important in preparation for
experiments far from stability at FRIB.

An overview of the program with charge-exchange reactions at NSCL will be given, with a focus
on the impact of the experiments on constraining modern nuclear structure models. An outlook for
future opportunities at FRIB will also be provided.

⇤ This work is supported by the US NSF [PHY-1102511 and PHY-0822648 (JINA)]. GRETINA was funded by the US
DOE Office of Science DE-AC02-05CH11231 (LBNL).

† e-mail: zegers@nscl.msu.edu.edu
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Structure of superheavy elements reexamined⇤

A. V. Afanasjev1,† S. E. Agbemava1, T. Nakatsukasa2, and P. Ring3

1Department of Physics and Astronomy, Mississippi State University, MS 39762, USA
2Center for Computational Sciences, University of Tsukuba, Tsukuba 305-8577, Japan and

3Fakultät für Physik, Technische Universität München, D-85748 Garching, Germany

The questions of the existence limits and the properties of shell-stabilized superheavy elements
(SHEs) have been a driving force behind experimental and theoretical efforts to study such nuclei.
Unfortunately, theoretical predictions for SHEs differ considerably. In such a situation an assess-
ment of the accuracy of the description of existing experimental data and theoretical uncertainties
for the prediction of the properties of unknown nuclei becomes imperative.

To address the issue a systematic investigation of even-even SHEs in the region of proton num-
bers 100  Z  130 and in the region of neutron numbers from the proton-drip line up to neutron
number N = 196 is performed in the framework of covariant density functional theory (CDFT)
[1]. For this study we use the five state-of-the-art functionals representing different classes of co-
variant energy density functionals. Their global performance in the description of the ground state
properties has recently been established [2,3,4]. Pairing correlations are treated within relativis-
tic Hartree-Bogoliubov theory based on an effective separable particle-particle interaction of finite
range and deformation effects are taken into account. This allows us to evaluate the accuracy of the
theoretical description of binding energies, deformations, shell structure and ↵-decay half-lives and
to estimate theoretical uncertainties in the predictions of these observables in unknown superheavy
nuclei. The most important results are as follows:

• Contrary to the previous studies in CDFT, it was found that the impact of the N = 172

spherical shell gap on the structure of superheavy elements is very limited. Similar to non-
relativistic functionals, some covariant functionals predict an important role played by the
spherical N = 184 gap. For these functionals (NL3*, DD-ME2, and PC-PK1) there is a
band of spherical nuclei along and near the Z = 120 and N = 184 lines.

• Some functionals such as DD-PC1 and DD-ME� predict only very few spherical SHEs above
Z = 110 and N = 172; the oblate ground states dominate the nuclear landscape here. Such
a possibility has never been discussed before and it is a consequence of the competition of
the shell effects at spherical and oblate shapes.

• Available experimental data on heavy and superheavy elements are, in general, described
with comparable accuracy and do not make it possible to discriminate between these predic-
tions.

In addition, the inner fission barriers, which define the stability of SHEs, and theoretical uncer-
tainties in their description are systematically studied in the Z = 106 � 130 nuclei [5].

[1] S. E. Agbemava, A. V. Afanasjev, T. Nakatsukasa, and P. Ring, Phys. Rev. C92, 054310 (2015).
[2] A. V. Afanasjev, S. E. Agbemava, D. Ray, and P. Ring, Phys. Lett. B726, 680 (2013).
[3] S. E. Agbemava, A. V. Afanasjev, D. Ray, and P. Ring, Phys. Rev. C89, 054320 (2014).
[4] S. E. Agbemava, A. V. Afanasjev, and P. Ring, Phys. Rev. C93, 044304 (2016).
[5] S. E. Agbemava, A. V. Afanasjev, T. Nakatsukasa, and P. Ring, in preparation.

⇤ The material is based upon work supported by U. S. Department of Energy, Office of Nuclear Physics under Award
No. DE-SC0013037

† e-mail: Anatoli.Afanasjev@gmail.com
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Shape coexistence and charge radii in mercury isotopes studied  
by in-source laser spectroscopy at VADLIS/RILIS-ISOLDE 

A. N. Andreyev* 

University of York, (United Kingdom) 

On behalf of York-KU Leuven-Gatchina-Mainz-Manchester-Bratislava-UWS-RILIS-
WindMill-ISOLTRAP-ISOLDE collaboration 

Since more than four decades, the long chain of mercury (Z=80) isotopes represents a text-
book example of shape coexistence in the lead region [1], being the first in which an abrupt 
change of charge radii was observed by approaching the neutron mid-shell at N=104 [2,3], 
see Figure. In particular, the so-called shape staggering was observed, whereby the charge 
radii of the low-spin ground states in 181,183,185Hg manifested their strongly-deformed shape, 
while the high-spin 13/2+ isomer in 185Hg and the 0+ ground states of the neighboring even-
even 182-186Hg continued a smooth trend of weakly-oblate heavier mercury isotopes. 

 

 
Figure. The charge radii for the chain of 
mercury isotopes. The previously-known 
data are shown by the black solid and open 
squares, the new data from the IS598 
experiment – by the red stars. 
 

This presentation will discuss the data from the 2015’s IS598 experiment at ISOLDE, in 
which our collaboration was able to extend the measurements down to 177Hg. The data for 
207,208Hg, situated just above the N=126 shell closure were also collected for the first time. 
This experiment became possible due to the use of a molten lead target coupled to the recent-
ly-developed laser ionization technique in the VADLIS [4] ion source at ISOLDE. By com-
bining the high sensitivity of the in-source laser spectroscopy technique, ISOLDE mass sepa-
ration and Windmill D-decay spectroscopy setup [5], it has been possible to perform the 
measurements with the yields as low as ~0.1 ions/PC for 177Hg. Along with the Faraday cup 
and Windmill measurements, also the Multi-Reflection Time-of-Flight (MR-ToF) mass 
separation technique [6] involving the ISOLTRAP collaboration was used, which proved to 
be indispensable for the measurements of especially 207,208Hg. 
Our new data show that 181Hg is the lightest isotope which possesses a large deformation, 
with all lighter nuclei showing the charge radii values consistent with the weakly-deformed 
shapes. The comparison with several modern theoretical approaches will also be discussed. 
[1] K.Heyde and J. Wood. Rev. Mod. Physics 83, 1467 (2011) 
[2] J. Bonn, G. Huber, H.-J. Kluge, L. Kugler, E. W. Otten, Phys. Lett. 38B, 308 (1972) 
[3] G. Ulm et al., Z. Phys. A325, 247(1986) 
[4] T. Day Goodacre et al., Proceedings of EMIS-XVII Conference, May 2015 
[5] A.N. Andreyev et al,, Phys. Rev. Lett. 105, 252502,(2010) 
[6] R. N. Wolf et al., Nucl. Instr. and Meth. A 686, 82-90 (2012) 
*e-mail: Andrei.Andreyev@york.ac.uk 
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Shape coexistence and the role of axial asymmetry in neutron-rich Ge isotopes⇤

A. D. Ayangeakaa1,† R. V. F. Janssens1, C. Y. Wu2, J. M. Allmond3, J. L. Wood4, S. Zhu1, M.
Albers1, S. Almaraz-Calderon1, B. Bucher2, M. P. Carpenter1, C. J. Chiara1,5, D. Cline6, H. L.
Crawford7, H. M. David1, J. Harker5, A. B. Hayes6, C. R. Hoffman1, B. P. Kay1, K. Kolos8, A.

Korichi9, T. Lauritsen1, A. O. Macchiavelli10, A. Richard7, D. Seweryniak1, and A. Wiens10

1Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
2Lawrence Livermore National Laboratory, Livermore, California 94550, USA

3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
4School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA

5Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, USA

6Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
7Institute of Nuclear and Particle Physics, Department of Physics and Astronomy,

Ohio University, Athens, Ohio 45701, USA
8Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA

9Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse CSNSM,
CNRS/IN2P3 and Université Paris-Sud, F-91405 Orsay Campus, France and

10Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

The low-lying states in even-even Ge isotopes have been a subject of intense scrutiny for many
years due to the inherent challenge of interpreting their intrinsic structure. While several expla-
nations such as vibrational-rotational coupling, 2p-2h intruder mixing and shape coexistence have
been proposed, none have been able to satisfactorily reproduce the properties of these low-lying
excitations. Recent theoretical calculations have, however, emphasized the importance of the tri-
axial degree of freedom and, indeed, 76Ge is proposed to exhibit rigid triaxiality. In this study, the
electromagnetic properties of low-lying states in 72,76Ge were investigated via projectile multiple
Coulomb excitation with GRETINA [1] and CHICO-2 [2]. In the case of 72Ge, substantial evidence
for triaxiality and shape coexistence, based on the model-independent shape invariants deduced
from the Kumar-Cline sum rule, have been observed [3]. These, and results of multi-configuration
mixing calculations carried out within the framework of the triaxial rotor model will be presented.
The role of triaxiality and preliminary results for 76Ge will also be highlighted.
[1] S. Paschalis et al., Nucl. Instrum. Methods Phys. Res. A 709, 44 (2013)
[2] C. Y. Wu et al., Nucl. Instrum. Methods Phys. Res. A 814, 6 (2016)
[3] A. D. Ayangeakaa et al., Phys. Lett. B 754, 254 (2016)

⇤ Department of Energy, Office of Science, Office of Nuclear Physics and the National Science Foundation
† e-mail: ayangeakaa@anl.gov
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Advances in Self-Consistent Green’s Function Calculations of Medium Mass
Isotopes⇤

C. Barbieri1,6,† V. Somà2, A. Cipollone3, P. Navrátil4, and T. Duguet2,5

1Department of Physics, University of Surrey, Guildford GU2 7XH, UK
2CEA-Saclay, IRFU/Service de Physique Nucléaire, 91191 Gif-sur-Yvette, France
3Numerical Applications and Scenarios Division, CMCC, Bologna 40127, Italy

4TRIUMF, 4004 Westbrook Mall, Vancouver, BC, V6T 2A3, Canada
5National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy and

( 6For the HALQCD collaboration )

The computational effort required by Self-consistent Green’s function theory (SCGF) scales
smoothly with increasing particle number. At the same time, the theory naturally yields information
on the spectral distribution of correlated particle and hole states inside the medium. As such, SCGF
is the method of choice for ab-initio investigations of medium mass nuclei and to learn how their
structure evolves toward the driplines. This talks will review recent results from nuclear interactions
based on chiral perturbation theory and on lattice QCD simulations.

Ab-initio SCGF results for standard chiral interactions have confirmed the role of three-nucleon
forces (3NF) in determining the dripline behaviour of isotopes from N to F [1] and from Ar to Ti [2].
At the same time, the lack of saturation led to a refit of chiral interaction to correctly predict nuclear
radii (NNLOsat). I will discuss new SCGF results for Oxygen isotopes and for the pf shell up to
the Ni chain. The NNLOsat predicts correct radii near the valley of stability but with a tendency
to deviate for neutron rich isotopes. Correspondingly, the spectral function distribution is improved
with respect to traditional chiral interacitons.

The method exploited by the Hadron to Atomic nuclei form Lattice QCD (HALQCD) collabo-
ration consists in extracting the nucleon-nucleon interaction from lattice simulations and then using
it for ab-initio calculations of large nuclei. The numerical accuracy of SCGF theory with these
(hard) potentials is sufficient to draw conclusions on binding for nuclei up to 40Ca. The HALQCD
approach predicts a curious evolutions of the nuclear chart with respect to the variation of quark
masses, with isolated islands of binding being generated first when the physical quark-mass limit is
approached from above.

[1] A. Cipollone, C. Barbieri and P. Navrátil, Phys. Rev. C92, 014306 (2015).
[2] V. Somà, A. Cipollone, et al., Phys. Rev. C89, 061301(R) (2014).
[3] C. Barbieri and and HALQCD collaboration, in preparation.

⇤ This work is supported by the Science and Technology Facilities Council (STFC) under grant No. ST/L005743/1 and
by the Royal Society International Exchanges grant No. IE150305.

† e-mail: C.Barbieri-at-surrey.ac.uk
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Ab initio nuclear shell model for sd-shell nuclei⇤

E. Dikmen1,2, B. R. Barrett2,† and J. P. Vary3

1Suleyman Demirel University, Isparta, Turkey
2University of Arizona, Tucson, AZ, USA and

3Iowa State University, Ames, IA, USA

One of the long term goals of nuclear-structure theory has been to derive the input for standard
inert-core shell-model calculations from the fundamental nucleon-nucleon (NN) and three-nucleon
interactions. Using a formalism based on the No Core Shell Model (NCSM) [1,2,3], we have deter-
mined microscopically the core and single-particle energies and the effective two-body interactions
that are the input to standard shell model (SSM) calculations [4,5]. The basic idea is to perform
a succession of an Okubo-Lee-Suzuki (OLS) transformation, a NCSM calculation, and a second
OLS transformation to a further reduced space, such as the sd-shell, which allows the separation of
the many-body matrix elements into an “inert” core part plus a few valence-nucleons calculation.
We have used this technique to calculate the properties of the nuclides in the Fluorine chain, using
a chiral Effective Field Theory N3LO NN interaction [6]. The obtained SSM input, along with
the results of the SSM calculations for the Fluorine isotopes, will be presented and compared with
similar results obtained using the In-Medium Similarity Renormalization Group method [7]. We
focus on the sensitivity to the derived single-particle energies in order to explore the inferred role of
three-nucleon interactions.
[1] P. Navrátil, J. P. Vary and B. R. Barrett, Phys. Rev. Lett. 84, 5728 (2000); Phys. Rev. C 62,
054311 (2000).
[2] P. Navrátil, S. Quaglioni, I. Stetcu, and B. R. Barrett, J. Phys. G 36, 083101 (2009).
[3] Bruce R. Barrett, Petr Navrátil and James P. Vary, Prog. Part. Nucl. Phys. 69, 131 (2013).
[4] A. F. Lisetskiy, et al., Phys. Rev. C 78, 044302 (2008).
[5] E. Dikmen, et al., Phys. Ref. C 91, 064301 (2015).
[6] D. R. Entem and R. Machleidt, Phys. Rev. C 68, 041001 (2003).
[7] S. R. Stroberg, et al., arXiv Nucl-th 1511.02802.

⇤ This work was supported in part by the Higher Education Council of Turkey, by the Scientific and Technological
Research Council of Turkey (TUBITAK-BIDEB), by the US Department of Energy under Grants No. DESC0008485
(SciDAC/NUCLEI) and No. DE-FG02-87ER40371, by the US National Science Foundation under the Grant No.
PHYS-0845912 and Computational resources were provided by the National Energy Research Supercomputer Center
(NERSC), supported by the Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231.

† e-mail: bbarrett@physics.arizona.edu
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Exploring the Onset of Shape Coexistence using (d,p) with exotic Sr isotopes.⇤

P. C. Bender1,2, S. Cruz3, R. Krücken2,3, K. Wimmer4,5, F. Ames2, C. Andreoiu6, C. S. Bancroft5,
R. Braid7, T. Bruhn2, W. Catford8, A. Cheeseman9, D. S. Cross6, C. Aa. Diget10,

T. Drake11, A. Garnsworthy2, G. Hackman2, R. Kanungo12, A. Knapton8, K. Kuhn7,
J. Lassen2, R. Laxdal2, M. Marchetto2, A. Matta8, D. Miller2, M. Moukaddam2, N. Orr13,

N. Sachmpazidi5, A. Sanetullaev2, C. E. Svensson9, N. Terpstra5, C. E. Unsworth2, and P. Voss6

1NSCL, East Lansing, MI, USA
2TRIUMF, Vanvouver, BC, Canada

3University of British Columbia, Vanvouver, BC, Canada
4University of Tokyo, Tokyo, Japan

5Central Michigan University, Mount Pleasent, MI, USA
6Simon Fraser University, Burnaby, BC, Canada

7Colorado School of Mine, Golden, CO, USA
8University of Surrey, Surrey, United Kingdom
9University of Guelph, Guelph, ON, Canada
10University of York, York, Unitied Kingdom

11University of Toronto, Toronto, ON, Canada
12Saint Mary’s University, Halifax, NS, Canada and

13LPC Caen, Caen, France

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 an unusually sudden onset of
deformation with the addition of only a few nucleons. Work to better understand the competition
and stabilization of different shapes in these nuclei is of substantial interest both experimentally and
theoretically. To help drive the ongoing theoretical discussion of both mean field [2] and shell model
[3] calculations, measurements of the occupations of shape-driving orbitals in this mass region are
critical.

The present work explores this shape transition region, using one-neutron transfer reactions
on exotic Sr isotopes in inverse kinematics at the TRIUMF ISAC-II facility, the first such high-
mass (A > 30) experiments performed there. Beams of 94,95,96Sr were produced by impinging a
500 MeV proton beam on an ISAC UC

x

target. The extracted beams were charge bred using an
ECR before being accelerated to approximately 5.5 MeV/u. The experimental station where the
d(94,95,96Sr,p)95,96,97Sr reactions were performed consisted of the TIGRESS gamma-ray spectrom-
eter [4] which surrounded the SHARC charged particle detector [5].

The combination of detected gamma-rays as well as light charged particles is being used to
extract energy levels, cross-sections, and proton angular distributions of observed low-lying states.
This information gives insight into the underliying wavefuctions of these states. A presentation of
the analysis will be made with results compared to current large scale shell model calculations in
the mass region.

[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] K. Sieja et al., Phys. Rev. C 79, 064310 (2009).
[4] G. Hackman and C. E. Svensson, Hyper. Int. 225, 241 (2014).
[5] C. A. Diget et al 2011 J. Inst., 6, P02005, (2011).

⇤ This work was supported in part by NSERC, STFC and the NSF.
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Investigation of  70,72,74Ni from � decay of  70,72,74Co

G. Benzoni1, A.I. Morales1,2,  H. Watanabe3,4

1INFN sezione di Milano, Milano, I  2Università degli Studi di Milano, Milano, I,
3RIKEN Nishina Center, Riken, Jp, 4Beihang University, Beijing, Cn 

One of the main unanswered questions of modern nuclear physics is whether the traditional

magic numbers of protons and neutrons, such as they are known near stability, are maintained at

extreme values of isospin, or whether new magic numbers emerge as a result of the unbalanced

neutron-to-proton ratios.  The nuclear region around  78Ni,  with 28 protons and 50 neutrons,  has

attracted great attraction for this purpose. This work aims at studying the even-even 70,72,74Ni nuclei

from  �-delayed  � spectroscopy of the  70,72,74Co progenitors to test the strength of state-of-the-art

shell-model calculations in the vicinity of the doubly-magic 78Ni core. 

The data were collected in an experiment performed at RIKEN at the Radioactive-Isotope

Beam Factory (RIBF) facility, as part of the EURICA campaign [1,2]. Nuclei in the isotopic chains

of Cu, Ni, Co and Fe were produced in in-flight fission of a 345 AMeV 238U stable beam impinging

on a 3 mm Be target. The reaction residues were identified using the large-acceptance magnetic

spectrometer  BigRIPS  [3],  and  were  sent  through  the  Zero-Degree  spectrometer  to  a  �-decay

station, consisting of the WAS3ABi active stopper [1] and the EURICA � spectrometer [2]. An array

of 18 LaBr3 scintillation detectors were also mounted to allow for fast-timing measurements.

The unprecedented high intensities of the primary beam, 10 pnA, enabled the collection of

high statistics for the nuclei of interest. The  �-delayed  � spectroscopic study is providing a large

amount of new information in the populated isotopic chains, resulting in the establishment of new

decay schemes in the Fe chain and great extension of existing level schemes for the Ni isotopes.

In this contribution an insight on the shape coexistence and seniority conservation in exotic

nuclei of the Ni isotopic chain will be given.

References:

[1] S. Nishimura: Prog. Theor. Exp. Phys. 2012, 03C006 (2012)

[2] P.-A. Söderström et al., Nucl. Instr. and Meth. B 317, 649 (2013)

[3] T. Kubo: Nucl. Instr. Methods B 204, 97 (2003)
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Effective field theory in the harmonic oscillator basis

S. Binder, A. Ekström, G. Hagen, T. Papenbrock, and K. A. Wendt
Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA and

Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

We develop interactions from chiral effective field theory (EFT) that are tailored to the harmonic
oscillator basis. As a consequence, ultraviolet convergence with respect to the model space is imple-
mented by construction and infrared convergence can be achieved by enlarging the model space for
the kinetic energy. In oscillator EFT, matrix elements of EFTs formulated for continuous momenta
are evaluated at the discrete momenta that stem from the diagonalization of the kinetic energy in the
finite oscillator space. By fitting to realistic phase shifts and deuteron data we construct an effective
interaction from chiral EFT at next-to-leading order. Many-body coupled-cluster calculations of
nuclei up to 132Sn converge fast for the ground-state energies and radii in feasible model spaces.
[1] S. Binder, A. Ekström, G. Hagen, T. Papenbrock, K. A. Wendt, ”Effective field theory in the
harmonic oscillator basis”, arXiv:1512.03802
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Laser spectroscopy on nobelium isotopes at GSI  

M. Block1,2,3, M. Laatiaoui1,2, H. Backe3, W. Lauth3,  
D. Ackermann1, B. Cheal4, P. Chhetri5, C. Droese6,  
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F. Giacoppo1,2, S. Götz1,2,3, F.P. Heßberger1,2, M. Huyse7,  

O. Kaleja5, J. Khuyagbaatar1,2, P. Kunz8,  F. Lautenschläger5, 
A.K. Mistry1,2, S. Raeder1,2, E. Minaya Ramirez1,2,  

Th. Walther5, C. Wraith4, A. Yakushev1,2 
1GSI Helmholtzzentrum, Darmstadt, Germany; 2Helmholtz-Institut Mainz, 
Germany 3Univ. Mainz, Germany; 4Univ. Liverpool, UK; 5TU Darmstadt, 
Germany; 6Univ. Greifswald, Germany; 7KU Leuven, Belgium; 8TRIUMF 

Vancouver, Canada 

Precision measurements of atomic properties by laser 
spectroscopy allow probing an element’s electronic structure. 
This is of particular importance for the heaviest elements 
whose electronic structure is strongly affected by relativistic 
effects, quantum electrodynamics, and electron correlations.  

Despite significant progress in laser spectroscopy of 
radionuclides in recent years no experimental data on atomic 
levels of any element beyond fermium are available to date. 
Isotopes of these elements can be produced in complete 
fusion-evaporation reactions at accelerator facilities on-line, 
however, only at rates of at most a few particles per second. 

A very sensitive method based on a two-step laser-ionization 
scheme has been applied for optical spectroscopy of 
nobelium. In 2015 for the first time atomic transitions 
including several high-lying Rydberg-states in 254No were 
identified. In addition, the isotope shift of the 1S0-1P1 
transition in the isotopes 252,253No was studied.  

In this contribution, the experimental results will be presented 
and compared to predictions by state-of-the-art theories. 
Perspectives for future measurements in heavier elements will 
be addressed. 
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Investigating the nature of excited 0+ states populated via the 162Er(p,t) reaction

C. Burbadge1,⇤ P.E. Garrett1, G.C. Ball2, V. Bildstein1, A. Diaz Varela1,
M.R. Dunlop1, R. Dunlop1, T. Faestermann3, R. Hertenberger4, D.S. Jamieson1,†
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E.T. Rand1,‡ C.E. Svensson1, S. Triambak2,6,7, and H.-F. Wirth4

1University of Guelph, Guelph, Ontario, Canada
2TRIUMF, Vancouver, British Columbia, Canada

3Technische Universität München, Garching, Germany
4Ludwig-Maximilians-Universität München, Garching, Germany

5Colorado School of Mines, Golden, Colorado, USA
6University of the Western Cape, Bellville, South Africa and

7iThemba Laboratory for Accelerator Based Sciences, Somerset West, South Africa

Interpreting the nature of excited states in well-deformed nuclei has been an ongoing challenge
in our understanding of nuclear structure. Some of the approaches that have been implemented to
interpret the occurence of low-lying excited 0+ states include vibrational excitations in �-phonons
and �-phonons, as well as pairing excitations. A further complication is the presence of shape
coexistence which can increase the number of low-lying states, and if the shapes undergo mixing
that spectroscopic signatures can become ambiguous. The N = 90 region is just such a case with a
well known rapid change in the ground state shape from N = 88 to N = 92. However, one of the
difficulties in resolving the nature of these states is that there is an absence of data, particularly for
excited 0+ states, in the rare earth region.

Two-neutron transfer reactions are ideal for probing 0

+! 0

+ transitions in deformed nuclei.
Excited 0

+ states in 160Er have been studied via the (p, t) reaction with a highly-enriched 162Er
target at the Maier-Leibnitz Laboratory in Garching, Germany. Reaction products were momentum-
analyzed with a Quadrupole-3-Dipole magnetic spectrograph. A sample spectrum from the reaction
taken at 30 degrees up to an excitation energy of 2.5 MeV is shown below; a large number of
previously unobserved excited states are observed, including six 0+ states below 2.5 MeV.

The variance in the cross section of these low-lying excited 0

+ states suggests a special character
for the 0+

2 state that may be consistent with shape co-existence. Preliminary results of the relative
population of the excited 0+ states in 160Er will be presented, and placed into context with similar
experiments in the N = 90 region.

⇤ e-mail: cburbadg@uoguelph.ca
† Now at Stony Brook University, Stony Brook, New York, USA
‡ Now at AECL Chalk River Laboratories, Chalk River, Ontario, Canada
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Nuclear matter from a Green’s function approach⇤

A. Carbone1†

1TU Darmstadt, Darmstadt, Germany

In the past few decades, the study of low-density nuclear matter has found in chiral effective
field theory a direct root to the underlying quantum theory, QCD. The combination of ab initio
many-body approaches and chiral interactions has then provided a promising framework to obtain
a realistic description of infinite nuclear matter.

To achieve this goal, the self-consistent Green’s function theory (SCGF) is particularly suited.
Via iterative solution of Dyson equation, the fully correlated propagator is obtained, which provides
an accurate description of both microscopic and bulk properties [1].

In this talk I will address several aspects of nuclear matter, ranging from zero to finite tempera-
tures: from the prediction of the saturation of nuclear matter to the stiffening of pure neutron matter
energy due to three-body forces [2]; from the study of the liquid-gas phase transition in nuclear mat-
ter to the analysis of thermal effects important for equations of state for simulations in core-collapse
supernovae. Theoretical uncertainties as well as errors due to the many-body approximation will
be discussed. The goal is to analzye behaviors that can impact aspects connected to a variety of
astrophysical processes.
[1] C. Carbone et al., PRC 88 , 054326 (2013)
[2] C. Carbone et al, PRC 90 , 054322 (2014)

⇤ This work was supported by the Alexander von Humboldt Foundation through a Humboldt Research Fellowship for
Postdoctoral Researchers

† e-mail: arianna@theorie.ikp.physik.tu-darmstadt.de
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Gauging Octupole Collectivity in Neutron Rich Ce Nuclei⇤

M.P. Carpenter1,† A.D. Ayangeakaa1, S. Bottoni1, J. Clark1, P. Copp2, H.M.
David1, R.V.F. Janssens1, K. Kolas4, F.G. Kondev1, G. Lane3, T. Lauritsen1,

C.J. Lister2, A.J. Mitchell3, G. Savard1, D. Seweryniak1, and S. Zhu1

1Argonne National Laboratory, Argonne, IL 60439, USA
2Department of Physics and Applied Physics,

University of Lowell, Lowell, MA 01854, USA
3Department of Nuclear Physics, Australian National University, Canberra, ACT 2601, Australia and

4Lawrence Livermore National Laboratory, Livermore, CA, 94550, USA

The CARIBU facility at ATLAS offers new opportunities to study the nuclear structure of
neutron-rich nuclei populated following the spontaneous fission of the 252Cf source. The Ba-Ce nu-
clei around N = 88 are of particular interest from a nuclear structure standpoint in that they exhibit
properties associated with strong octupole collectivity. Previously, much of the experimental infor-
mation concerning octupole collectivity in these nuclei came from prompt �-ray coincidence studies
using 252Cf sources placed inside large gamma-ray arrays such as Gammasphere. The CARIBU fa-
cility allows us to probe these nuclei with different techniques. For example, Coulomb excitation
of 144,146Ba [1] has been performed at ATLAS by accelerating beams of these isotopes onto heavy
targets and measuring the scattered projectiles with the CHICO2 detector [2] in coincidence with de-
excitation gamma-rays measured with GRETINA [3]. These studies show B(E3) matrix elements
which are larger than theorectically predicted and consistent with a static octuople shape.

The other technique which CARIBU affords is to probe these nuclei by measuring properties
of excited states fed from the � decay of the parent nucleus. In contrast to the prompt fission and
Coulomb excitation work, non-yrast states can be readily identified in these types of studies. A
decay station, SATURN, which consists of a tape station, beta counter and five large volume HPGe
Clover detectors in a box configuration has been constructed in order to perform these types of
�-decay measurements [4]. We have recently performed experiments at CARIBU using SATURN
to study excited states in 148,150Ce following the � decay of 148,150La. High-spin studies of these
two nuclei indicate that these isotopes show evidence for enhanced octupole collectivity [5,6]. Our
new measurment on 148La has expanded on the previous decay work [7] and identifies states which
decay exclusively to the lowest-lying negative-parity band making them candidates for multiphonon
states involving at least one octupole phonon. For 150Ce, we have identified the excitation energy
of the lowest-lying negative-parity levels for the first time, and thus have established the excitation
energy of the lowest lying one-phonon octupole state. These results and their impact on our under-
standing of octupole collectivity in this region will be discussed.
[1] B. Bucher et al., Phys. Rev. Lett. 116, 112503 (2016) and to be published.
[2] M. Simon et al., Nucl. Instr. Meth. A 452, 205 (2000).
[3] S. Paschalis et al., Nucl. Instr. Meth. A 709, 44 (2013).
[4] A.J. Mitchell et al., Nucl. Instr. Meth. A 763, 232 (2014).
[5] Y.J. Chen et al., Phys. Rev. C 73, 054316 (2006).
[6] S.J. Zhu et al, Phys, Rev. C 85, 014330 (2012).
[7] R.L. Gill et al., Phys. Rev. C 27, 1732 (1983).

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics under Contract No. DE-AC02-06CH11357 and Grant No. DE-FG02-94ER40848. This research used re-
sources of ANLs ATLAS facility, which is a DOE Office of Science User Facility

† email:carpenter@anl.gov
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The Curious Case of the Second 0+: Resonances in 25Al(p,�)26Si⇤

K. A. Chipps1†

1Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

Thanks to a characteristic decay, 26Al remains an intriguing and important target for observa-
tional gamma-ray astronomy. The 25Al(p,�)26Si reaction is a crucial link in a reaction sequence that
bypasses the production of the observable 26Alg in favor of the short-lived isomeric state, which pro-
duces no gamma ray. Due to its importance, determining this astrophysical reaction rate across a
range of stellar environments has been the focus of many studies, and a wealth of data have been
amassed regarding the relevant structure of the resonances above the proton threshold in 26Si.

A significant discrepancy arises when comparing prediction and measurement, however. Based
on mirror arguments and shell model calculations, only one 0+ level is expected in the energy
region about half an MeV above the proton threshold in 26Si, yet two levels consistent with a 0+

assignment have been found experimentally. Furthermore, existing data suggest that neither of these
0+-assigned levels are consistent with a missing 4+ level predicted in this energy range. Is this miss-
ing 4+ yet to be identified, while one of the two 0+ levels is instead an unanticipated intruder state
from another shell? Aside from its value in benchmarking and refining nuclear structure models, the
question potentially affects the astrophysical 25Al(p,�)26Si reaction rate as well, with the location
of the single 0+ (if it is indeed the only one) altering the total reaction rate at nova temperatures by
as much as 14%.

A reanalysis [1] of previous work, utilizing recent improvements in excitation energies and
ground state masses, will be presented, to help reduce the ambiguities in the literature and provide
focus for future measurements and theoretical studies, to determine the nature of the second 0+.
[1] K. A. Chipps, Phys. Rev. C 93, 035801 (2016).

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics

† e-mail: chippska@ornl.gov
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Search for dineutron correlation in borromean halo nuclei 
 

A. Corsi1, Y. Kubota2,3, G. Authelet1,  H. Baba3,  C. Caesar4,  D. Calvet1,  A. Delbart1,  M. 
Dozono2, J. Feng5,  F. Flavigny6,  J.-M. Gheller1,  J. Gibelin7,  A. Giganon1,  A. Gillibert1,  

K. Hasegawa8, T. Isobe3, Y. Kanaya9,  S. Kawakami9,  D. Kim10,  Y. Kiyokawa2,  M. 
Kobayashi2,  N. Kobayashi11,  T. Kobayashi8, Y. Kondo12,  Z. Korkulu13,  S. Koyama11,  V. 

Lapoux1,  Y. Maeda9,  F. M. Marques7,  T. Motobayashi3, T. Miyazaki11,  T. Nakamura12,  N. 
Nakatsuka14,2,  Y. Nishio15,  A. Obertelli1,  A. Ohkura15,  N. A. Orr7, S. Ota2,  H. Otsu3,  T. 

Ozaki12,  V. Panin3,  S. Paschalis4,  E. C. Pollacco1,  S. Reichert16,  J.-Y. Roussé1, A. Saito12,  
S. Sakaguchi15,  M. Sako3,  C. Santamaria1  M. Sasano2, H. Sato2, M. Shikata12,  Y. Shimizu2, 

Y. Shindo15,  L. Stuhl3,  T. Sumikama8,  M. Tabata15,  Y. Togano12,  J. Tsubota12,  T. 
Uesaka3, Z. H. Yang3,5,  J. Yasuda15,  K. Yoneda3,  and J. Zenihiro3 
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15 Department of Physics, Kyushu University 
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Neutron drip-line nuclei are characterized by a dilute neutron density around the nuclear 
surface and offer a unique testing ground to investigate correlations at different densities. As 
an example, a strong dineutron correlation was predicted [1] and later found experimentally 
in 11Li via a measurement of the low-lying dipole strength distribution [2].  
In order to directly determine the momentum distribution of the two valence neutrons, which 
allows access to the dineutron correlation, the first kinematically complete measurement was 
performed at RIKEN RIBF for the quasi-free (p,pn) reaction on Borromean nuclei 11Li, 14Be, 
and 17,19B. The novelties of the experiment are the capability to select the kinematical region 
corresponding to high momentum transfer, where the reaction mechanism is simpler, and to 
pin down the excited states of the core nucleus by γ-ray detection. The experiment was 
carried out with the SAMURAI spectrometer [3] and the MINOS system which combines a 
15-cm liquid hydrogen target with a vertex tracker to increase luminosity without degrading 
energy resolution [4]. The momentum distribution of the valence neutrons was reconstructed 
from the measured momentum vectors of all the particles involved in the reaction. In this 
talk, we will discuss the dineutron correlation in 11Li from the asymmetry in the opening 
angle distribution of the emitted neutrons within a newly developed formalism [5]. The 
invariant-mass spectra of 10Li, 13Be, 16B, where new resonances have been observed, and the 
core-excitation contribution deduced from γ-ray measurement will also be discussed.  
 
[1] G. F. Bertsch and H. Esbensen, Ann. Phys. 209, 327 (1991); [2] T. Nakamura et al., Phys. Rev. Lett. 96, 
252502 (2006); [3] T. Kobayashi et al., Nucl. Instr. Meth. B317, 294 (2013); [4] A. Obertelli et al., Eur. Phys. 
Jour. A50, 8 (2014) ; [5] Y.Kikuchi et al., arXiv:1603.03858 
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Characterizing Deformation in the Mg Isotopes: N=20 to N=28⇤

H. L. Crawford1 for the E11029-NSCL and NP1312-RIBF03 collaborations
1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

The elementary modes of excitation in atomic nuclei are a central theme of study in nuclear
structure physics. One of the most interesting findings of these studies is the competition of single-
particle and collective degrees of freedom, in particular the emergence of deformation and associ-
ated rotations. With the development of exotic beams, we have started to chart the character and
evolution of these excitation mechanisms with isospin as one moves toward the neutron dripline.
Due largely to the monopole part of the spin-isospin components of the nuclear force, effective
single-particle levels for a given isotope change dramatically as protons or neutrons are added to
the system. The competition between monopole shifts of single particle energies and pairing plus
quadrupole correlations leads to competition between spherical and deformed configurations. In the
region around 32Mg the change in the effective single particle spacing reduces the N=20 shell gap
and the deformed intruder configuration, with neutron pairs promoted from the sd to the fp shell, is
energetically favoured. Near N=28 and 40Mg, there is a similar development of deformation along
the isotonic chain below 48Ca, with the removal of protons driving rapid shape oscillations between
the N=28 nuclei.

I will discuss new experimental results along the Mg chain from N=20 to N=28. The region
near 32Mg has been a subject of intense work in recent years, both experimental and theoretical.
In spite of the fact that there is clear evidence for the existence of deformed ground states, band
structures, which are considered the fingerprints of rotational motion, have not been observed and
a basic question on what exactly are the excitation spectra and collective modes remains largely
unanswered. I will present results from a measurement with GRETINA [1] at the S800, studying
the yrast structures in 32,33Mg populated via a fragmentation reaction [2], and discuss the results,
consistent with a rotational description, but requiring a strong reduction in pairing already at the 6+

state in 32Mg. I will also present results for proton knockout into 40Mg [3], for which the inclusive
reaction cross-section provides a mechanism to constrain the nature of the deformation in this most
exotic Z=12 nucleus.

[1] S. Paschalis, et al., NIM A, 709, 44 (2013).
[2] H. L. Crawford, et al., Phys. Rev. C, 93, 031303(R) (2016).
[3] H. L. Crawford, et al., Phys. Rev. C, 89, 041303(R) (2014).

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics under Contract No. DE-AC02-05CH11231 (LBNL). GRETINA was funded by the U.S. DOE Office of Sci-
ence. Operation of the array at NSCL is supported by NSF under Cooperative Agreement PHY11-02511 (NSCL) and
DOE under Grant No. DE-AC02-05CH11231 (LBNL).
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High-Precision Half-Life Measurements for the Superallowed �+ Emitter 10C:
Implications for Weak Scalar Currents⇤

M. R. Dunlop1,† C. E. Svensson1, G. C Ball2, G. F Grinyer3, J. R. Leslie4, C. Andreoiu5,
R. A. E. Austin6, T. Ballast2, P. C. Bender2, V. Bildstein1, A. Diaz Varela1, R. Dunlop1,

A. B. Garnsworthy2, P. E. Garrett1, G. Hackman2, B. Hadinia1, D. S. Jamieson1,
A. T. Laffoley1, A. D. MacLean1, D. M. Miller2, W. J. Mills2, J. Park2, A. J. Radich2,

M. M. Rajabali2, E. T. Rand1, C. Unsworth2, A. Valencik6, Z. M. Wang2, and E. F. Zganjar7
1University of Guelph, Guelph, Ontario, N1G 2W1, Canada

2TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3, Canada
3GANIL, CEA/DRF-CNRS/IN2P3, Bvd Henri Becquerel, 14076 Caen, France

4Queen’s University, Kingston, Ontario, K7L 3N6, Canada
5Simon Fraser University, Burnaby, British Columbia, V5A 1S6, Canada
6Saint Mary’s University, Halifax, Nova Scotia, B3H 3C3, Canada and

7Louisiana State University, Baton Rouge, Louisiana, 70803, United States

High precision measurements of the Ft values for superallowed Fermi beta transitions between
J⇡

= 0

+ isobaric analogue states allow for stringent tests of the electroweak interaction described
by the Standard Model. These transitions provide an experimental probe of the Conserved-Vector-
Current hypothesis, the most precise determination of the up-down (V

ud

) element of the Cabibbo-
Kobayashi-Maskawa quark-mixing matrix, and set stringent limits on the existence of scalar cur-
rents in the weak interaction. Precise measurements for the lightest of the superallowed emitters,
particularly 10C and 14O, are of interest as the low-Z superallowed decays are most sensitive to a
possible scalar current contribution.

A discrepancy between recent measurements of the 10C half-life is addressed in this work
through two independent high-precision half-life measurements performed at TRIUMF’s Isotope
Separator and Accelerator (ISAC) facility: the first, via �-ray photopeak counting using the 8⇡
spectrometer, yielding T1/2(

10C)

�

= 19.2969 ± 0.0074 s, and the second, via direct � counting
using a 4⇡ continuous-flow gas proportional counter, yielding T1/2(

10C)

�

= 19.3009 ± 0.0017 s.
These consistent measurements resolve the discrepancy between previous measurements of the 10C
half-life, with the � counting result being the single most precise superallowed half-life measure-
ment reported to date and the first to achieve a relative precision below 10

�4. A fit to the world
superallowed �-decay data including the 10C half-life measurements reported here, as well as re-
cent measurements for 14O [1, 2], yields an updated value of b

F

= �0.0018 ± 0.0021 (68% C.L.)
for the Fierz interference term and C

S

/C
V

= +0.0009 ± 0.0011 for the ratio of the weak scalar to
vector couplings assuming left-handed neutrinos. The 10C half-life measurements will be presented
and updated limits set on scalar currents will be discussed.
[1] A. A. Valverde et al., Phys. Rev. Lett. 114, 232502 (2015).
[2] P. A. Voytas, E. A. George, G. W. Severin, L. Zhan, and L. D. Knutson, Phys. Rev. C 92, 065502
(2015).

⇤ Work supported by the Natural Sciences and Engineering Research Council of Canada, the Canada Research Chairs
program, and the CNRS(France)/TRIUMF(Canada) PICS program (n� PICS 6207).

† e-mail: boudream@uoguelph.ca
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Electric Monopole Transition Strengths in Stable Nickel Isotopes⇤

L.J. Evitts1,2,† A.B. Garnsworthy1, T. Kibédi3, M.W. Reed3, J. Smallcombe1,
A. Akber3, B. Alshahrani3,4, B.A. Brown5,6, T.K. Eriksen3, M. de Vries3,

M.S.M. Gerathy3, G.J. Lane3, B.Q. Lee3, B.P. McCormick3, A.J. Mitchell3,
M. Moukaddam1, N. Palalani3, T. Palazzo3, A.E. Stuchbery3, and T. Tornyi3

1TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., V6T 2A3, Canada
2Department of Physics, University of Surrey,

Guildford, Surrey, GU2 7XH, United Kingdom
3Department of Nuclear Physics, Research School of Physics and Engineering,

The Australian National University, Canberra, ACT 2601, Australia
4Department of Physics, King Khaled University, Abha, Kingdom of Saudi Arabia

5Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824, USA and

6National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA

Electric monopole (E0) transition strengths are a useful probe for detailed investigations of
nuclear structure and shape coexistence. There are surprisingly few experimentally known E0

transition strengths, especially for non-zero J⇡ ! J⇡ transitions. The majority of the known
J⇡ ! J⇡ cases, where J > 0, are in the rare-earth and actinide regions where nuclei have
well-deformed ground-state structures. There is a need for E0 transition strengths in closed shell
nuclei in order to develop our understanding of the mechanisms responsible for the generation of
electric monopole strength. In order to determine an E0 transition strength, a measurement of the
parent lifetime, branching ratio, internal conversion coefficient and mixing ratio is required. The
measurement of the conversion coefficient requires simultaneous detection of � rays and internal
conversion electrons emitted from excited states.

A series of measurements in the stable nickel isotopes were performed at the Australian
National University. Excited states in 58,60,62Ni were populated via inelastic scattering of proton
beams delivered by the 14UD Pelletron accelerator. The CAESAR array of Compton-suppressed
HPGe detectors was used to measure the (E2/M1) mixing ratio of multiple transitions from
angular distributions of � rays. The Super-e spectrometer was used to measure conversion
coefficients for a number of J⇡ ! J⇡ transitions. New data from both devices is combined with
previously measured parent lifetimes to determine E0 transition strengths.

An overview of the experiments will be presented, along with preliminary results for E0

transition strengths between J⇡ 6= 0 states in the semi-magic nuclei, 58,60,62Ni.

⇤ This work was supported in part by the Natural Sciences and Engineering Research Council of Canada (NSERC). TK,
MWR and AES acknowledges the support of the ARC, grant number DP140102986

† e-mail: evitts@triumf.ca
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The Triangular D3h

Symmetry of 12C⇤

Moshe Gai
LNS at Avery Point, University of Connecticut,

1084 Shennecossett Rd, Groton, CT 06340-6097, USA

Recent measurements of the structure of 12C [1] using an optical readout TPC (O-TPC) [2]
and gamma beams allowed the first study of the rotation vibration spectrum of 12C which appears
strikingly similar to the spectrum predicted by a new algebraic cluster model [3] employing a ge-
ometrical triangular shape with D3h

symmetry with predicted recurring rotational bands including
the states of J⇡ = 0

+, 2

+, 3

�, 4

±, 5

� etc [4], as shown in the figure including the 4

± parity dou-
blet. Such structures and symmetries are common in molecular physics, but have been observed in
nuclear physics for the first time. This model also allows us to elucidate the structure of the Hoyle
state and as such it is in conflict with ab-initio effective field theory calculations on the lattice [5]
that predict an obtuse triangular geometry of the Hoyle state. The calculations on the lattice on the
other hand use the Hoyle state to conclude the masses of light quarks and the strength of the elec-
tromagnetic interaction (within the anthropic view of the universe). Extension of this study to the
newly constructed ELI-NP gamma ray facility in Bucharest with a Warsaw-UConn-ELI electronic
readout TPC (eTPC) will be discussed [6].

[1] W.R. Zimmerman et al.; Phys. Rev. Let. 110, 152502 (2013).
[2] M. Gai et al.; JINST 5, 12004 (2010).
[3] R. Bijker and F. Iachello; Ann. Phys. 298, 334 (2002).
[4] D.J. Marin-Lambarri et al.; Phys. Rev. Lett. 113, 012502 (2014).
[5] E. Epelbaum et al.; Phys. Rev. Lett., 110, 112502 (2013).
[6] D. Filipescu et al.; Eur. Phys. J. A 51, 185 (2015).
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FIG. 1. Rotational band structure of the ground-state band, the Hoyle band and the bending vibration in 12C.

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics, under Award Number DE-FG02-94ER40870
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Are there nuclear structure effects on the isoscalar giant monopole resonance and
the nuclear incompressibility?⇤

Y. K. Gupta1,† U. Garg1, K. Howard1, M. Senyigit1,‡ M. Itoh2, S. Ando2,
A. Uchiyama2, T. Aoki2, S. Adachi3, M. Fujiwara3, C. Iwamoto3, A. Tamii3,

H. Akimune4, C. Kadono4, Y. Matsuda4, T. Nakahara4, T. Furuno5,
T. Kawabata5, M. Tsumura5, M. N. Harakeh6, and N. Kalantar-Nayestanaki6

1University of Notre Dame, Notre Dame, IN 46556, USA
2Tohoku University, Sendai 980-8878, Japan

3Research Center for Nuclear Physics, Osaka University, Osaka 567-0047, Japan
4Konan University, Hyugo 658-8501, Japan

5Kyoto University, Kyoto 606-8502, Japan and
6KVI-CART, University of Groningen, 9747 AA Groningen, The Netherlands

The excitation energy of the isoscalar giant monopole resonance (ISGMR) exhibits, in general, a
very smooth behavior (E

x

⇠ A�1/3) over the periodic table [1]. In recent work [2], it was reported,
however, that the ISGMR energies for 92Zr and 92Mo are appreciably higher than that for 90Zr,
suggesting significant nuclear structure effects on ISGMR and, hence, on the nuclear compressibil-
ity. Such nuclear structure effects have not been observed in any of the investigations of ISGMR
going back to its first identification in the late 1970’s [3, 4] and, indeed, are contrary to the standard
hydrodynamical picture associated with this mode of collective oscillation.

To examine these surprising and highly intriguing results, inelastic scattering of 385-MeV ↵ par-
ticles has been measured on the aforementioned three nuclei using the Grand Raiden Spectrometer at
RCNP, Japan [5]. “Background-free” inelastic ↵-scattering spectra covering excitation energies of
up to 35 MeV have been obtained at extremely forward angles, including 0o, where the ISGMR cross
section is maximal. Extensive analyses of the observed ↵-inelastic spectra indicate that the ISGMR
strength distributions, as shown in Fig. 1, are nearly identical in the three nuclei, establishing clearly
that nuclear incompressibility is not influenced by nuclear shell structure. Results of detailed mul-
tipole decomposition analyses to extract the ISGMR strength distributions in the three nuclei will be
presented.
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FIG. 1. ISGMR strength distributions for
all the three nuclei. The solid line repre-
sents the Lorentzian fit for 90Zr.

[1] M.N. Harakeh and A. van der Woude, Giant Res-
onances: Fundamental High-Frequency Modes of Nu-
clear Excitation (Oxford University Press, New York,
2001).
[2] D. H. Youngblood et al., Phys. Rev. C 88, 021301
(2013).
[3] M. N. Harakeh et al., Phys. Rev. Lett. 38, 676
(1977).
[4] D. H. youngblood et al., Phys. Rev. Lett. 39, 1188
(1977).
[5] M. Fujiwara et al., Nucl. Instrum. Meth. Phys. Res.
A 422, 484( 1999).

⇤ Supported in part by the National Science Foundation (Grant No. PHY-1419765).
† Permanent address: Bhabha Atomic Research Centre, Mumbai 400 085, India.; e-mail: ykg.barc@gmail.com
‡ Permanent address: Department of Physics, Ankara University, Tandogan, Ankara, Turkey
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Spectroscopy of neutron rich iron isotopes obtained from proton induced direct reactions 

A. Gillibert1, X. L. Chung2, B.D. Linh2, C. Louchart3, C. Santamaria1, V. Werner3, P. Doornenbal4 
and A. Obertelli1 

1CEA, IRFU, Gif-sur-Yvette, France 
2Institute for Nuclear Science & Technology, Hanoi, Vietnam  

3Institut für Kernphysik, Technische Universität Darmstadt, Germany and 
4RIKEN, Nishina Center, Wako, Japan 

 
The SEASTAR program at RIBF has been developed for the study of low lying 

excited states of very neutron rich nuclei [1]. It takes benefit of the most neutron-rich 
radioactive beams available worldwide and a powerful and compact experimental set-up, 
combining the ZeroDegree spectrometer, the DALI2 γ-spectrometer and the new MINOS 
device [2]. The cryogenic liquid hydrogen target of the MINOS device gives mainly access to 
(p,2p), (p,pn) and (p,p’) reactions.  

The first campaign of the SEASTAR program was done with a 238U primary beam at 
345 MeV/nucleon and different settings for the secondary beams around 78Ni. First results 
were obtained on 70,72Fe for nuclei addressing shell effects for N=40 [3]. One of the settings 
was dedicated to the study of 67,68Fe and N=40 far from stability. γ-γ coincidences and level 
schemes will be discussed as well as cross sections. 

 
[1] P. Doornenbal et al., RIKEN Accel. Prog. Rep. 48 (2015) 
[2] A. Obertelli et al., Eur. Phys. J. A 50, 8 (2014). 
[3] C. Santamaria et al., Phys. Rev. Lett. 115, 192501 (2015) 
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Shape coexistence in the 78Ni region: intruder 0+
2 state in 80Ge

A. Gottardo1, D. Verney1, and C. Delafosse1

1Institut de Physique Nucléaire, CNRS-IN2P3, Univ. Paris-Sud,
Université Paris-Saclay, 91406 Orsay Cedex, France

The coexistence of normal and intruder nuclear states close in energy is a characteristic feature
of nuclear structure [1]. The lowering in energy of states originating from excitations across the
shell closures is a delicate balance between the energy cost to break the shell gap, and the gain
in pairing and quadrupole energy. A region of great interest for these studies in the N = 50

isotonic chain, down to 78Ni. On the one hand, the size and reduction of the N = 50 gap in exotic
nuclei are a much debated issue, impossible to reproduce with two-body forces from first principles.
On the other hand, the presence of the g9/2, d1/2, s1/2 neutron shells across the gap determines a
large quadrupole interaction. Therefore, the search for excited 0

+ states from two-particle two-hole
(2p � 2h) excitations in the region can help to set benchmarks for nuclear models in the region.
The N = 48

80Ge nucleus was studied by means of �-delayed electron-conversion spectroscopy
at ALTO [2]. The radioactive 80Ga beam was produced through the ISOL photofission technique
and collected on a movable tape for the measurement of � and e� emission following � decay. An
electric monopole E0 transition which points to an intruder 0

+
2 state was observed for the first time.

This new 639 keV state is lower than the 2

+
1 level in 80Ge (659 keV), and provides evidence of

shape coexistence close to 78Ni. This result will be compared with theoretical estimates, helping
to explain the role of monopole and quadrupole forces in the weakening of the N = 50 gap at
Z = 32,as shown in Fig. 1. The evolution of intruder 0

+ states towards 78Ni will be discussed.

2(εd5/2-εg9/2) 

ΔEpairing 

ΔEMONOPOLE 

ΔEQUADRUPOLE 
EXP. 

Our work 

FIG. 1. Evolution as a function of Z of the different energy gains for the N = 48 isotones ⌫(2p � 2h) 0

+
2

states. The light blue line is the sum of all the contributions. The black dots are the known excited 0

+ states
best fitting the ⌫(2p � 2h) configuration.

[1] K. Heyde and J. L. Wood, Rev. Mod. Phys. 83, 1467 (2011)
[2] A. Gottardo et al., accepted in Phys. Rev. Lett. (2106)
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Detailed spectroscopy of the neutron-deficient bismuth isotopes 193,195Bi⇤

A. Herzáň1,† S. Juutinen1, K. Auranen1,2, T. Grahn1, P.T. Greenlees1,
K. Hauschild1,3, U. Jakobsson1,4, P. Jones1,5, R. Julin1, S. Ketelhut1,6, M. Leino1,

A. Lopez-Martens1,3, T. Lönnroth1,7, P. Nieminen1,8, M. Nyman1,9, P. Peura1, P. Rahkila1,
P. Ruotsalainen1,6, M. Sandzelius1, J. Sarén1, C. Scholey1, J. Sorri1, and J. Uusitalo1

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

2Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA
3CSNSM , IN2P3-CNRS, F-91405 Orsay Campus, France

4KTH, Department of Physics, SE-10691 Stockholm, Sweden
5iThemba Laboratory for Accelerator Based Sciences,

P.O. Box 722, 7129 Somerset West, South Africa
6TRIUMF, Westbrook Mall, Vancouver, BC, V6T 2A3, Canada

7Department of Physics, Åbo Akademi, Turku, Finland
8Fortum Oyj, Power Division, P.O. Box 100, 00048 Fortum, Finland and

9European Commission, Joint Research Centre,
IRMM, Retieseweg 111, B-2440 Geel, Belgium

Two experiments aiming to study the shape coexistence and competing structures in 193Bi and
195Bi isotopes have been performed at the Accelerator laboratory of the University of Jyväskylä,
Finland (JYFL). Many new states have been found, hugely extending the previously known level
schemes [1, 2, 3] for both isotopes. The ⇡i13/2 bands were extended up to I⇡ = 45/2+ in both the
193,195Bi isotopes.
In case of 193Bi, the I⇡ = 31/2+ member of the ⇡i13/2 band was found to de-excite also to a long-
lived isomeric state. This link determines the energy of the isomeric state to be 2350(1) keV and
suggests a spin and parity of 29/2+. The half-life of the isomeric state was measured to be 85(3)
µs. A level structure on top of this isomeric state was constructed. The newly observed 49 keV E2

transition provides a link between the (29/2�) isomeric state and lower-lying structures in 193Bi. A
superdeformed band almost identical to that present in the neighboring isotope 191Bi [4] has been
identified.
Both the 29/2+ and (29/2�) isomeric states, together with the full decay-paths have also been
identified in 195Bi. In both isotopes, the decay cascades from 31/2+ states to the 29/2+ isomeric
states are surprisingly similar. Compared to 193Bi, measured half-lives of these isomeric states
are considerably shorter in 195Bi. Experimental evidence is given proving the smaller quadrupole
deformations in 195Bi when compared to 193Bi nucleus. Moreover, several new rotational collective
structures have been identified in 195Bi, even though their variety is not as rich as in 193Bi. This is
the first time the collective structures have been observed up to a high spins and excitation energies
in 195Bi. Strong manifestation of shape coexistence is thus proved to be present also in 195Bi.
[1] T. Lönnroth et al., Phys. Rev. C 33, 1641 (1986)
[2] P. Nieminen et al., Phys. Rev. C 69, 064326 (2004)
[3] T. Roy et al., Eur. Phys. J. A 51, 153 (2015)
[4] M. Nyman et al., Eur. Phys. J. A 51, 31 (2015)

⇤ Academy of Finland under the Finnish CoE Programme, GAMMAPOOL European Spectroscopy Resource.
† Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 7ZE, UK

e-mail: Andrej.Herzan@liverpool.ac.uk
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Binding energy differences of even-even nuclei as pairing indicators

N. Hinohara1,2 and W. Nazarewicz3

1Center for Computational Sciences, University of Tsukuba, Tsukuba, 305-8577, Japan
2FRIB Laboratory, Michigan State University, East Lansing, MI 48824, USA and

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

Nucleonic pairing is a common phenomenon in atomic nuclei associated with spontaneous gauge
symmetry breaking. Pairing correlations are usually described within superfluid nuclear density
functional theory (DFT). Because of the lack of the experimental observables, considerably less is
known about the pairing component of the energy density functional (EDF). The experimental odd-
even mass differences and theoretical pairing gaps are usually used to adjust the coupling constants
of the pairing EDF, although pairing gaps are not experimental observables in the strict sense. As
the DFT description of odd-A nuclei is difficult because of the broken time-reversal symmetry, it is
desirable to constrain the pairing EDF using experimental data involving even-even systems only.

We have assessed the performance of nuclear DFT for pairing rotational bands in even-even
nuclei by employing the linear response formalism of the nuclear DFT for the Nambu-Goldstone
modes [1]. We show that the pairing rotational moments of inertia are excellent pairing indicators,
which are free from ambiguities associated with the choice of an odd-mass system [2]. We offer a
new, unified interpretation of the binding-energy differences of even-even nuclei (the shell gaps �2n

and �2p, and the proton-neutron interaction energy �Vpn) in terms of the neutron and proton gauge
symmetry breaking. We present the first systematic analysis of the off-diagonal pairing rotational
moments of inertia, which is present in the case of the simultaneous neutron and proton gauge
symmetry breaking in doubly-open shell nuclei, and demonstrate the mixing of the neutron and
proton pairing rotational modes in the ground states of even-even nuclei. Finally, we discuss the
importance of the mass measurements in very neutron-rich semi-magic nuclei for constraining the
pairing EDF through the pairing rotational moment of inertia.
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FIG. 1. Neutron pairing rotational moments of inertia for Sn and Ca isotopes computed with three EDFs
assuming different density dependence in the pairing channel.

[1] N. Hinohara, Phys. Rev. C 92, 034321 (2015).
[2] N. Hinohara and W. Nazarewicz, Phys. Rev. Lett. in press, arXiv:1601.00677.
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"The HIE-ISOLDE facility: post-accelerated beams at ISOLDE"  
 

Mark Huyse 
 

KU Leuven, Instituut voor Kern- en Stralingsfysica 
Celestijnenlaan 200D,3001 Leuven, Belgium 

 
The HIE-ISOLDE project represents a major upgrade of the ISOLDE nuclear facility with a 

mandate to significantly improve the quality and increase the intensity and energy of radioactive 
nuclear beams produced at CERN. The project expands the experimental nuclear physics programme 

at ISOLDE by focusing on an upgrade of the existing Radioactive ion beam EXperiment (REX) linac 
with a 40 MV superconducting linac. The new linac will raise the energy of post-accelerated beams 
from 3 MeV/u to over 10 MeV/u. The upgrade is staged: in the fall of 2015 beams with energies of 
4.5 MeV/u using one high-cryomodule placed downstream of REX has been delivered for first 
experiments; in 2016 beam energies of 5.5 MeV/u will be reached by adding a second cryomodule. In 
2017, two additional high-cryomodules will be installed to attain energies up to 10 MeV/u. The third 
stage of the project to obtain full energy variability above 0.45 MeV/u/ is in a preparatory phase with 

the development of two low-E cryomodules. 
An overview of the project will be given, including an outline of the physics goals, a presentation 

of the status and schedule of the post accelerator and the status of the dedicated experimental 
equipment. 
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Unbound excited states in 17C⇤

S. Kim1† and the SAMURAI Day-One Collaboration1�12

1Seoul National University, 599 Gwanak, Seoul 151-742, Republic of Korea
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4 Technische Universität, D-64289 Darmstadt, Germany
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6 Tohoku University, Miyagi 980-8578, Japan
7 Rikkyo University, Toshima, Tokyo 171-8501, Japan

8 Kyoto University, Kyoto 606-8502, Japan
9 GANIL, CEA/DSM-CNRS/IN2P3, F-14076 Caen Cedex 5, France

10 GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany
11 University of York, Heslington, York YO10 5DD, United Kingdom and

12 Institut de Physique Nucléaire, Université Paris-Sud,
IN2P3-CNRS, Université de Paris Sud, F-91406 Orsay, France

Neutron-rich carbon isotopes have attracted attention in recent years due to their anomalous level
structures. From the migration of the 2+

1 states, the collapse of the N = 14 shell gap was found while
the shell gap clearly emerges in oxygen isotopes [1]. It indicates the near degeneracy of the ⌫1d5/2

and ⌫2s1/2 orbits and different strength of the proton-neutron interaction in carbon isotopes from
that in oxygen isotopes. Another striking property of neutron-rich carbon isotopes is compression
of 2+

1 energies in 18,20C compared with the shell model calculations in the conventional WBT and
WBP interactions. In order to describe the measured 2+

1 energies, the reduction of the neutron-
neutron interaction strength has been proposed in the calculations empirically [1, 2]. However,
detailed mechanisms and interplay of nucleons remain to be answered.

For the purpose of furnishing information on energy levels and understanding the behavior of
p-sd orbits in the neutron-rich carbon isotopes, we conducted a spectroscopic study of unbound
excited states in 17C. The experiment was performed by using SAMURAI spectrometer [3] at RIBF
of RIKEN, and unbound states of 17C were produced via the one-neutron knockout reaction of 18C.
The excitation energies of the unbound states were obtained by the momentum vectors of the 16C
fragments and neutrons in invariant mass method with �-ray energies emitted from the 16C. As a
result, four unbound states of 17C were observed. To determine orbital anglar momenta of the ob-
served states, momentum distributions in the measurement were compared with the ones calculated
within the sudden approximation. Also spin-parities of the states were assigned by the shell model
calculation in a new effective interaction based on a monopole based universal interaction. The
presentation will describe the detailed analysis and results with the interpretations.
[1] M. Stanoiu et al., Phys. Rev. C 78, 034315 (2008).
[2] C.M. Campbell et al., Phys. Rev. Lett. 97, 112501 (2006).
[3] T. Kobayashi et al., Nucl. Instrum. Methods Phys. Res., Sect. B 317, 294 (2013).

⇤ NRF-2013R1A1A2007485
NRF-2014M2B2B1071110

† e-mail: sjkim06@snu.ac.kr
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Nuclear Archaeology: Properties of K isomers in 244,246Cm populated in �� decays of
244,246Am⇤

F.G. Kondev,† I. Ahmad, and J.P. Greene
Argonne National Laboratory, Argonne, Illinois 60439, USA

Deformed nuclei in the transfermium region are known to exhibit K isomerism, owing to the
presence of high-K orbitals near the proton and neutron Fermi surfaces. The properties of such
states provide complementary information on the single-particle structures in the region, as well
as on pairing and residual nucleon-nucleon interactions, which play an important role in the quest
to understand the structure of the heaviest elements. There has been a significant effort recently
aimed at discovering and elucidating properties of K isomers in this region using heavy-ion fusion
evaporation reactions in conjunction with recoil mass separators. However, in most studies, spin and
parity assignments are tentative and the decay schemes are partially completed, which contributed to
different interpretations of the structure of the isomers. The existing discrepancies can be attributed
to the paucity of good-quality spectroscopy data that are needed to fully characterize the decay of
the isomers, whereas only a few counts might be sufficient to claim a discovery.

Very heavy nuclei were studied in the past using light beams and long-lived actinide targets. For
example, the 244Am and 246Am nuclides were produced in early 1970s by irradiating 244Pu targets
with ↵-particle beams from the Argonne 152-cm cyclotron. The reaction products were chemically
extracted from the target and run through a mass separator, thus producing isotopically pure sources
of those isotopes. High-statistics �-ray singles and � ��-coincidence data with Ge(Li) detectors, as
well as conversion electron data with a cooled Si(Li) detector, were collected using these sources.
However, they were never published - only partial results on 246Am decay were presented in Ref.
[1]. We have digitized and reanalyzed these data using modern spectroscopy tools. Because of their
high spin, the ground state of 244Am (K⇡=6�) and 246Am (K⇡=7�) preferentially �� decays to the
two-quasiparticle, K⇡=6+ and 8� isomers in 244Cm and 246Cm, respectively. The �-ray information
allowed for the full characterization of the decay schemes of the isomers in both 244Cm and 246Cm,
while the conversion electron data enabled unambiguous spin and parity assignments to be made. In
addition, a 254.6 keV M1 � ray has been identified in the decay of 246Am and assigned to depopulate
the newly observed, two-quasiparticle K⇡=7�, ⌫(5/2+[622],9/2�[734]) state. The data analysis
allowed high-precision information to be obtained on the strength of transitions depopulating the
isomers. A notable observation is the low hindrance of the 128-keV, �K=4 forbidden E2 transition,
depopulating the K⇡=8� isomer in 246Cm to the 6� member of the K⇡=2� octupole band, compared
to an equivalent E2 decay from the K⇡=6+ isomer in 244Cm.

Data from these experiments will be presented and the results will be compared with predictions
from multi-quasiparticle blocking calculations. The effect of the octupole degrees of freedom on
the K-forbidden transition strengths will also be discussed.

[1] A.P. Robinson et al., Phys. Rev. C78, 034308 (2008).

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

† e-mail: kondev@anl.gov
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DFT-rooted calculations of Gamow-Teller matrix elements⇤

M. Konieczka1,† P. Ba̧czyk1, and W. Satuła1,2

1Institute of Theoretical Physics, Faculty of Physics,
University of Warsaw, ul. Pasteura 5, PL-02-093 Warsaw, Poland and

2Helsinki Institute of Physics, P.O. Box 64,
FI-00014 University of Helsinki, Finland

Multi-reference Density Functional Theory (MRDFT) is capable to treat rigorously both fun-
damental and approximate symmetries and, in turn, allows to calculate transition rates for various
nuclear reactions [1]. The scheme can be further extended to include correlations from relevant
(multi)particle-(multi)hole excitations by performing configuration-interaction (CI) calculations.

The aim of this presentation is to introduce the MRDFT model involving angular momentum and
isospin projections and its extension to the no-core CI (NCCI) scheme developed by our group [2].
We shall present applications of the MRDFT and NCCI models to the structure of selected nuclei
focusing on their capability to describe Gamow-Teller (GT) beta decay matrix elements in N ⇡ Z
nuclei ranging from A = 6 up to A = 100. In particular, we shall demonstrate that our MRDFT
scheme is, in general, sufficient to describe ground state to ground state (GS) GT transitions, with
the accuracy comparable to state-of-the-art shell model calculations [4,5], see Fig. 1. Those two
models treat correlations in different manners and have different model spaces; therefore we shall
also discuss the quenching effect of axial-vector coupling constant g

A

. At variance, the GT matrix
elements describing decays to excited states are often very sensitive to CI and require the NCCI
approach to be used. This will be discussed in detail for a representative example of the 20Na !
20Ne decay where the effect is due to large density of 2

+ excited states which mix significantly in
the daughter nucleus.

FIG. 1. Gamow-Teller matrix elements for the GS to GS decays of T = 1/2 mirror nuclei calculated using
MRDFT (triangles) and NCCI (diamonds) approaches in comparison with experimental data (dots) taken
from [4] (sd-shell) and [5] (pf-shell)

[1] W. Satuła, J. Dobaczewski, W. Nazarewicz and T. Werner, Phys. Rev. C 86, 054314 (2012).
[2] W. Satuła, P. Ba̧czyk, J. Dobaczewski and M. Konieczka, arXiv:1601.03593
[3] M. Konieczka, P. Ba̧czyk and W. Satuła, Phys. Rev. C 93, 042501(R) (2016)
[4] B. Brown and B. Wildenthal, Atomic Data and Nuclear Data Tables 33, 347 (1985)
[5] G. Martinez-Pinedo et al. Phys. Rev. C 53, R2602 (1996).

⇤ This work was supported by the Polish National Science Centre (NCN) under Contract 2014/15/N/ST2/03454.
† e-mail: Maciej.Konieczka@fuw.edu.pl
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Characterization of gamma–ray tracking arrays:
a comparison of the first phase of AGATA and GRETA

using a 60Co source⇤

T. Lauritsen1,† A. Korichi2, and the GRETINA and AGATA collaborations
1Argonne National Laboratory, Argonne, Illinois 60439, USA and

2C.S.N.S.M, IN2P3-CNRS, bat 104-108, F-91405 Orsay Campus, France

The AGATA (Advanced GAmma Tracking Array) and GRETINA (Gamma Energy Tracking In
beam Array) tracking detector arrays are designed to far surpass the performance of the previous
generation, Compton suppressed, arrays. In this presentation, we provide a formalism for the char-
acterization of these new arrays with emphasis on the proper corrections required to extract their
photopeak efficiencies and peak–to–total ratios. The methods are first applied to Gammasphere,
a well characterized 4⇡ array based on the principle of Compton suppression, and subsequently
to AGATA and GRETINA. The tracking efficiencies are then discussed and some guidelines as to
what clustering angle to use in the tracking algorithm are presented. We have processed AGATA
and GRETINA data through the same tracking and sorting software. Thus, it was possible to pro-
vide a detailed characterization and comparison of the two tracking arrays. It was possible, using
GEANT4 simulations, to scale the measured efficiencies up to the expected values for the full im-
plementations of AGATA and GRETA. It was found that the two tracking arrays have very similar
performances.

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics, under contract number DE-AC02-06CH11357. This research used resources of the ANL’s ATLAS facility,
which is a DOE Office of Science User Facility. It is also based upon work supported by the French National Center of
Research, CNRS. AGATA was supported by the European funding bodies and the EU Contract (ENSAR contract no.
262010), by the Swedish Research Council and the Knut and Alice Wallenberg Foundation. This work has also been
supported by the BMBF under Nos. 05P09RDFN4, 05P12RDFN8, by the LOEWE center HIC for FAIR, and by the
UK Science and Facilities Research Council. LBNL is supported by the U.S. Department of Energy under Contract
No. DE-AC02-05CHI1231 and L. Riley acknowledges support from NSF through grant no. PHY–1303480. D. R. was
partially supported by the P2IO Excellence Laboratory.
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Spectroscopy of 26F and 28Na to probe proton-neutron forces close to the drip line 
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Nuclear forces play a decisive role to account for the creation and modifications of shell gaps, 
to explain deformed nuclei, to permit the development of halo structures and to fix the limits 
of particle stability.  To probe the evolution of the proton-neutron interaction when going from 
the stability toward the neutron drip-line, we studied the odd-odd N=17 isotones on the neutron 
rich side. These nuclei exhibit a πd5/2×υd3/2 coupling which leads to a quadruplet of states J=1-
4 of positive parity. The determination of all of these states in the nuclei of 30Al, 28Na and 26F 
was required to achieve our goal. 
The weakly bound neutron-rich 26F is a benchmarking nucleus for studying this interaction 
close to the drip line. As lying close to the 24O doubly magic nucleus, its nuclear structure at 
low excitation energy can be viewed as the interaction between a single deeply bound proton 
d5/2 (~ -15.1 (3) MeV) and a single unbound neutron d3/2 (~ +0.77 (20) MeV) on top of a closed 
24O core. Its structure has been investigated at GANIL and GSI using three experimental 
techniques: in-beam gamma-ray spectroscopy using the fragmentation method for the J = 2+ 
state [1], study of the isomeric decay for J = 4+ [2], and in-beam neutron spectroscopy using 
the one proton knock-out reaction for the unbound J = 3+. Comparing the experimental results 
to shell model calculations, we found a reduction of the residual interaction for this nucleus. 
We studied the 28Na through the β-decay of 28Ne at GANIL and the in-beam γ-ray spectroscopy 
technique at the NSCL facility. Combining these two experiments we have established two 
new levels of J = 3+

1 and 4+
1 [3], completing the quadruplet J = 1+ - 4+ (J = 1+ and 2+ previously 

known [4]). Combined with the previously studied 30Al experimental results [5], we find a 
systematic deviation between experimental and theoretical binding energies along the N=17 
isotones: while the states are calculated too bound in 26F, they are not enough bound in 30Al 
(which lies close to stability).  This suggests that the effective proton-neutron interaction used 
in the shell model should better take into account the proton-to-neutron binding energy to 
model nuclei from the valley of stability to the drip line.  
 
This work was supported in part by the National Science Foundation. 
 
[1]  M. Stanoiu et al., Phys. Rev. C 85, 017303, 2012.  
[2]  A. Lepailleur et al., Phys. Rev. Lett.110, 082502, 2013.  
[3]  A. Lepailleur et al., Phys. Rev. C 92, 05309, 2015.  
[4]  V. Tripathi et al., Phys. Rev. C 73, 054303, 2006.  
[5]  D. Steppenbeck et al., Nuc. Phys. A 847, 2010.  
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Pion-nucleon correlations and their impact on nuclear structure observables⇤

Elena Litvinova†
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Self-consistent nuclear structure models based on quantum hadrodynamics (QHD) will be ad-
dressed. Recent applications and developments have shown that they represent a successful strategy
toward a universal and precise description of low-energy nuclear dynamics for arbitrarily heavy
nuclei including those at neutron and proton drip lines.

The approach is based on QHD Lagrangian and applies quantum field theory methods con-
sidering nuclei as systems of nucleons and mesons. While the QHD provides a fundamental and
consistent description of nuclear processes of short and medium range, there are long-range correla-
tions with the range of the order of nuclear size, which cannot be described directly by the exchange
of heavy and intermediate-mass mesons. In medium-mass and heavy nuclei, the collective effects,
such as low-lying vibrational modes, emerge as new degrees of freedom and introduce an order
parameter, which is in the immediate relevance to the energy scale of the low-energy nuclear struc-
ture. These vibration modes are treated as effective quasi-bosonic fields exchanged by nucleons,
while their characteristics are computed consistently from the effective meson-exchange interaction
using the response formalism or alternative techniques. Thereby, a link between the short-range,
medium-range, and long-range correlations is established, and all of them are taken into account in
calculations of various nuclear structure observables.

Single-particle properties and excitations of even-even nuclear systems, such as giant resonances
and soft modes are described with a very good precision [1,2], in some cases achieving spectro-
scopic accuracy [3]. Lately, nuclear response formalism was extended to higher-order correlations,
aiming at a unified description of high-frequency oscillations and low-energy spectroscopy [4].
Possible interference of quasiparticle-vibration coupling with tensor interaction was addressed in a
quantitative study for Z=50 isotopic and N=82 isotonic chains [5]. Recent progress on the response
theory in the isovector channel [6] has allowed a very good description of spin-isospin-flip excita-
tions which are formed predominantly by pions coupled to proton-neutron configurations in nuclear
medium. Such excitations as, for instance, Gamow-Teller and spin-dipole resonances in medium-
mass nuclei are of a high astrophysical importance as they are in the direct relation to beta-decay
and electron capture rates, which are now at systematic study. Based on these developments, a
clear separation of the pion degrees of freedom has become possible and their effects on the nuclear
shell structure of 100,132Sn were studied [7]. Thereby, dynamical contributions of pion exchange
are included in the theory beyond Hartree-Fock approximation and, in particular, an underlying
mechanism for proton-neutron pairing is proposed.
[1] E. Litvinova, P. Ring, V. Tselyaev, Phys. Rev. C 78, 014312 (2008).
[2] J. Endres, E. Litvinova, D. Savran, et al., Phys. Rev. Lett. 105, 212503 (2010).
[3] E. Litvinova, Phys. Rev. C 85, 021303(R) (2012).
[4] A.V. Afanasjev, E. Litvinova, Phys. Rev. C 92, 044317 (2015).
[5] E. Litvinova, Phys. Rev. C 91, 034332 (2015).
[6] E. Litvinova, B.A. Brown, D.-L. Fang, T. Marketin, R.G.T. Zegers, Phys. Lett. B 730, 307
(2014).
[7] E. Litvinova, Phys. Lett. B 755, 138 (2016).

⇤ This work was supported by US-NSF grant PHY-1404343
† e-mail: elena.litvinova@wmich.edu
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Spectroscopy around 100
Sn

⇤

D. Lubos1,† J. Park2, R. Gernhäuser1, T. Faestermann1, R. Krücken2,
M. Lewitowicz3, S. Nishimura4, and the EURICA collaboration

1Technische Universität München, Garching, Germany
2University of British Columbia, Vancouver, Canada

3GANIL, Grenoble, France and
4RIKEN Nishina Center, Tokyo, Japan

100
Sn is the heaviest doubly magic N=Z nucleus. Calculations in the extreme single particle

model predict a pure Gamow-Teller transition [1] and more recent realistic large scale shell model
(LSSM) calculations also show that this transition is fragmentated by less than 5% [2]. Thus, the
transition 100

Sn ! 100
In is the ideal playground in order to derive the full transition strength and

probing the shell model. The results for half-lives in this region serve as input for astrophysical
rp-process calculations. We have performed an experiment concerning the Gamow-Teller transition
strength BGT of the �-decay of 100

Sn using the BigRIPS separator of the Radioactive Isotope Beam
Factory (RIBF) of the RIKEN Nishina Center, Japan. Focusing on the production of 100

Sn and new
isotopes, we used a 124

Xe beam at 345 MeV/u fragmentating on a 4-mm 9
Be target. For decay

spectroscopy, the detector arrays EURICA and WAS3ABi were used which consist of High Purity
Ge- and LaBr-detectors for �-spectroscopy as well as Si-detectors for calorimetry of positrons. The
N=Z-2 nuclei 90

Pd, 92
Ag, 94

Cd and 96
In were discovered [3]. The number of nuclei with NZ

in this region has been significantly increased compared to previous experiments [4]. We present
results of the half-lives of these nuclei where half-lives of the most exotic species could be deter-
mined for the first time. Furthermore, the systematic study on the Q

�

-value of 100
Sn revealing an

improved value for the GT-strength and results from the analysis of �-spectra along the N=Z line
will be discussed.
[1] Brown, B. A. and Rykaczewski, K., Phys. Rev. C 50, R2270 (1994)
[2] Bobyk, A., Kaminski, W. and Borzov, I. N., Acta Phys. Pol. B 31, 953 (2000)
[3] Celikovic, I., et al., Phys. Rev. Lett. (2016), in press
[4] Hinke, C. B., et al., Nature 486, 341 (2012)

⇤ Excellence Cluster: Origin and Structure of the Universe, Hanns-Seidel-Stiftung.
† e-mail: daniel.lubos@ph.tum.de
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The 30Mg(t,p)32Mg Puzzle Revisited⇤

A. O. Macchiavelli, H. L. Crawford, P. Fallon, I.Y. Lee,
C. M. Campbell, R. M. Clark, and M. Cromaz

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

A. Poves
Departamento de Fisica Teorica and IFT-UAM/CSIC,

Universidad Autonoma de Madrid, E-28049 Madrid, Spain

The N=20 Island of Inversion has been the subject of intense work, both experimentally and
theoretically [1]. As protons are removed from 40

20Ca, changes in the balance between the monopole
shifts of the single-particle levels and the pairing plus quadrupole correlations erode the N=20
shell gap, leading to deformed (2p2h, 4p4h) ground states in these nuclei, expected a-priori to be
semi-magic and spherical. The nucleus 32Mg takes center stage in this region where neutron pairs
promoted from the sd to the fp levels across the narrowed N=20 gap are energetically favored. The
enhanced occupation of these deformation-driving fp orbitals causes the nucleus to deform [2,3].

Wimmer et al. [4] studied the reaction 30Mg(t,p)32Mg at CERN/ISOLDE and discovered the
first excited 0+

2 (at 1.058 MeV), which was attributed to be (largely) the spherical state. Following
on these results, Fortune [5] carried out a two-level model analysis of the reaction data and put
forward the puzzling conclusion that in 32Mg the 0+

1 is dominated by the sd-shell components (⇡
80%) and the excited 0+

2 by the fp-shell two-particles-two-holes intruder, contrary to the accepted
interpretation which places this nucleus inside the Island of Inversion.

Large-scale shell model calculations [6] predict the coexistence of 0p0h, 2p2h and 4p4h states in
the low-lying excitation spectra and question the validity of a two-level only approach. Inspired by
these results we have revisited the analysis of Fortune extending it to a 3x3 level mixing. Assuming
wave-functions of the form:

|0+
j

i = ↵
j

|0p0hi + �
j

|2p2hi + �
j

|4p4hi (1)

we adjusted the amplitudes to reproduce the available experimental data. A typical solution of our
approach gives for the relevant lower states:

|0+
1 i ⇡ 0.707|2p2hi + 0.707|4p4hi and |0+

2 i ⇡ 0.5|0p0hi + 0.5|2p2hi � 0.707|4p4hi
with the third state dominated by the spherical components;

|0+
3 i ⇡ 0.9|0p0hi � 0.4|2p2hi + 0.15|4p4hi

The results of our phenomenological 3x3 analysis agree well with those of the shell model, and
provide a simple framework that captures the main structure ingredients and solves Fortune’s puzzle.

1. O. Sorlin and M. Porquet, Prog. Part. Nucl. Phys. 61, 602 (2008).
2. A. Poves and J. Retamosa, Phys. Lett. B184, 311 (1987).
3. E. K. Warburton, J. A. Becker and B. A. Brown, Phys. Rev. C 41, 1147 (1990).
4. K. Wimmer, et al., Phys. Rev. Lett. 105, 252501 (2010).
5. H. T. Fortune, Phys. Rev. C 85, 014315 (2012).
6. E. Caurier, F. Nowacki, and A. Poves, Phys. Rev. C 90, 014302 (2014).

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics under Contract No. DE-AC02-05CH11231(LBNL) and by MINECO (Spain) grant FPA2014-57196 and Pro-
gramme ”Centros de Excelencia Severo Ochoa” SEV-2012-0249 (AP).
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Charge radii of 36,37K and disappearance of shell-closure signature at N = 20⇤

K. Minamisono1,2,† D. M. Rossi1,‡ H. B. Asberry1,3, G. Bollen1,2, B. A. Brown1,2,
K.Cooper1,3, B. Isherwood1,2, P. F. Mantica1,3, A. J. Miller1,2, D. J. Morrissey1,3, R. Ringle1,

J. A. Rodriguez1,§ C. A. Ryder1, A. Smith1, R. Strum1, and C. Sumithrarachchi1
1National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, MI 48824, USA
2Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA and

3Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA

Neutron and proton shell closures can be identified as discontinuities in the chain of charge radii
[1], indicating a spherical shape at the shell closure and a gradual development of a deformation
away from the shell closure. The shell-closure signature can be seen, for example at the N = 28
neutron-shell closure for the isotopic chains of K [2], Ca [3] up to Mn [4]. The shell-closure sig-
nature at N = 20, however, is absent in the Ca region, which was first found in charge radii of Ar
isotopes [5]. The charge radii of neutron-deficient 36,37K isotopes were determined in the present
study [6] to see whether or not this absence persists in K charge radii and to aid in understanding this
abnormal behavior. The experiment was performed at the BEam COoling and LAser spectroscopy
(BECOLA) facility [7] at NSCL/MSU. The charge radii were obtained from isotope shifts deter-
mined from the hyperfine structure measurements by the optical pumping and subsequent �-decay
asymmetry detection. The absence of an unambiguous signature of the shell-closure effect at N =
20 is attributed to a balance of monopole and quadrupole proton-core polarizations above and below
N = 20, respectively. The global behavior of the isotopic chain of K charge radii will be discussed.
[1] I. Angeli and K. P. Marinova, Atomic Data Nucl. Data Tables 99, 69 (2013).
[2] K. Kreim et al., Phys. Lett. B 731, 97 (2014).
[3] R. F. Garcia et al., Nature Phys. doi:10.1038/nphys3645.
[4] F. C. Charlwood et al., Phys. Lett. B 690, 346 (2010).
[5] A. Klein et al., Nucl. Phys A 607, 1 (1996).
[6] D. M. Rossi et al., Phys. Rev. C 92, 014305 (2015).
[7] K. Minamisono et al., Nucl. Instrum. Methods A 709, 85 (2013).

⇤ This work was supported in part by NSF Grant NO. PHY-11-02511 and PHY-12-28489.
† e-mail: minamiso@nscl.msu.edu
‡ Present address: TU Darmstadt, Darmstadt, Germany
§ Present address: CERN, Geneva, Switzerland
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Study of fission using multi-nucleon transfer reactions 
 

K. Nishio 
Advanced Science Research Center, Japan Atomic Energy Agency, 

Tokai, Ibaraki 319-1195, Japan 
 
 
We are promoting a study of fission using multi-nucleon transfer reactions, where 

excited states in neutron-rich actinide nuclei, which cannot be accessed by particle 
capture and/or fusion reactions, are populated. This allows us to study fission 
mechanism in the new region of chart of nuclei. Also, the excited states in the 
fissioning nucleus are widely populated by the multi-nucleon transfer reactions, from 
which effects of excitation energy on fission properties can be investigated. 
Experiments were carried out at the JAEA tandem facility in Tokai, Japan. We 
studied reactions using the 18O beam (~ 9MeV/u) and several actinide target nuclei 
such as 232Th, 238U, 237Np, 248Cm. Ejectile nuclei were identified by a newly 
developed silicon ΔE-E detectors (ΔE=75μm, E=300μm). Clear separation of oxygen 
isotopes (16,17,18,19O) was obtained as well as lighter element isotopes (Be, B, C, N). 
Number of produced nuclei reached to more than fifteen in a single measurement.  
Both fission fragments were detected by multi-wire proportional counters, and fission 
fragment mass distributions (FFMDs) were measured for each isotopes. The data 
allows us to obtain the systematic trends of FFMDs in detail. Measured FFMDs are 
reproduced by a calculation based on the fluctuation-dissipation model, from which 
the shell damping energy was determined. Fission fragment angular distribution 
relative to the recoil direction suggested the increase of the spin of the fissioning 
nucleus with the number of transferred nucleons. We also started to measure the 
prompt neutrons accompanied by fission. The correlation between both fragments and 
neutrons gives direct information on the deformation of nascent fission fragment at 
the scission point. Discussion will be given also neutron evaporation process in 
connection with the structure of neutron-rich fragments.  



6.35 Pain, Steven 105

6.35 Pain, Steven

The first campaign of direct reaction measurements using GODDESS⇤

S.D. Pain1, A. Ratkiewicz2, T. Baugher2, M. Febbraro1, J.A. Cizewski2,
D.W. Bardayan3, M. Hall,3, and the GODDESS collaboration

1Oak Ridge National Laboratory, Oak Ridge, TN, USA
2Rutgers University, New Brunswick, NJ, USA and
3University of Notre Dame, Notre Dame, IN, USA

Direct reactions, such as nucleon transfer, inelastic scattering, and charge-exchange reactions,
are well-established probes providing cornerstones of nuclear structure models. Though such re-
actions have been measured for decades in normal kinematics on stable targets, often using high-
resolution spectrometers for light-ion detection, more recent developments have focussed on highly-
segmented large-area silicon detectors and inverse-kinematic measurements applicable to both sta-
ble and radioactive beams. The detection of gamma rays is critical to some of these measurements,
and highly advantageous in others, but typically there are trade-offs between optimizing for charged-
particle or gamma-ray detection - most notably between gamma-ray efficiency and charged-particle
angular resolution.

GODDESS [1,2] (Gammasphere ORRUBA: Dual Detectors for Experimental Structure Studies)
is a coupling of a ⇠ 700-channel highly-segmented silicon detector array (based on ORRUBA [3])
with the Gammasphere array of Compton-suppressed HPGe detectors [4]. Gammasphere, which is
arguably the most powerful and well-characterized high-resolution gamma-ray detector in current
use, has an unusually large internal geometry ( 14” cavity), allowing a full implementation of a
large charged particle array that is well optimized for high-resolution measurement of light ions.
GODDESS provides charged-particle detection with ⇠ 1

� resolution in polar angle, between 15

�

and 165

� with ⇠ 80% coverage in azimuthal angle. In addition, a compact fast ionization chamber is
incorporated for measurement of beam-like species at zero degrees, capable of particle identification
at rates over 1 ⇥ 10

5 pps.
The first campaign of measurements with GODDESS was conducted July-September 2015,

comprised of three experiments. The commissioning experiment was the first measurement of the
134Xe(d,p �)135Xe reaction, to track the fragmentation of single-particle strengths in Xe isotopes
close to the N=82 shell closure. The 95Mo(d,p �)96Mo reaction was measured in order to verify the
(d,p�) reaction as a surrogate for statistical neutron capture when performed in inverse kinematics.
Finally, the charge exchange measurement 19F(3He,t�)19Ne was performed to constrain J⇡ assign-
ments of states in 19Ne that are important for nova nucleosynthesis. An overview of the GODDESS
equipment, and preliminary data from the first campaign of measurements, will be presented.

[1] A. Ratkiewicz, et al., AIP Conf. Proc. 1525, 487 (2013)
[2] S.D. Pain, AIP Advances 4, 041015 (2014)
[3] S.D. Pain et al, Nucl. Instr. and Meth. in Phys. Res. B, 261 (2007) 1122
[4] I-Y. LeeE et al., Nucl. Phys. A 520 (1990) 641c.

⇤ This work is supported in part by the U.S. Department of Energy and the National Science Foundation.
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Effective field theory for nuclear vibrations with quantified uncertainties⇤

E. A. Coello Pérez1† and T. Papenbrock1,2‡

1Department of Physics & Astronomy, University of Tennessee, Knoxville, TN 37996, USA and
2Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

We develop an effective field theory (EFT) for nuclear vibrations. The key ingredients –
quadrupole degrees of freedom, rotational invariance, and a breakdown scale around the three-
phonon level – are taken from data. The EFT is developed for spectra and electromagnetic moments
and transitions. We employ tools from Bayesian statistics for the quantification of theoretical uncer-
tainties. The EFT consistently describes spectra and electromagnetic transitions for 62Ni, 98,100Ru,
106,108Pd, 110,112,114Cd, and 118,120,122Te within the theoretical uncertainties. This suggests that
these nuclei can be viewed as anharmonic vibrators [1]. Preliminary calculations suggest that
certain odd-mass isotopes of rhodium and silver can be understood within an EFT that couples a
fermion to vibrational nuclei of ruthenium and palladium, respectively.
[1] E. A. Coello Pérez and T. Papenbrock, Phys. Rev. C 92, 064309 (2015).

⇤ This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics under Award Number DEFG02-96ER40963 (University of Tennessee), and under Contract No. DE-AC05-
00OR22725 (Oak Ridge National Laboratory).

† Present address: Technische Universität Darmstadt, Darmstadt, Germany
‡ e-mail: tpapenbr@utk.edu
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�–delayed �–decay of 26P : evidence for a proton halo?⇤

D. Pérez-Loureiro1,† C. Wrede1,2, M. B. Bennett1,2, S. N. Liddick1,3, A. Bowe1,2,4,
B. A. Brown2,1, A. A. Chen5, K. A. Chipps6,7,8, N. Cooper9, D. Irvine5,

E. McNeice5, F. Montes1,10, F. Naqvi9, R. Ortez2,1,11, S. D. Pain7, J. Pereira1,10,
C. Prokop3,1, J. Quaglia12,10,1, S. J. Quinn2,1,10, J. Sakstrup2,1, M. Santia2,1,

S. B. Schwartz2,1,13, S. Shanab2,1, A. Simon1,14, A. Spyrou2,1,10, and E. Thiagalingam5

1National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA

2Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
3Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA

4Physics Department, Kalamazoo College, Kalamazoo, Michigan 49006, USA
5Department of Physics and Astronomy, McMaster University, Hamilton, Ontario L8S 4M1, Canada

6Department of Physics, Colorado School of Mines, Golden, Colorado 08401, USA
7Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

8Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
9Department of Physics and Wright Nuclear Structure Laboratory,

Yale University, New Haven, Connecticut 06520, USA
10Joint Institute for Nuclear Astrophysics,

Michigan State University, East Lansing, Michigan 48824, USA
11Department of Physics, University of Washington, Seattle, Washington 98195, USA

12Department of Electrical Engineering, Michigan State University, East Lansing, Michigan 48824, USA
13Geology and Physics Department, University of Southern Indiana, Evansville, Indiana 47712, USA and

14Department of Physics and Joint Institute for Nuclear Astrophysics,
University of Notre Dame, Notre Dame, Indiana 46556, USA

The �-decay of proton-rich nuclei is a powerful tool in nuclear science; it can be used to probe
isospin asymmetries, and nuclear astrophysics. 26

P �-delayed �-decay has been recently measured
at the National Superconducting Cyclotron Laboratory at MSU with much higher sensitivity than
the previous experiment [1]. A fast 26

P beam produced using nuclear fragmentation was implanted
into a planar germaninum detector. This detector was surrounded by the SeGA germanium array
in order to detect the � rays emitted in coincidence with �-decays with high resolution. Absolute
�-ray intensities were measured and a complete decay scheme was built for the allowed transitions
to bound excited states of 26

Si. log ft values and Gamow-Teller strengths were determined for each
transition and compared to shell-model calculations and the �-decay of its mirror nucleus 26

Na

[2]. Results of this study, including a substantial mirror asymmetry observed for the transitions to
the first excited state and the potential relationship between this asymmetry and the existence of a
proton halo in 26

P will be presented.
[1] J. C. Thomas et al., Eur. Phys. J. A 21, 419 (2004)
[2] G. F. Grinyer et al., Phys. Rev. C 71, 044309 (2005)

⇤ This work is supported by the U.S. NSF under grants PHY-1102511 and PHY- 0822648, the U.S. DOE under contract
DE-FG02-97ER41020 and the US NNSA under contract NA0000979

† e-mail: perezlou@nscl.msu.edu
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From isospin-related phenomena to stellar weak processes within beyond-mean-field
approach⇤

A. Petrovici†
Horia Hulubei National Institute for Physics and Nuclear Engineering, Bucharest, Romania

Proton-rich nuclei in the A⇠70 region are proper candidates to get insights into fundamental
symmetries and interactions having relevance for the astrophysical scenarios on the rp-process path.
Recent results concerning the interplay between isospin-symmetry-breaking and shape-coexistence
effects on isospin-related phenomena in A⇠70 isovector triplets obtained within the beyond-mean-
field complex Excited Vampir variational model are presented [1]. Using the same approach and
effective interaction obtained from a G matrix based on the charge-dependent Bonn CD potential in
a relatively large model space, weak interaction rates for A⇠70 nuclei dominated by shape coexis-
tence have been self-consistently investigated [2,3]. Results on �-decay properties under terrestrial
conditions as well as the contribution of the termally populated low-lying excited states in the X-
ray burst astrophysical environment on the effective half-lives are illustrated. The influence of the
shape mixing in the structure of the low-lying parent states as well as in the independently calculated
daughter states on the stellar weak interaction rates is discussed.
[1] A. Petrovici, Phys. Rev. C 91, 014302 (2015).
[2] A. Petrovici and O. Andrei, Eur. Phys. J. A 51, 133 (2015).
[3] A. Petrovici and O. Andrei, Phys. Rev. C 92, 064305 (2015).

⇤ Work supported by UEFISCDI, ANCSI, and IFA, Romania.
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Neutron single-particle strengths in N = 40, 42 Nickel isotopes⇤

F. Recchia1,2,† A. Gade1,3, R. V. F. Janssens4, D. Weisshaar1, M. Albers4, V. M. Bader1,3,
T. Baugher1,3, D. Bazin1, J. S. Berryman1, B. A. Brown1,3, C. M. Campbell5,

M. P. Carpenter4, J. Chen6, C. J. Chiara4,7, H. L. Crawford5, C. R. Hoffman4, F. G. Kondev6,
A. Korichi4,8, C. Langer1, T. Lauritsen4, E. Lunderberg1,3, A. O. Macchiavelli5,

S. Noji1, S. R. Stroberg1,3, S. Suchyta1,9, S. Williams1, K. Wimmer1,10, and S. Zhu4

1National Superconducting Cyclotron Laboratory,
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3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
4Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
6Nuclear Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

7Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, USA

8CSNSM-IN2P3/CNRS, F-91405 Orsay Campus, France
9Department of Chemistry, Michigan State University,

East Lansing, Michigan 48824, USA and
10Department of Physics, Central Michigan University, Mt. Pleasant, Michigan 48859, USA

Neutron-rich isotopes are an important source of new information on nuclear structure. Specif-
ically, since the spin-isospin components in the nucleon-nucleon (NN) interaction, e.g. the proton-
neutron tensor force (in particular the strongly attractive monopole parts), are expected to modify
shell structure in exotic nuclei. These potential changes in the intrinsic shell structure are of fun-
damental interest. The study of the single-particle character of the first excited states of odd-A
neutron-rich Ni isotopes probes the evolution of the neutron orbitals around the Fermi surface as a
function of the neutron number N, and allows a step forward in the understanding of the region and
the nature of the NN interaction at large N/Z ratios.

In an experiment carried out at the National Superconducting Cyclotron Laboratory, the distribu-
tion of single-particle strengths in 67,69Ni was characterized by means of single-neutron knockout
from 68,70Ni secondary beams. The spectroscopic strengths, deduced from the measured partial
cross sections to the individual states tagged by their de-exciting gamma rays, is used to identify
and quantify configurations that involve neutron excitations across the N = 40 harmonic oscillator
shell closure. The de-excitation � rays were measured with the GRETINA gamma-ray tracking
array.

The results challenge the validity of the most current shell-model Hamiltonians and effective
interactions, highlighting shortcomings that cannot be yet explained. These results suggest that our
understanding of the low-energy states in such nuclei is not complete and requires further investi-
gation.

⇤ This work was supported in part by the US Department of Energy (DOE), Office of Nuclear Physics, under Grant
No. DE-FG02-94-ER40834 and Contract No. DE-AC02-06CH11357, the National Science Foundation (NSF) under
Contract No. PHY-1102511, and by the DOE, National Nuclear Security Administration, under Award No. DE-
NA0000979. GRETINA was funded by the DOE, Office of Science. Operation of the array at NSCL is supported by
the NSF under Cooperative Agreement No. PHY-1102511 (NSCL) and DOE under Grant No. DE-AC02-05CH11231
(LBNL). B.A.B. acknowledges support from NSF Grant No. PHY-1404442.

† e-mail: francesco.recchia@unipd.it
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Detailed spectroscopy of 137Xe and 139Ba – role of the νi13/2 intruder in the heavy 
tin region* 
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Recent developments in instrumentation and techniques for precision spectroscopy have enabled 
progress in the identification and characterization of single-neutron states in the 132Sn region (e.g. 
Ref. [1-3]). While the systematics of the negative-parity single-neutron states in the N=82-128 shell 
appears to be fairly complete, issues remain with the νi13/2 intruder orbital and the corresponding 
single-particle energy (SPE). For example, in 137Xe83 the agreement between the measured and 
calculated energies of the 13/2+

1 level is comparatively poor [4]. The factors responsible for this 
are: a 13/2+

1–13/2+
2 admixture and the uncertainty of the SPE used in the shell-model calculations.   

To aid in the solution of this problem, two experiments have been performed studying excited 
states in 137Xe and 139Ba by using the single-neutron transfer reactions 13C(136Xe,12C) 
[9Be(136Xe,8Be→2α)] and 13C(138Ba,12C), respectively. Particle-γ and -γγ coincidence events have 
been measured with the technique described in Refs. [1,3]. The setup comprised the Phoswich Wall 
[5] and Gammasphere (137Xe experiment) or GRETINA (139Ba run); in the latter case a LaBr3(Ce) 
detector array was added as well. The heavy-ion beams were provided by the ATLAS accelerator. 

In 137Xe, the yet unobserved 13/2+
2 level and additional 3/2- and 5/2- levels are found. A 

systematic shell-model study of 13/2+
1 and 13/2+

2 levels in a series of odd-mass N=83 nuclei has 
been performed, indicating the need for a lower νi13/2 SPE value, as compared to that in the 
literature (e.g. Ref. [6]). While the 137Xe study has been completed, the analysis of the 139Ba  
experiment is ongoing. The half-life obtained from the 13/2+ → (11/2-) 231-keV transition [7], for 
which the LaBr3(Ce) fast-timing measurement has already provided a preliminary value, will be 
available by the time of the conference. The half-life information will help to put further constraints 
on the wavefunction of the 13/2+

1 level.  
 
 

[1] D.C. Radford et al., Nucl. Phys. A 752, 264c (2005). 
[2] B.P. Kaye et al., Phys. Lett. B 658, 216 (2008). 
[3] J.M Allmond et al., Phys. Rev. C 86, 031307(R) (2012). 
[4] L. Corragio et al., Phys. Rev. C 87, 021301(R) (2013). 
[5] D.G. Sarantites et al., Nucl. Inst. Meth. A 790, 42 (2015).  
[6] W. Urban et al., Eur. Phys. J. A 5, 239 (1999). 
[7] NNDC database, http://www.nndc.bnl.gov/nudat2. 
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Octupole correlations in a full-symmetry restoring framework⇤

Rémi N. Bernard, Luis M. Robledo,† and Tomás R. Rodrı́guez
Departamento de Fı́sica Teórica, Universidad Autónoma de Madrid, E-28049 Madrid, Spain

Understanding and modeling the competition between static and dynamic octupole correlations
in atomic nuclei is a delicate issue as it requires the restoration of the broken reflection symmetry
and, at the same time, the consideration of fluctuations in the octupole (and often quadrupole)
degree of freedom [1,2]. In addition, the failure of the rotational formula connecting intrinsic
multipole moments with transition strengths near sphericity is more evident in the case of the E3
transition characteristic of octupole deformed nuclei [3]. Finally, the development of octupole cor-
relations with its subsequent lowering of level densities around the Fermi level is often associated
to a loss of pairing correlations that lead the nucleus into the realm of dynamical pairing correlation
regime. Therefore, the ideal framework to consider octupole correlations would be the one includ-
ing octupole, quadrupole and pairing fluctuations of angular momentum, parity and particle number
projected Hartree- Fock- Bogoliubov wave functions. In this talk, we will report on the status of
the implementation of the above program by describing the physics of the octupole deformed nu-
cleus 144Ba (focus of recent experimental interest [4]) using a full-symmetry restoring framework
(angular momentum, parity and particle number symmetries) with fluctuations in the octupole and
quadrupole degrees of freedom treated with the Generator Coordinate Method (GCM) using axi-
ally symmetric wave functions obtained using the Gogny D1S force [5]. Excitation energies and
transition strengths of both negative and positive parity states are obtained in the calculation. The
comparison with available experimental data shows a good agreement between theory and experi-
ment and the slight deviations observed are discussed.

[1] L. M. Robledo and G. F. Bertsch, Phys. Rev. C 84, 054302 (2011).
[2] L. M. Robledo and P. A. Butler, Phys. Rev. C 88, 051302(R) (2013).
[3] L. M. Robledo and G. F. Bertsch, Phys. Rev. C 86, 054306 (2012).
[4] B. Bucher et al, Phys. Rev. Lett.116, 112503 (2016).
[5] R. Bernard, L.M. Robledo and T.R. Rodrı́guez, in preparation

⇤ Supported in part by the Spanish MINECO grants Nos. FPA2015-65929-P and FIS2015-63770-P; and by the Con-
solider Ingenio 2010 program MULTIDARK CSD2009-00064

† e-mail: luis.robledo@uam.es
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On low-lying Kπ=0+and 2+ rotational bands in deformed nuclei 

J. F. Sharpey-Schafer 

University of Western Cape, Department of Physics, P/B X17, Bellville, ZA-7535 South Africa. 

 
Classical considerations of the time-dependent vibrations of a nuclear liquid drop suggest that the 
excitation energies of these modes must lie well above the pairing gap in even-even nuclei. This casts 
doubt on the textbook identification of the lowest lying excited 0+ and 2+ rotational bands in deformed 
nuclei as β and γ vibrations of the nuclear shape. We show that the properties of the Kπ=02

+ levels, at 
excitation energies below 1.0 MeV in N=88 and 90 nuclei, indicate that they are neutron 2p-2h states 
lowered into the pairing gap by configuration pairing [1]. The Kπ=2+ bands are truly collective and 
arise from the γ degree of freedom which breaks the axial symmetry. Representations of these Kπ=2+ 
excitations as phonons or bosons is discussed and the lack of convincing experimental data for two 
phonon excitations is addressed. 
[1] R. E. Griffin, A. D. Jackson and A. B. Volkov, Phys. Lett. 36B, 281 (1971). 
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Chiral basis for particle-rotor model for odd-odd triaxial nuclei ⇤

K. Starosta1† and T. Koike2

1 Department of Chemistry, Simon Fraser University,
8888 University Drive, Burnaby, BC, Canada, V5A 1S6 and

2 Department of Physics, Tohoku University,
6-3 Aoba Aramaki Aoba Sendai, Japan, 980-8578

In the last decade nuclear chirality resulting from an orthogonal coupling of angular momentum
vectors in triaxial nuclei has been a subject of numerous experimental and theoretical studies. Three
perpendicular angular momenta can form two systems of the opposite handedness, the right-handed
and the left-handed system; the time-reversal operator, which reverses orientation of each of the
components, relates these two systems. The underlying mechanism for generating chiral geometry
of angular momentum coupling emphasizes the interplay between single-particle and collective
degrees of freedom in nuclear structure physics. In the simplest case of odd-odd nuclei, two out of
three mutually orthogonal angular momenta are provided by the high-j valence proton and neutron
quasiparticles, which are of particle and hole character as defined by the respective position of the
Fermi level within a unique-parity sub-shell. The single-particle contribution to the total energy is
minimised when the angular momenta of the particles and holes align along the short and the long
axis of the core, respectively. The third angular momentum component is provided by the collective
core rotation and aligns along the axis of the largest moment of inertia; this is the intermediate
axis for irrotational flow-like moments of inertia for a triaxial body. This simple picture leads to
prediction of distinct observables manifesting chirality in rotational structures, most notably to the
doubling of states. In recent years all these effects have been demonstrated using variety of nuclear
structure models for triaxial nuclei.

It needs to be noted, though, that one of the common feature of current model calculations is that
the chiral geometry of angular momentum coupling is extracted from expectation values of orienta-
tion operators, rather than being a starting point in construction of a model. In that sense, chirality
has been perceived as an approximate symmetry attained only in a limited range of angular momen-
tum. However, using the particle-hole-coupling model for triaxial odd-odd nuclei it is possible to
construct a basis which contains right-handed, left-handed and planar states of angular momentum
coupling. If this basis is used, the chirality is explicit rather than extracted feature as in any other
models with non-chiral basis. The time-reversal symmetry which relates the basis states of oppo-
site handedness can be used to reduce the dimension of matrices for diagonalization of the model
Hamiltonian, proving usefulness of this approach. Moreover, the final model eigenstate wave func-
tions show a concentration of amplitudes among relatively small number (⇠1%) of components as
comparing to the full model space. In that sense, the “chiral” basis provides a useful tool to examine
model predictions providing direct insight into the structure of doublet states.

In this work similarities and differences between the rotational behaviour of an axial and triaxial
body will provide a starting point for derivation of the basis optimal for valence nucleon coupling
to an axial and a triaxial core. The derived “chiral” basis is optimal for coupling of a valence
particle and hole to the triaxial core. Model predictions will be presented and discussed along
with a comparison to the data. The summary will focus on an outlook towards three-nucleon and
quasiparticle coupling models addressing doublet bands in odd-mass nuclei.

⇤supported by Natural Sciences and Engineering Research Council of Canada
†e-mail: starosta@sfu.ca
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Effective Interaction Effects in Nuclear Dynamics 

P. D. Stevenson 
University of Surrey, Guildford, GU2 7XH, United Kingdom 

The use of effective interactions, such as those of the Skyrme type, within mean-field theories, has 
allowed a thorough exploration of many nuclear properties and processes.  The effective interactions 
contain unconstrained parameters which are fitted to properties of nuclear matter and ground states 
of finite nuclei, and sometimes also to other observables, though typically not large-amplitude 
dynamic processes like heavy-ion collisions, which are computationally too costly to be included in 
fitting procedures. 

Through selection of different observables, many different effective interactions have been 
developed.  We present results exploring the variation in outcome of dynamical processes using the 
time-dependent Hatree-Fock approximation, as different effective interactions are used, all of which 
give largely identical ground state data.  We show that e.g. sizeable variations in fusion thresholds 
can be found [1], that heavy-ion reactions at low energies (around Coulomb barrier) show systematic 
dependence upon nuclear matter properties [2] and that non-adiabatic effects in fission reactions 
allow a study of the structure properties of fission fragments as well as a microscopic understanding 
of the fission process [3,4] 

[1] P.-G. Reinhard, A. S. Umar, P. D. Stevenson, J. Piekarewicz, J. A. Maruhn, and V. E. Oberacker, 
acepted for publication in Phys. Rev. C, arxiv:1603.01319 

[2] P. D. Stevenson, E. B. Suckling, S. Fracasso, M. C. Barton and A. S. Umar, submitted to Phys. 
Rev. C, arxiv:1507.00645 

[3] P. M. Goddard, P. D. Stevenson and A. Rios, Phys. Rev. C 93, 014620 (2016)  

[4] P. M. Goddard, P. D. Stevenson and A. Rios, Phys. Rev. C 92, 054610 (2015)
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g factors and nuclear collectivity⇤

Andrew E. Stuchbery† and Tibor Kibédi
Department of Nuclear Physics, Research School of Physics and Engineering,

The Australian National University, Canberra, ACT 2601, Austraia

The emergence and evolution of collective excitations in complex nuclei remains a central prob-
lem in the quest to understand the nuclear many-body problem. Nuclear quadrupole collectivity
is usually investigated via electric quadrupole observables. Here, however, the focus is on M1

observables, especially g factors, in relation to the emergence of nuclear collectivity.
As a first example, the g factors of low-excitation states in 111Cd and 113Cd will be shown to

be sensitive to the nature of the collectivity in these nuclei in ways that the electric quadrupole
observables are not [1]. The particle-vibration model, which assumes spherical core-excitations,
cannot explain the g factors whereas a particle-rotor model with a small, non-zero core deformation
does. The contrast of the two models is made stark by the fact that they begin from the same
limiting g-factor values, as indicated in Fig. 1. It will be shown that when an odd nucleon occupies
a spherical orbit with angular momentum j = 1/2, or a deformed orbit with j = 1/2 parentage, the
particle-vibration model and the particle-rotor model both reduce to the same g-factor value in their
respective limits of zero particle-vibration coupling or zero deformation.
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FIG. 1. Comparison of g-factor variations with deformation or particle-vibration coupling strength.

Following on from this example, a short survey will be given of other cases where g-factor mea-
surements and calculations can play a key role in delineating the emergence and nature of nuclear
collectivity.

[1] A.E. Stuchbery, S.K. Chamoli and T. Kibédi, Phys. Rev. C. 93, 031302(R) (2016).

⇤ Supported in part by Australian Research Council Discovery Grant No. DP0773273.
† e-mail: andrew.stuchbery@anu.edu.au
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Electron-capture rates at stellar environments and nucleosynthesis⇤

Toshio Suzuki1,2,† M. Honma3, K. Mori2, M. Famiano2,4,
T. Kajino2, N. Shimizu5, Y. Tsunoda5, and T. Otsuka6

1Department of Physics, College of Humanities and Sciences,
Nihon University, Sakurajosui 3, Setagaya-ku, Tokyo 156-8550, Japan

2National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan
3Center for Mathematical Sciences, University of Aizu,

Aizu-Wakamatsu, Fukushima 965-8550, Japan
4Department of Physics, Western Michigan University, Michigan, USA

5Center for Nuclear Study, University of Tokyo, Hongo 7, Bunkyo-ku, Tokyo, Japan and
6Department of Physics, University of Tokyo, Hongo 7, Bunkyo-ku, Tokyo, Japan

Electron-capture rates in nuclei at stellar environments are evaluated by using new shell-model
Hamiltonians. A new Hamiltonian for pf -shell, GXPF1J [1], can describe Gamow-Teller (GT)
strengths in Ni isotopes very well [2]. In particular, large spreading in the GT strength in 56Ni and
55Co obtained for GXPF1J has been confirmed by a recent experiment [3]. The updated e-capture
rates as well as beta-decay rates obtained in a large region of pf -shell nuclei including both proton-
rich and neutron-rich isotopes are applied to study nucleosynthesis in type-Ia supernova explosions
[4] and core-collapse supernova explosions as well as cooling of stars by nuclear URCA processes.
The e-capture rates with GXPF1J are generally smaller than those with conventional shell-model
Hamiltonians such as KB3G [5] for proton-rich nclei and lead to less production of neutron-rich
nuclei such as 58Ni and 54Cr [4]. We can thus solve the problem of over-production of neutron-rich
isotopes in the Fe region compared to the solar abundance [6].

For more neutron-rich isotopes such as 78Ni, extension of the configuration space outside the
pf -shell is essential. Here, GT strength and spin-dipole strengths in 78Ni are evaluated within
pf+g9/2+d5/2 shells [7]. Core-collapse supernova explosiuons are sensitive to the e-capture rates
for nuclei around this region [8]. We will discuss e-capture rates of nuclei around 78Ni.

Electron-capture and beta-decay rates for nuclear pairs in sd-shell are evaluated with USDB at
high densities and high temperatures relevant to the final evolution of electron-degenerate O-Ne-Mg
cores of stars with the initial masses of 8-10 solar mass (M

�

) [9]. The rates for pairs with A=23
and 25 are found to be important for nuclear URCA processes [10,11] that determine the cooling
rate of O-Ne-Mg core as well as the fate of the stars with 8-10 M

�

.

[1] M. Honma et al., Phys. Rev. C 65, 061301 (2002); J. of Phys. Conf. Ser. 20, 7 (2005).
[2] T. Suzuki, M. Honma, H. Mao, T. Otsuka and T. Kajino, Phys. Rev. C 83, 044619 (2011).
[3] M. Sasano et al., PRL 107, 202501 (2011); Phys. Rev. C 86, 034324 (2012).
[4] K. Mori, M. A. Famiano, T. Kajino, T. Suzuki, J. Hidaka, M. Honma, T. Otsuka, K. Iwamoto
and K. Nomoto, in preparation.
[5] K. Langanke and G. Martinez-Pinedo, Rev. Mod. Phys. 75, 819 (2003).
[6] K. Iwamoto et al., Astrophys. J. Suppl. 125, 439 (1999).
[7] Y. Tsunoda et al., Phys. Rev. C 89, 031301(R) (2014).
[8] C. Sullivan et al., Astrophys. J. 816, 44 (2016).
[9] T. Suzuki, H. Toki and K. Nomoto, Astrophys. J. 817, 163 (2016).
[10] H. Toki, T. Suzuki, K. Nomoto, S. Jones and R. Hirschi, Phys. Rev. C 88, 015806 (2013).
[11] S. Jones et al., Astrophys. J. 772, 150 (2013).
⇤ Grant-in-Aid for Scientific Research (15K05090), MEXT of Japan
† e-mail: suzuki@phys.chs.nihon-u.ac.jp
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Effects of tensor interactions and high-momentum nucleons 
near the ground states of nuclei 

I. Tanihata1,2, H. J. Ong2, and S. Tarashima1 and E443 collaboration at RCNP. 
１IRCNPC and School of Physics and Nuclear Energy Engineering, Beihang U., Beijing, China 

2 RCNP, Osaka U., Osaka, Japan 

Recent ab initio type nuclear model present the importance of tensor forces for binding nuclei.  
For example, a deuteron is not bound without D-wave mixing caused by the tensor interactions.  
Also it is important to include high-momentum nucleon introduced by the short-range nature of the 
tensor interactions [1].  

We presented (p, d) scattering data at high-momentum transfer from 16O  and showed the ratio of 
the cross sections to different final states are consistent with the component of high-momentum 
neutrons produced by the tensor interactions [2].  Two different experimental studies have been 
made since then; one is the 0 degree measurement of (p,d) reaction for estimating the effect of 
reaction mechanism to the (d, p) reaction, and the other is (p, pd) reaction to see the isospin 
dependence of the  high-momentum component. 

This abstract present the second experiment at RCNP in Osaka university. Using 400 MeV 
proton incident beam 16O(p,pd)14N and 12C(p,pd)10B reactions were measured at quasi-free 
scattering kinematics but at scattering angle relevant to neutron pick up mechanism with high 
momentum (~400 MeV/c).  The high-resolution spectrometer Grand-RAIDEN was used to detect 
forward going deuterons and the plastic scintillator array was used to detect backward going 
protons.  Excitation energy resolution of ~200 keV was attend for the excitation energy spectra of 
the final state nuclei.  A few low-lying states were observed in both 14N and 10B.  Among the low-
lying states, no transition to T=1 states was observed.  This observation shows a strong contrast to 
the observation of such states in (e, e’d) and (p, pd) reactions at deuteron knock out kinematics.  
The missing transition to T=1 states suggests that high-momentum-correlated pn pairs in nuclei are 
T=0 but are not T=1.  It is very much in accordance with the interaction with the correlated pn pair 
produced by tensor interactions.

We are going to present such new data and discuss the relation to the tensor interactions.

[1]  I. Tanihata, Physica Scripta T152 (2013) 014021.
[2]  H. J. Ong et al., Phys. Letters B 725 (2013) 277.
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In-gas-jet laser spectroscopy of neutron-deficient 214,215Ac isotopes 
and prospects for studies of the actinide region 

 
P. Van Duppen, B. Bastin, P. Creemers, P. Delahaye, R. Ferrer, X. Flechard, S. Franchoo, L. 
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1 KU Leuven, B-3001 Leuven, Belgium, 2 GANIL, CEA/DSM-CNRS/IN2P3, 14076 Caen, France, 3 

Institut für Physik, Johannes Gutenberg Universität, 55128 Mainz, Germany, 4 JYFL, Department of 
physics, FI-40014 University of Jyväskylä, Finland, 5 Institute de Physique Nucléaire (IPN) d'Orsay, 
91406 Orsay, Cedex, France, 6 GSI-Darmstadt, Planckstraße 1, 64291 Darmstadt, Germany, 7 ISOLDE 
RILIS 
 
Laser spectroscopy studies provided charge radii, spins and nuclear moments, key 
ingredients to test and validate nuclear models. To perform laser spectroscopy on 
exotic nuclides, the highest efficiencies in combination with a high spectral resolution 
are required. The In-Gas Laser Ionization and Spectroscopy (IGLIS) technique 
whereby radioactive atoms stopped in a buffer gas cell and subsequently positioned 
in a supersonic gas jet produced by a de Laval nozzle are resonantly ionized using 
resonant, multistep laser ionization fulfills these requirements.  
In the last years IGLIS was employed within the gas cell at the LISOL facility (Leuven 
Isotope Separator On-Line) to measure magnetic moments of 57-59Cu [1] and 97-101Ag 
[2]. A typical spectral resolution of 5 to 10 GHz was obtained. The measurements 
were recently extended to the heavy mass region by resolving the hyperfine 
structure of neutron deficient actinium isotopes 212-215Ac [3]. Carrying out laser 
ionization in the low-temperature and low-density supersonic gas jet formed at the 
exit nozzle allows eliminating the pressure broadening thus improving significantly 
the spectral resolution [4]. 
The in-gas jet laser ionization spectroscopy was recently proven in an on-line 
experiment measuring the short-lived 214,215Ac isotopes produced in the 
22Ne(197Au,xn) reaction. A narrow bandwidth, high repetition rate laser system 
brought together from GANIL, Mainz University and JYFL has been used to 
investigate the hyperfine structure of the 438 nm atomic transition in actinium. The 
data obtained reveal a total spectral resolution of ~400 MHz. Thus, the isotope shifts 
as well as the hyperfine A- and B- parameters could be extracted and a firm spin 
assignment for the N=126 215Ac (T1/2=0.17 s) and 214Ac was obtained. The results 
are compared to shell-model calculations. A ~0.5 %total ionization efficiency that can 
be improved up to one order of magnitude by increasing the duty cycle was 
obtained. Further characterization and optimization of the technique is investigated 
at the off-line IGLIS laboratory, recently commissioned at KU Leuven. Here, the 
physical and technical limits of the IGLIS technique will be explored. This will ensure 
the best performance in spectral resolution and ionization efficiency for the future 
IGLIS setup [5] linked to the Superconducting Separator Spectrometer (S3) at the 
new radioactive ion beam facility SPIRAL2 (GANIL). 
 
[1] Cocolios,- PRL 103 (2009) 102501; [2] Ferrer,- PLB 728 (2014) 191; [3] 
Granados,- in preparation; [4] Kudryavtsev,- NIM 297 (2013) 7; [5] Ferrer,- NIMB 317 
(2013) 570. 
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Isomer decays in the N = Z nucleus 96Cd populated via Fragmentation  
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The presentation will discuss results obtained from experiments designed to investigate the 
decay properties of isomeric states in N ~ Z nuclei in the 100Sn region.  Specifically, this talk 
will focus on new decay properties of the known 16+ spin-gap isomer in 96Cd [1], along with 
data which reveal for the presence of isomeric gamma decaying state in this nucleus. The data 
were taken at the Radioactive Isotope Beam Factory (RIBF) at RIKEN during the EURICA 
campaigns [2]. 96Cd was produced by the fragmentation of a 345 MeV/nucleon 124Xe primary 
beam (~30-35 pnA) colliding with a 9Be target and the ions were identified using the 
BigRIPS spectrometer. In the RIBF83, RIBF9 experiments approximately 13,500, 20,000 
96Cd ions were implanted into a Si active stopper (Simba) [3], respectively. 
 
Evidence for β-delayed proton decay from the 16+ isomer in 96Cd will be presented. The β-
delayed proton branching ratio has been measured, along with upper and lower limits for the 
B(GT) strength of the decay from the 16+ isomer to the known 15+ isomer in 96Ag [4] and to 
the predicted [1] 15+,16+ and 17+ ‘resonance-like’ states which lie above the proton 
separation energy, respectively. The results will be compared with large scale shell model 
calculations using the sdg model space and WKB estimates for the proton to gamma decay 
widths for the ‘resonance-like’ states.  
 
Evidence for a gamma decaying isomer in 96Cd will also be presented and the results 
compared with shell model calculations. These allow a tentative decay scheme to be deduced 
for the transitions and also provide a possible interpretation for the nature of the isomer. The 
resulting energy level sequence will be discussed in terms of the systematics for the low-lying 
states in the N = Z nuclei approaching 100Sn. 
 
[1]  B. S. Nara Singh et al., Phys. Rev. Lett 107, 172502 (2011) 
[2]  P.A. Soderstrom et al., Nucl. Instr. Meth. B 317, 649 (2013) 
[3]  C.B. Hinke et al., Nature 486, 341, (2012) 
[4]  P Boutachkov et al., Phys. Rev. C 84, 044311 (2011) 



6.50 Wiedenhoever, Ingo 120

6.50 Wiedenhoever, Ingo

Isomeric Character of the Lowest 4+ State in 44S⇤
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1 Department of Physics, Florida State University, Tallahassee, FL, 32306, USA
2National Superconducting Cyclotron Laboratory,

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

4 Grand Accélérateur National dIons Lourds (GANIL), CEA/DSM-CNRS/IN2P3, Caen, France
5 Lawrence Berkeley National Laboratory,

Nuclear Science Division,
Berkeley, CA 94720-8153, USA

and
6 Department of Physics, Central Michigan University, Mt. Pleasant, MI 48859, USA

(Dated: March 31, 2016)

Previous experimental results established the lowest 4+ state in the N=28 nucleus 44S and sug-
gested that this state may exhibit a hindered E2-decay rate inconsistent with being a member of the
collective ground state band. Recent theoretical investigations by Utsuno et al. [2] and Egido et al.
[3] supported this suggestion and propose a characterization with a dominant K=4 component, de-
spite substantial triaxiality. We populate this lowest 4+ state via two-proton knockout from a beam
of 46Ar projectiles and measure its lifetime using the recoil distance method with the GRETINA
�-ray spectrometer. Our experiment establishes an isomeric level lifetime and allows to deduce a
hindered B(E2) value for the 4

+
1 ! 2

+
1 transition. This value confirms that the lowest 4+ state in

44S is not a collective rotational excitation and suggests a K=4 isomer. The unusual properties of
this state are discussed in the context of recent theoretical calculations.
[1] D. Santiago-Gonzalez et al., Phys.Rev. C 83, R061305 (2011),
[2] Y. Utsuno, N. Shimizu, T. Otsuka, T. Yoshida and Y. Tsunoda, Phys.Rev.Lett. 114, 032501
(2015)
[3] J. Luis Egido, M. Borrajo, T. R. Rodrı́guez, Phys.Rev.Lett. 116, 052502 (2016)

⇤ Supported in part by the National Science Foundation, The Department of Energy (DOE) National Nuclear Security
Administration, award number DE-NA0000979 and the DOE Office of Science.

† email: iwiedenhover@physics.fsu.edu
‡ Current address: Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA
§ Current address: The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
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Enhanced collectivity of � vibration in neutron-rich Dy isotopes with N = 108 � 110

K. Yoshida1,2⇤ and H. Watanabe3,4

1Graduate School of Science and Technology,
Niigata University, Niigata 950-0913, Japan

2Center for Computational Sciences, University of Tsukuba, Tsukuba 305-8577, Japan
3IRCNPC, School of Physics and Nuclear Energy Engineering,

Beihang University, Beijing 100191, China and
4RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan

The � vibrational mode of excitation is the acknowledged collective mode in deformed nuclei.
The collectivity depends on the details of the shell structure around the Fermi levels, in particu-
lar the presence of the orbitals that have the enhanced transition matrix elements of the non-axial
quadrupole excitation. Quite recently, a sudden decrease in the excitation energy of the � vibration
was measured at RIKEN RIBF in the neutron-rich Dy isotopes at N = 106.

By studying systematically the microscopic structure of the � vibration in the neutron-rich Dy
isotopes with N = 98 � 114, we discuss the mechanism for the observed softening. The low-
frequency modes of excitation in the neutron-rich rare-earth nuclei are described based on nuclear
density-functional theory. We employ the Skyrme energy-density functionals (EDF) in the Hartree-
Fock-Bogoliubov calculation for the ground states and in the Quasiparticle Random-Phase Approx-
imation (QRPA) for the excitations.

The lowering of the excitation energy around N = 106 is reproduced well by employing
the SkM* and SLy4 functionals. It is found that the coherent contribution of the ⌫[512]3/2 �
⌫[510]1/2, ⌫[510]1/2 � ⌫[512]5/2, and ⌫[512]3/2 � ⌫[514]7/2 excitations satisfying the selection
rule of the non-axial quadrupole matrix element plays a major role in generating the collectivity. As
shown in the Figure below, we find the similar isotopic dependence of the excitation energy in the
neighboring nuclei.
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FIG. 1. QRPA frequencies of the � vibrational mode in the Dy, Er, Yb, and Hf isotopes with N = 98 � 114

obtained by using the SkM* functional.

⇤ e-mail: kyoshida@phys.sc.niigata-u.ac.jp



7. Mini-Talks

Due to the large number of high-quality abstracts (over 200) being submitted, a new session is
being introduced this year that allows for short highlights to be given. These mini-highlight talks
are limited to 6 minutes.
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Search for cluster structure in 14O using resonant ↵ scattering⇤

T. Ahn1,† J. Allen1, Y. Ayyad2, D. W. Bardayan1, D. Bazin2, S. Beceiro Novo2, B. Becker1, W.
Boeschenstein1, J. Bradt2, M. Brodeur1, L. Carpenter2, M. Cortesi1, J. deBoer1, Y. K. Gupta1, A.
Gyurjinyan1, M. Hall1, O. Hall1, S. L. Henderson1, J. Hu1, L. Jensen1, J. Kelly1, J. Koci1, J. J.

Kolata1, E. Lamere1, A. Long1, J. Long1, W. Mittig2, C. Nicoloff1, P. O’Malley1, B. Schultz1, C.
Seymour1, R. Soussi Tanani2, S. Strauss1, B. Van de Kolk1, A. Wightman1, and M. Wolff3

1Department of Physics, University of Notre Dame, Notre Dame, IN, 46637, U.S.A.
2National Superconducting Cyclotron Laboratory, Michigan State University,

640 South Shaw Lane, East Lansing, MI 48824, U.S.A. and
3Department of Physics, Wooster College,

308 E. University Street, Wooster, OH 44691, U.S.A.

The conditions governing the appearance of cluster structure in nuclei is still an open question.
Do extra nucleons contribute to stabilizing cluster structure and what role does isospin play? We
recently found evidence for an elongated ↵-cluster structure in 14C [1], which has been predicted
from Anti-Symmetrized Molecular Dynamics calculations [2]. The existence of a similar structure
in 14O would give additional evidence that such cluster structures exist in these nuclei and that clus-
terization can be stabilized by both extra protons and neutrons. We have performed an experiment
using resonant ↵-scattering reaction to look for ↵-cluster structure in 14O. We used a radioactive
10C beam produced at the University of Notre Dame using the TwinSol superconducting solenoids
and the Prototype Active-Target Time-Projection Chamber (PAT-TPC). The PAT-TPC provided a
He gas target while simultaneously imaging charged-particle tracks to measure differential cross
sections. Preliminary results of the data will be presented.
[1] A. Fritsch et al., Phys. Rev. C 93, 014321 (2016).
[2] T. Suhara and Y. Kanada-Enyo, Phys. Rev. C 82, 044301 (2010).

⇤ Supported by the National Science Foundation.
† e-mail: tan.ahn@nd.edu
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Moments of Inertia of Axially Asymmetric Nuclei⇤

J.M. Allmond1† and J.L. Wood2

1Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA and
2School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA

Empirical moments of inertia, J1, J2, J3, of 28 atomic nuclei are extracted from experimen-
tal 2

+
g,�

energies and electric quadrupole matrix elements, determined from multi-step Coulomb
excitation data, and the results are compared to expectations based on rigid and irrotational in-
ertial flow. Only by having the signs of the E2 matrix elements, i.e., h2+

g

|| ˆM(E2)||2+
g

i and
h0+

g

|| ˆM(E2)||2+
g

ih2+
g

|| ˆM(E2)||2+
�

ih2+
�

|| ˆM(E2)||0+
g

i, can a unique solution to all three compo-
nents of the inertia tensor be obtained. While the absolute moments of inertia fall between the
rigid and irrotational values as expected, the relative moments of inertia appear to be qualitatively
consistent with irrotational flow for nuclei with prolate electric quadrupole moments. However,
there appears to be a breakdown for nuclei with oblate electric quadrupole moments. Interestingly,
the J1/J

rigid,1 values appear correlated with the � deformation and the J2/J
rigid,2 values appear

inversely correlated with the � (axial asymmetry) deformation. The results suggest that a better de-
scription of collective dynamics and inertial flow for atomic nuclei is needed. This is the first report
of empirical moments of inertia for all three axes and the results should challenge both collective
and microscopic descriptions of inertial flow.

⇤ This research was sponsored by the Office of Nuclear Physics, U.S. Department of Energy.
† e-mail: allmondjm@ornl.gov
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Ab initio symmetry-adapted no-core shell model results
for light to medium-mass nuclei⇤

R.B. Baker1,† T. Dytrych1,2, K.D. Launey1, and J.P. Draayer1
1Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA and

2Nuclear Physics Institute, 250 68 Řež, Czech Republic

Since its initial development, the ab initio no-core shell model (NCSM) [1] has made signif-
icant progress in describing nuclear structure from first principles, particularly for light nuclei.

FIG. 1. Probability distribution for the allowed SU(3)
(� µ) states in the 1

+ ground state of 6Li. The ar-
rows represent projections on to individual symplectic
irreps. Figure adapted from Ref. [5].

We report on results from the recently devel-
oped ab initio symmetry-adapted no-core shell
model (SA-NCSM) [2], which has proven to be
a powerful approach for studying intermediate
to medium-mass nuclei. This stems from the
model’s ability to manage the growth of model
space dimensions, which occurs with the ad-
dition of harmonic oscillator shells and num-
ber of nucleons, and especially to reveal emer-
gent symmetry patterns [3]. Specifically, the
symplectic symmetry, which provides a micro-
scopic picture of nuclear collective motion [4],
has been shown to naturally emerge in light nu-
clei, as illustrated in Fig. 1, where over 80%

of the ab initio wavefunction for the 1

+ ground
state of 6Li projects on to just one symplectic
irrep [5].

To better utilize this symmetry and expand
the ab initio SA-NCSM’s capabilities further,
we have developed a novel feature, which al-
lows us to use realistic interactions in the sym-
plectic basis and incorporate multiple symplec-
tic irreps [6]. Here, we present SA-NCSM re-
sults for 16O, 20Ne, and 42Ti using realistic in-
teractions, with a view toward studying nuclei
of astrophysical importance.

[1] P. Navrátil, J.P. Vary, and B.R. Barrett, Phys. Rev. Lett. 84 (2000) 5728; B.R. Barrett et al., Prog.
Part. Nucl. Phys. 69 (2013) 131.
[2] T. Dytrych et al., Phys. Rev. Lett. 111 (2013) 252501.
[3] K.D. Launey, A.C. Dreyfuss, R.B. Baker, et al., J. Phys.: Conf. Ser. 597 (2015) 012054.
[4] G. Rosensteel and D.J. Rowe, Phys. Rev. Lett. 38 (1977) 10.
[5] K.D. Launey, T. Dytrych, and J.P. Draayer, Prog. Part. Nucl. Phys. (2016) doi:/10.1016/j.ppnp.
2016.02.001.
[6] R.B. Baker et al., to be submitted, (2016).

⇤ This work was supported by the U.S. NSF (OCI-0904874 and ACI -1516338), and the U.S. DOE (DE-SC0005248).
This research is part of the Blue Waters sustained-petascale computing project and portions of this research were also
conducted with high performance computing resources provided by Louisiana State University.

† e-mail: rbake25@lsu.edu
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Characterization of detectors and activities found at the Dubna Gas Filled
Separator.⇤

V.K. Utyonkov 1, N.T. Brewer2,3,† Yu. Ts. Oganessian1, K.P. Rykaczewski2, F.Sh. Abdullin1,
S.N. Dmitriev1, R. Grzywacz2,4, M.G. Itkis1, K. Miernik2,5, A.N. Polyakov1, J.B. Roberto2,
R.N. Sagaidak1, I.V. Shirokovsky1 , M.V. Shumeiko1, Yu.S. Tsyganov1, A.A. Voinov1, V.G.

Subbotin1, A.M. Sukhov1, A.V. Sabelnikov1, G.K. Vostokin1, J.H. Hamilton6, and M.A. Stoyer7
1Joint Institute for Nuclear Research, Dubna, Russian Federation

2Oak Ridge National Laboratory, Oak Ridge, TN, USA
3Joint Institute for Nuclear Physics and Applications, Oak Ridge, TN, USA

4University of Tennessee, Knoxville, TN, USA
5University of Warsaw, Warsaw, Poland

6Department of Physics and Astronomy, Vanderbilt University, Nashville, TN, USA and
7Nuclear and Chemical Physics Division,

Lawrence Livermore National Laboratory, Livermore, CA, USA

The ‘Hot Fusion Island’ is formed by over 50 super-heavy nuclei identified in fusion-evaporation
reactions between 48Ca beams and actinide targets [1-3]. Most of these nuclei have been discov-
ered in experiments at the Dubna Gas Filled Recoil Separator (DGFRS). These studies have been
recently augmented by using a new highly segmented Si detector and digital detection system [4,5]
commissioned by the ORNL-UTK team and implemented at the DGFRS. The system has robust
analysis capabilities, especially for very short lived activities and detection efficiency at high beam
rate.

The utility of this new system will be detailed by discussing the observation of heavy and super-
heavy recoils and the subsequent alpha and/or spontaneous fission radiations. The measurement of
several Th activities from the 48Ca + natYb calibration reaction will be shown including activities
on the order of 1µs. Also, spontaneous fission isomers and alpha decay of heavy implants observed
during irradiations of Pu and Ca targets will be shown. The discovery of a new Flerovium isotope
will be displayed [5] as well as details of the experiment running through June 2016 which attempts
to go beyond the edge of the nuclear chart to create the heaviest isotopes of element 118 yet synthe-
sized.

[1] Yu. Ts. Oganessian, J. Phys. G: Nucl. Part. Phys., 34(R165) 2007.
[2] Yu. Ts. Oganessian, Radiochimica Acta 99(429) 2011.
[3] J. H. Hamilton, S. Hofmann, Yu. Ts. Oganessian, Ann. Rev. Nucl. Part. Sci., 63(383) 2013.
[4] R. Grzywacz et al., Nucl. Instr. Methods in Phys. Res. B 261(1103) 2007.
[5] V.K. Utyonkov, N.T. Brewer et al., PRC 92(3) 2015, 034609.

⇤ Supported by the U.S. DOE Office of Nuclear Physics under contracts DE-AC05-00R22725 (ORNL), DE-FG02-
96ER40983 (UTK), and Russian Foundation for Basic Research Grants, grant No. 13-02-12052.

† e-mail: brewernt@ornl.gov
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First direct observation of enhanced octupole collectivity in 144,146Ba⇤

B. Bucher1,† S. Zhu2, C. Y. Wu1, R. V. F. Janssens2, D. Cline3, A. B. Hayes3, M. Albers2,
A. D. Ayangeakaa2, M. Q. Buckner1, P. A. Butler4, C. M. Campbell5, M. P. Carpenter2,

C. J. Chiara2,6,‡ J. A. Clark2, H. L. Crawford7,§ M. Cromaz5, H. M. David2,¶

C. Dickerson2, E. T. Gregor8,9, J. Harker2,6, C. R. Hoffman2, B. P. Kay2, F. G. Kondev2,
A. Korichi2,10, T. Lauritsen2, A. O. Macchiavelli5, R. C. Pardo2, A. Richard7, M. A. Riley11,

G. Savard2, M. Scheck8,9, D. Seweryniak2, M. K. Smith12, R. Vondrasek2, and A. Wiens5

1Lawrence Livermore National Laboratory, Livermore, CA, USA
2Argonne National Laboratory, Argonne, IL, USA

3University of Rochester, Rochester, NY, USA
4University of Liverpool, Liverpool, UK

5Lawrence Berkeley National Laboratory, Berkeley, CA, USA
6University of Maryland, College Park, MD, USA

7Ohio University, Athens, OH, USA
8University of the West of Scotland, Paisley, UK

9SUPA, Scottish Universities Physics Alliance, Glasgow, UK
10CSNSM, IN2P3-CNRS, Orsay, France

11Florida State University, Tallahassee, FL, USA and
12University of Notre Dame, Notre Dame, IN, USA

The neutron-rich Ba isotopes near N=90 have long been predicted to exhibit enhanced octupole
correlations. Until now, only indirect experimental evidence was available in the form of low-lying
interleaved positive- and negative-parity levels with enhanced E1 linking transitions. However,
recent Coulomb excitation measurements performed at ATLAS using post-accelerated 144,146Ba
beams from 252Cf fission (CARIBU source) provide the first direct confirmation of enhanced oc-
tupole collectivity in this mass region. Compared to a number of theoretical calculations using
mean-field, beyond-mean-field, algebraic, and cluster model approaches, the new experimental oc-
tupole strengths are larger than any of those predicted with a measured B(E3; 3

� ! 0

+
) transition

probability in 144Ba of 48 W.u. [1]. Moreover, the new measurements do not indicate a reduction in
octupole strength from 144Ba to 146Ba, despite a drop in E1 strength by nearly 2 orders of magnitude
between the two isotopes, which is in agreement with the interpretation that the dipole moments
in this region can be mainly attributed to shell-induced displacements of the center-of-charges and
center-of-masses between protons and neutrons [2]. The experiment, which utilized the advanced
capabilities of the new GRETINA �-ray tracking array and CHICO2 heavy-ion counter, will be
presented in detail along with a discussion of the new results.
[1] B. Bucher et al., Phys. Rev. Lett. 116, 112503 (2016)
[2] P.A. Butler and W. Nazarewicz, Nucl. Phys. A533, 249 (1991)

⇤ This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under contract DE-AC52-07NA27344, Lawrence Livermore National Security, LLC and by the DOE,
Office of Science, Office of Nuclear Physics, under contracts DE-AC02-06CH11357, DE-AC02-05CH11231, and DE-
FG02-94ER40834 and the National Science Foundation. This research used resources of ANLs ATLAS facility, a
DOE Office of Science User Facility.

† e-mail: bucher3@llnl.gov
‡ Now at U.S. Army Research Laboratory, Adelphi, MD, USA
§ Now at Lawrence Berkeley National Laboratory, Berkeley, CA, USA
¶ Now at GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
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Fast Neutron Spectroscopy with a Novel C7LYC Scintillator Array⇤

P. Chowdhury1,† T. Brown1, E. Doucet1, N. D’Olympia1,‡

C. J. Lister1, G.. L. Wilson1, S. Mosby2, and M. Devlin2

1University of Massachusetts Lowell, Lowell, MA, USA and
2Los Alamos National Laboratory, Los Alamos, NM, USA

Emerging scintillators are of great current interest to the nuclear structure community, as prepa-
rations for instrumenting the Facility for Rare Isotope Beams (FRIB) gain momentum. While
consensus has been achieved on the choice of segmented germanium tracking detectors for high-
resolution gamma-ray spectroscopy, the decision on scintillator arrays have been purposely delayed,
in order to take advantage of any technological advances in the extended FRIB construction and
commissioning period. LaBr2 detectors (for their superior energy resolution and fast timing) and
Cs2LiYCl6 (CLYC) detectors for their dual neutron-gamma capabilities and promise for fast neu-
tron spectroscopy are currently front-runners in this discussion.

At UMass Lowell, a scintillator array of sixteen 1” x 1” CLYC detectors has been commissioned
for low energy nuclear science. Standard CLYC crystals detect both gamma rays and neutrons rays
with excellent pulse shape discrimination, with thermal neutrons detected via the 6Li(n,↵)t reaction.
The discovery of spectroscopy-grade response of CLYC for fast neutrons via the 35Cl(n,p) reaction,
with a pulse height resolution of under 10% in the < 8 MeV range, led to our present array of
7Li enriched C7LYC detectors, where the large thermal neutron response is essentially eliminated
[1,2]. While the intrinsic efficiency of C7LYC for fast neutron detection is low (⇠1%), the array
can be placed very close to the target, since a long time-of-flight (TOF) arm is no longer needed for
neutron energy resolution, thus recovering efficiency through increased solid angle coverage.

The array was tested at the LANSCE WNR facility at Los Alamos for its capability in measuring
elastic and inelastic differential scattering cross sections as a function of energy for 56Fe and 238U.
One test experiment has been completed and a second experiment approved to run later this year.
The incident energy from the pulsed white neutron source is measured via TOF, and the scattered
neutron energy measured via the pulse height in the C7LYC array. In addition, the array has also
been incorporated in a recent test experiment at the CARIBU radioactive beam facility at Argonne,
to evaluate its applicability in measuring beta-delayed neutrons from 252Cf fission fragments. Mea-
surements with a recently acquired larger 3” x 3” C7LYC crystal are planned in the near future.

Techniques, analysis and first results from these experiments will be presented.

[1] N. D’Olympia et al., Nucl. Inst. Meth.A694, 140 (2012).
[2] N. D’Olympia et al., Nucl. Inst. Meth.A763, 433 (2014).

⇤ Supported by the Department of Energy NNSA Stewardship Science Academic Alliance under Grant DE-
NA00013008.

† e-mail: partha chowdhury@uml.edu
‡ present affiliation: Passport Systems, Inc., Billerica, MA
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Fragmentation of Single-Neutron States in Neutron-Rich Tin

Isotopes

B. Manning,1,2 G. Arbanas,3 J.A. Cizewski,1 R.L. Kozub,4 S. Ahn,5,6 J.M. Allmond,7

D.W. Bardayan,7,8 K.Y. Chae,9 K.A. Chipps,7,10 M.E. Howard,1 K.L. Jones,5 J.F.
Liang,7 M. Matos,11 C.D. Nesaraja,7 F.M. Nunes,6 P.D. O’Malley,1,8 S.D. Pain,7 W.A.
Peters,12 S.T. Pittman,5,12 A. Ratkiewicz,1 K.T. Schmitt,5,7 D. Shapira,7 M.S. Smith,7

and L. Titus6

1Department of Physics and Astronomy, Rutgers University, New Brunswick, NJ 08903
2Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545

3Reactor and Nuclear Systems Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831
4Department of Physics, Tennessee Technological University, Cookeville, TN 38505

5Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996
6Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824

7Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831
8Department of Physics, University of Notre Dame, South Bend, IN 46556
9Department of Physics, Sungkyunkwan University, Suwon 440-746, Korea

10Department of Physics, Colorado School of Mines, Golden, CO 80401
11Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803

12Oak Ridge Associated Universities, Oak Ridge, TN 37831

The (d, p) reaction was measured with radioactive ion beams of 128Sn and 126Sn and a
stable beam of 124Sn in inverse kinematics at the Holifield Radioactive Ion Beam Facility
at Oak Ridge National Laboratory, utilizing the SuperORRUBA silicon detector array.
Spectroscopic information extracted from transfer reactions such as these is critical for
constraining shell model parameters in the A ⇠ 130 region. A complete set of (d, p) reac-
tion data on tin isotopes from doubly magic 132Sn to stable 124Sn will be presented. The
data were analyzed using the same reaction formalism with consistent optical model and
bound-state parameters. The consistent analysis procedure enables a direct comparison
of spectroscopic factors that maps out the onset of fragmentation of single-neutron states
with N < 82 along the tin isotopic chain.

This work is supported in part by the U.S. Department of Energy’s National Nuclear
Security Administration and O�ce of Nuclear Physics and the National Science Founda-
tion.
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Shape coexistence from lifetime and branching-ratio measurements in 68,70Ni⇤

B. P. Crider1,† C. J. Prokop1,2, S. N. Liddick1,2, M. Al-Shudifat3, A. D. Ayangeakaa4, M. P.
Carpenter4, J. J. Carroll5, J. Chen1, C. J. Chiara5,6, H. M. David4,‡ A. C. Dombos1,7, S. Go3, R.
Grzywacz3,8, J. Harker4,9, R. V. F. Janssens4, N. R. Larson1,2, T. Lauritsen4, R. Lewis1,2, S. J.

Quinn1,7, F. Recchia10, D. Seweryniak4, A. Spyrou1,7, S. Suchyta11, W. B. Walters9, and S. Zhu4

1National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA

2Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
3Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA

4Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
5U.S. Army Research Laboratory, Adelphi, Maryland 20783, USA

6Oak Ridge Associated Universities Fellowship Program
7Department of Physics, Michigan State University, East Lansing, Michigan 48824, USA
8Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA

9Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, USA

10Dipartimento di Fisica e Astronomia, Università degli Studi di Padova, I-35131 Padova, Italy and
11Department of Nuclear Engineering, University of California Berkeley, Berkeley, California 94720, USA

Areas of rapid change in the structure of atomic nuclei with the addition or removal of a few pro-
tons or neutrons provide important tests for our understanding of nuclear systems. In many regions
of the nuclear chart, the shell evolution that occurs under changing nucleon number, coupled with
excitations across shells, can give rise to collective structures at relatively low excitation energy. In
68,70Ni, low-energy, excited 0

+ states have been observed and recent, advanced shell-model calcu-
lations associate these states with shapes that differ from those of the ground states. More stringent
tests of these predictions require going beyond energy and spin-parity assignments to the determi-
nation of transition strengths, which act as fingerprints of different nuclear configurations. New
lifetimes have been determined for the 0

+
3 in 68Ni and the (0

+
2 ) in 70Ni, as well as the branching

ratio of the 2

+
1 to 0

+
2 transition in 68Ni, using �-delayed, �-ray spectroscopy at the National Super-

conducting Cyclotron Laboratory. This information has allowed for the determination of B(E2)

values from the 2

+
1 state in 68Ni which were used in a two-level mixing model to extract the mixing

between the 0

+
2 and 0

+
1 states. Additionally, limits on the 70Ni B(E2 : 2

+
1 ! 0

+
2 ) and E0 transition

strengths between 0

+ states in both 68,70Ni have been determined. The transition rates are compared
to large-scale shell-model calculations, firmly identifying shape coexistence between deformed and
spherical shapes in 68Ni and providing evidence for its extension along the isotopic chain to 70Ni.

⇤ This work was supported in part by the National Science Foundation (NSF) under Contract No. PHY-1102511 (NSCL)
and Grant No. PHY-1350234 (CAREER), by the Department of Energy National Nuclear Security Administration
(NNSA) under Award No. DE-NA0000979 and Grant No. DE-NA0002132, by the U.S Department of Energy,
Office of Science, Office of Nuclear Physics, under Contract No. DE-AC-06CH11357 (ANL) and Grant Nos. DE-
FG02-94ER40834 (Maryland) and DE-FG02-96ER40983 (UT), and by the U.S. Army Research Laboratory under
Cooperative Agreement W911NF-12-2-0019.

† e-mail: crider@nscl.msu.edu
‡ Current address: GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
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High-resolution laser spectroscopy of neutron-rich copper isotopes 76,77,78Cu 
with CRIS  

  

R.P. de Groote1, J. Billowes2, C. Binnersley2, M.L. Bissell2, T.E. Cocolios2, G. Farooq-
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The Collinear Resonance Ionization Spectroscopy experiment (CRIS) at ISOLDE combines the high 
sensitivity and the universal applicability of resonance ionization spectroscopy with the high resolving 
power offered by collinear laser spectroscopy. The first experiments at CRIS demonstrated the ability 
to reach exotic isotopes, normally out of reach for collinear laser spectroscopy methods based on 
photon detection, but did so with an intermediate resolving power [1].   

  

Considerable experimental developments have allowed the CRIS experiment to now reach a 
resolution that matches the resolution of collinear laser spectroscopy experiments, and in some cases 
even surpass it [2].  This contribution will explain how this was achieved, focusing in particular on the 
developments required for the study of neutron-rich copper isotopes in the vicinity of N=50. The 
latest experimental results obtained on 76,77,78Cu, which extend our previous collinear work [3,4,5,6] 
up to N=49, will be presented. A brief discussion on the future plans will also be presented, focusing 
on the required technical developments for future exotic cases.  

  

   

[1] K.T. Flanagan et al., PRL 111, 212501 (2013) 
[2] R.P. de Groote et al., PRL 115, 132501 (2015) 
[3] K.T. Flanagan, PRL 103, 103, 142501 (2009) 
[4] P. Vingerhoets, PRC 82, 064311 (2010) 
[5] P. Vingerhoets, PLB 703, 1 (2013) 
[6] K. T. Flanagan, PRC 82, 041302(R) (2010) 
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A transition centric approach to level scheme determination

G. A. Demand1,⇤ P. E. Garrett1, and J. C. Waddington2

1Department of Physics, University of Guelph,
Guelph, Ontario, Canada, N1G 2W1 and

2Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, L8S 4M1

Powerful �-ray spectrometers are capable of rapidly collecting large data sets that incorporate
hundreds of transitions. The determination of nuclear level schemes from the resulting experimental
data is time consuming and is a substantial obstacle to the rapid development and formulation of
new ideas, particularly when examining trends amongst large numbers of nuclei.

This presentation will introduce a new transition-centric framework for level scheme determi-
nation. Using a transition-centric level scheme representation that closely matches the form of the
experimental data allows for the derivation of an analytical formula that directly relates experi-
mental data to level scheme structure. This approach transforms level scheme determination into a
moderately complicated optimization problem. These developments, in combination with an evo-
lutionary algorithm will be used to demonstrate the automatic construction of a complicated level
scheme from realistic simulated data.

FIG. 1: An example level-centric scheme (left) and the corresponding transition-centric level
scheme (right).

⇤ e-mail: gdemand@uoguelph.ca
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Study of the d(7Be,n)8B reaction through neutron spectroscopy and 
d(7Be,7Be) elastic scattering measurement 

 
 

M. Febbraro1,2, S. D. Pain1, C.R. Thornsberry3, K.L. Jones3, K. Smith3, P.O’Mally3, D.W. Bardayan3, 
J. J. Kolata4, F.D. Becchetti2 

 

1 Oak Ridge National Laboratory, Oak Ridge, TN, USA 

2 University of Michigan, Dept. of Physics, Ann Arbor, MI, 48109, USA 
3 University of Tennessee, Dept. of Physics, Knoxville, TN, USA 

4 University of Notre Dame, Dept. of Physics, Notre Dame, IN, 46556, USA 
 
 

The (d,n) reaction serves as an ideal spectroscopic tool to probe proton single-particle states, 
and can be used to constrain astrophysical (p,γ) rates. To date, relatively few (d,n) reaction studies 
using radioactive ion beams (RIBs) has been performed due to low beam intensities associated with 
RIBs and inherent difficulties with neutron detection.  The highly inverse kinematic nature of this 
reaction with high mass radioactive ion beams causes kinematic focusing of the residual recoil ion to 
small angles making it often not possible to extract angular distributions from the residual recoil ion 
directly. Thus extraction of angular distributions and subsequent spectroscopic factors require 
detection of the outgoing neutron.  The high beam intensities (2x106 pps) of 7Be produced using the 
in-flight production technique in combination with the well-studied 7Be(p,γ) reaction makes the 
d(7Be,n)8B reaction ideal test case for (d,n) neutron spectroscopy with rare isotope beams.   

We present results from a neutron spectroscopic study of the d(7Be,n)8B reaction and an elastic 
scattering measurement of d(7Be, 7Be)d at E(7Be) = 31 MeV.  In addition to its use as test case of (d,n) 
reaction with RIBs, the d(7Be,n)8B reaction is of particular interest as a spectroscopic tool for the study 
of proton single-particle states in the proton halo nucleus, 8B.  This reaction also serves as a surrogate 
reaction to astrophysically important 7Be(p,γ)8B reaction.  The experiments were performed at the 
Twin-Sol radioactive ion beam facility at the University of Notre Dame.  Neutron energy spectrum 
were extracted using neutron time-of-flight with n/γ discriminating organic liquid scintillator detectors.  
d(7Be,n)8B  and d(7Be, 7Be)d cross section results as well as extracted optical model parameters will 
be shown.  The importance neutron detectors with n/γ discrimination in (d,n) reactions with in-flight 
RIBs beams and complete kinematic measurements for deuteron elastic scattering cross section 
measurements will be discussed.  In addition, a new array of position sensitive liquid scintillator 
detectors for transfer reactions with RIBs will be introduced. 
 
This material is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Nuclear Physics and NSF grant PHY0969456, PHY1401343.   
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Total absorption spectroscopy of 84,85,86Br* 
K. C. Goetz1, R.K. Grzywacz 1,2, K.P. Rykaczewski 2, M. Karny 2,3,4, B.C. Rasco 2, A. 

Fijałkowska3, M. Wolińska-Cichocka 2,3,4, D. Stracener2, T. King1, N.T. Brewer2, C. Gross2, J. 
Batchelder2, J. Matta2, C. Nesaraja2, K. Miernik3, K. Kolos2, S. Taylor1, S. Go1, M. Allmond2, C. 

Bingham2, Y. Xi1, E. Wang5, E.F. Zganjar6, J. Johnson2 

1University of Tennessee, Knoxville, TN, USA 
2Oak Ridge National Lab, Oak Ridge, TN, USA 

3University of Warsaw, Warsaw, Poland 
4Joint Institute for Nuclear Physics and Applications, Oak Ridge, TN, USA 

5Vanderbilt University, Nashville, TN, USA 
6Louisiana State University, Baton Rouge, LA, USA 

 
  
The study of beta decay species near doubly magic 78Ni is a vital probe to test the robustness of 
shell structure in neutron rich nuclei. The decay of less exotic nuclei in this region contribute 
heavily to decay heat production in nuclear reactors and the more exotic species are important 
participants in stellar nucleosynthesis. The Modular Total Absorption Spectrometer (MTAS) [1,2] 
collected data with mass-separated beams on 70 fission products of 238U [3] during runs in 2012, 
2015 and 2016 at the On-line Test Facility of Tandem Laboratory at ORNL. This work focuses 
on three isotopes of bromine at and around the N=50 neutron magic number for which a test of 
the shell model calculation of beta decay strength can be performed in a consistent manner. New 
analysis of the 84,85,86Br data from the March 2015 MTAS run performed using chemically 
selective LaB6 ion source [3] indicate a significant modification of the beta strength function 
when compared with previous measurements for all three nuclei, including the introduction of 
new high energy states not previously detected, compare to [4,5]. Preliminary analysis of 86Br 
decay measured during the 2012 MTAS run performed with plasma ion source [3] was presented 
earlier [6].  Through the study of bromine isotopes with N=49,50,51 the decay properties around 
a neutron shell closure governed by the interplay between core and valence nucleons and 
Gamow-Teller decay in a 78Ni core can be understood and provide a pinpoint for the study of 
more exotic nuclei.  
 
[1] Wolińska-Cichocka, M. et al. (2014). Modular Total Absorption Spectrometer at the HRIBF  
(ORNL, Oak Ridge). Nuclear Data Sheets, 120, 22-25.  
[2] Rasco, B. C. et al.  (2015). The nonlinear light output of NaI(Tl) detectors in the Modular  
Total Absorption Spectrometer. Nuclear Instruments and Methods in Physics Research Section A:  
Accelerators, Spectrometers, Detectors and Associated Equipment, 788, 137-145.  
[3] Stracener, D. W. (2003). Status of radioactive ion beams at the HRIBF. Nuclear Instruments 
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 204, 
42-47.  
[4] Nuh, F.M. et al. (1975). Decay of 85Br. Nuclear Physics, A250, 1-12. 
[5] Hattula, T. el al (1970). Desintegration des Isomeres de 84Br (31.8min et 6.0min). Nuclear 
Physics, A158, 625-643. 
[6] Fijałkowska, A. et al (2014). First Results from the Modular Total Absorption Spectrometer at 
the HRIBF. Acta. Phys. Pol. B, 45, 545-552.  
 
 
 
 

*Supported by US DOE contract no. DE-FG02-96ER40978 
and No. DEAC05-00OR22725 
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Gamow-Teller decays of 74Co ground state and isomer

S. Go1, R. Grzywacz1,2, C. Mazzocchi3, S. N. Liddick4,5, M. Alshudifat1,
J. C. Batchelder2,⇤ T. Baumann4, T. N. Ginter4, C. J. Gross2, K. Kolos1,†

A. Korgul3, A. A. Ciemny3, S. V. Paulauskas4,‡ C. J. Prokop4,5,
M. M. Rajabali6,§ K. P. Rykaczewski2, S. Z. Taylor1, and Y. Xiao1

1Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
2Physics Divison, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

3Faculty of Physics, University of Warsaw, Warszawa PL-02-093, Poland
4National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, Michigan 48824, USA
5Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA and

6TRIUMF, Vancouver, British Columbia V6T 2A3, Canada

Excited states in 74Ni were populated in the decay of 74Co beyond those previously observed in
a prior decay study [1]. The experimental data shows the existence of low- and high-spin isomers
in 74Co deduced from the observation of two gamma–ray cascades populating low and high spin
states in 74Ni. Low-spin isomeric states were systematically identified in neutron rich 68,70,72,76Co
isotopes [1-6]. Both states decay via strong Gamow-Teller transformation of the ⌫f5/2 to ⇡f7/2.
The decays of the cobalt isotopes probe the- influence of the increasing number of neutrons in the
g9/2 neutron orbital on the Gamow-Teller strength distribution, which should be sensitive to the
occupancy of the proton and neutron fp orbitals. Experimental systematics of the B(GT)s will be
compared with shell model predictions. Ions of 74Co were produced by projectile fragmentation
of 82Se ions at an energy of 140 MeV/nucleon on a 9Be target at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University (MSU). These isotopes were implanted
in a germanium double-sided strip detector (GeDSSD) [7], which was surrounded by eight clover
germanium detectors to detect gamma rays in coincidence with beta particles.
[1] C. Mazzocchi et al., Phys. Lett. B 622, 45 (2005).
[2] W. F. Mueller et al., Phys. Rev. C 61, 054308 (2000).
[3] M. Sawicka et al., Phys. Rev. C 68, 044304 (2003).
[4] M. M. Rajabali et al., Jour. Phys. G 41 115104 (2014).
[5] A. I. Morales et al., Phys. Rev. C 93, 034328 (2016).
[6] P.-A. Söderström et al., Phys. Rev. C 92, 051305(R) (2015).
[7] N. Larson et al., Nucl. Instr. Meth. A 727, 59 (2013).

⇤ Department of Nuclear Engineering, University of California, Berkeley, Berkeley, California 94702, USA
† Lawrence Livermore National Laboratory, Livermore, California 94551, USA
‡ Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
§ Department of Physics, Tennessee Technological University, Cookville, Tennessee 79409, USA
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New �� Decay Studies of Deformed, Neutron-Rich Nuclei in the A ⇡ 160 Region⇤

D.J. Hartley1,† F.G. Kondev2, G. Savard3, A.D. Ayangeakaa3, S. Bottoni3,
M.P. Carpenter3, J.A. Clark3, P. Copp4, C.R. Hoffman3, C. Hu5, R.V.F. Janssens3, T.

Lauritsen3, A. Nystrom6, R. Orford7, J. Sethi3,8, H. Zhang5, S. Zhu3, and Y. Zhu5

1Department of Physics, US Naval Academy, Annapolis, Maryland 21402 USA
2Nuclear Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Department of Physics and Applied Physics,

University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA
5Zhejiang University, 38 Zheda Rd., Hangzhou, China 310027

6Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
7Department of Physics, McGill University,
Montreal,Quebec H3A 2T8, Canada and

8Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, USA

Properties of deformed, neutron-rich nuclei in the rare-earth region near A ⇡ 160 are not very
well known, which is partially due to difficulties in their production at the present RIB facilities.
There is considerable interest in achieving a better understanding of the nuclear structure in this
region. For example, the observed minimum of the energy of the lowest 2

+ states at N = 98

is surprising, and this may be an indicator of deformation-driven shell changes. This behavior is
still not well understood and additional nuclear structure information is needed to characterize the
conditions associated with the creation of this unexpected minimum. In addition, the observation
and interpretation of the rare-earth peak at A ⇡ 160 in the r-process abundance distribution has
also been attributed to the effect of nuclear deformation [1,2]. Reproducing this “pygmy” peak is
an important ingredient in the quest for understanding the r process, and various theoretical models
depend sensitively on the nuclear structure input.

We have initiated a new experimental program at Argonne National Laboratory in our pursuit
of understanding the structure of deformed nuclei in the A ⇡ 160 region. The first experiment
recently took place where a combination of the CARIBU radioactive beam facility with the new
SATURN �-decay station [3] and the X-array of clover detectors was performed. High-purity
beams of 156Pm, 160Eu, and 162Eu were implanted onto a moving tape system that was operated
with different time-cycle conditions. For the first time, we have obtained detailed decay schemes of
160,162Eu and elucidated decay paths associated with both low- and high-spin ��-decaying states.
Two-quasiparticle structures populated by these decays in the daughter 160,162Gd nuclei were also
characterized. The decay scheme of the previously known 156Pm nucleus was extended and ambi-
guities from previous studies were resolved. Multi-quasiparticle blocking calculations were carried
out to predict the structure of the observed parent and daughter states, which will be discussed
together with the experimental results.

[1] R. Surman, J. Engel, J.R. Bennett, and B. A. Meyer, Phys. Rev. Lett. 79, 1809 (1997).
[2] M.R. Mumpower, G.C. McLaughlin, and R. Surman, Phys. Rev. C 86, 035803 (2012).
[3] A.J. Mitchell et al., Nucl. Instrum. Methods Phys. Res. A763, 232 (2014).

⇤ This work is funded by the National Science Foundation under Grant No. PHY-1502092 (USNA) and the U.S. Depart-
ment of Energy, Office of Science, Office of Nuclear Physics under Contract No. DE-AC02-06CH11357. This research
used resources of Argonne National Laboratory’s ATLAS facility, which is a DOE Office of Science User Facility.

† e-mail: hartley@usna.edu
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Gamma-Gamma Angular Correlation Measurements With GRIFFIN⇤

A. D. MacLean1,† G.C. Ball2, V. Bildstein1, M. Bowry2, C. Burbadge1, D.S. Cross3,
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1University of Guelph, Guelph, Ontario, Canada
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3Simon Fraser University, Burnaby, British Columbia, Canada
4Queen’s University, Kingston, Ontario, Canada

5Colorado School of Mines, Golden, Colorado, USA and
6University of Leuven, Leuven, Flanders, Belgium

In a � � � cascade from an excited nuclear state an anisotropy is generally found in the spatial
distribution of the second �-ray with respect to the direction of emission of the first �-ray even when
there is no alignment of the decaying ensemble of nuclei. These � � � angular correlations depend
on the sequence of spin values for the nuclear states involved, the transition multipolarities, and
mixing ratios of the emitted �-rays and can thus be used for the assignment of spins and parities to
the nuclear states.

The goal of the current work was to explore the sensitivity of the new Gamma-Ray Infrastruc-
ture For Fundamental Investigations of Nuclei (GRIFFIN) 16 clover-detector �-ray spectrometer at
TRIUMF-ISAC to such � � � angular correlations. The methodology was established using the
well-known 4

+ ! 2

+ ! 0

+ � � � cascade from 60Co decay, and optimized through both experi-
mental measurements and Geant4 simulations that were used to create angular correlation templates
for the exact GRIFFIN geometry. Direct comparisons were then made between experimental data
sets and the simulated angular correlation templates.

A first in-beam test of the ��� angular correlation measurements with GRIFFIN was performed
with a radioactive beam of 66Ga (T1/2 = 9.49 hours) from the ISAC facility at TRIUMF. Mixing
ratios of � = �2.1(2) and � = �0.08(3) were measured for the 2

+ ! 2

+ ! 0

+ 833-1039 keV
and 1

+ ! 2

+ ! 0

+ 2752-1039 keV cascades in the daughter nucleus 66Zn. These results are in
good agreement with pervious literature values and the mixing ratio for the 833-1039 keV cascade
has a higher precision. Also, the sensitivity to the 1333-1039 keV cascade, with its pronounced
0

+ ! 2

+ ! 0

+ angular correlation, was measured. A test experiment was preformed with a
radioactive beam of the short-lived (T1/2 = 116.121 ms) superallowed Fermi � emitter 62Ga to
clarify the spin assignment of the 2.34 MeV excited state in the daughter nucleus 62Zn, for which
conflicting measurements with important implications for the isospin symmetry breaking correc-
tions in 62Ga superallowed decay have been reported [1,2]. Results from the decay of 60Co, 66Ga
and 62Ga will be presented and the outlook for future � � � angular correlation measurements with
GRIFFIN discussed.
[1] K. G. Leach et al., Phys. Rev. Lett. 96, 032002 (2013).
[2] M. Albers et al., Nuc. Phys. 847, 180 (2010).

⇤ Work supported by the Canada Foundation for Innovation, the Natural Sciences and Engineering Research Council of
Canada, the National Research Council of Canada and the Canadian Research Chairs program.
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Exotic decay modes studied by means of the Warsaw Optical Time Projection
Chamber

Chiara Mazzocchi for the OTPC collaboration
Faculty of Physics, University of Warsaw, Warsaw, Poland

The development of an Optical Time Projection Chamber (OTPC) at the University of Warsaw
about a decade ago opened the possibility to investigate a broad range of rare decay modes with
very high efficiency. The detection of one decay event is sufficient to unambiguously identify the
decay mode and establish its branching ratio.

The detector is a TPC with amplification stage formed by a stack of GEM foils and optical
readout consisting of a CCD camera and a photomultiplier tube (PMT). The images recorded by
the CCD together with the time distribution of light collected in the PMT allow to reconstruct the
trajectory of the decay products [1]. Such an approach is ideally suited to study the decay by (multi-)
particle emission of very exotic isotopes. It was originally designed to obtain the first unambiguous
proof of two-proton (2p) decay of 45Fe and to study angular correlations between the protons [2].

The same methodology and detection set-up was successfully applied also to measure the 2p
decay of 48Ni [3], to discover the �-delayed 3 proton (�3p) emission decay branch in 45Fe [4] and
43Cr [5] at the NSCL, and in 31Ar at GSI Darmstadt [6] (see Figure 1 for an example). Moreover, it
was applied to measure the energy distribution of �-delayed 2H from the decay of 6He at ISOLDE
[7] and the B

GT

distribution in the �-delayed 3H emission from 8He at the JINR in Dubna [8].
Recently it was used to study the most neutron-deficient Ge isotopes (discovery of 59Ge [9] and first
measurement of 60Ge decay [10]) at the NSCL and 27S at the JINR in Dubna [11]. A review of the
results and an outlook on future studies will be presented.

FIG. 1. CCD image of three protons emitted following the � decay of 31Ar [6]. The 31Ar ion was implanted
about 32 ms before its decay and was recorded in a separate image, hence it is not visible.

[1] M. Pomorski et al., Phys. Rev. C 90, 014311 (2014).
[2] K. Miernik et al., Phys. Rev. Lett 99 (2007) 192501.
[3] M. Pomorski et al., Phys. Rev. C 83 (2011) 061303(R).
[4] K. Miernik et al., Phys. Rev. C 76 (2007) 041304(R).
[5] M. Pomorski et al., Phys. Rev. C 83 (2011) 014306.
[6] A.A. Lis et al., Phys. Rev. C 91 (2015) 064309.
[7] S. Mianowski et al., in preparation.
[8] M. Pfützner et al., Phys. Rev. C 92 (2015) 014316.
[9] A.A. Ciemny et al., Phys. Rev. C 92 (2015) 014622.
[10] A.A. Ciemny et al., Eur. Phys. J. A, in press.
[11] Ł. Janiak et al., in preparation.
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Charge radii and nuclear moments of 52,53Fe, and the shell-closure signature
at N = 28⇤
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6Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA
7Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA and
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Nucleon shell closures can be identified as “kinks” in the isotopic chain of charge radii, hr2i,
indicating a spherical shape at and a gradual deformation away from the shell closure [1]. These
sharp local minima can be seen, for example, at the N = 28 neutron shell closure for K [2], Ca [3],
and Mn [4] isotopes, giving evidence of the shell closure. However, from the isotopes of Mn (proton
number Z = 25) to Co (Z = 27), the two-neutron separation energies show no discontinuities at
N = 28 [5], suggesting a weakened neutron shell gap. Given the soft nature of the 56Ni (Z = 28)
nucleus [6], it is essential to extend hr2i measurements across N = 28 in elements around the
N = Z = 28 region for a global and microscopic understanding of this contradictory behavior.

This work represents the first measurement of hr2i in neutron deficient Fe (Z = 26) iso-
topes across N = 28. Using the collinear laser spectroscopy technique at the BEam COoling
and LAser spectroscopy (BECOLA) facility [7] at NSCL/MSU, the hyperfine structure of 52,53Fe
(N = 26, 27) were measured. The isotope shifts of the 52,53Fe hyperfine spectra relative to stable
56Fe were used to extract the charge radii, while the hyperfine spectrum of 53Fe allowed the electro-
magnetic moments to be deduced as well. Preliminary analysis shows an increase in charge radius
moving from N = 28 to N = 26, confirming the presence of the N = 28 shell-closure signature in
the hr2i of the Fe isotopic chain. Details of the full results, including the nuclear moments of 53Fe,
will be discussed.
[1] I. Angeli and K. P. Marinova, Atomic Data and Nucl. Data Tables 99, 69 (2013).
[2 ]K. Kreim et al., Phys. Lett. B 731, 97 (2014).
[3] R. F. Garcia Ruizet al., Nature Phys. doi:10.1038/nphys3645 (2016)
[4] F. C. Charlwood et al., Phys. Lett. B 690, 346 (2010).
[5] M. Wang et al. Chinese Phys. C 36,1603 (2012).
[6] J. S. Berryman et al.,Phys. Rev. C 79, 064305 (2009).
[7] K. Minamisono et al., Nucl. Instrum. Methods A 709, 85 (2013).

⇤ This work was supported in part by NSF Grant NO. PHY-11-02511 and PHY-12-28489 and by the Deutsche
Forschungsgemeinschaft through grant SFB 1245.
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Recent Improvements in the In-Medium Similarity Renormalization Group

T. Morris1
1Oak Ridge National Laboratory

The In-Medium Similarity Renormalization Group (IM-SRG) has been applied successfully to the ground
state of both closed and open shell finite nuclei. Recent work has extended its ability to target excited states
of closed shell systems via equation of motion methods, and also complete spectra of the whole SD shell
via effective shell model interactions. An alternative method for solving of the IM-SRG equations, based on
the Magnus expansion, not only provides a computationally feasible route to producing observables, but also
allows for approximate handling of induced three-body forces.



7.19 Mukhi, Kumar Raju 141

7.19 Mukhi, Kumar Raju

Reorientation-effect measurement of the first 2+ state in 12C:
Testing ab initio and cluster calculations

M. Kumar Raju1,2,⇤ J. N. Orce1,† C. V. Mehl1, N. Erasmus1, M. K. Djongolov3, T. E. Drake4,
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E. H. Akakpo1, H. Al Falou3, R. Churchman3, D. S. Cross6, P. Finlay7, A. B. Garnsworthy3,
P. E. Garrett7, G. Hackman3, R. Kshetri3, K. G. Leach7, D. L. Mavela1, C. J. Pearson3,

E. T. Rand7, F. Sarazin8, S. K. L. Sjue3, C. S. Sumithrarachchi7, C. E. Svensson7,
E. R. Tardiff3, S. J. Williams3, J. Wong3, and C. Y. Wu9

1 Department of Physics & Astronomy, University of the Western Cape, Bellville-7535, South Africa
2 Department of Nuclear Physics, iThemba LABS, Somerset West, South Africa

3 TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
4Department of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada

5Lawrence Livermore National Laboratory, Livermore, California 94550, USA
6Department of Chemistry, Simon Fraser University, British Columbia V5A 1S6, Canada

7Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada
8Physics Department, Colorado School of Mines, Golden, Colorado 80401, USA and

9Lawrence Livermore National Laboratory, Livermore, California 94550, USA

The 12C nucleus provides a benchmark for ab initio and ↵ cluster calculations of nuclear prop-
erties [1,2,3]. We have determined the sign and magnitude of the h2+

1 || ˆE2 || 2

+
1 i diagonal matrix

element in 12C through the reorientation effect in particle-� coincidence measurements. The 2+
1

state at 4.439 MeV in 12C was populated through the Coulomb excitation of 12C beams onto a 3
mg/cm2 thick 194Pt target at a safe energy of 59.7 MeV. The de-exciting � rays have been detected
using eight highly-efficient and segmented TIGRESS clover detectors, whereas scattering parti-
cles were detected at forward angles, [30.7�, 61.0�], using a CD-type annular double-sided silicon
detector. Data have been collected employing particle-� coincidence conditions within a prompt
time window and including energy sharing and inelastic tagging. This is the first measurement of
diagonal matrix elements for such a high-lying 2+

1 state from �-ray data. The results show evidence
for the 4.439 MeV � ray with a reasonable yield of ⇡ 1300(50). The only previous measurement
of QS (2

+
1 ) was done from singles measurements of particle data yielding QS (2

+
1 ) = +6(3) eb[5].

The GOSIA semi-classical coupled channel Coulomb-excitation code has been used to estimate the
theoretical �-ray integrated yields inputting the well known matrix elements, lifetimes and transi-
tion probabilities of states in 12C and 194Pt, and the polarizability parameter, , for the 2+

1 state
in 12C calculated using the no-core shell-model (NCSM). The Coulomb excitation curve has been
generated by normalising the experimental and calculated �-ray integrated yields [6]. The results
will be presented and discussed during the conference.

[1] E. Epelbaum, Phys. Rev. Lett. 106, 192501 (2011).
[2] C. Forssén, R. Roth and P Navrátil, J. Phys. G: Nucl. Part. Phys. 40, 055105 (2013).
[3] M. Chernykh, H. Feldmeier, T. Neff, P.von Neumann-Cosel, A.Richter, Phys. Rev. Lett. 105,
022501 (2010).
[4] R. H. Spear, Phys. Rep. 73, 369 (1981).
[5] W. J. Vermeer et al., Phys. Lett. B 122, 23 (1983).
[6] J. N. Orce et al., Phys. Rev. C 86, 041303(R) (2012).

⇤ e-mail: kumar8284@gmail.com
† e-mail: coulex@gmail.com; Funding: National Research Foundation (No. 88361 and
93500) and iThemba LABS.
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Nuclear structure and the proton radius puzzle

N. Nevo Dinur1,⇤ C. Ji2,3, O. J. Hernandez1,4, S. Bacca1,4,5, and N. Barnea6

1TRIUMF, Vancouver, BC, Canada
2ECT*, Trento, Italy
3INFN, Trento, Italy

4UBC, Vancouver, BC, Canada
5Univ. of Manitoba, Winnipeg, MB, Canada and

6The Hebrew University of Jerusalem, Israel

The charge radius of the proton was recently extracted from precision spectroscopy of muonic
hydrogen. The result disagrees by 7� with the CODATA value, leading to the ”proton radius puz-
zle”. To further investigate this, similar measurements were performed in other light muonic atoms,
where the uncertainty in nuclear structure corrections determine the attainable precision of the ex-
tracted charge radii. We have performed first ab-initio calculations of the nuclear structure cor-
rections relevant for these on-going experiments, reducing their uncertainties from ⇠20% to a few
percent.

⇤ e-mail: nnevodinur@triumf.ca
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Understanding effect of tensor interactions in light nuclei via high-momentum 
one-neutron-transfer reaction

H.J. OngA, Y. AyyadB, J. BenlliureC, F. FarinonD, S. FriedrichE, H. FujiokaF, H. GeisselD,E, 
J. GellankiG, C.L. GuoH, E. GutzE, E. HaettnerD, M.N. HarakehG, R.S. HayanoI, C. HornungE,

K. ItahashiJ, N. Kalantar-NayestanakiG, R. KanungoK, R. KnoebelD,E, K. MikiB, I. MukhaD, 
T. MyoL, T. NagaeF, M. NanovaE, T. NeffD, T. NishiI, C. NociforoD, K. OgataA, D.Y. PangH, 

S. PietriD, A. ProchazkaD, C. RappoldD, M.P. ReiterD, J.-L. Rodriguez-SanchezC, 
C. ScheidenbergerD,E, H. SimonD, B. SitarM, P. StrmenM, B.H. SunH, K. SuzukiN, I. SzarkaM, 
M. TakechiO, Y. TanakaI, I. TanihataA,H, S. TerashimaH, H. TokiA, H. WeickD, J.S. WinfieldD, 

X.D. XuD, D. YamakamiF, J.W. ZhaoH　

(NUSTAR Super-FRS Collaboration)

A RCNP, Osaka University, Osaka 567-0047, Japan
B Michigan State University / NSCL, East Lansing, Michigan 48824, USA

C University of Santiago de Compostela, 15782 Santiago de Compostela, Spain
D GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany

E University Giessen, 35392 Giessen, Germany 
F Kyoto University, Kyoto 606-8502, Japan

G KVI-CART, University of Groningen, NL-9747 AA Groningen, Netherlands
H Beihang University,Beijing 100191,China

I  University of Tokyo, Tokyo 113-0033, Japan
J RIKEN Nishina Center, Saitama 351-0198, Japan

K Saint Mary's University, Nova Scotia B3H 3C3, Canada
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  We report supporting evidence for the effect of tensor interactions in 16O via measurements of high-
momentum one-neutron transfer reactions centered at 0 degree at the FRS, GSI. The experiment was 
performed using proton beams at energies from 403 MeV to 1209 MeV. Previously, we have measured 
the reaction at lower energies and at finite angles up to 25 degrees [1]. However, the observed 
"enhanced high-momentum components" at these finite angles could have been falsely caused by 
reaction mechanisms, which may become important at these angles.
  The tensor interactions which originate from the pion exchange are essential interactions that provide 
the most significant two-body attraction in nuclear interactions. Theoretically, ab-initio calculations [2] 
have pointed out the essential importance of the tensor interactions for binding nuclei up to mass 
number A=12. However, while it is generally accepted that the tensor interactions play a dominant role 
in nuclei, experimental evidence has been scarce and was limited to the lightest nuclei up to 4He. 
  In this work, we bombarded a POM (16O) target with proton beams.  The scattered deuterons were 
momentum analyzed by the FRS, operated in a momentum-dispersive mode, and detected at the focal 
plane using two multi-wire drift chambers and a plastic scintillator. Missing-mass spectra for the residual 
15O nucleus were reconstructed using the momentum and angular information of the scattered 
deuterons. Measurements with a natC target were also performed to subtract the contributions from the 
12C contaminant in the POM target. The results at 403 MeV are consistent with the previous 
measurement at finite angles [1], indicating that the effect of reaction mechanisms is negligible. 
Although detailed data analyses for other energies are still in progress, we expect the results to be 
consistent with the measurements at finite angles. The present work, together with the earlier works,   
suggests possible observations of enhanced high-momentum neutrons due to the tensor interactions.

Reference
[1] H.J. Ong, I.Tanihata et al., Phys. Lett. B725, 277 (2013); C.L. Guo et al., in preparation.
[2] S. C. Pieper and R. B. Wiringa, Annu. Rev. Nucl. Part. Sci. 51, 53 (2001). 
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The �-decay behaviour of the Pygmy Dipole Resonance in 92,94Mo⇤

S. G. Pickstone,† V. Derya, M. Färber, A. Hennig,
M. Spieker, M. Weinert, J. Wilhelmy, and A. Zilges

Institute for Nuclear Physics, University of Cologne, Cologne, Germany

Low-lying E1 strength, commonly denoted by Pygmy Dipole Resonance (PDR), is subject of
many studies both in experimental and in theoretical nuclear physics [1-3]. One key observable
crucial to understand its nature is the �-decay branching to excited levels, since it is a direct measure
of the overlap of the respective wave functions. Experimentally, the observation of these decays is
challenging and requires a selective excitation of the PDR states. This can be done, e.g. by using
(quasi-)monoenergetic photons for Nuclear Resonance Fluorescence [4].

However, this contribution will focus on (p,p’�) coincidence experiments, in which the excita-
tion of certain levels can be selected in the offline analysis by gating on the ejectile energy. There-
fore, two semiconductor-detector arrays at the 10 MV tandem accelerator in Cologne are combined:
the particle-detector array SONIC consisting of up to 12 single silicon detectors or 10 silicon �E-
E-telescopes for particle identification and the �-ray detector array HORUS consisting of up to 14
HPGe detectors. The high solid angle coverage for particle detection and the high resolution of the
�-ray spectra allows for a clean selection even of weak reaction and decay channels.

Experiments on 92Mo and 94Mo have already been performed and their results for individual
branching ratios of PDR states to excited states will be presented. Since 94Mo has already been
investigated earlier [5,6], the agreement of the deduced branching ratios serves as a verification of
the different methods. In both cases, theoretical calculations will be shown, which might help to
understand the underlying structure of low-lying E1 strength.
[1] D. Savran, T. Aumann, and A. Zilges, Prog. Part. Nucl. Phys. 70 (2013) 210
[2] A. Bracco, F.C.L. Crespi, and E.G. Lanza, Eur. Phys. J. A 52 (2015) 99
[3] N. Paar, D. Vretenar, E. Khan, and G. Colò, Rep. Prog. Phys. 70 (2007) 691
[4] B. Löher et al., Phys. Lett. B 756 (2016) 72
[5] V. Derya et al., Nucl. Phys. A 906 (2013) 94
[6] C. Romig et al., Phys. Rev. C 88 (2013) 044331

⇤ Supported by DFG(ZI 510/7-1). S.G.P., M.S., and J.W. are supported by the Bonn-Cologne Graduate School of Physics
and Astronomy.
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Structure and shape evolution in 75Ge⇤

J. Sethi1,2,† W. B. Walters1, J. Harker1,2, A. M. Forney1, C. J. Chiara1,2,‡ I. Stefanescu1,2,
R. V. F. Janssens2, S. Zhu2, M. P. Carpenter2, M. Alcorta2,§ B. Fornal3, G. Gürdal4, C. R.

Hoffman2, B. P. Kay2, F. G. Kondev4, W. Królas3,5, T. Lauritsen2, C. J. Lister2,¶ E. A.
McCutchan2,⇤⇤ T. Pawłat3, A. M. Rogers2,¶ D. Seweryniak2, N. Sharp1, and J. Wrzesińki3

1Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, USA

2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
3Niewodniczański Institute of Nuclear Physics PAN, PL-31342 Kraków, Poland

4Nuclear Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439, USA and
5 Joint Institute for Heavy Ion Research, Oak Ridge, Tennessee 37831, USA

Shell evolution and the emergence of collectivity in the fpg model space have been subjects
of considerable theoretical and experimental research in recent years. Experimental investigation
of the level structure of neutron-rich nuclei in the A ⇠ 76 region provides data which can be
compared with the results of large-scale shell-model calculations, leading to the determination
of single-particle energies and the optimization of effective interactions [1, 2]. In particular, the
single-particle states observed in 75Ge and 77Ge are, respectively, important in estimating neutron
occupancies and vacancies in 76Ge, a candidate for neutrinoless double � decay [3]. Also, 75Ge is
observed to have close structural resemblance with its isotone 77Se, known to exhibit shape changes
[4]. With these motivations, the excited states of 75Ge have been studied in a deep inelastic reaction
of a 76Ge beam with various thick targets, ⇠ 25% above the Coulomb barrier, using Gammasphere
at the ATLAS accelerator facility at Argonne National Laboratory. A number of low-lying tran-
sitions in 75Ge, known from � decay, (d,p�), or (n,�) reactions, were confirmed. New high-spin
transitions in the negative-parity bands have been identified. A new positive-parity band has also
been observed which is expected to be built on the g9/2 proton configuration. Preliminary results
and comparison of the experimental observations with the theoretical calculations will be presented.

[1] M. Honma, T. Otsuka, T. Mizusaki, and M. Hjorth-Jensen, Phys. Rev. C 80, 064323 (2009).
[2] K. Kaneko, T. Mizusaki, Y. Sun, and S. Tazaki, Phys. Rev. C 92, 044331 (2015).
[3] J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008)
[4] G. D. Johns, J. Döring, R. A. Kaye, G. N. Sylvan, and S. L .Tabor, Phys. Rev. C 55, 660 (1997).

⇤This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics under Contract numbers DE-AC02-06CH11357 and DE- AC02-05CH11231 and under Grant numbers DE-FG02-
94ER40834 and by the Polish Ministry of Science Grant numbers 1P03B05929 and NN202103333. This research used
resources of ANL’s ATLAS facility, which is a DOE Office of Science User Facility.
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The Spectrometer for Internal Conversion Electrons at TRIUMF-ISAC⇤
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SPICE (SPectrometer for Internal Conversion Electrons) is a powerful tool to measure
conversion coefficients and E0 transitions in atomic nuclei. E0 transition strengths, which are not
accessible from gamma-ray spectroscopy, are a sparsely measured observable on the nuclear chart.
Such transition strengths are particularly sensitive to nuclear shape and state mixing effects and as
such are a key item of data in studying the evolution of shape coexistence behaviour.

SPICE is an ancillary detector that has been commissioned for use with Radioactive Ion Beams
(RIBs) at the ISAC-II facility of TRIUMF. The main feature of SPICE is high efficiency over a
wide range of electron energies from 100 to 3500 keV, crucial for work with RIBs, and an effective
reduction of beam-induced backgrounds. This is achieved with a magnetic lens upstream of the
target, a high-Z photon shield and a large-area annular lithium-drifted silicon detector. SPICE is
designed to be operated in conjunction with the TIGRESS HPGe spectrometer to perform
combined in-beam gamma-ray and conversion-electron spectroscopy.

A major theme of the physics program will be the investigation of shape coexistence and state
mixing in exotic nuclei. An overview of the main features of SPICE will be presented alongside
details of the commissioning and preliminary data from the first experiment studying excited 0

+

structures in 78Kr.
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Collectivity and single-particle structures in 166,168Os
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Neutron-deficient osmium isotopes exhibit a variety of different phenomena with changing neu-
tron number. Near neutron the mid-shell the nuclei are prolate with E(4

+
)/E(2

+
) ratio close to the

rotational limit 3.3. The collectivity decreases with decreasing neutron number enabling shape co-
existence in 172Os [1]. When approaching the neutron shell closure the shape of the nuclei become
spherical. In 164Os [2] the energy ratio E(4

+
)/E(2

+
) has reached the vibrational limit 2.0.

The transitional nuclei 166,168Os have been studied in detail in the Accelerator laboratory at the
University of Jyväskylä. Their level schemes have been considerably extended and lifetimes of the
excited states have been measured with the Recoil distance Doppler-shift method. The transition
probabilities between low-spin states exhibit an unusual phenomenon, in which the experimental
B(E2) values differ considerably from any theoretical model. The combined results will be pre-
sented and discussed.
[1] P. M. Davidson et al., Nucl. Phys. A568, 90 (1994).
[2] D. E. Appelbe et al., Phys. Rev. C 66, 014309 (2002).
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Using GRETINA as a Compton Polarimeter* 
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Knowledge of the parity of states is an important key to understanding their structure and to 
compare with models since the parity of major shells generally alternates.  But parity can be 
hard to determine for states not populated strongly in simple direct reactions and for which 
internal conversion decay is very weak or non-existent.   The parity change can be determined 
by measuring the linear polarization of the decay photon between the states using the 
sensitivity of Compton scattering to the direction of polarization.  This technique has been 
used in the past, but its sensitivity and reliability have been limited by available equipment.   
“Clover” detectors have provided the best instruments, but statistics and sensitivity are 
limited by the need to observe Compton scattering between crystals and the relatively wide 
angle range for such crystal to crystal scattering.  The best Compton polarimeters available 
today are tracking detectors such as GRETINA[1] and AGATA.  In these the Compton 
scattering angle can be measured much more accurately both between crystals and within 
individual crystals.  Characterization of GRETINA as a polarimeter has been done by the 
LBNL group [1] using the 24Mg(p.p') reaction.  Here we will present results for the 18O 
reaction on 18O at 28.7 MeV with 7 modules of GRETINA and the PhoswichWall charged 
particle detector array for channel separation.  An example below shows the Compton 
scattering azimuthal angle φ dependence for the 2235 keV 2+ → 0+ decay in 30Si, along with 
the expected behavior of E2 and M2 transitions. 

 

*Supported in part by the U.S. 
National Science Foundation 
grant No. 1401574 and by the 
U.S. Department of Energy under 
Contract No. DE-AC02-
05CH11231(LBNL). 
 
[1] A. Wiens et al. BAPS 2014 
HAW DK and to be published. 
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Energy-density functional plus multi-phonon theory as a powerful tool for nuclear
structure and astrophysics⇤

N. Tsoneva1,2† and H. Lenske2
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Energy-density functional (EDF) plus extended with multi-phonons, quasiparticle-random-
phase approximation (QRPA) approach [1,2] is applied in exploratory investigations of new modes
of nuclear excitations, of different multipolarities and parities, in stable and exotic nuclei. From
systematic studies of the nuclear low-energy response, it has been proven that the method is very
successful in prediction of pygmy resonances. The latter are found closely related to neutron or
proton skin oscillation induced by the action of the electromagnetic and hadronic external fields
[1-6].
Recently, within this theoretical approach a new excitation mode, called pygmy quadrupole res-
onance (PQR), was predicted for the first time in Sn isotopic chain [6]. It is found to be closely
connected with higher order multipole vibrations of nuclear skin. These theoretical predictions ini-
tiated new experiments using (17O,17O0�) [7], (↵, ↵0�) and (�, �0) [8] reactions which were carried
out in 124Sn nucleus. The aim of these experiments was to search for a PQR mode. The detailed
analysis of the obtained experimental results in comparison with the EDF plus quasiparticle-phonon
model theory [1,2] in 124Sn nucleus, indicates clearly the presence of a multitude of discrete low-
energy 2+ excitations of neutron type which can be addressed to PQR mode [6-8]. The independent
measurements of E2 transitions with different probes and the theoretical predictions allow to iden-
tify the dominant isoscalar character of the PQR states. Newly determined �-decay branching ratios
clearly distinguish between PQR neutron skin excitations and multiphonon states, and exclude a
statistical origin of the PQR strength.
Furthermore, our microscopically obtained, within the EDF+QPM approach, strength functions are
implemented in a statistical reaction model widely used for astrophysical applications [9,10]. The
impact of low-energy multi-phonon excitations and pygmy resonances on radiative neutron and pro-
ton capture reaction cross sections in nuclei of key importance for nucleosynthesis is systematically
investigated [9,10]. The obtained results are found in very good agreement with the experiment.
For nuclei which are hardly accessible experimentally, theoretical predictions are made.
[1] N. Tsoneva et al., Phys. Lett. B 586, 213 (2004).
[2] N. Tsoneva et al., Phys. Rev. C 77, 024321 (2008).
[3] A. P. Tonchev et al., Phys. Rev. Lett. 104, 072501 (2010).
[4] G. Rusev et al., Phys. Rev. Lett. 110, 022503 (2013).
[5] R. Schwengner et al., Phys. Rev. C 87, 024306 (2013).
[6] N. Tsoneva et al., Phys. Lett. B 695, 174 (2011).
[7] L. Pellegri et al., Phys. Rev. C 92, 014330 (2013).
[8] M. Spieker et al., Phys. Lett. B 752, 102 (2016).
[9] R. Raut et al., Phys. Rev. Lett. 111, 112501 (2013).
[10] N. Tsoneva et al., Phys. Rev. C 91, 044328 (2015).
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New structures for 68Zn: subshell effects at N = 38 and superdeformation 
 

W. B. Walters 1, J. Sethi 1,2, J. Harker 1,2, A. M. Forney 1, C. J. Chiara 1,2, A. A. Hecht 3,  
R. V. F. Janssens 2, S. Zhu 2, M. P. Carpenter 2, C. R. Hoffman 2, B. P. Kay 2, 

T. Lauritsen 2, A. M. Rogers  2, D. Seweryniak  2, M. Albers  2, P. F. Bertone 2, 
 F. G. Kondev 4, S. N. Liddick  5, C. J. Prokop 5, S. Suchyta  5, N. Larson  5,  

R. Broda 6, B. Fornal 6, W. Królas 6, J. Wrzesiński 6, H. M. David 2,7, D. T. Doherty 2,7 

1Department of Chemistry and Biochemistry, University of Maryland, College Park, 
Maryland 20742 

2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439 
3Department of Nuclear Engineering, University of New Mexico, Albuquerque,  

New Mexico 87131 
4Nuclear Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439 
5Department of Chemistry, Michigan State University, East Lansing, Michigan 48824 

6The Henryk Niewodniczanski Institute of Nuclear Physics PAN, 31342 Kraków, Poland 
7School of Physics, University of Edinburgh, Edinburgh, EH9 3JZ, UK 

 
68Zn38 sits at a major crossroads in nuclear structure.  The Ni nuclei, 66,68,70,72Ni38,40,42,44 with 2 
fewer protons, exhibit coexisting spherical, prolate, and oblate structures [1,2]. Ge nuclei, 
with 2 additional p3/2 protons show complex low-energy triaxial structures [3]. Particularly 
interesting is the behavior of the B(E2) strength, one indicator of collectivity, which reaches a 
minimum at N = 38 in contrast to N = 40 for the Ni nuclei [4,5].  In this presentation, new 
Gammasphere data for 68Zn will be exhibited from multi-nucleon transfer reactions with a 
70Ni beam on several heavy neutron-rich targets. It will be postulated that, owing to the tensor 
interaction, adding two p3/2 protons to closed shell Ni nuclei leads to a sufficient 
rearrangement of the neutron orbitals at low energies in 68Zn to create the “vacuum nucleus” 
in this region in which collective features found in adjacent Zn nuclides are inhibited by the 
position of the now isolated low-j 1p1/2 orbital [6].  At higher spin, superdeformed structures 
have been identified in 68Zn and 68Ge that appear to form a separate region of 
superdeformation [7,8]. Possible linking transitions to the superdeformed levels in 68Zn will 
be discussed. 
 
This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics 
under Contract numbers DE-AC02-06CH11357 and DE-AC02-05CH11231 and under Grant Numbers DE-FG02-94ER40834, 
by the National Science Foundation under grant PHY-1102511 and by NNSA under grant DE-NA0000979. This research used 
resources of ANL's ATLAS facility, which is a DOE Office of Science User Facility. 
 

[1] W. B. Walters et al., AIP Conference Proceedings 1681, 030007 (2015). 
[2] T. Otsuka and Y. Tsunoda, J. Phys. G: Nucl. Part. Phys. 43, 024009 (2016). 
[3] A. D. Ayangeakaa et al., Phys. Lett. B 754, 254 (2016), and references therein. 
[4] B. Pritychenko et al., Atomic Data and Nuclear Data Tables 98, 798 (2012). 
[5] B. Pritychenko et al., Atomic Data and Nuclear Data Tables 107, 1 (2016). 
[6] B. A. Brown, Phys. Rev. Lett. 111, 162502 (2013). 
[7] M. Devlin et al., Phys. Rev. Lett. 82, 5217 (1999). 
[8] D. Ward et al., Phys. Rev. C 63, 014301 (2000). 
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Study of the Nuclear Structure of 39P Using Beta-Delayed Gamma Spectroscopy⇤

B. Abromeit1,† Vandana Tripathi1, S. L. Tabor1, H.L. Crawford2, P. Bender4, B.
Crider3,4, R. Dungan1, P. Fallon2, K. Kravvaris1, N. Larson3,4, S.N. Liddick3,4,
R. S. Lubna1, A. O. Macchiavelli2, C. Prokop3,4, A. Richard2,‡ and A. Volya1

1Department of Physics, Florida State University, Tallahassee, FL 32306, USA
2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

3Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA and
4National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, MI 48824, USA

Investigation of nuclei with neutron and proton imbalance is at the forefront of nuclear physics
research today. This is driven by the fact that the structure in these regimes may vary with that seen
near the valley of stability. With eight neutrons more than the stable isotope of phosphorous, 39P is a
neutron-rich exotic nucleus that has very limited information on it: previous studies of 39P produce
only three known energy levels and gamma rays. The fragmentation of a 48Ca primary beam on
a 564mg/cm2 thick Be target at the National Superconducting Cyclotron Laboratory (NSCL) was
used to produce exotic 39Si. Using the NSCL Beta Counting System (BCS), consisting of a thick
planner germanium double-sided strip detector (GeDSSD) and 16 High-purity germanium detectors
in an array, SeGA, the beta-gamma coincidences from the decay of 39Si to 39P were analyzed. The
resulting level scheme of 39P, including over 12 new gamma rays and energy states, confirmation of
the previously measured half-life, and first-time logft values will be presented.

⇤ Work supported by the U.S. National Science Foundation under grant No. 1401574.
† e-mail: bla13b@my.fsu.edu
‡ Institute of Nuclear and Particle Physics, Department of Physics and Astronomy, Ohio University, Athens, OH 45701,

USA
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A global analysis of octupole deformation in the ground states of even-even nuclei
within the covariant density functional theory⇤

S. E. Agbemava1,† A. V. Afanasjev1, and P. Ring2

1Department of Physics and Astronomy, Mississippi State University, MS 39762 and
2Fakultät für Physik, Technische Universität München, D-85748 Garching, Germany

A global search for octupole deformation has been performed within covariant density functional
theory (CDFT) for even-even nuclei with Z  106 located between the two-proton and two-neutron
drip lines [1]. This is a continuation of our previous efforts to study global performance and theo-
retical uncertainties in the description of different physical observables within CDFT [2,3,4]. For
this study of octupole deformed nuclei, five most up-to-date covariant energy density function-
als of different types were used. These are functionals with non-linear meson coupling (NL3*),
with density-dependent meson coupling (DD-ME2 and DD-ME�) and with non-linear and density-
dependent zero-range interactions (PC-PK1 and DD-PC1). Pairing correlations are treated within
relativistic Hartree-Bogoliubov (RHB) theory based on an effective separable particle-particle inter-
action of finite range. This allows us to assess theoretical uncertainties within the present covariant
models for the prediction of physical observables relevant for octupole deformed nuclei. In addi-
tion, a detailed comparison with the predictions of non-relativistic models is performed. A new
region of octupole deformation, centered around Z ⇠ 98, N ⇠ 196 is predicted for the first time
[1]. In terms of its size in the (Z,N) plane and the impact of octupole deformation on binding
energies this region is similar to the best known region of octupole deformed nuclei centered at
Z ⇠ 90, N ⇠ 136. For the latter island of octupole deformed nuclei, the calculations suggest
substantial increase of its size as compared with available experimental data.

[1] S. E. Agbemava, A. V. Afanasjev, and P. Ring, Phys. Rev. C93, 044304 (2016).
[2] A. V. Afanasjev, S. E. Agbemava, D. Ray, and P. Ring, Phys. Lett. B726, 680 (2013).
[3] S. E. Agbemava, A. V. Afanasjev, D. Ray, and P. Ring, Phys. Rev. C89, 054320 (2014).
[4] S. E. Agbemava, A. V. Afanasjev, T. Nakatsukasa, and P. Ring, Phys. Rev. C92, 054310 (2015).

⇤ Department of Energy, Office of Nuclear Physics under Award No. DE-SC0013037.
† e-mail: sea187@msstate.edu
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Systematic studies of non-Yrast isomeric intruder 1/2
+ states in odd-mass nuclei

197�203At.

K. Auranen1,2,⇤ J. Uusitalo1, S. Juutinen1, H. Badran1, F. Bisso1, D. Cox1,
T. Grahn1, P.T. Greenlees1, A. Herzan1, U. Jakobsson1, R. Julin1, J. Konki1,

M. Leino1, A. Lightfoot1, M. Mallaburn1, O. Neuvonen1, J. Pakarinen1, J. Partanen1,
P. Rahkila1, M. Sandzelius1, J. Saren1, C. Scholey1, J. Sorri1, and S. Stolze1

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

2Argonne National Laboratory, 9700 S Cass Ave, Lemont, IL 60439, USA

In nuclei heavier than lead the 1
2 [400] Nilsson orbital approaches the Fermi surface rapidly if the

nucleus is considered to be slightly oblate deformed. This makes proton hole excitations from the
s1

/2 orbital across the Z = 82 shell gap energetically possible. An excited state formed through this
mechanism is often isomeric in neutron deficient nuclei beyond lead. However, in some cases this
state becomes the ground state. This 1/2+ intruder state is well known in bismuth isotopes ([1], and
references therein), the level energy of the state decreases as the neutron number decreases, and it
becomes the ground state in 185Bi. This systematic behavior is typical for intruder states in this part
of the nuclide chart.

In astatine nuclei the 1/2+ state was first observed in 197At, where it lies at the excitation energy
of 52 keV, and it is depopulated through ↵ decay [2]. In isotopes 191,193,195At the 1/2+ state is
observed to be the ground state [3,4]. In heavier isotopes 199,201,203At the 1/2+ state is observed
as an isomeric state which is depopulated through internal E3 type transition to low-lying 7/2�

state [5,6]. The corresponding state is also observed in a few odd-mass francium isotopes, namely
201�205Fr [7-9]. In addition, it may become the ground state in 199Fr [7,10,11].

Understanding of the level pattern above the 1/2+ is now under interest. Our recent publication
[5] reported the level structure above this isomeric state in 199,201At, and the continuation [6] of this
systematic study will do the same for isotopes 197,203At. It is suggested that the two lowest states
above the 1/2+ isomer, having a spin and parity of 3/2+ and 5/2+, originate from the ⇡(d3

/2)
�1 and

⇡(d5
/2)

�1 hole configurations, respectively.
In this presentation we will briefly introduce the used experimental methods, and show how the

level scheme below and above the 1/2+ state was extracted from the experimental data for 197�203At.
A systematic comparison to neighboring nuclei and respective core states will be also presented.

[1] A. Andreyev et al., Phys. Rev. C 69, 054308 (2004)
[2] E. Coenen et al., Z. Phys. A 324, 485 (1986)
[3] H. Kettunen et al., Eur. Phys. A 17, 537 (2003)
[4] H. Kettunen et al., Eur. Phys. A 16, 457 (2003)
[5] K. Auranen et al., Phys. Rev. C 90, 024310 (2014).
[6] K. Auranen et al., To be published
[7] J. Uusitalo et al., Phys. Rev. C 71, 024306 (2005)
[8] U. Jakobsson et al., Phys. Rev. C 87, 054320 (2013)
[9] U. Jakobsson et al., Phys. Rev. C 85, 014309 (2012)
[10] J. Uusitalo et al., Phys. Rev. C 87, 064304 (2013)
[11] Z. Kalaninova et al., Phys. Rev. C 87, 044335 (2013)

⇤ e-mail: kauranen@anl.gov
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Ultra-High Spin and Band-Terminating Structures in 157Ho⇤

J. S. Baron1,† M. A. Riley1, J. Simpson2, E. S. Paul3, A. J. Boston3, H. C. Boston3,
M. P. Carpenter4, P. Fallon5, U. Garg6, D. J. Hartley7, R. V. F. Janssens4, F. G. Kondev4,

T. Lauritsen4, S. L. Miller1, P. J. Nolan3, J. Ollier3, M. K. Petri5, D. C. Radford8, J. M. Rees3,
J. Revill3, L. L. Riedinger9, S. V. Rigby3, J. F. Sharpey-Schafer10, and X. Wang1,11

1Department of Physics, Florida State University, Tallahassee, FL 32306, U.S.A.
2STFC, Daresbury Laboratory, Daresbury, Warrington, WA4 4AD, U.K.

3Department of Physics, University of Liverpool, Liverpool, L69 7ZE, U.K.
4Physics Division, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

5Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.
6Physics Department, University of Notre Dame, Notre Dame, IN 46556, U.S.A.

7Department of Physics, United States Naval Academy, Annapolis, MD 21402, U.S.A.
8Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A.

9Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, U.S.A.
10iThemba Laboratory, P.O. Box 722, Somerset West 7129, South Africa and

11Department of Physics, California Polytechnic State University, San Luis Obispo, CA 93407

Studies of 158Er and neighboring nuclei [1, 2] have revealed the presence of a number of struc-
tures which reveal a return to collectivity at ultra-high (⇠ 60 h̄) spin, beyond the well-known band-
terminating states. It was proposed to study 157Ho at high excitation, as it is an isotone of 158Er,
to search for similar ultra-high spin Triaxially Strongly Deformed (TSD) structures. In addition,
recent theoretical studies [3,4,5] have drawn extra special attention to these structures, which may
represent “the highest spin states ever observed”[6].

An experiment was performed using ATLAS at Argonne National Lab, using the reaction 124Sn
(37Cl, 4n) 157Ho, at 210 MeV. Gammasphere was used to collect the de-exciting gamma rays. Three
TSD structures have been found, with similar moments of inertia to the TSD bands of 158Er. Several
previously known [7] bands have been extended, some into band terminating regions. These new
additions to 157Ho will be discussed.

[1] E. S. Paul, et al., Phys. Rev. Lett. 98, 012501 (2007).
[2] X. Wang et al., Phys. Lett. B 702, 127 (2011).
[3] Y. Shi et al., Phys. Rev. Lett. 108, 092501 (2012).
[4] Y. Shi, C. L. Zhang, J. Dobaczewski, and W. Nazarewicz, Phys. Rev. C 88, 034311 (2013).
[5] A. Kardan, I. Ragnarsson, H. Miri-Hakimabad, and L. Rafat-Motevali, Phys. Rev. C 86, 014309
(2012).
[6] A. V. Afansjev, Y. Shi, and W. Nazarewicz, Phys. Rev. C 86, 031304(R) (2012).
[7] D. C. Radford, et al., Nucl. Phys. A 545, 665 (1992).

⇤ NSF Grant #1401574, the State of Florida
† e-mail: jsb10f@my.fsu.edu
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A Study on Low Spin States in 154Gd Using (p,p’) Reaction⇤

H. Bidaman1,† B. Hadinia1,‡ P. E. Garrett1, K. Auranen2, L. Bianco1, V. Bildstein1,
A. Diaz-Varela1, T. Grahn2, P. T. Greenlees2, A. Herzan2, U. Jakobsson2,

B. Jigmeddorj1, R. Julin2, S. Juutinen2, J. Konki2, M. Labiche3, A. T. Laffoley1,
M. Leion2, D. O’Donnell4,§ R. D. Page4, J. Pakarinen2, E. S. Parr4, P. Peura2,

P. Rahkila2, E. T. Rand1, J. Revill4, P. Ruotsalainen2, M. Sandzelius2, J. Saren2,
C. Scholey2, J. Sorri2, S. Stolze2, C. E. Svensson1, J. Uusitalo2, and J. Wong1

1University of Guelph, Guelph, ON, Canada
2University of Jyväskylä, Jyväskylä, Finland

3Daresbury Laboratory, Warrington, United Kingdom and
4University of Liverpool, Liverpool, United Kingdom

Located at the stability line, the low lying spin states of the 154Gd nucleus were investigated
at the University of Jyväskylä accelerator laboratory in Finland using the 154Gd(p,p’�) reaction.
A proton beam of 12 MeV was used to excite the 154Gd target, with the gamma-rays from the
reaction detected with the JUROGAM II array, while the LISA charged-particle spectrometer was
used for detection of the inelastically scattered protons. This experiment marked one of the first uses
of the LISA spectrometer at Jyväskylä, which enabled the efficient tagging of the proton-emitting
reactions, thus helping to distinguish between the (p,p’) and the much more copious (p, xn) channels.
By analysing the peaks obtained from the gamma-gamma, and gamma-gamma-proton coincidence
matrices, a decay scheme has been built using the RadWare software Escl8r. Experimental methods,
new transitions, and future steps will be discussed.

⇤ Work supported by the Canada Foundation for Innovation, the Natural Sciences and Engineering Research Council of
Canada, the National Research Council of Canada and the Canadian Research Chairs program. In addition, this work
was supported by the Academy of Finland under the Finnish Center of Excellence Programme and the UK Science
and Technologies Facilities Council. The authors would like to thank the GAMMAPOOL European Spectroscopy
Resource for the loan of germanium detectors for JUROGAM II.

† e-mail: hbidaman@uoguelph.ca
‡ Now at McMaster University
§ Now at University of the West of Scotland
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Gamma-ray spectroscopy of 131Sn81 via the (9Be,8Be 𝜸) reaction 

 
S.Burcher,1 A.Bey,1,2 K.L Jones,1 A. Galindo-Urribari,3 D.C. Radford,3 J.M. Allmond,2 S.H. Ahn,1 A. Ayres,1 

D.W. Bardayan,3,4 J.A. Cizewski,5 R.F. Garcia Ruiz,6 M.E. Howard,5 R.L. Kozub,7 
J.F. Liang,3 B.M. Manning,5 M. Matoˇs,8 C.D. Nesaraja,3 P.D. O’Malley,5 E. Padilla-Rodal,9 

S.D. Pain,3 S.T. Pittman,3 K.T. Schmitt,3 M.S. Smith,3 D.W. Stracener,3 and R.L. Varner3 
 

1 University of Tennessee, Knoxville 
2 Joint Institute for Nuclear Physics and Applications, Oak Ridge National Laboratory 

3 Physics Division, Oak Ridge National Laboratory 
4 University of Notre Dame 

5 Rutgers University 
6 Instituut voor Kern-en Stralingsfysica, KU Leuven 

7 Tennessee Technological University 
8 Louisiana State University 

9 Instituto de Ciencias Nucleares, UNAM 
 

Transfer reactions are a powerful tool for extracting information about single-particle states near closed 
shells.  Information about single-particle states in the region near the doubly-magic 132Sn82 is of particular 
interest for benchmarking nuclear structure theories as well as understanding r-process nucleosynthesis. 
Neutron-rich beams in the 132Sn82 region were produced at the Holifield Radioactive Ion Beam Facility 
(HRIBF) via proton-induced fission of a Uranium-Carbide target.  Low lying single-neutron states in 131Sn 
were investigated using gamma-ray spectroscopy.  The CLARION array of HPGe detectors was coupled 
with the HyBall array of CsI detectors to allow for particle-gamma coincidence measurements.  The 
gamma-ray de-excitation of the four lowest lying single-neutron states has been observed for the first 
time via the (9Be,8Be 𝛾) reaction.  The excitation energy of these states have been measured to higher 
precision than was possible with the  previous charged particle measurement. 
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Doppler-shift lifetime measurements in 94Sr using the TIGRESS Integrated Plunger

A. Chester1
1Simon Fraser University, Burnaby, BC, Canada

Neutron-rich Sr isotopes are characterized by a sudden onset of quadrupole deformation at neu-
tron number N = 60 demonstrated by the dramatic drop in excitation energy of the first 2

+
1 state.

While theoretical calculations reproduce this onset of deformation qualitatively, they differ in the
details of the deformation parameters and excitation energies. Though the emphasis is usually put
on the sudden onset of collectivity at N = 60, it is equally surprising that there is no onset of
collectivity when adding up to 8 neutrons beyond the N = 50 shell closure, which points to an
amazing robustness of both the Z = 38 and Z = 40 proton (sub)-shell closures. This retardation
of the onset of collectivity was first observed by Mach et al. [1] measuring extremely low B(E2)

values of ⇡ 10 W.u. in even-even Sr isotopes from 90Sr to 96Sr using the fast timing technique.
These measurements have an uncertainty of ⇡ 40% and are at the limit of the fast timing technique
with lifetimes of ⇡ 10 ps. A high precision lifetime measurement in 94Sr will elucidate whether the
onset of collectivity is as sudden as generally assumed.

Intense re-accelerated beams delivered by the ISAC-II facility at TRIUMF, Canada’s national
laboratory for particle and nuclear physics, permit access to nuclear structure information for a wide
range of radionuclides via in-beam gamma-ray spectroscopy with TIGRESS, a high-efficiency and
Compton-suppressed segmented HPGe array. To take advantage of this opportunity, the TIGRESS
Integrated Plunger (TIP) has been constructed at Simon Fraser University [2]. The TIP infrastruc-
ture supports Doppler-shift lifetime measurements via the Recoil Distance Method (RDM) using
a 24-element TIP CsI(Tl) wall for charged-particle identification. An experiment aimed towards a
high-precision (< 10%) measurement of the B(E2, 2+

1 ! 0

+
1 ) reduced transition probability in

94Sr was performed in December 2015 using inelastic scattering near the Coulomb barrier coupled
with an RDM lifetime measurement of a radioactive 94Sr beam. A Geant4-based code for TIP is
being developed as a tool to aid the analysis and for the optimization of future experiments. The
device, experimental approach, analysis, and preliminary results will be presented and discussed.
This work is presented on behalf of the TIP and TIGRESS collaborations.
[1] Mach et al., Nucl. Phys. A 523 (1991) 197.
[2] P. Voss et al., Nucl. Inst. and Meth. A 746 (2014) 87.
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Probing ↵-clustering in intermediate-mass nuclei⇤

A. Dreyfuss1,† K. D. Launey1, T. Dytrych1,2, and J. P. Draayer1
1Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA and

2Nuclear Physics Institute, 250 68 Řež, Czech Republic

We present no-core shell model results for spectroscopic amplitudes (SA) and factors computed
(SF) from overlaps between cluster-like and shell-model states in intermediate-mass nuclei, in order
to probe surface ↵-clustering. Overlaps for 20Ne are calculated for the 16O + ↵ cluster configuration,
using a simple recursion formula [1], where wavefunctions of 20Ne are expressed in a symplectic
symmetry-adapted shell-model basis. These wavefunctions are computed with the no-core symplec-
tic shell model (NCSpM) [2,3] and the ab initio symmetry-adapted no-core shell model (SA-NCSM)
[4] in 13 shells, for comparison. The overlaps are used to find SA and SF (shown below for 20Ne).
Results reveal evidence for surface ↵-clustering for the 1

� state. This allows one to determine the
↵-decay width for 16O(↵, �)

20Ne through the low-lying 1

� state of 20Ne.
There has been remarkable progress in ab initio approaches to scattering and nuclear reactions

[5,6,7]. Of particular note is the work that has been done with the no-core shell model with the res-
onating group method (NCSM/RGM) [8] and its successor, the no-core shell model with continuum
(NCSMC) [9], which describe both bound and scattering states in light nuclei. The work presented
here is a first step toward a similar coupling of RGM with the ab initio SA-NCSM, which takes
advantage of the SU(3) and symplectic symmetries in order to reduce computational effort with a
view toward heavier nuclei.

α Spectroscopic amplitudes for the
ground state (gs) and first 1

� state of
20Ne (shown in purple and orange,
respectively), computed using NCSpM
wavefunctions.

[1] Y. Suzuki, Nucl. Phys. A 448 (1986) 395.
[2] A.C. Dreyfuss, K.D. Launey, T. Dytrych, J.P. Draayer, C. Bahri, Phys. Lett. B 727 (2013) 511.
[3] A.C. Dreyfuss, et al., 2016, submitted for publication.
[4] T. Dytrych, K.D. Launey, J.P. Draayer, P. Maris, J.P. Vary, E. Saule, U. Catalyurek, M. Sosonk-
ina, D. Langr, M.A. Caprio, Phys. Rev. Lett. 111 (2013) 252501.
[5] K. Nollett, S. Pieper, R. Wiringa, J. Carlson, G. Hale, Phys. Rev. Lett. 99 (2007) 022502.
[6] G. Hagen, D. Dean, M. Hjorth-Jensen, T. Papenbrock, Phys. Lett. B 656 (2007) 169.
[7] S. Elhatisari, D. Lee, G. Rupak, E. Epelbaum, et al., Nature 528 (2015) 111.
[8] S. Quaglioni, P. Navrtil, Phys. Rev. C 79 (2009) 044606.
[9] S. Baroni, P. Navrtil, and S. Quaglioni, Phys. Rev. C 87 (2013) 034326.

⇤ This work was supported by the U.S. NSF (OCI-0904874, ACI -1516338) and the U.S. DOE (DE-SC0005248), and
benefitted from computing resources provided by Blue Waters and Louisiana State University Center for Computation
& Technology.
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First Results from GRIFFIN: Half-Lives of Neutron-Rich 128�130Cd

R. Dunlop1,⇤ V. Bildstein1, I. Dillmann2,3, A. Jungclaus4, C. E. Svensson1, C. Andreoiu5, G. C.
Ball2, N. Bernier2,6, H. Bidaman1, P. Boubel1, C. Burbadge1, R. Caballero-Folch2, M. R.
Dunlop1, L. J. Evitts2,7, F. Garcia5, A. B. Garnsworthy2, P. E. Garrett1, G. Hackman2, S.

Hallam2,7, J. Henderson2, S. Ilyushkin8, D. Kisliuk1, R. Krücken2,6, J. Lassen2,9, R. Li2, E.
MacConnachie2, A. D. MacLean1, E. McGee1, M. Moukaddam2, B. Olaizola1, E. Padilla-Rodal10,

J. Park2,6, O. Paetkau2, C. M. Petrache11, J. L. Pore5, A. J. Radich1, P. Ruotsalainen2, J.
Smallcombe2, J. K. Smith2, S. L. Tabor12, A. Teigelhöfer2,9, J. Turko1, and T. Zidar1

1University of Guelph, Guelph, Ontario, Canada
2TRIUMF, Vancouver, British Columbia, Canada

3University of Victoria, Victoria, British Columbia, Canada
4Instituto de Estructura de la Materia, CSIC, Madrid, Spain

5Simon Fraser University, Burnaby, British Columbia, Canada
6University of British Columbia, Vancouver, British Columbia, Canada

7University of Surrey, Guildford, United Kingdom
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The �-decay half-lives of N = 82 nuclei below doubly-magic 132
50Sn82 are key input parameters

for any astrophysical r-process scenario and play an important role in the formation and shape of the
second r-process abundance peak. Shell-model calculations for neutron-rich nuclei near the N = 82

neutron shell closure that are not yet experimentally accessible have been performed by adjusting the
quenching of the Gamow-Teller (GT) operator to reproduce the 130Cd half-life reported in Ref. [1].
The calculated half-lives of other nuclei in the region are known to be systematically too long.
Recently, a shorter half-life for 130Cd was measured by the EURICA collaboration [2] that would
resolve this discrepancy by scaling the GT quenching by a constant factor for all of the nuclei in
the region. Distinguishing between these discrepant half-life measurements for 130Cd is thus of
critical importance since the as yet unknown half-lives of other N = 82 waiting-point nuclei with
40  Z  44 play a key role in the production of the second r-process abundance peak.

These half-lives are challenging to measure as this neutron-rich region contains many compli-
cated decay chains due to the presence of significant �-delayed neutron decay branches and the
population of isomeric states with half-lives comparable to the nuclear ground-states. Much of this
complicated background can be removed by measuring the time distribution of characteristic �-rays
emitted following the �-decay of interest. We have measured the half-lives of 128�130Cd using the
newly-commissioned, high-efficiency GRIFFIN �-ray spectrometer at TRIUMF to be 246.2(21) ms
for 128Cd, 157(8) ms and 147(3) ms for the 3/2

+ and 11/2

� states of 129Cd and 126(4) ms for
130Cd. This improves the precision of the 128,129Cd half-lives, and confirms the shorter half-life of
130Cd recently reported in Ref. [2]. Details of the GRIFFIN experiments will be presented and the
implications of the resulting half-lives discussed.
[1] M. Hannawald et al., Nucl. Phys. A 688, 578 (2001).
[2] G. Lorusso et al., Phys. Rev. Lett. 114, 192501 (2015).
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Structure and shape coexistence of 73Zn⇤

A.M. Forney1,† W.B. Walters1, J. Sethi1,2, J. Harker1,2, C.J. Chiara1,2,‡ R.V.F. Janssens2,
S. Zhu2, M. Alcorta2,§ B. Fornal3, G. Gürdal4, C.R. Hoffman2, B.P. Kay2,

F.G. Kondev4, W. Królas3,5, T. Lauristen2, C.J. Lister2,¶ E.A. McCutchan2,⇤⇤

T. Pawłat3, A.M. Rogers2,¶ D. Seweryniak2, N. Sharp1, and J. Wrzesiński3
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Although studied for decades, a coherent decay and level scheme of 73Zn has not converged
in the refereed literature. Bernas et al. [1] identified low-energy excited states in multi-nucleon
transfer (MNT) reactions and suggested the possibility of a coexisting low-energy prolate struc-
ture. Huhta et al. [2] observed a 13 ms isomer at 195 keV, for which they proposed a spin-parity
assignment of 5/2+, now confirmed by laser measurements [3]. Several � rays were identified in a
mass-gated MNT reaction conducted at CLARA-PRISMA, only some of which were identified in
a subsequent �-decay investigation [4]. MNT reactions at the ATLAS facility at Argonne National
Laboratory with the Gammasphere Ge-detector array were used to detect prompt and delayed �
rays. In conjunction with the reported transitions, two new high spin sequences have been discov-
ered. One sequence is identified as being of negative parity as it feeds the proposed negative parity
level at 450 keV. We propose the second sequence as positive parity feeding the 9/2+ level. These
high-spin structures will be compared with those in adjacent nuclei.

[1] M. Bernas, P. Dessange, M. Langevin, J. Payet, F. Pougheon, P. Roussel, W.-D. Schmidt-Ott,
P. Tiedemand-Peterson, and M. Girod, Nucl. Phys. A413 363-374 (1984).
[2] M. Huhta, P.F. Mantica, D.W. Anthony, P.A. Lofy, J.I. Prisciandaro, R.M. Ronningen, M. Steiner,
and W.B. Walters, Phys. Rev. C 58 3187-3194 (1998).
[3] C. Wraith et al. in preparation (2016).
[4] T. Faul, Etude de la Structure des Noyaux Riches en Neutrons autour du Noyau Doublement
Magique 78Ni. Theses, Universit Louis Pasteur - Strasbourg I, Dec. 2007.
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94ER40834 and by the Polish Ministry of Science grant numbers 1P03B05929 and NN202103333. This research used
resources of ANL’s ATLAS facility, which is a DOE Office of Science User Facility.
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Search for Doubly Charge Negative Atomic
Ions using Accelerator Mass Spectrometry

E. Romero Romero2,3, A. Galindo Uribarri2,3, K. Fifield1, M.
Froehlich1, B. He↵ron2,3, Y. Liu2, S. Pavetich1, S. Tims1, and A.

Wallner1

1Department of Nuclear Physics, Research School of Physics and Engineering, The Australian

National University, Canberra, ACT 0200, Australia
2Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

3Department of Physics and Astronomy,University of Tennessee, Knoxville, TN 37966, USA

Abstract

Strong correlations between component particles are the common thread
linking a number of fascinating physical systems, including (clockwise from
top left) high-temperature superconductors, quark–gluon plasmas, organic
superconductors and – under some conditions – clouds of ultracold atoms.
An important goal of negative ion physics is to better understand the role
played by electron correlation in the structure and dynamics of many-electron
systems. Single negative ions have been a key in understanding a number
of areas of physics and chemistry. Doubly charge atomic ions in gas phase
are still unseen. This work present a technique to assess and identify doubly
charged negative ions. We want to demonstrate that the conventional mass
spectroscopy is not enough for the search of the doubly charged negative
ions. Accelerator Mass Spectroscopy plays a crucial role in proving their
existence.

1
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Proposed optical pumping schemes for the determination of charge radii of
radioactive nuclides of transition metals⇤

D. Garand1,† K. Minamisono1,2, Y. Liu3, P.F. Mantica1,4, and A.J. Miller1,2

1National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, MI 48824, USA

2Department of Physics, Michigan State University, East Lansing, MI 48824, USA
3Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA and
4Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA

The charge radii and electromagnetic moments of short-lived nuclides of selected elements have
been extensively studied using the collinear laser spectroscopy (CLS) technique [1,2]. However,
data are still sparse for many elements, including the 1st and 2nd row transition metals, Ti-Zn and
Zr-Cd respectively. These rows span the N = 28-50 neutron magic numbers and encompass the
debated subshell closure at N = 40 [3], as well as the region of rapid development in collectivity be-
yond N = 40 [4]. The deficiency in charge radii data is due in part to difficulties in the production of
radioactive isotopes of these elements. Other reasons include unreachable wavelengths from a laser
system, weak atomic transition strengths, non-favorable atomic configurations to extract nuclear
properties and/or a scatter of initial atomic populations over the dense atomic energy levels. One of
the promising methods to overcome these difficulties is the manipulation of atomic populations by
way of the optical pumping technique to redistribute the populations in favor of laser spectroscopy.
This was first realized in the laser spectroscopy of Nb ions [5] and later in other systems [6,7].
Similar measurements are being planned for the transition metals at the BEam COoling and LAser
spectroscopy (BECOLA) facility [8] at NSCL/MSU. In this approach, the trapping region of the
radiofrequency ion trap is illuminated with laser light, where efficient optical pumping is made
possible due to the extended laser-ion interaction time in the trap. An excited state will be selected
so that the excited state decays to populate metastable states, from which high-resolution CLS can
be performed. A pulsed laser system will be added to the existing BECOLA laser system to enable
optical pumping for the manipulation of atomic populations. Possible optical pumping schemes for
the 1st and 2nd row transition metals, as well as the expected impact on the CLS measurements will
be discussed.
[1] B. Cheal and K. T. Flanagan, J. Phys. G 37, 113101 (2010).
[2] I. Angeli and K. P. Marinova, Atomic Data Nucl. Data Tables 99, 69 (2013).
[3] R. Broda et al., Phys. Rev. Lett. 74, 868 (1995).
[4] S. Suchyta et al., Phys. Rev. C 89, 021301(R) (2014).
[5] B. Cheal et al., Phys. Rev. Lett. 102, 222501 (2009).
[6] F. C. Charlwood et al., Phys. Lett. B 690, 346-351 (2010).
[7] K. Baczynska et al., J. Phys. G: Nucl. Part. Phys. 37, 105103 (2010).
[8] K. Minamisono et al., Nucl. Instrum. Methods A 709, 85 (2013).

⇤ This material is based upon work supported by the U.S. Department of Energy under Award No. DE-NA0002924, and
is supported in part by the NSF Grant NO. PHY-11-02511.
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Segmented scintillator based implantation detectors for decay studies⇤

S. Go1, R. Grzywacz1,2, Y. Xiao1, S. V. Paulauskas1, A. N. Andreyev3,4, M. Asai3,
M. Bentley4, C. J. Gross2, K. Hirose3, H. Ikezoe3, D. Jenkins4, R. Léguillon3,
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3Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
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A new implantation detector system for alpha and proton emission measurements was devel-
oped and used with fusion evaporation residues at the electromagnetic recoil separator at Japan
Atomic Energy Agency (JAEA). The detector combines the capability for spatial recoil-decay cor-
relations typically implemented with a Double-sided Silicon Strip Detector, but is able to provide
a rapid response time by using a fast scintillator. The YAP scintillator and segmented light readout
method [1,2] enables measurements of correlated particle decays in 10 ns time-scale, that are not
possible for conventional semiconductor based detectors. Proof of principle measurement was per-
formed at the Recoil Mass Separator [3] at JAEA Tandem. Particle decays of isotopes in the vicinity
of 100Sn were studied to demonstrate the performance of the new detection system in typical exper-
imental conditions. The results of these measurement will be presented. Another key application
for fast timing, and neutron time of flight measurements and the possibility of the pulse shape dis-
crimination will be discussed.
[1] M. A. Blackston, F. Habte, P. A. Hausladen, IEEE Nuclear Science Symposium Conference
Record, NSS’08 4995-4998 (2008).
[2] M. Alshudifat et al., 23rd Conference on Application of Accelerators in Research and Industory,
CAARI (2014).
[3] H. Ikezoe et al., Nucl. Instr. Meth. B 126 340 (1997).

⇤ This work was supported in part by the Reimei Research Program (Japan Atomic Energy Agency), Grant No. DE-
FG02-96ER40983 and No. DE-AC-05-00OR2272 by the U. S. Department of Energy and by JSPS KAKENHI Grant
No. 26887048.
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The level structure of 72Zn: triaxiality and shape coexistence⇤
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1Department of Chemistry and Biochemistry,
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The structure of 72Zn provides a critical link in the description of the evolution of nuclear struc-
ture in nuclei around the N=40 region. It has two p3/2 protons beyond 70Ni, which shows strong
evidence of shape coexistence [1,2], and two protons less than 74Ge, which shows strong evidence
towards being triaxial [3]. Does 72Zn favor one of these characteristics or neither? Current data
for the 72Zn have come from �-decay, transfer, and Coulomb excitation studies [4,5,6,7]. These
studies have mostly documented the low-energy, low-spin collective structure up to ⇠2.5 MeV with
a few higher-spin levels that were previously identified by Wilson et al. as well as by de Angelis
[8,9]. New data from recent �-ray coincidence measurements using Gammasphere to study the
deep-inelastic scattering of 430- and 440- MeV 70Zn beams with thick 208Pb, 197Au, and 238U
targets will be presented and, these include new results for the higher spin states of 72Zn. The data
will also be used to identify possible evidence for both shape coexistence and triaxiality in this
nucleus.

[1] C. J. Chiara et al., Phys. Rev. C 91, 044309 (2015).
[2] C. J. Prokop et al., Phys. Rev. C 92, 061302 (2015).
[3] J. J. Sun et al., Phys. Lett. B 734, 308 (2014).
[4] F. R. Hudson and R. N. Glover, Nucl. Phys. A189, 264 (1972).
[5] J.-C. Thomas et al., Phys. Rev. C 74, 054309).
[6] C. Louchart et al., Phys. Rev. C 87, 054302 (2013).
[7] K. T. Flanagan et al., Phys. Rev. C 82, 041302 (2010).
[8] A. N. Wilson et al., Eur. Phys. J. A 9, 183 (2000).
[9] G. de Angelis, Nucl. Phys. A 751, 533c (2005).
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FG02-94ER40834, by the National Science Foundation under Grant PHY-1102511 and by NNSA under Grant DE-
NA0000979. This research used resources of ANL’s ATLAS facility, which is a DOE Office of Science User Facility.
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Gamma-decay in Light Nuclei. Isospin, Borromean Halo, Tango Halo, and Halo-
Isomers.

I.N. Izosimov1⇤

1Joint Institute for Nuclear Rsearch, Dubna, 141980, Russia

It has been shown that isobar-analog (IAS), double isobar-analog (DIAS), configuration (CS),
and double configuration states (DCS) can simultaneously have n-n, n-p, and p-p halo components
in their wave functions [1,2]. Both the Borromean and tango halo types can be observed for n-p
configurations of atomic nuclei [3-6]. In atomic nucleus whose ground state does not exhibit halo
structure, but the excited state may have one, the �-transition from the excited state to the ground
state can be essentially hindered, i.e. the formation of a specific type of isomers (halo-isomers)
becomes possible [3-5]. The radial factor r� for the electric and r��1 for the magnetic multipole
�-transition operator of order � may compensate the differences in the large-distance parts of halo
and no halo wave functions. The most sensitive for detection of the �-transition hindrance between
halo ! no halo states will be M1 (or may be E1 and M2) �-transitions.

B(M�) and B(E�) for �-transitions in 6�8Li, 8�10Be, 8,10,11B, 10�14C, 13�17N, 15�17,19O, and
17F are analyzed and systematics are presented. For A=6-17 nuclei the hindrance factor of M1
�-transitions is up to 104, of E1 �-transitions is up to 5⇥104, of E2 �-transitions is up to 102 for
halo! no halo in comparison with halo ! halo �-transitions. On the contrary, observed halo !
halo �-transitions are enhanced. The IAS (3.56 MeV) in 6Li has the Borromian n-p halo structure
[3-8]. A large value of the reduced probability of M1 �-transition from IAS to the ground state is
the evidence for the existence of tango n-p halo structure [3-5] in the 6Li ground state.

The structure of the ground and excited states with different isospin quantum number in halo-
like nuclei is discussed.
[1] I.N. Izosimov, Joint Institute for Nuclear Research Preprint E6-2012-121, Dubna (2012).
[2] I.N. Izosimov, Procceedings of the International Symposium on Exotic Nuclei (EXON2012),
Vladivostok, Russia, 2012 (World Scientific, 2013), p.129.
[3] I.N. Izosimov, AIP Conference Proceedings 1681, 030006 (2015). doi: 10.1063/1.4932250
[4] I.N. Izosimov, Joint Institute for Nuclear Research Preprint E6-2015-41, Dubna (2015).
[5] I.N. Izosimov, Web of Conferences 107, 09003 (2016). doi: 10.1051/ epjconf/201610709003
[6] A.S. Jensen et al., Rev. Mod. Phys. 76, 215(2004).
[7] Y. Suzuki, K. Yabana, Phys. Lett. B 272,173(1991).
[8] L. Zhihong et al., Phys. Lett. B 527, 50(2002).
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Fine structure of the �-decay strength functions S
�

(E) in spherical, deformed, and
transition nuclei

I.N. Izosimov1,⇤ V.G. Kalinnikov1, and A.A. Solnyshkin1
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The �-decay probability is proportional to the product of the lepton part described by the Fermi
function f(Q

�

- E) and the nucleon part described by S
�

(E) [1]. At the nuclear excitation energies E
up to Q

�

(total energy of �-decay) S
�

(E) determines the character of the �-decay and the half-lives
(T1/2 ) of the �-decay, spectra of �-particles and neutrinos emitted in �-decay, spectra of �-rays
and internal conversion electrons resulting from de-excitation of daughter nucleus states excited in
the �-decay, and probabilities of delayed processes accompanying the �-decay [1-4]. Development
of experimental technique allows application of methods of nuclear spectroscopy with high energy
resolution for S

�

(E) fine structure measurement [2-4]. The combination of the total absorption
spectroscopy (TAS) with high resolution �-spectroscopy may be applied for detailed decay schemes
construction [2].

High-resolution nuclear spectroscopy methods [2-4] made it possible to demonstrate experimen-
tally the resonance nature of S

�

(E) for first-forbidden (FF) �-transitions and reveal splitting of the
peak in the S

�

(E) for the GT �+/EC decay of the deformed nuclei into two components. This
splitting indicates anisotropy of oscillation of the isovector nuclear density component.

It is shown that the high-resolution nuclear spectroscopy methods give conclusive evidence of
the resonance structure of S

�

(E) for GT and FF �-transitions in spherical, deformed, and transition
nuclei. The influence of the S

�

(E) fine structure on the delayed particles spectra is analyzed.
[1] Yu.V Naumov, A.A. Bykov, I.N. Izosimov, Sov.J.Part.Nucl., 14, 175 (1983)
[2] I.N. Izosimov, V.G. Kalinnikov, A.A. Solnyshkin, Physics of Particles and Nuclei, 42, 1804
(2011). DOI: 10.1134/S1063779611060049
[3] I.N.Izosimov, V.G.Kalinnikov, A.A. Solnyshkin, Physics of Atomic Nuclei, 75, 1400 (2012).
DOI: 10.1134/S1063778812110099
[4] I.N. Izosimov, V.G. Kalinnikov, A.A. Solnyshkin, Journal of Physics: Conf. Ser., 381, 012054
(2012). DOI:10.1088/1742-6596/381/1/012054
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High-Statistics �+/EC-Decay Study of 122Xe⇤

B. Jigmeddorj1,† P. E. Garrett1, C. A. Andreoiu2, G. C. Ball3, T. Bruhn2,3,
D. S. Cross2, A. B. Garnsworthy3, G. Hackman3, B. Hadinia1, M. Moukaddam3,
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The Xe isotopes are centrally located in the Z > 50, N < 82 region that displays an extraordi-
narily smooth evolution of simple collective signatures. However, the collectivity of excited states in
this region is very poorly characterized because of a general lack of spectroscopic data for low-spin
states that provide a measure of collective properties such as relative and absolute B(E2) decay
strengths and the occurrence of E0 decays. There are spectroscopic hints to unusual structures in
this region. The 0

+
3 states in 124�132Xe are very strongly populated in (

3He, n) reactions [1, 2],
suggesting a pairing vibrational structure influenced by proton subshell gaps, perhaps leading to
shape-coexistence that could give rise to strong E0 transitions. Recent work on 124Xe [3] has es-
tablished nearly identical quadrupole collectivity for the pairing vibrational 0

+
3 band and the ground

state band. However, in 122Xe, the 0

+
3 state has not been firmly identified. A high-statistics 122Cs

�+/EC decay experiment to obtain detailed spectroscopic data for low-spin states was performed
at the TRIUMF-ISAC facility using the 8⇡ �-ray spectrometer and its auxiliary detectors including
PACES, an array of five Si(Li) detectors, for conversion electron spectroscopy. Excited 0+ states
have been confirmed and several new 0

+ states identified via �-� angular correlation analysis. The
status of the data analysis and preliminary results will be presented.
[1] W. P. Alford, R. E. Anderson, P. A. Batay-Csorba, R. A. Emigh, D. A. Lind, P. A. Smith, and C.
D. Zafiratos, Nucl. Phys. A 323, 339 (1979).
[2] K. Heyde and J. L. Wood, Rev. Mod. Phys. 83, 1467 (2011).
[3] A.J. Radich et al., Phys. Rev. C 91, 044320 (2015).
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Two-neutron sequential decay of 24O⇤
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Neutron-decay spectroscopy is a powerful method for exploring neutron-unbound states in nu-
clei near the dripline. In the case of two-neutron emission, the three-body correlations of two-
neutron unbound nuclei provide a valuable tool for discriminating between the possible decay mech-
anisms in addition to giving insight into their structure.

A recent experiment performed at the NSCL populated a two-neutron unbound excited state
in 24O through a (d,d0) reaction at 83.4 MeV/u. Using the MoNA-LISA Sweeper setup, invariant
mass spectroscopy was employed to measure the two neutrons in coincidence with the recoiling
fragment. A state at an energy of E = 715 ± 110 (sys) ± 45 (stat) keV with a width of � < 2 MeV
was observed above the two-neutron separation energy placing it at 7.65 ± 0.2 MeV with respect to
the ground state. The three-body correlations for the decay of 24O ! 22O + 2n show clear evidence
of a sequential decay through an intermediate state in 23O, constituting the first confirmation of a
two-neutron sequential decay with full energy and angular correlations. This decay mechanism is
supported within the shell model giving a tentative spin-parity assignment of 2

+ or 4

+.

⇤ This work was supported by the National Science Foundation under Grants No. PHY14-04236, No. PHY12-05537,
No. PHY11-02511, No. PHY11-01745, No. PHY14-30152, No. PHY09-69058 and No. PHY12-05357. The material
is also based upon work supported by the Department of Energy National Nuclear Security Administration under
Award No. DE-NA0000979.

† Present address: LBNL, Berkeley, CA 94720, USA; e-mail: mdjones@lbl.gov
‡ Present address: TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3 Canada
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Precise Tests of Ab-initio Calculations of Light Nuclei and Charge Symmetry
Breaking in A=10 10B⇤

S.A. Kuvin1,† C.J. Lister2, A.H. Wuosmaa1, C.R. Hoffman3, B.P. Kay3, E.A. McCutchan4,
M.L. Avila3, D.G. McNeel1, C. Morse2, D. Santiago-Gonzalez6,3,

A.A. Sonzogni4, J.R. Winkelbauer5,3, and R.B. Wiringa3

1 Physics Department, University of Connecticut, Storrs CT 06269, USA
2 Department of Physics and Applied Physics,

University of Massachusetts, Lowell MA 01854, USA
3 Physics Division, Argonne National Laboratory, Lemont IL 60439, USA

4 National Nuclear Data Center, Brookhaven National Laboratory, Upton NY 11973, USA
5 Physics Division, Los Alamos National Laboratory, Los Alamos NM 87545, USA and

6 Department of Physics and Astronomy, Louisiana State University, Baton Rouge LA 70808, USA

Electromagnetic transition matrix elements have provided stringent tests of modern ab-initio
calculations using realistic nuclear forces. Precise measurements of the B(E2:2!0) transition
rates in 10

Be and 10C have been compared to recent Variational and Greens Function Monte Carlo
calculations and the formulation of the 3-body forces [1,2]. They revealed that these electric tran-
sitions are almost purely isoscalar in character, corresponding to tumbling of the di-alpha core.
Precise measurements of the analogous transition in 10

B provide additional constraints for a possi-
ble isotensor contribution. However, 10

B is an odd-odd nucleus and the relevant 5.163 MeV state
(J⇡=2+, T=1) is particle unbound, so precise measurements of both the particle decay branch and
the gamma branch are needed to extract the electric transition rate. In an experiment conducted at
Yale [3], the gamma-decay branching ratios for this state were measured, resolving an ambiguity
that had existed between previous experimental results. Meanwhile, since the total width of the
state is reasonably well-known, the largest uncertainty is in the alpha decay width. Alpha decay is
technically isospin forbidden, but in practice is sufficiently suppressed that alpha and gamma-ray
decays compete. In order to precisely measure the alpha decay branch, the 10

B(p,p0)10
B(5.163

MeV) reaction has been studied in inverse kinematics using the HELical Orbital Spectrometer (HE-
LIOS) at Argonne National Laboratory [4]. HELIOS provides a unique method for determining the
alpha- and gamma-decay branches as the reaction products are all constrained by the kinematics
and the magnetic field and so can be efficiently counted. Thus, by counting the scattered protons in
“singles”, and in coincidence with either 10

B or 6Li, the alpha decay branch can be measured with
relatively high precision.

[1] E.A. McCutchan et al., Phys.Rev.Lett. 103, 192501 (2009).
[2] E.A. McCutchan et al., Phys.Rev. C 86, 014312 (2012).
[3] E.A. McCutchan et al., Phys.Rev. C 86, 057306 (2012).
[4] A. H. Wuosmaa et al., Nucl. Inst. Meth. Phys. Res. A580, 1290 (2007).

⇤ This research was supported by the U.S. Department of Energy, Office of Nuclear Physics, under Awards DE-FG02-
94ER40848 (UML), DE-SC0014552 (UConn), DE-AC02-98CH10946 (BNL) and DE-AC02-06CH11357 (ANL). This
research used resources of the Argonne National Laboratory ATLAS Accelerator Facility, which is a US Department
of Energy Office of Science User Facility.
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Reinvestigation of low-lying isomeric states in 115Ru* 

N. R. Larson1,2, S. N. Liddick1,2, B. P. Crider1, F. G. Kondev3, S. Kumar3, S. V. Paulauskas1, C. J. 
Prokop1,2, S. Suchyta4 

1National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824, 
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2Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA 
3Argonne National Laboratory, Argonne, IL 60439, USA 

4National Security Technologies, LLC, Remote Sensing Laboratory-Andres Operations, AAFB, MD 
20762, USA 

   The region of the nuclear chart of neutron-rich nuclei with A~110 has long been thought to exhibit signs 
of changing nuclear shapes. Theoretical calculations predict a transition between prolate to oblate shapes 
in this region [1-3] with increasing neutron number, though calculations differ as to where this transition 
is expected along particular isotopic chains.  

   In the Ru isotopic chain, this transition is predicted at A=108 [3] or A=110 [1-2]. However, current 
high-spin data suggest this transition may occur at 111Ru [4-5]. In several of the odd-A Ru nuclei, isomeric 
(7/2-) or (9/2-) states have been found [5-7], likely originating from the νh11/2 orbital.  

   In 115Ru, previous experimental results [7] found two excited states, a (7/2-) isomeric state at an 
unknown energy above a 61.7 keV state. A more recent experimental beta-decay study of 115Ru indicates 
a ground state spin and parity of (3/2+), suggesting an oblate configuration and a (9/2-) isomeric state [8]. 
The present work firmly places the isomeric state in 115Ru at an energy of 123.8 keV through conversion 
electron and gamma-ray spectroscopy with a half-life of 85(13) ms, consistent with the previous 
determinations.  

[1] Xu, F. R. et al, Physical Review C, 65, 021303(R), (2002). 

[2] Möller, P. et al, Atomic Data and Nuclear Data Tables, 59, 185-381, (1995). 

[3] Lalazissis, G. A. et al, Atomic Data and Nuclear Data Tables, 71, 1-40, (1999). 

[4] Hua, H. et al, Physics Letters B, 562, 201-207, (2003). 

[5] Wu, C. Y. et al, Physical Review C, 73, 034312, (2006). 

[6] Kurpeta, J. et al, The European Physical Journal A, 33, 307-316, (2007). 

[7] Kurpeta, J. et al, Physical Review C, 82, 064318, (2010). 

[8] Rissanen, J. et al, The European Physical Journal A, 47, 97-105, (2011). 
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Collectivity in Gadolinium⇤

S. R. Lesher1,2,† C. Casarella2, A. Aprahamian2, B. P.
Crider3, I. Marsh1, E. E. Peters3, M. Smith2, and S. W. Yates3

1Univ. of Wisconsin - La Crosse, La Crosse, Wisconsin, USA
2University of Notre Dame, Notre Dame, Indiana, USA and

3University of Kentucky, Lexington, Kentucky, USA

The nature of low-lying excitations, K⇡

= 0

+ bands in deformed nuclei remain enigmatic in the
field, especially in relationship to quadrupole vibrations. One method of characterizing these states
is by reduced transition probabilities, B(E2) values, a measure of the collectivity. These values can
be measured directly by Coulomb excitation or calculated from measured lifetime values. Within
the deformed region, there are five stable Gd isotopes, three of which have been studied to obtain
B(E2) values, a fourth, 160Gd is the focus of this work. We have examined 160Gd with the (n, n0�)
reaction and neutron energies up to 3.0 MeV to confirm known 0+ states. Angular distributions at
three different neutron energies were performed to determine their lifetimes through DSAM mea-
surements. Gamma-ray excitation functions, angular distribution, and lifetime measurements will
be presented and compared with the other Gd isotopes.

⇤ This work was supported by the U.S. National Science Foundation under Grant Nos. PHY-1205412, PHY-1068192,
and PHY-1305801.

† e-mail: slesher@uwlax.edu
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Structure of Tz = +3/2, 33P Nucleus⇤

R.S. Lubna1,† Vandana Tripathi1, S. L. Tabor1, P. L. Tai1, P. C. Bender1,‡ C. R. Hoffman1,§ L.
amilton1, A. Volyar1, R. M. Clark2, P. Fallon2, A. O. Macchiavelli2, S. Paschalisr2,

M. Petri2, M. P. Carpenter3, R. V. F. Janssens3, T. Lauritsen3, E. A. McCutchan3,¶ D.
Seweryniak3, S. Zhu3, C. J. Chihara3,4, X. Chen5, W. Reviol5, D. G. Sarantites5, and Y. Toh3,6

1Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Department of Chemistry and Biochemistry,

University of Maryland, College Park, Maryland 20742, USA
5Chemistry Department, Washington University, St. Louis, Missouri 63130, USA and

6apan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan

The excited states of the nucleus 33P were populated by the 18O(18O, p-2n�)33P fusion evapora-
tion reaction at E

lab

= 25 MeV.Gammasphere was used along with the particle detector Microball
to detect the � emissions in coincidence with the emitted charged particles from the compound
nucleus 36S. The auxiliary detector Microball was used to select the charged particle channel and
to determine the exact position and the energy of the emitted proton. The purpose of finding the
position and energy of proton was to determine a more precise angle between the recoil nucleus and
the emitted � which was later employed to get a better Doppler correction (figure 1). Along with the
selection of the proton channel, the �-� coincidence technique helped to isolate 33P from the other
phosphorus isotopes and also reduced the contaminations from the dominant pure neutron channels.
A number of transitions and states was identified that were not observed before. The 4⇡ arrange-
ment of Gammasphere offered an excellent opportunity to measure the angular distribution of the
electromagnetic emissions leading to the assignment of the spins for most of the new states. The
experimental observations were compared to the shell model calculation using WBP-a interaction.
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FIG. 1. Picture showing that the Doppler correction after kinematic reconstruction makes the spectrum
cleaner.

⇤ Work supported by the U.S. National Science Foundation under grant No. 1401574 .
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Observation of Transverse Wobbling in 135Pr⇤

J.T. Matta1,† U. Garg1, S. Frauendorf1, A.D. Ayangeakaa1, D.
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F.G. Kondev4, T. Lauritsen4, D. Seweryniak4, C.J. Chiara4,5,
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A “wobbler partner” band has been identified in
the nucleus 135Pr, the first observation of wobbling
in a mass region other than near A⇠160. The na-
ture of wobbler bands is confirmed by verifying the
�I=1, E2 character of the inter-band transitions via
angular distribution and polarization measurements.
The transverse nature of wobbling is evidenced by
the characteristic decrease in the wobbling energy,
E

wobb

[1]. A transition from transverse wobbling to
longitudinal wobbling is also observed. The wob-
bling structure evolves into a three-quasiparticle
band of the magnetic rotation type. TAC calcula-
tions indicate that this three-quasiparticle band has a
chiral character, suggesting that both characteristic
signatures of triaxiality–wobbling and chirality–are
manifest in this nucleus.
[1] S. Frauendorf and F. Dönau, Phys. Rev. C 89,
014322 (2014)

⇤ Supported in part by NSF Grants No. PHY07-58100 (UND) and PHY-1068192 (UND), by
DOE Contracts No. DE-AC02-06CH11357 (ANL) and DE-FG02-95ER40934 (UND), by the
APS India Visitation Program, and by DAE and DST, Government of India.
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Determining the shape of the clustering nucleus, 20Ne

C. V. Mehl1,⇤ J. N. Orce1, M. Kumar Raju1,2, N. Erasmus1, S. Triambak1,2, M. J.
Mokgolobotho1, K. Abrahams1, E. H. Akakpo1, D. L. Mavela1, P. M. Jones2, M.
Wiedeking2, E. Lawrie2, J. J. Lawrie2, P. Adsley2, D. Bucher2, K. L. Malatji2, T.

R. S. Dinoko2, N. A. Khumalo2, O. Shirinda2, S. P. Noncolela2, and W. Y. Cherif2
1 Department of Physics & Astronomy, University of the Western Cape, Bellville-7535, South Africa and

2 Department of Nuclear Physics, iThemba LABS, Somerset West, South Africa

Determining the shape of the clustering nucleus, 20Ne The shape of 20Ne is relevant to under-
stand the mixing between mean field and cluster states [1]. This work aims at determining the
spectroscopic quadrupole moment of the first excited 2+

1 state, Q
s

(2

+
1 ) in 20Ne at safe energies. At

present the current nuclear collective and mean field models overestimate the Q
s

(2

+
1 ) value in 20Ne

[2] by about 30%. Two of the previous RE measurements [4,5,6] regards the separation between
nuclear surfaces of about 4 fm [2]. The third RE measurement was done by Schwalm et al. [5]
and has a rather large uncertainty associated with the gas 20Ne target that was utilized to make the
measurement. In fact, the RE is enhanced for light beams onto heavy targets.

The measurement of the h2+
1 ||E2||2+

1 i diagonal matrix element in 20Ne was carried out at iThemba
LABS over the course of three days. The safe Coulomb excitation of 20Ne3+ beams at 73 MeV
was undertaken with a 194Pt target having a thickness of 1.2 mg·cm�2. The detection of � rays was
done using the AFRODITE HPGe detector array, which consisted of 8 clover detectors, of which 4
were positioned at 90� and 4 at 135� in coincidence with the 20Ne particles detected with an annular
S3 silicon detector at backward angles. The Q

s

(2

+
1 ) value in 20Ne, has been determined using the

Gosia Coulomb excitation code [7] and will be presented during the conference.

[1] J. P. Ebran, E. Khan, T. Niksic, and D. Vretenar, Nature 487, 341-344 (2012).
[2] R. H. Spear, Phys. Rep. 73, 369 (1981).
[3] J. de Boer, J. Eichler, Advances in Nuclear Physics (Springer), 1, 1-65 (1968).
[4] K. Nakai, F. S. Stephens and R. M. Diamond, Nucl. Phys. A 150, 114-128 (1970).
[5] D. Schwalm et al., Nucl. Phys. A 192, 449-495 (1972).
[6] D. K. Olsen, et al., Nucl. Phys. A 220, 541-568 (1974).
[7] T. Czosnyka, D. Cline, C. Y. Wu, A. B. Hayes, Gosia user manual for simulation and analysis
of Coulomb excitation experiments, (2012).

⇤ coulex@gmail.com; Funding: National Research Foundation (No. 93500).
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New measurement of the 2+
1 state lifetime of 12Be⇤
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E. Merchan1, V.S. Prasher1, F. Recchia3, A.A. Sonzogni2, D. Weisshaar3, and K. Whitmore3,4

1Department of Physics and Applied Physics,
University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA

2National Nuclear Data Center, Brookhaven National Laboratory, Upton, New York 11973, USA
3National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, Michigan 48824, USA and
4Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

The structure of light nuclei presents an important opportunity for developing our understanding
of nuclear forces, especially learning more about 3-body and higher order correlations. These sys-
tems are simultaneously accessible to experimental studies which can elucidate their properties, and
are or will soon be within the range of feasible ab initio calculations which are providing an increas-
ingly detailed microscopic picture of the nucleus. As these calculations become more advanced, it
becomes increasingly important to provide precise data in order to benchmark their results.

Electromagnetic transition rates between bound nuclear states have provided important con-
straints for the evaluation of ab initio calculations [1]. These transition rates are expected to be sen-
sitive to 3-body correlations, which lead to small cancellations between the different components
of the nuclear wave functions. Especially in nuclei that exhibit ↵-clustering, such as the beryllium
and carbon isotopes, the transition rates can provide a strong test of the results of ab initio calcu-
lations and guide the formulation of 3-body forces. 12Be is an especially interesting system in this
light, as it embodies a tension between the tendency of the beryllium isotopes to form ↵-clustering
structures [2] and the canonically magic neutron number N = 8. The sharp decrease in the 2

+
1 state

energy of 12Be relative to 10Be suggests that clustering dominates over the N = 8 magic number.
Thus, it might be expected that the B(E2; 2

+
1 ! 0

+
1 ) transition rate would increase compared to

10Be, consistent with a departure from the spherical shell model picture. However, the measured
2

+
1 state lifetime ⌧ = 2.5 ± 0.7(stat) ± 0.3(sys) ps [3] has a ⇠30% uncertainty, which is too large to

determine whether the B(E2) increases or decreases relative to 10Be. A more precise measurement
is necessary to clarify this picture and to provide a meaningful constraint for ab initio calculations.

In this study, we remeasured the lifetime of the first 2+ state of 12Be. The lifetime was mea-
sured using the Doppler Shift Attenuation Method, with � rays from 12Be detected by GRETINA
(Gamma Ray Energy Tracking In-beam Nuclear Array) [4] in coincidence with inelastically scat-
tered 12Be ions detected in the S800 spectrograph at the National Superconducting Cyclotron
Laboratory at Michigan State University. To check for systematic consistency, several targets of
varying thicknesses and materials were used to excite the 12Be. The results indicate that the lifetime
is considerably shorter than previously reported; about a factor of two shorter. This has important
implications for the structure of 12Be, which will be discussed in this presentation.
[1] E.A. McCutchan et al., Phys. Rev. Lett. 103, 192501 (2009)
[2] R.B. Wiringa et al., Phys. Rev. C 62, 014001 (2000)
[3] N. Imai et al., Phys. Lett. B 673, 179 (2009)
[4] S. Paschalis et al., Nucl. Instr. Meth. A 709, 44 (2013)
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Nuclear structure of 76Ge from inelastic neutron scattering measurements and shell
model calculations⇤
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A. Chakraborty1,2 ,‡ A. Kumar1,2, F.M. Prados-Estévez1,2 , M. T. McEllistrem1, and S. W. Yates1,2

1 Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055, USA
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3National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan, 48824, USA and
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The low-lying, low-spin levels of 76Ge were studied with the (n,n0�) reaction at the University of
Kentucky Accelerator Laboratory. Gamma-ray excitation function measurements performed at inci-
dent neutron energies from 1.6 to 3.7 MeV helped determine the threshold for the � rays and hence
their placement in the level scheme. Gamma-ray angular distributions were measured at neutron
energies of 3.0 and 3.5 MeV. From these measurements, level spins, level lifetimes, �-ray transition
intensities, and multipole mixing ratios were determined. No evidence for a number of previously
placed levels was found. Below 3.3 MeV, many new levels were identified, and the level scheme
was re-evaluated. A comparison of the level characteristics with large-scale shell model calculations
yielded excellent agreement. Fig. 1 shows the observed low-lying band structure.
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FIG. 1. Partial level scheme of 76Ge. The thickness of the solid arrows is proportional to the B(E2)s. For the
2958- and 1539-keV levels, approximate (broad dashed lines) transition rates are shown. The out-of-band E1
transitions are shown as dashed lines.

The E2 transition rates measured here reinforce the band structure identified in recent above-
barrier Coulomb excitation measurements by Toh et.al [1]. For example, the lowest 5+ state, as-
signed as a member of the �-band, decays with large B(E2)s to the 4+ and 3+ states, which are
interpreted as the lower-lying members of the band. A decay to the lower-lying 4+ state, an out-of-
band transition, is not observed.
[1] Y. Toh et al, Phys. Rev. C 87 041304(R) (2013).
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Proton–neutron pairing in N=Z nuclei:  
Quartetting versus pair condensation 
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   The isovector pairing, including both proton–neutron and like-particle pairing, and 
isoscalar proton–neutron pairing are treated in a formalism which conserves exactly 
the particle number and the isospin. The formalism is designed for self-conjugate 
(N=Z) systems of nucleons moving in axially deformed mean fields and interacting 
through the most general isovector and isoscalar pairing interactions. The ground state 
of these systems is described by a superposition of two types of condensates, i.e., 
condensates of isovector quartets, built by two isovector pairs coupled to the total 
isospin T=0, and condensates of isoscalar proton–neutron pairs. The comparison with 
the exact solutions of realistic isovector–isoscalar pairing Hamiltonians shows that 
this ansatz for the ground state is able to describe with high precision the pairing 
correlation energies. It is also shown that, at variance with the majority of Hartree–
Fock–Bogoliubov calculations, in the present formalism the isovector and isoscalar 
pairing correlations coexist for any pairing interactions. The competition between the 
isovector and isoscalar proton–neutron pairing correlations is studied for N=Z nuclei 
with the valence nucleons moving in the sd and pf shells and in the major shell above 
100Sn. We find that in these nuclei the isovector pairing prevail over the isoscalar 
pairing, especially for heavier nuclei. 
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Infrared Extrapolations of Quadrupole Moments and Transitions
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Recent studies of the infrared convergence of finite basis calculations have led to accurate de-
scriptions of numerical data. I will discuss how similar concepts can be applied to the study of
bound-state quadrupole moments and transitions governed by the quadrupole operator. I will show
that good agreement between analytically derived and numerically computed convergence behav-
ior in finite harmonic oscillator spaces is obtained and will show results for realistic and simple
systems.
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Deformed Structures and Shape Coexistence in 98Zr
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Nuclei exhibit a wide variety of collective phenomena associated with their discrete many-body
character. This collectivity is dominated by quadrupole deformations, either static or dynamic.
Traditionally, nuclear collectivity has been classified as weak at or near closed shells and strong
far away from them. A few exceptions have been found in the form of shape coexistence, that
is, nuclear states with different quadrupole deformations at similar energies. In general, evidence
for such structures is indirect, e.g., excited rotational bands in nuclei with spherical ground states,
which lack evidence of quadrupole deformation, most notably via enhanced electric quadrupole
transitions.

The zirconium isotopes sit in one of the most interesting regions of the chart of nuclides. With a
closed proton shell (Z = 40) the nuclear structure evolves from a mid-open neutron shell deformed
region (80Zr, ⌫1p1/2), through a closed spherical shell (90Zr, ⌫0g9/2) and subshell (96Zr, ⌫1d5/2),
and then to a sudden reappearance of deformation (100Zr, ⌫0g7/2). The rapid onset of deformation
across the Zr isotopes is unprecedented, and the issue of how collectivity appears and disappears in
these isotopes is of special interest. Until recently, only for 98Zr [1] (and maybe 100Zr) has indirect
and weak (while not contradictory [2]) evidence for shape coexistence been reported, with only
speculative interpretation of the experiments. Recent results from high-precision B(E2) measure-
ments provided for the first time direct evidence of shape coexistence in 94Zr and suggested that it
may occur in several other nuclei in this region [3].

In order to provide direct evidence of shape coexistence in 98Zr a high-statistics �� experiment
was performed. This experiment was aimed at precisely measuring very weak low-energy branching
ratios in the �-decay of 98Y, which, due to the energy dependence of the quadrupole transitions
(E5

�

for E2 transitions), is dominated by high-energy �-transitions. This effect may obscure low-
energy lines, even those with a large reduced transition rate, resulting in a failure to identify band
structures.

The experiment was carried using the 8⇡ spectrometer at TRIUMF-ISAC, which consists of an
array of 20 Compton-suppressed hyper-pure germanium detectors in conjunction with � particle
and conversion electron detectors. Excited states up to ⇠ 5 MeV in 98Zr were populated in the ��

decay of 98Y J⇡

= (0

�

), greatly expanding the known level scheme. Preliminary results on key
branching ratios that affect the band structure will be presented.

[1]C.Y. Wu et al., Phys. Rev. C 70, 064312 (2004).
[2]W. Urban et al., Nucl. Phys. A 689, 605 (2001).
[3]A. Chakraborty et al., PRL 110, 022504 (2013).
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Revealing the structure of 106Pd⇤

E. E. Peters1,† F. M. Prados-Estévez1,2, A. Chakraborty1,2,‡ M. G. Mynk1,
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1Department of Chemistry, University of Kentucky, Lexington, KY 40506, USA
2Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40506, USA

3Department of Physics, University of Guelph, Guelph, Ontario, N1G2W1, Canada
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Inelastic neutron scattering (INS) coupled with gamma-ray spectroscopy at the University of
Kentucky Accelerator Laboratory has been used to examine the low-spin structure of 106Pd. The
Doppler-shift attenuation method was used to determine level lifetimes in the femtosecond region.
Angular distributions were measured and multipole mixing ratios were also obtained. With this
information, B(E2) values were determined. E0 strengths were also extracted by combining the
INS data with internal conversion electron measurements by Colvin et al. [1].

New B(E2) values for many transitions in 106Pd reveal important information about the struc-
ture of this nucleus, once thought to be a good candidate for a nucleus of vibrational character,
a description which was based on level energies and spins. When comparing the reduced transi-
tion probabilities obtained in the present measurements with various models describing vibrational
nuclei, a lack of experimentally observed E2 strength is evident for the purported higher phonon
states. The E2 strengths for states up to ⇠3 MeV were summed in an attempt to account for possi-
ble fragmentation, but the E2 strength is still lacking. It does not appear that 106Pd can be depicted
as vibrational.

The new rho-squared values lend further insight into the structure of this nucleus. Large E0
strengths were found not only for levels with J

i

= J
f

= 0, but also for J
i

= J
f

= 2. Such large E0
strengths have been established as a model-independent means of identifying shape coexistence and
configuration mixing in nuclei. Thus we interpret the large rho-squared values in 106Pd as evidence
for shape coexistence, extending its observation among the N=60 isotones.

[1] G. G. Colvin, F. Hoyler, S. J. Robinson, J. Phys. G: Nucl. Phys. 13(2), 191 (1987).
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The neutron-rich calcium isotopes are currently a frontier for modern ab-initio 
calculations based on NN and 3N forces [1,2]. Detailed experimental data from the 
calcium nuclei are necessary for a comprehensive understanding of the region. Due to its 
very low natural abundance of 0.004%, the structure of the 46Ca nucleus has not been 
studied in great detail compared to its even-even calcium neighbours. Many excited states 
in 46Ca have been identified by various reaction mechanisms, most notably from (p,p!) 
and (p,t) reactions [3], but many spins are only tentatively assigned or not measured. The 
low-lying structure has been investigated by two previous beta-decay experiments, both 
with minimal detection capabilities, but large discrepancies are present between the two 
reported decay schemes [4,5]. 
 
A high-statistics data set of the 46K decay into low-lying levels of 46Ca was taken with the 
new GRIFFIN spectrometer located at TRIUMF-ISAC. A 4x105 pps beam of 46K was 
delivered and implanted at the center of the spectrometer, which operated with 15 HPGe 
clover detectors used for the detection of gamma rays. The addback capabilities of the 
clovers allowed for the reconstruction of Compton-scattered events. The level scheme of 
46Ca has been greatly expanded to include 160 new gamma-ray transitions and 12 new 
excited-states. Also, angular correlations between cascading gamma rays have been 
investigated to obtain information about the spins of the excited states. An overview of 
the experiment and a discussion of the preliminary results will be presented. 
 
[1] J.D. Holt et al. Phys. Rev. C 90, 024312 (2014). 
[2] A. Ekstrom et al., Phys. Rev. Lett. 110, 192502 (2013). 
[3] S. C. Wu, Nuclear Data Sheets 91, 1 (2000). 
[4] B. Parsa and G. Gordon, Phys. Lett. 2, 269 (1966). 
[5] M. Yagi et al., Laboratory Nucl. Sci., Tohoku Univ 
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The � decay of 34,35Mg and the structure of 34Al⇤
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7 Colorado School of Mines, Golden, CO, USA and
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Nuclei in the island of inversion, near the N = 20 shell closure, exhibit a fascinating
behaviour where the nuclear ground states show deformed configurations dominated by
particle-hole excitations across the neutron shell gap. The 31�35Mg nuclei are in or at the
border of this island displaying intruder ground-state configurations, while the 31�35Al
isotopes are suggested to have mixed ground- state configurations of normal and intruder
type and thus serve as a transition from intruder dominated Mg isotopes to the normal
ground-state configuration in Si isotopes.

An experiment was performed at the TRIUMF-ISAC-I facility with the goal of populat-
ing states in 33�35Al via the beta decay of 33�35Mg. A UC

x

target with laser-ionization from
TRILIS was bombarded with 500 MeV protons to produce beams of Mg ions. The ions
were transported and implanted onto a moving Mylar tape at the center of the GRIFFIN
spectrometer [1]. A set of 20 plastic scintillators (SCEPTAR) was used for beta tagging.
This was surrounded by 12 HPGe GRIFFIN-clover detectors for �-spectroscopy.

Results obtained from the analysis of the 34,35Mg decay data from this experiment will
be presented. This includes the half-lives of 34,35Mg and 34,35Al which clarify current con-
flicting information in the literature [2].

[1] C. E. Svensson and A. B. Garnsworthy Hyperfine Interactions, 225(1-3) pages 127-
132, 2014.
[2] M. Langevin, et al. Nucl. Phys. A, 414 pages 151-161, 1984.

⇤ This work is supported by Tennessee Technological University Research Office, the Canadian Founda-
tion for Innovation, the National Research Council of Canada and the Natural Sciences and Engineering
Research Council of Canada.
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Spectroscopy of Neutron-rich Mg Isotopes in and around the Island of Inversion⇤

A. L. Richard1† and H. L. Crawford1,2 for the NSCL E14063 Collaboration
1Ohio University, Athens, OH, USA and

2Lawrence Berkeley National Laboratory, Berkeley, CA, USA

One of the fundamental questions in nuclear physics is whether or not the magic numbers and
the shell model description of nuclei are valid far from stability, or more broadly, how to build a
comprehensive picture of the nuclear landscape. The “Island of Inversion” located at Z⇠12 and
N⇠20 [1] is a region where a narrowing of the N=20 shell gap and collective np-nh excitations result
in nuclei with deformed ground states. However, despite years of theoretical and experimental ef-
forts [1-6], a complete picture of the detailed nature of deformation has not been achieved and level
schemes remain largely incomplete for many of these neutron-rich nuclei. A �-decay experiment
has been performed at the National Superconducting Cyclotron Laboratory (NSCL) to investigate
level schemes for neutron-rich Mg, Al, and Si isotopes between N=20 and N=28. In going from
N=20 and toward N=28, the evolution of single particle states and their changing separation with
the addition of neutrons can be indirectly probed. The details of the experiment will be presented
and level schemes, along with preliminary implications for the evolving structure, will be discussed.

[1] E. K. Warburton, J. A. Becker, and B. A. Brown, Phys. Rev. C 41, 1147 (1990).
[2] C. Thibault et al., Phys. Rev. C 12, 644 (1975).
[3] X. Campi, H. Flocard, A. K. Kerman, and S. Koonin, Nucl. Phys. A 251, 193 (1975).
[4] B. H. Wildenthal, M. S. Curtin, and B. A. Brown, Phys. Rev. C 28, 1343 (1983).
[5] A. Poves and J. Retamosa, Phys. Lett. B 184, 311 (1987).
[6] O. Sorlin and M. Porquet, Prog. Part. Nucl. Phys. 61, 602 (2008).

⇤ This work was supported in part by the U.S. DOE through Grant No. DE-FG02-88ER40387 (OU) and Contract No.
DE-AC02-05CH11231 (LBNL). This material is based upon work supported by the U.S. DOE, Office of Science,
Office of Workforce Development for Teachers and Scientists, Office of Science Graduate Student Research (SCGSR)
program. The SCGSR program is administered by the Oak Ridge Institute for Science and Education (ORISE) for the
DOE. ORISE is managed by ORAU under contract number DE-AC05-06OR23100.
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Study of static quadrupole moments in 120Te isotope 
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In recent years the region in the vicinity of tin isotopes has been intensively investigated both from 
experimental and theoretical perspectives. In particular, the excitation energies and the reduced 
transition probabilities across the Z=50 chain has been examined in detail.  In tellurium nuclei with 
two protons outside the major shell, the partial level schemes are dominated by the 1g7/2 orbit leading 
to 6+ isomers in the vicinity of  N=82 shell closure. The Te nuclei with 52 protons lies in the 
transitional region between the spherical nuclei at Z = 50 and deformed Xe and Ba nuclei. At low 
spin, the Te nuclei are considered to be one of the best examples of quadrupole vibrators. For the mid-
shell 120,122,124Te nuclei the partial level show the expected vibrational-like structure with equal energy 
spacing between the phonon states [1]. This observation is quite in contrast to the measured 
quadrupole moments Q2

+ for the doubly even Te isotopes [2, 3]. These quadrupole moments can reach 
60% of the one predicted by the symmetric rigid rotor. 
 
In our recent Coulomb excitation experiment [4] at IUAC, New Delhi we used 58Ni beam @ 175MeV 
to excite 120,122,124Te isotopes. In these measurements the scattered particles were detected at forward 
angles. The B(E2; 0+ → 2+ ) value in  120Te was re-measured with a much higher precision to allow a 
comparison with the predictions of the large scale shell model calculations (LSSM). Based on all 
experimental findings, level schemes and reduced transition probabilities, for 120,122,124Te one obtained 
the best agreement with an asymmetric rotor behaviour. 

To further investigate the second order effects (diagonal matrix elements) in 120Te, an experiment was 
performed at Heavy Ion Laboratory, Warsaw, where particle detectors are in the backward direction 
enabling a more precise and sensitive measurement of the quadrupole moments. The measurement 
was carried out using a highly enriched 120Te target and a 32S 100 MeV beam from the U-200P 
cyclotron at HIL. A multi-step Coulomb excitation of 120Te was observed up to 4+ state in the g.s. 
band and the preliminary results will be presented at the conference.  

 
References 
[1] http://www.nndc.bnl.gov/ensdf. 
[2] A. Bockisch and A. M. Kleinfeld Nucl. Phys. A261 498-510 (1976). 
[3] J. Barrette et al., Phys. Rev. C 10, 3 (1974) 
[4] M. Saxena et al., Phys. Rev. C 90, 024316 (2014). 
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Neutron dEtector with Tracking (NEXT)⇤
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Neutron detection plays an important role for several spectroscopic techniques. Current arrays
have been used to characterize neutron emission decays, detect ejectiles from proton transfer, and
identify neutron-unbound states for a variety of nuclei. Future studies to take place at the next gener-
ation of radioactive ion beam facilities will require improved energy resolution and neutron/gamma
discrimination to make the best use of valuable beam time and eliminate crippling background.

The NEXT array proposes to accomplish 1% energy resolution between 100 keV and 2 MeV us-
ing neutron time of flight. The array will employ thin plastic scintillators (Eljen EJ-299) to improve
position resolution. Neutron/gamma discrimination will be performed using pulse shape discrimi-
nation. The scintillators will be layered to maintain detection efficiency and enable neutron tracking.
Silicon photomultipliers will be used for light collection in a compact design.

A prototype module is currently being developed. Results of simulations and advances in detec-
tor design will be presented.

⇤

† e-mail: kschmit1@vols.utk.edu
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“Correcting the database: the case for 74Ga β-decay” 
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Detailed study of β decay far from stability relies heavily on a good understanding of 
the daughter and grand-daughter decays in order to correctly assign weaker 
transitions to the decays.  This was the case in our study of the A=74 β-decay chain.  
Since 74Ga decays to stable 74Ge, we believed the decay would have been well 
studied and would provide a good internal check for the data analysis.  What we 
discovered was that the two previous β-decay measurements of 74Ga were fraught 
with inconsistencies.[1,2]  Although the two experiments agreed on the observed γ 
rays, the placement of these transitions into a decay scheme disagreed significantly.  
This lead to numerous double placements and erroneous levels being assigned within 
the ENSDF database.[3]  The problem arose due to the lack of γγ coincidence 
information being obtained in the two experiments.  In our measurement, data on γ-
ray emission following β-decay, including βγ and γγ coincidences, in the A=74 decay 
chain starting from 74Cu were obtained.  Gated γγ spectra were analyzed to identify 
the statistically significant coincidences and decay schemes have been developed for 
all three nuclei within the decay chain. Presented here are results for 74Ga. In our 
purposed decay scheme, states below 2.6 MeV are in good agreement with the two 
previous measurements.  However, above 2.6 MeV significant changes are made 
based on the γγ coincidence relationships. We have modified the placement of 21 γ 
rays, removed 10 incorrectly identified levels, and established 20 new energy levels.  
We have also determined the splitting of intensity in cases where unresolved doublets 
have been identified.  It is unclear if any of these modifications have repercussions on 
other experiments, but do point out the need to recheck some of the older data 
included in the ENSDF database. This work is supported by the Office of Science of 
the Department of Energy and Grant No. DE-FG02-96ER41006, No. DE-
SC0014448, No. DE-AC05-00OR22725, No. DE-FG02-96ER40983, No. DE-AC05-
06OR23100 and No. DE-FG02-96ER40978 and National Nuclear Security 
Administration Grant No. DEFC03-03NA00143.  
 
1D. C. Camp, D. R. Fielder, and B. P. Foster, Nucl. Phys. A163, 145 (1971). 
2H. W. Taylor, R. L. Schulte, P. J. Tivin, and H. Ing, Can. J. Phys. 53, 107 (1975). 
3Evaluated Nuclear Structure Date File, www.nndc.bnl.gov/ensdf. 
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First Data with the Hybrid Array of Gamma Ray Detectors (HAGRiD)⇤
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Transfer reaction and beta-decay studies are powerful tools for studying the structure of nuclei,
including those far from stability. These studies can also provide insight into astrophysical reactions
that are difficult to measure directly. Particle-gamma coincidence developed techniques provide
invaluable additional information beyond that from particle detection alone.

The Hybrid Array of Gamma Ray Detectors (HAGRiD) is an array of LaBr3(Ce) scintillators to
detect gamma rays. HAGRiD has been designed to be coupled with particle detector systems such
as the Oak Ridge Rutgers University Barrel Array (ORRUBA) of silicon detectors, the Versatile Ar-
ray of Neutron Detectors at Low Energy (VANDLE), and beta detection scintillators. As well as the
Jet Experiments in Nuclear Structure and Astrophysics (JENSA) advanced target system. HAGRiD
maximizes gamma-ray detection efficiency without compromising the charged-particle resolution
when coupled with ORRUBA. LaBr3(Ce) crystals provide superior resolution and intrinsic effi-
ciency over NaI, 2.6% and 40% respectively for 137Cs, and increased portability and flexibility over
germanium detectors. First experiments with HAGRiD coupled to VANDLE and JENSA were per-
formed in Spring 2016. The current status of the project, some preliminary results, and future plans
will be discussed.

⇤ This work is supported in part by the U.S. Department of Energy, Office of Science Nuclear Physics under Con-
tracts No. DE-FG02-96ER40983 (UTK) and DE-AC05-00OR22725, and the National Science Foundation, grant
PHY-1067906 and sponsored in part by the National Nuclear Security Administration under the Stewardship Science
Academic Alliance program through DOE Cooperative Agreement No. DE-NA0002132
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‡ Now at Lawrence Livermore National Laboratory
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In recent years there has been a revival of interest in spectroscopic measurements of beta-delayed
neutron emitters in medium mass nuclei for the purpose of understanding nuclear structure. The
Pandemonium effect[1] suggests that structures in neutron energy spectra can be attributed to the
effects of statistical fluctuations. However, the ramifications of statistical fluctuations for nuclei
near closed shells diminishes due to the lower density of states above the neutron separation en-
ergy. This allows for features of the neutron energy spectra to reflect underlying nuclear shell
structure. It is not yet clear where the boundary of statistical effects and structure effects on the
neutron spectra occurs. A research program using the Versatile Array of Neutron Detectors at Low
Energy(VANDLE)[2,3], a time of flight detector array, addresses this challenge using systematic
studies of nuclei in mid and closed shell regions. Gamma-ray detection systems paired with VAN-
DLE enable the measurement of gamma-rays emitted in coincidence with neutrons, and provides
more complete information about the decay path compared to previous results. Measurement of
�-n-� coincidences are critical for accurate data interpretation. Results will be presented on the de-
cays of beta-delayed neutron precursors near doubly magic 132Sn, and in nearby regions thought to
be dominated by the statistical effects. These measurements were performed at Oak Ridge National
Laboratory using 238U fission fragments and at Argonne National Laboratory using 252Cf fission
fragments.
[1] J.C. Hardy et al., Nuclear Phys A 305 (1978) 15-28
[2] C. Matei et al.,Proceedings of Science, NIC X, 138 (2008)
[3] S.V. Paulauskas et al., NIM A 797, 22 (2014)
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Next Generation Nuclear Structure Studies Using JENSA
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Measurements of light-ion-induced reactions, particularly those using hydrogen and helium, are
a cornerstone of nuclear structure models. A major focus of the new Facility for Rare Isotope Beams
(FRIB) will be measurement of these reactions on unstable nuclei, to help extend the benchmark-
ing of structure models into more exotic regions of the nuclear chart. As these reactions must be
undertaken in inverse kinematics, targets of hydrogen and helium are required. However, because
hydrogen and helium are gaseous in their elemental form, traditionally-employed targets for such
studies utilize either gas cells or chemical compounds (such as CH2); both approaches introduce un-
wanted background reactions. The Jet Experiments in Nuclear Structure and Astrophysics (JENSA)
gas jet target system[1] is a highly versatile next-generation target for use in multiple areas of re-
action study, currently installed on a dedicated beamline in the ReA3 hall at the NSCL. JENSA
produces a target of dense, localized, and pure gas, by creating a supersonic jet of the desired gas
species, overcoming many of the difficulties inherent in foils and gas cells. The JENSA system is
able to utilize rare and expensive gases as target material, such as 3He, by recirculating the gas of
interest, and can incorporate high-segmentation, high-solid-angle charged particle detector arrays
for light-ion-induced reaction studies. This enables a multitude of next-generation measurements,
including nuclear structure via particle transfer [2,3]. The versatility of the JENSA gas jet target
system with regard to nuclear structure studies will be presented, including an example case of re-
cent experimental results from a 20Ne(p,t)18Ne experiment performed with JENSA at Oak Ridge
National Laboratory. Excitation energies and spin and parity assignments for the populated levels
in 18Ne will be presented.
[1] K.A. Chipps et al, Nuclear Instruments and Methods A 763 (1 November 2014) pp 553-564
[2] K. A. Chipps et al, Phys. Rev. C 92, 034325
[3] D.W. Bardayan et al, Physics Letters B 751 (2015) 311315
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A neutron spectroscopic approach to measuring low cross section (α,n) reactions. 

R. Toomey1,2,  M. Febbraro3,  S.D. Pain3 and J.A. Cizewski1 

1Rutgers University, New Brunswick, NJ, USA 
2University of Surrey, Guildford, Surrey, UK 

3Physics Division, Oak Ridge National Laboratory, TN, USA 
 

 To be able to fully understand what is happening in the cosmos, we need to be able to 
understand the fundamental processes that give rise to the primary building blocks of our universe; the 
elements. One such nucleosynthesis process is slow neutron capture (s process), which occurs mainly 
in asymptotic giant branch stars. The neutron sources are predominantly (α,n) reactions, with the 
dominant source being the 13C(α,n) reaction. Therefore, it is important to fully characterise this reaction 
rate in order to constrain the neutron flux at stellar temperatures. Neutrons from (α,n) reactions are also 
important background signals for other areas of active research, such as underground neutrino 
experiments, dark matter measurements and other important astrophysics experiments. 
 Direct measurement of the 13C(α,n) reaction at astrophysical energies is made difficult by the 
extremely low cross sections, which drop precipitously with decreasing energy, and the inherent 
difficulties in neutron detection. The current generation of high-current accelerators, whilst able to 
produce pure beams at relevant energies, produce DC beams that do not allow time-of-flight neutron 
measurements to be performed. Measurements typically rely on high-efficiency neutron counters, such 
as 3He detectors [1] and Cadmium capture detectors [2], which measure integrated neutron fluxes, but 
provide no information on the energies of incident neutrons. To measure the cross section at lower 
energies, measurements may need to be performed in underground laboratories in order to reduce the 
background neutron flux and increase experimental sensitivity. 

An alternative approach presented here uses deuterated scintillator detectors, from which the 
energy spectrum of the incident neutrons can be determined, without requiring time-of-flight 
measurement, via spectrum unfolding. This approach significantly enhances the sensitivity to the mono-
energetic neutrons from 13C(α,n) reactions by supressing background neutrons based upon their 
energies, rather than total flux alone. This approach was tested at the University of Notre Dame where 
an alpha beam impinged on a Boron target to determine the cross section of the 10B(α,n) reaction. 
Preliminary results from this experiment demonstrate that this technique works. This presentation 
would summarise the status of the 10B(α, n) measurements and plans to measure the 13C(α, n) reaction. 
 

 
[1] S. Harissopulos, H.W. Becker, J.W. Hammer, A. Lagoyannis, C. Rolfs and F. Strieder, Phys. Rev. 
C 72, 062801(R) (2005) 
[2] M. Heil, R. Detwiler, R.E. Azuma, A. Couture, J. Daly, J. Görres, F. Käppeler, R. Reifarth, P. 
Tischhauser, C. Ugalde and M. Wiescher, Phys. Rev. C 78, 025803 (2008) 
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A Binding Energy Study of the Atomic Mass Evaluation 2012

James L Tracy, Jr

Department of Physics and Astronomy
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(Dated: March 21, 2016)

Abstract
In contrast to the current collection of mass prediction models which are exploratory in nature,

a new simplified study of ground state binding energy values listed in the Atomic Mass Evaluation
2012 (AME2012) takes an interpretive approach. A postulate requiring all protons to pair with
available neutrons to form bound ↵ clusters as the ground state for an N = Z core leads to a study
of the binding energy as a function of excess neutrons built upon this core for 1142 qualifying nuclei.
A quadratic functional form is selected as a first-guess fit to these isotope chains, and a weighted
least-squares fit is performed for each core. This reveals a smooth decaying exponential behavior
as a function of core size for the a2 fit parameters. A novel mass-excess calculation for the a0 fit
parameter values reveals a near-symmetry around Z = 50 for N = Z nuclei and is compared to
Hartree-Fock-Bogoliubov (HFB) series and the Finite Range Droplet Model (FRDM). The a1 fit
parameters are linear functions of core size and are compared to the Coulomb force, suggesting
that the nuclear interaction between a nucleon and the core is a conservative, inverse-radius-law
force. The vertices of these fits correspond to the the neutron drip-line boundary and are compared
against current predictions for the drip line, extending this boundary significantly. By considering
the possibility of a core of ↵ clusters, a new level scheme is presented; n-n pairing is shown to have
a greater role in level filling.. This model, tentatively referred to as the Alpha-Deuteron-Neutron
(ADN) Model, yields promising first results with root-mean-square variances from the AME2012
values, which are generally treated more as initial estimates rather than exact values. These RMS
variances range between 431.4 keV for a raw three-parameter fit of the data to 1046.3 keV for a
one-free parameter fit, with 76% of the qualifying 1142 nuclides agreeing within 1 MeV and 51%
showing agreement within 500 keV for the one-free parameter fit.
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Shell evolution in neutron rich Phosphorus isotopes *Shell evolution in neutron rich Phosphorus isotopes *
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The evolution of shell structure  The evolution of shell structure  i.e.i.e. the migration of orbitals as a function of the N/Z ratio the migration of orbitals as a function of the N/Z ratio

remains one of the focal points of investigation at the present and future radioactive facilities.remains one of the focal points of investigation at the present and future radioactive facilities.

The  force  behind  the  migration  of  orbitals  is  the  neutron-proton  interaction  namely  theThe  force  behind  the  migration  of  orbitals  is  the  neutron-proton  interaction  namely  the

monopole part of the tensor interaction. Refinement of this monopole term to increase themonopole part of the tensor interaction. Refinement of this monopole term to increase the

predictive power of the shell model calculations is the driving force of our experimental andpredictive power of the shell model calculations is the driving force of our experimental and

theoretical endeavors. Odd Z and odd-odd nuclei provide one of the most stringent tests oftheoretical endeavors. Odd Z and odd-odd nuclei provide one of the most stringent tests of

theoretical predictions because of the many more degrees of freedom available; paradoxicallytheoretical predictions because of the many more degrees of freedom available; paradoxically

they are the least investigated. Recently the  they are the least investigated. Recently the  bb-decay of Si isotopes was investigated at the-decay of Si isotopes was investigated at the

National  Superconducting  Cyclotron  Laboratory  to  populate  intruder  states  in  exotic  PNational  Superconducting  Cyclotron  Laboratory  to  populate  intruder  states  in  exotic  P

(Z=15) isotopes. First  (Z=15) isotopes. First  gg transitions in the T transitions in the Tzz = 5  = 5 4040P have been observed (figure below) de-P have been observed (figure below) de-

exciting the strongly populated 1exciting the strongly populated 1++ states in the   states in the  bb-decay. Shell model calculations using the-decay. Shell model calculations using the

SDPF-MU interaction show these states to have a complex structure involving many orbitals,SDPF-MU interaction show these states to have a complex structure involving many orbitals,

suggesting  deformation.  The  collectivity  in  these  exotic  nuclei  is  related  to  the  nearsuggesting  deformation.  The  collectivity  in  these  exotic  nuclei  is  related  to  the  near

degeneracy of the proton sd orbitals along with the narrowing of the N=28 shell gap.  Resultsdegeneracy of the proton sd orbitals along with the narrowing of the N=28 shell gap.  Results

for  for  37,38,39,4037,38,39,40P will  be  discussed  highlighting  the  effects  of  adding  neutrons  on  the  shellP will  be  discussed  highlighting  the  effects  of  adding  neutrons  on  the  shell

structure.structure.
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Simulating the DESCANT Neutron Detection Array with the Geant4 Toolkit⇤

J. Turko,† V. Bildstein, E. Rand, A. D. MacLean, and P. E. Garrett
University of Guelph, Guelph, ON, Canada

The DEuterated SCintillator Array for Neutron Tagging (DESCANT) is a newly developed high-
efficiency neutron detection array composed of 70 hexagonal deuterated scintillators. Due to the
anisotropic nature of elastic (n,d) scattering, the pulse-height spectra of a deuterated scintillator
contains a forward-peaked structure that can be used to determine the energy of the incident neu-
tron without using traditional time-of-flight methods. Simulations of the array are crucial in order
to interpret the DESCANT pulse heights, determine the efficiencies of the array, and examine its
capabilities for conducting various nuclear decay experiments. To acheive this, we plan: (i) a ver-
ification of the low-energy hadronic physics packages in Geant4, (ii) a comparison of simulated
spectra with data from a simple cylindrical “test can” detector geometry, (iii) expanding the simu-
lated light response to a prototype DESCANT detector, and (iv) simulating the entire DESCANT
array.

FIG. 1. The Geant4 simulation of the DESCANT neutron array.

⇤ Funding from The Canadian Foundation for Innovation, The National Research Council of Canada and the Natural
Sciences and Engineering Research Council of Canada

† e-mail: jturko@mail.uoguelph.ca
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Rotational Behavior in 179,180W⇤

K. A. Villafana1,† M. A. Riley1, V. Tripathi1, B. Abromeit1, L. T. Baby1, J. S. Baron1,
D. D. Caussyn1, R. Dungan1, R. S. Lubna1, S. L. Miller1, J. Parker1, S. L. Tabor1, and P. Tai1

1Department of Physics, Florida State University, Tallahassee, FL 32306, U.S.A.

High spin states of 179,180 W were produced via the 4n and 5n channels respectively in the 14C +
170Er reaction at beam energies of 68 MeV and 75 MeV. This experiment was performed at Florida
State’s John D. Fox Laboratory with three escape-suppressed germanium clovers and seven escape-
suppressed single crystal germanium detectors in order to deteect gamma rays.

The experiment produced 852 million �-� coincidences and 82 million �-�-� coincidences at
75 MeV beam energy. Additionally, at 68 MeV, there were 119 million �-� coincidences and 9.6
million �-�-� coincidences. Analysis of this data is in progress using the Radware analysis package
[1] using both double (matrix) and triple (cube) formats. Preliminary analysis is already revealing
extensions to previously known structures [2,3] as well as new bands being observed. These results
will be presented and discussed.

[1] D. C. Radford, Nucl. Instrum. Methods Phys. Res. A 361, 297 (1995).
[2] P. M. Walker et al., Phys. Rev. Lett. 67, 4 (1991).
[3] P. M. Walker et al., Phys. Lett. B 309, 17 (1993).

⇤ NSF Grant #1401574, The State of Florida
† e-mail: kav12g@my.fsu.edu
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Spectroscopy of 257,258Db in the vicinity of the N = 152 deformed shell gap 

M. Voštinar  
 

Valuable information on the existence of superheavy nuclei can be obtained by studying the nuclear 
structure of elements in the region of the N = 152 deformed shell gap. Recent experimental studies have 
led to the determination of the size [1] and the strength [2] of this gap. Its influence was studied for nuclei 
like 255Lr [3] and 256Rf [4]. Despite the low production cross-sections numerous detailed spectroscopic 
investigations in that region have been performed in recent years in many laboratories [5]. In continuation 
of this successful program, we have performed two measurements in which we have synthetized and 
studied 257Db (N = 152) and 258Db (N = 153).   

The Db isotopes were produced in fusion-evaporation reactions of 50Ti beams with 209Bi rotating targets.  
The 257Db experiment was performed at GANIL where the two previously observed [6] long lived states 
were confirmed, as well as the two isomeric states of the daughter nuclei 253Lr. 

The 258Db experiment was performed at GSI where a strong indication of two different states with 
different half-lives was observed. A new γ-ray transition of 250Md was identified and its placement in the 
partial level scheme is proposed. The α decay of 258Rf was also observed, suggesting a smaller branching 
ratio than previously [7] reported.  

 

 

References: 
 
[1] J. Qian et al. “Spectroscopy of 257Rf”, Physics Review C, 79:064319, 2009. 
[2] E. Minaya Ramirez et al. “Direct mapping of shell effects in the heaviest nuclei”, Science, 
37:6099:1207, 2012. 
[3] K. Hauschild et al. “High-K, t1/2 = 1.4(1) ms, isomeric state in 255Lr”, Physical Review C, 8:021302(R), 
2008. 
[4] H.B. Jeppesen et al. “Multi-quasiparticle states in 256Rf”, Physical Review C, 79:031303(R), 2009. 
[5] M. Asai, F.P. Hessberger and A. Lopez-Martens, “Nuclear structure of elements with 100 ≤Z≤109 
from alpha spectroscopy”, Nuclear Physics A, 944:308–332, 2015. 
[6] F.P. Hessberger et al. “Decay properties of neutron-deficient isotopes 256,257Db, 255Rf and 252,253Lr”, 
European Physics Journal A, 12:57–67, 2001. 
[7] J.M. Gates et al. “Synthesis of rutherfordium isotopes in the 238U(26Mg,xn)264−xRf reaction and study of 
their decay properties”, Physical Review C, 77:034603, 2008. 
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Spectroscopic Factors near the r-process path using Combined Measurements  
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The structure of low-lying states above nuclear shell closures is dependent on the shape of the bound-state 
potential, which when poorly constrained, can greatly affect the uncertainty in the extracted spectroscopic factor. 
One way to mitigate this uncertainty is to use a combined, two-measurement method [1], in which the external 
contribution of the wave function is fixed using a peripheral reaction, and that result is combined with a higher 
energy measurement with a larger contribution from the interior. These two measurements should constrain the 
single-particle asymptotic normalization coefficient, ANC, and enable spectroscopic factors to be deduced with 
uncertainties dominated by cross-section measurements rather than the limited knowledge of the bound-state 
potential. Published measurements of 86Kr(d,p) at 5.5MeV/u [2] were used to determine the external contribution 
of this reaction. 86Kr(d,p) at 35MeV/u has been measured in inverse kinematics at the NSCL using the ORRUBA 
and SIDAR arrays of silicon strip detectors. Results of the ANC analysis from the archival data and from the 
86Kr(d,p) measurement at 35MeV/u will be presented, as well as prospects for measurements with radioactive 
ion beams. 
 
This research by the ORRUBA Collaboration is supported in part by the National Science Foundation and the 
U.S. Department of Energy.  
[1] A.M.  Mukhamedzhanov and F.M. Nunes, Phys. Rev. C 72, 017602 (2005) 
[2] K. Haravu et al., Phys. Rev C 1, 938 (1970) 
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Reinvestigation of octupole correlations in 146,147La⇤

E.H. Wang1,† W. Lewis1,2, C.J. Zachary1, J.H. Hamilton1,
A.V. Ramayya1, J.K. Hwang1, S.H. Liu1,‡ N.T. Brewer1,§ Y.X. Luo1,3,

J.O. Rasmussen3, S.J. Zhu4, G.M. Ter-Akopian5, and Yu.Ts. Oganessian5

1Vanderbilt University, Nashville, TN 37235, USA
2Furman University, Greenville, SC 29613, USA

3Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4Tsinghua University, Beijing 100084, People’s Republic of China and

5Joint Institute for Nuclear Research, RU-141980 Dubna, Russian Federation

High spin states of neutron rich 146,147La have been reinvestigated by �-�-� and �-�-�-� co-
incidence data from a 252Cf spontaneous fission experiment by using Gammasphere. Thirty-two
new transitions in 146La are observed. Two new bands in 146La have been established. One of them
is proposed to be the octupole parity partner of the previously known band. Twenty new transi-
tions in 147La are observed. The ground state band of 147La has been established with a proposed
5/2+ band-head. Angular correlation of cascades has been used to study the spins and parities
of the states. The B(E1)/B(E2) ratios between the proposed octupole bands in 146,147La have
been measured showing a decreasing octupole deformation from 144La to 146La, and from 145La to
147La. The backbending phenomenon of the four bands in 147La has been studied.

⇤ The work at Vanderbilt University and Lawrence Berkeley National Laboratory are supported by the US Department
of Energy under Grant No. DE-FG05-88ER40407 and Contract No. DE-AC03-76SF00098. The work at Tsinghua
University was supported by the National Natural Science Foundation of China under Grant No. 11175095. The work
at JINR was partly supported by the Russian Foundation for Basic Research Grant No. 08-02-00089 and by the INTAS
Grant No. 2003-51-4496. W. Lewis was an undergraduate doing a summer research experience supported by Furman
and Vanderbilt.

† e-mail: enhong.wang@vanderbilt.edu
‡ Present address: West Physics Consulting, Altanta, GA 30339, USA
§ Present address: Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
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Study of 22Ne and 28Mg excited states using
fusion-evaporation and Doppler shift measurements⇤

J. Williams1†

1Department of Chemistry, Simon Fraser University,
8888 University Drive, Burnaby, BC, Canada, V5A 1S6

Electromagnetic transition rate measurements serve as a fundamental probe of nuclear structure
and provide a stringent test for theoretical models. Doppler shift lifetime measurements offer an
opportunity to directly access information about electromagnetic transition rates and discriminate
between model calculations. The TIGRESS Integrated Plunger device (TIP) [1], constructed at
SFU, supports Doppler shift lifetime measurements via gamma-ray spectroscopy with the TIGRESS
segmented Ge array as part of the experimental program at the ISAC-II facility of TRIUMF.

A recent study using TIP employs the fusion-evaporation reaction of 18O + 12C at beam energies
of 56 and 48 MeV, with reaction channel selection provided via coincident charged particle detection
using ancillary CsI(Tl) detectors [2]. Transitions were identified belonging to the 2 alpha particle
and 2 proton evaporation channels from the compound system 30Si, corresponding to 22Ne and
28Mg respectively. Lineshapes, from which lifetimes can be determined by comparison to simulated
data, have been observed for these transitions. The experimental approach, analysis procedure, and
preliminary comparison of lineshapes to simulations developed using the GEANT4 toolkit will be
discussed. This work is presented on behalf of the TIP and TIGRESS collaborations.

FIG. 1. Lineshapes observed for select 22Ne transitions at various TIGRESS detector angles.

[1] P. Voss et al, Nuclear Instruments and Methods in Physics Research Section A 746 (2014) 87-97.
[2] P. Voss et al, Physics Procedia 66 (2015) 524-531.

⇤ supported by Natural Sciences and Engineering Research council of Canada.
† e-mail: ejw1@sfu.ca
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Beta-delayed neutron emission studies with a C7LYC array at CARIBU⇤

G. L. Wilson1,† P. Chowdhury1, C. J. Lister1, T. Brown1, M. Carpenter2,
T. Chillery1,3, P. Copp1, E. Doucet1, G. Savard2, A. J. Mitchell4, and S. Zhu2

1Department of Physics and Applied Physics,
University of Massachusetts Lowell, Lowell, MA 01854, USA

2Physics Division, Argonne National Laboratory, Lemont, IL 60439, USA
3Department of Physics and Electronic Engineering,
University of Surrey, Guildford, GU2 7XH, UK and

4Research School of Physics and Engineering,
Australian National University, Canberra, ACT 2601, Australia

If the Q-value of � decay is large enough, excited states in the daughter nucleus are populated
above the neutron-separation energy, and then the daughter nucleus is expected to decay by neutron
emission. Beta-delayed neutron emission studies are particularly relevant to astrophysics in under-
standing the r-process and determining r-process lifetimes, and to nuclear structure. These studies
are also important for the design and safety of nuclear reactors, as beta-delayed neutron emission is
used to control the power level.

This work is a study of �-delayed neutron emission from 94Rb. Approximately 150 � rays are
known in the daughter 94Sr, most of which are misplaced. An estimated 26% of � rays are thought
to be missing. The probability of neutron emission from 94Sr is 10.2(2)%. Recently [1] there have
been reports of substantial �-decay from above the neutron separation energy in 94Rb. This research
is aimed at understanding this high-lying �-strength.

A pulsed beam of isotopically-pure 94Rb was produced by CARIBU (CAlifornium Rare Isotope
Breeder Unit). The X-Array, comprising three HPGe clovers and one larger ‘superclover’, and
SCANS (Small CLYC Array for Neutron Scattering) were arranged in a cube geometry around the
beam implantation site, for the detection of � rays and neutrons, respectively. A plastic scintillator,
for �-particle detection, makes the sixth side of the cube, on the beam axis. This scintillator is
part of the SATURN decay station (Scintillator And Tape Using Radioactive Nuclei)[2], which
also includes a tape-moving mechanism to prevent the build-up of radioactivity. SCANS comprises
sixteen 1

00⇥1

00 Cs2
7LiYCl6 (C7LYC) detectors arranged in a 4⇥4 configuration, and can detect both

� rays and neutrons with excellent pulse-shape discrimination [3,4]. As time of flght is not needed
for the measurement of the neutron energy, SCANS was mounted 8

1
4

00 from the implantation site,
increasing the efficiency for fast-neutron detection.

Data were collected in a triggerless digital data acquisition system, with �, � and n correlated
offline. A large amount of background from CARIBU has been eliminated through the use of
�-� time correlations, making it possible to identify � rays from 93Sr and therefore confirm �-
delayed neutron emission from 94Rb. A level scheme for 93Sr and 94Sr is being developed using
�-� matrices. Pulse-shape discrimination in C7LYC is being developed in order to produce a more
definitive neutron gate. The analysis of these data will be presented, including n-�-� gating to
determine levels in 94Sr that are populated above the 6.83-MeV neutron separation energy.
[1] J. L. Tain et al., Phys. Rev. Lett 115 (062502) 2015
[2] A. J. Mitchell et al., NIM A763 (2014) 232
[3] N. D’Olympia et al., NIM A694 (2012) 140
[4] N. D’Olympia et al., NIM A763 (2014) 433

⇤ Supported by the NNSA Stewardship Science Academic Alliance Program through US Department of Energy under
Grant DE-NA00013008

† e-mail: gemma wilson@uml.edu
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Beta-decay studies of decay chain 142Cs!142Ba!142La
with Modular Total Absorption Spectrometer⇤

M. Wolińska-Cichocka1,2,3, B.C. Rasco2,3,4, K.P. Rykaczewski2, R. Grzywacz2,3,4,
D.W. Stracener2, N.T. Brewer2,3,4, C.J. Gross2, A. Fijałkowska5, C. Goetz4,

M. Karny5, T. King4, S. Go4, E.A. McCutchan6, C. Nesaraja2, A.A. Sonzogni6,
E. Wang7, J.A. Winger 8, Y. Xiao4, C.J. Zachary7, and E.F. Zganjar9

1Heavy Ion Laboratory, University of Warsaw, Warsaw, Poland
2Physics Division, Oak Ridge National Laboratory, Oak Ridge, USA

3Joint Institute for Nuclear Physics and Applications, Oak Ridge, USA
4Department of Physics and Astronomy, University of Tennessee, Knoxville, USA

5Faculty of Physics, University of Warsaw, PL 02-093 Warszawa, Poland
6National Nuclear Data Center, Brookhaven National Laboratory, Upton, USA
7Department of Physics and Astronomy, Vanderbilt University, Nashville, USA

8Department of Physics and Astronomy, Mississippi State University, Mississippi State, USA and
9Louisiana State University, Baton Rouge, USA

Understanding beta-decay features and following decay heat release in nuclear fuel contributes
to the optimization of energy production and to the analysis of safety during the nuclear fuel cycle,
including the transportation and storage of radioactive waste [1-4]. It is also important for the
analysis of processes involving reactor anti-neutrinos [5-7]. In particular, based on earlier existing
data in the Evaluated Nuclear Structure Data Files (ENSDF), the decay of 142Cs was expected to
provide an important contribution to the high energy part of reactor anti-neutrino spectra [8,9].

The mass A=142 decay chain have been investigated by means of the 6-ton, Modular Total
Absorption Spectrometer (MTAS) [10] at the ORNL’s Tandem-ISOL facility. MTAS efficiency
for full gamma energy absorption is around 80% at few hundred keV and is still at the level of
70% for few MeV gamma-transition. MTAS results obtained for the decay of 142Cs, 142Ba and
142La will be presented and discussed with respect to the beta-strength and antineutrino energy
spectra. In particular, the observed shift of 142Cs-emitted anti-neutrinos towards lower energies will
be addressed during my presentation.
[1] A. L. Nichols, Nuclear Data Requirements for Decay Heat Calculations, Lectures given at the
Workshop on Nuclear Reaction Data and Nuclear Reactors: Physics, Design and Safety, Trieste,
Italy, 25 February - 28 March 2002, http://users.ictp.it/˜pub_off/lectures/
lns020/Nichols/Nichols.pdf
[2] Assessment of fission product decay data for decay heat calculations OECD 2007, NEA No
6284, vol. 25, ISBN 978-92-64-99034-0
[3] A. Algora et al., PRL 105, 202501, 2010
[4] K. P. Rykaczewski, Physics 3, 94, 2010
[5] G. Mention et al., Phys. Rev., D 83, 073006, 2011
[6] Th. A. Mueller et al., Phys. Rev., C 83, 054615, 2011
[7] M. Fallot et al., PRL 109, 202504, 2012
[8] D.A. Dwyer et al., Phys. Rev. Lett. 114, 012502, 2015
[9] A.A. Sonzogni et al., Phys. Rev. C 91, 011301(R), 2015
[10] M. Woliska-Cichocka et al., Nuclear Data Sheets 120, 22, 2014

⇤ Supported by US DOE contract no. DE-FG02-96ER40978 and No. DE-AC05-00OR22725.
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The Effects of Pulse Shape Analysis on Single Element Compton Imaging using a
Double Sided Germanium Strip Detector⇤

J.P.Wright,† A.J.Boston, S.J.Colosimo, L.Harkness-Brennan,
D.S.Judson, P.J.Nolan, A.Patel, C.A.Reid, and C.Unsworth

University of Liverpool, Liverpool, United Kingdom

The potential for single element Compton imaging using a Double Sided Germanium Strip
Detector (DSGSD) has been investigated for seven �-ray energies ranging from 121 keV to 1408
keV. The effects of applying Pulse Shape Analysis (PSA) [1] techniques have been examined using
a simulated pulse shape database generated within the Agata Detector Library (ADL) [2] software
package. Charge pulses from experimental data were compared with pulses from a Monte Carlo
simulation using a �2 minimisation grid search algorithm. Using the raw positional information
provided by the detector segmentation, Compton reconstructions failed to locate the source po-
sition. However with the improved position sensitivity afforded by PSA, Compton images were
reconstructed to within ⇠ 10 mm of the known source location with a source position resolution
of ⇠100 mm, illustrated in FIG.1. The results of this experiment provide a solid grounding for
future work on this project, with the prospects of single element Compton imaging using a DSGSD
looking promising. The concept has been proved viable, with further work required to improve the
efficiency of the process. The results of this experiment and the implications for future work will
be presented.
[1] K. Vetter et al. Three-dimensional Position Sensitivity in Two-dimensionally Segmented HPGe
Detectors. Nucl. Instr. Meth. A, 452:223-238, 2000
[2] B. Bruyneel et al. Pulse shape analysis and position determination in segmented HPGe detec-
tors: The AGATA detector library. Eur. Phys. Jour. A, 52:70, 2016
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FIG. 1: Compton image reconstruction for experimental 60Co data showing the effects of PSA on
two different energies. The number of events is displayed in the top right of each image, in

addition to a box highlighting the position of the detector face

⇤ This work was supported by the UK STFC
† e-mail: jw@ns.ph.liv.ac.uk
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Search for the heaviest N⇠Z alpha emitters⇤

Y. Xiao1, R. Grzywacz1,3, R. Orlandi2, A. N. Andreyev2,4, M. A. Bentley4,
N. T. Brewer3, G. de Angelis7, Z. Gan11, S. Go1, C. J. Gross3, F. P. Hessberger5,

K. Hirose2, H. Ikezoe2, D. G. Jenkins4, K. Kolos1, R. Léguillon2, H. Makii2,
C. Mazzocchi6, I. Nishinaka2, K. Nishio2, C. M. Petrache10, K. P. Rykaczewski3,
L. G. Sarmiento8, J. Smallcombe2, M. Veselsky9, R. Wadsworth4, and Z. Zhang11

1Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee, 37996, USA
2Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan

3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37831, USA
4Department of Physics, University of York,

Heslington, York, YO10 5DD, United Kingdom
5GSI Helmholtz Centre for Heavy Ion Research, Darmstadt, 64291, Germany

6Faculty of Physics, University of Warsaw, Warszawa, PL 02-093, Poland
7Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali di Legnaro, Legnaro PD, 35020, Italy

8Lund University, Lund, SE-221 00, Sweden
9Slovak Academy of Science, Bratislava, 81438, Slovakia

10Centre de Sciences Nucléaires et de Sciences de la Matière, Orsay, 91400, France and
11Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu, 730000, China

Enhancement of ↵-decay probability for nuclei above 100Sn is expected because valence protons
and neutrons above Z=N=50 occupy the same single-particle orbitals [1]. The program to search for
the new ↵-particle emitters in this region was initiated at JAEA Tandem Accelerator at Tokai, Japan.
The proof of principle experiments were performed with the Double-sided Silicon Strip Detector
at Recoil Mass Separator (RMS) [2] using digital electronics and resulted in observation of 109Xe
↵-decay chain. The first discovery-aimed experiment, which searched for 113Ba ↵-decay took place
in December 2014 with possible candidates for decay of this isotope observed. The current status
of analysis will be presented.
[1] R. D. Macfarlane, and A. Siivola. ”New region of alpha radioactivity.” Physical Review Letters
14.4 (1965): 114.
[2] H. Ikezoe, et al., ”JAERI recoil mass separator.” Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 376.3
(1996): 420-427.

⇤ This work was supported in part by the Reimei Research Program (Japan Atomic Energy Agency) and Grant No.DE-
FG02-96ER40983, by the U. S. Department of Energy, and in part by the JSPS KAKENHI Grant Number 26887048.
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Investigation of the nuclear structure of 33Al through �-decay of 33Mg to probe the
island of inversion⇤

T. Zidar1,† J. E. Ash2, G. Ball3, N. Bernier3,4, V. Bildstein1, C. Burbadge1,
D. S. Cross5, A. Diaz Varela1, I. Dillmann3,6, M. R. Dunlop1, R. Dunlop1, L. J. Evitts3,

A. B. Garnsworthy3, P. E. Garrett1, S. Hallam3, J. Henderson3, S. Ilyushkin7, B. Jigmeddorj1,
E. L. MacConnachie3, A. D. MacLean1, M. Moukaddam3, B. Olaizola1, E. Padilla-Rodal8,

O. Petkau3, J. L. Pore5, M. M. Rajabali2, J. K. Smith3, C. E. Svensson1, and J. Turko1

1University of Guelph, Guelph, Ontario, Canada
2Tennessee Technological University, Cookeville, USA

3TRIUMF, Vancouver, British Columbia, Canada
4University of British Columbia, Vancouver, British Columbia, Canada

5Simon Fraser University, Burnaby, British Columbia, Canada
6University of Victoria, Victoria, British Columbia, Canada
7Colorado School of Mines, Golden, Colorado, USA and

8Instituto de Ciencias Nucleares UNAM, Mexico City, Mexico

Some nuclei, away from the valley of stability, have been found to have ground state proper-
ties that are different than those naively expected from the nuclear shell model. The term ”island
of inversion” is used to refer to a region of the chart of the nuclides around the N = 20 closed
shell nucleus 32Mg where large ground state deformations occur in association with intruder con-
figurations from the f7/2 shell. The nuclear structure of transitional nuclei, in which the normal
and intruder configurations compete, can be used to corroborate (or not) theoretical models used
to explain the inversion mechanism. One such transition occurs along the N = 20 isotones, where
neutron rich 32Mg is known to have a deformed ground-state configuration, while 34Si displays a
normal one. Previous studies [1, 2] of the intermediate N = 20 isotone 33Al gave conflicting results
regarding its structure. In the present work we studied 33Al through the �-decay of 33Mg to clarify
this discrepancy.

A low-energy radioactive beam of 33Mg was delivered at a rate of 104 ions/s by the Isotope
Separator and Accelerator (ISAC-I) facility at TRIUMF. Data were collected with the GRIFFIN
[3] high-purity germanium �-ray spectrometer coupled with the SCEPTAR plastic scintillator �
particle detector. The majority of the data were collected in a cycled mode (with a period of ⇠10
s beam on, 1.5 s beam off) to provide sensitivity to all of the 33Mg, 33Al and 33Si half-lives. The
high efficiency of the GRIFFIN detector provide new �-� coincidences to elucidate the excited
state structure of 33Al, and the capability of GRIFFIN to detect weak transitions has provided more
complete �-decay branching ratios for the 33Mg! 33Al! 33Si decay chain. Preliminary results
from the data analysis will be presented and their significance discussed.
[1] V. Tripathi et al., Phys. Rev. Lett. 101, 142504 (2008)
[2] J. C. Angelique et al., AIP Conf. Proc. 831, 134 (2006)
[3] C. E. Svensson and A. B. Garnsworthy, Hyperfine Int. 225, 127 (2014)

⇤ Research supported by the Canadian Foundation for Innovation, The National Research Council of Canada, the Natural
Sciences and Engineering Research Council of Canada and the Canada Research Chair Program

† e-mail: tzidar@uoguelph.ca
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9. Neutrinos Workshop (Agenda)

(Please note that the registration of the neutrino workshop is separate from NS2016)
https://public.ornl.gov/conferences/ns2016/nw.shtml

The neutrino workshop will start on the afternoon of Friday July 29th and end by noon on
Sunday July 31st. The workshop will host a mixture of invited and contributed talks as well as a
poster session. We anticipate that in the long term, this workshop may develop into a periodic
meeting. The primary goal of this workshop is to identify areas of opportunity and common
interest between various scientific communities (NP-HEP-Astro-Data). We will highlight some
of the current ORNL activities and will provide a forum to bring together experts from diverse
backgrounds in order to identify areas of common interest, and present possible pathways for
future collaborations.

The scientific program will include topics such as: low-energy neutrino physics, including solar
and supernova neutrinos; nuclear astrophysics, small- and mid-scale projects, neutrinoless double
beta decay studies, absolute neutrino mass measurements, mixing, sterile neutrinos, interactions
of neutrinos with matter at low and high energy, coherent elastic scattering of neutrinos from
nuclei, experimental investigations of the weak interaction in neutrino processes, neutrinos and
nucleosynthesis in hot and dense matter, theoretical needs and new detection technologies, isotopic
enrichment, determination of matrix elements using nuclear reactions, studies of beta decay of
fission fragments using total absorption spectrometers, decay heat in nuclear reactors and nuclear
data and in general a discussion on the role of nuclear physicists in enabling and interpreting
experiments that utilize reactors and radioactive sources.

https://public.ornl.gov/conferences/ns2016/nw.shtml
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International Advisory Committee
• John F. Beacom (Ohio)
• Raph Hix (ORNL)
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FRIDAY JULY 29
SALON D&E

F3 Chair: Alexandrina Petrovici
John P. Schiffer

3:00 PM 3:30 PM Nuclei and Neutrinos: an Experimenter’s Perspective

Jonathan Engel
3:30 pM 4:00 PM The future of double-beta decay calculations

Francesco Cappuzzello
4:00 PM 4:30 PM The nuclear matrix elements of neutrino-less double beta decay decay and

the NUMEN project at INFN-LNS

Pinghan Chu
4:30 PM 5:00 PM The Status and Initial Results of the MAJORANA DEMONSTRATOR

Neutrinoless Double-Beta Decay Experiment

5:00 PM 5:30 PM Coffee Break
F4 Chair: Jirina Stone

Manfred Lindner
5:30 PM 6:30 PM Lepton number violating decays: Theoretical and experimental challenges

Gaute Hagen
6:00 PM 6:30 PM Theory for Double-Beta Decay and fundamental Symmetries

Alejandro Garcia
6:30 PM 7:00 PM Using Cyclotron Radiation Spectroscopy in Searches for Chirality

Flipping Interactions

End of Talks
SEQUOYAH CONFERENCE CENTER 1

Posters
7:00 PM 8:00 PM (Reception in Lieu of Dinner)
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SATURDAY JULY 30
SALON D&E

ST1 Chair: Cheuk-Yin Wong
Bryce Littlejohn

9:00 AM 9:30 AM Recent absolute reactor spectrum measurements

Aleksandra Fijalkowska
9:30 AM 10:00 AM New results from MTAS and the impact on the reactor anomaly

Charlie Rasco
10:00 AM 10:30 AM The decays of three top contributors to the reactor anti-ne high-energy

spectrum studied with total absorption spectroscopy

10:30 AM 10:45 AM Coffee Break
ST2 Chair: Krzysztof Rykaczewski

Michael Febbraro
10:45 AM 11:15 AM The 13C(a ,n)16O reaction: A background source for underground

astrophysics measurements and geo-neutrino measurements

Alejandro Sonzogni
11:15 AM 11:45 AM Improvements in the Summation Method to Calculate Nuclear Reactors

Antineutrino Spectra

Tom Langford
11:45 AM 12:15 PM PROSPECT: A reactor oscillation and spectrum experiment at HFIR

12:15 PM 1:30 PM LUNCH (included)
ST3 Chair: Yang Sun

Robert Mills
1:30 PM 2:00 PM Preliminary modelling of the anti-neutrino production from a Magnox

reactor

Andrew Stuchbery
2:00 PM 2:30 PM Overview of our progress toward the Stawell Underground Physics

Laboratory in Australia
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SATURDAY JULY 30
SALON D&E

Sowjanya Gollapinni
2:30 PM 3:00 PM Neutrino-nucleus interactions with LArTPCs

3:00 PM 3:30 PM Coffee Break
ST4 Chair: Nathaniel Bowden

Tom Kieck
3:30 PM 4:00 PM Neutrino Mass Determination by Electron Capture in Holmium-163 –

ECHo

Christopher Mauger
4:00 PM 4:30 PM The CAPTAIN Program: Measuring electron neutrino cross-sections on

argon

Osvaldo Civitarese
4:30 PM 5:00 PM Extracting information from 0nbb decay and LHC pp-cross sections:

Limits on the left-right mixing angle and right-handed boson mass

End of Talks
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SUNDAY JULY 31
SALON D&E

SN1 Chair: Yuri Kamyshkov
Jorge Morfin

9:00 AM 9:30 AM Neutrino-nucleus interactions

Kate Scholberg
9:30 AM 10:00 AM Coherent neutrino scattering

Juan Collar
10:00 AM 10:30 AM Development of detectors sensitive to coherent neutrino-nucleus

scattering

10:30 AM 10:45 AM Coffee Break
SN2 Chair: Alfredo Galindo-Uribarri

Toshio Suzuki
10:45 AM 11:15 AM Neutrino-nucleus reaction cross sections for neutrino detection and

nucleosynthesis in supernova explosions

Baha Balantekin
11:15 AM 12:00 PM Neutrinos in Physics and Astrophysics

Closing Remarks
12:00 PM 1:00 PM LUNCH (included)

(Open Research Discussions)
End of Neutrinos in Nuclear Physics Workshop
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