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Introduction to Low Energy Nuclear Physics at LLNL

Research at LLNL is primarily directed towards satisfying its principal missions in international
security, fusion energy, and US nuclear security. Towards this end, a core LLNL strategy has
been to advance fundamental scientific understanding to succeed in its purpose, and to recruit
and develop a skilled workforce for the future. Research conducted in the Physics Division at
LLNL is primarily focused on bringing the highest quality science to bear on LLNL programs to
achieve broad success in its overall mission. In this regard, the “applied-science” missions at
LLNL are actually quite well-aligned with the fundamental-science research aims of the Office
of Science. We aim to perform research for DOE/SC/NP at LLNL that has the greatest leverage
towards answering fundamental problems in nuclear science -- both at the forefront of
fundamental science and important to the nation’s security. Towards this end, LLNL brings
unique capabilities, resources, and skills to bear on the most scientifically challenging endeavors
of the DOE/SC/NP mission and enhances the training of the nuclear science workforce in
general. LLNL is a world leader in cost-effective high-performance computing, has a broad
collection base for Laboratory Directed Research and Development (LDRD), and an excellent
track record in solving multi-disciplinary and engineering problems.

While the Experimental Nuclear Physics (ENP) Group at LLNL is not primarily supported by the
Office of Science and there is no DOE/SC/NP “research facility” located at LLNL, our
laboratory has a strong history of tackling large and significant national security challenges for
the US and has leveraged its unique capabilities, workforce, and resources to address
scientifically important challenges that are consistent with NSAC established research priorities.
Within LLNL, there is growing realization that our high overhead costs are interfering with our
increasing desire for more effective collaboration with basic research communities, but these
same overhead costs help support the extensive and unique capabilities that are also used in the
service of fundamental research.

While a traditional DOE/SC laboratory is supported almost entirely by Office of Science
funding, enabling researchers to devote nearly full-time to basic research, only the postdocs at
LLNL are supported full time on basic research projects (with 25% of this support provided by
the institute). Staff scientists in the ENP Group are supported mainly by other sources of
funding (LDRD, NIF, NNSA, NA22, DNDO, DTRA, etc.) with staff members typically only
supported 5-10% by DOE/SC/NP and the resulting 80-90% of their time spent on applied
research for the (national security) programs at LLNL; very much analogous to a university
research group with a PI supported 25% by DOE/SC and 75% by teaching assignments. For
optimal mentoring of PDs and leverage of other resources, support for researchers at LLNL
should be nearer to 20%. The net result is a highly leveraged program that we believe
substantially benefits both DOE/SC/NP and LLNL, a symbiotic relationship yielding a high-
quality workforce performing high-quality science with unique laboratory capabilities.
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WORE PROPOSAL REQUIREMENTS FOR OPERATING/CAPITAL EQUIFMENT
OBLIGATIONS AND COSTS

Work Proposal Humber B&R Code Contractor Nama Rev.No. Date Prepared
SCWOL47 EBO401022 LLHZ/LLHL i} 05712511
FRIOR BY-2 BY-1 BY BY BY +1 BY +2
YTEARS REQUEST REQUEST |AUTHORIZED| REQUEST |REQUEST TOTAL TO
FY 11 FY 12 FY 13 FY 13 FY 14 FY 15 COMPLETE
17. LLWL FTEs
a. SCIENTIFIC 0.0 0.3 0.7 0. .0 [ 0.0 0.0
b, OTHER DIRECT . 0.0 0. 0. . 0.0
2. TOTAL DIRECT . 0.3 0.7 0.1 0. R 0.0
18. COperating{-000a}
a. OBS. [(BA) o 128 238 0 0 0 0
. CO8TS (BO) 1] 161 23s 104 Q o 0
18, Equipment {-000g})
a. 0B, (BA) 0 0 0 0 ¢ v o
. COSTS (BO) i} o a o o 0 o 1}
18+419. Total ($-000)
ln. ©CBES. (BA) i} 196 235 0 0 L] 0
. COSTS (BO) 0 161 238 104 [i] 1] 1]
20. Milestona Schedule PROPOSED [ESa)
{tasks) AUTHORIZED (KSs)
Develop the needed charged-particle arraye, a 104 10/11 na/1z

21. BReporkting Regquirements (Deascription)

I. Continue the study om the shell evoluticn in meutrom-rich Wa-Mg isotopes with N near 20.
1I. Develop the needed charged-particle arrays, such as the Bambino-like detector array for
Sefh at MSU and CHICOZ for GRETINA.

ITII. Bring the research program on neutron-rich nuclei to the upcoming radioactive beam
facilities at AML(ATLAS/CARIBU) and MSU({ReA3/12).

IV. Prepare the experiment to study the dynamic neutrom halo effect in 1lBe.

Principal Investigators:

WU, CHING-YEN 925-423-5583
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20.¢c Purpose:

The nature of the nuelear force binding stable and exotic nuclei as well as the origin of
simple patlerns in complex nuclei are among the fundamental issues for future nuclear
physics, formulated in the 2007 NSAC Long Range Plan. Developing and designing
specific experiments, in collaboration with our colleagues from universities and national
laboratories around the world, to address these issues is the main goal of this
experimental nuclear physics program.

Our goals for FY12 are to:

s Complete the CHICO2 project and begin the scientific program by coupling
CHICOZ2 to GRETINA or Gammasphere.

* DBegin the scientific program using SeGA/Bambino-like detector array by
proposing the study of electromagnetic properties beyond the first excited
state in ""Na to test the Monte Carlo shell-model predictions using a
Hamiltonian that includes the configuration mixing between the normal (sd)
and intrude (py) shells.

» Complete the data analysis for the ''Be experiment if it is fielded successfully
in FY11 at TRIUMF/ASACII using TIGRESS/Bambino. The goal of this
experiment is to study the dynamic effect of neutron halo in ''Be by
measuring the E1 strengths to both the bound excited state and the continuum,

e Field the joint experiments with our collaborators from universities and
national laboratories at TRIUMF/ISAC 11 using TIGRESS/Bambino, at
ANL/ATLAS  wsing Gammasphere/CHICO, and at MSU/ReA3 using
SeGA/Bambino-like detector array.
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« 20.e Approach:

We pursue our scientific goals by studying the evolution of shell structure and
collectivity in exotic neutron-rich nuclei using the most advanced instrumentations and
accelerator facilities, available both nationally and internationally, in the field of low-
energy nuclear physics. These efforts are leveraged by our actively collaborating with
scientists from many institutions. We organize as well as participate in national and
international workshops, and are heavily engaged in the activities of nuclear physics
community, We develop the experimental programs that are at the forefront of nuclear
science, and the necessary hardware as well as software to accomplish the set goals.

The CHICO2 project to retrofit CHICO with a matching position resolution for
GRETINA has been funded with a strong support of the low-energy nuclear physics
community. The effort includes the replacement of the cathode board with a pixelated
board of 1" resolution for both 8 and ¢ coordinates. The proof-of-principle on this
pixelated board was carried out at LLNL and presented in the FRIB Equipment
Workshop held at MSU in Feb 2010 and Fourth TIGRESS Science Workshop held at
SFU in July 2010. In addition, the effort will be made to develop a new generation of
amplifier based on the successful model used for our research activity at LANL and a
new front-end DA based on the VME platform to meet the modern standard.

A new collaboration, JANUS (Joint Array for Nuclear Structure), has been formed with
scientists from LLNL, MSU, and U. of Rochester. This joint effort is to initiate a new
research program to study the physics of exotic nuclei, which includes the evolution of
shell structure in neutron-rich nuclel at MSU/ReA3/12 facility. The development of a
Bambino-like charged-particle detector array for SeGA to meet the research demand will
be carried out in LLNL. A letter-of-intent addressing the proposed JANUS research
program, submitted to the MSU program advisory committee, was given a high mark and
ane of the proposed experiment could be the first run for the inauguration of ReA3/12.

For our research activity on the applied nuclear science, the focus is to study the neutron-
induced reactions on actinides using the detector arrays such as DANCE and Chi-Nu at
LANL/LANSCE together with the charged-particle detectors developed by LLNL. These
activities with a tie close to Stockpile Stewardship and AFCI programs, are related to the
measurements of the neutron-capture cross section as well as the fission neutron spectrum
and prompt ¥ rays in fission,

Key personnel:
C.Y. Wu; P1 {15%4)
E. Kwan: PD (50%)
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20.f Technical Progress

1.

The CHICOZ2 proposal to retrofit CHICO with a matching position resolution
for GRETINA has been submitied and approved.
The proof-of-principle work on the pixelated PPAC was successfully carried
out, which is the basis for the CHICO2 proposal.
Double-side segmented silicon detectors for the JANUS collaboration have been
ordered and received. They will form the charged-particle detector array for the
SeGA array at MSU,
Field the joint scheduled experiments at CERN/ISOLDE to measure the
octupole collectivity in “*Ra. This and other proposed experiments, aiming at
the measurement of octupole collectivity in Rn, Fr and Ra with A ~ 220, are
neeessary to interpret EDM measurements in terms of time-reversal violating
interactions.
Current status of experiments led by our collaborators:
Nuclear structure of ***Am via Coulomb excitation of **"Am | fielded in Aug
2005 at ANL/ATLAS using Gammsphere/CHICO. The results were published
in Phys. Rev. C 82, 004319 (2010). (U. of Rochester)
Population mechanism of 16" isomer in '"Hf, fielded in Aug 2008 at
ANL/ATLAS using Gammasphere/CHICO. The data analysis is in progress.
(U. of Rochester)
Nuclear structure of “**Np via the one-neutron transfer reaction between *"Np
and ""*$n, fielded in Aug 2008 at ANL/ATLAS using Gammasphere/CHICO .
The data analysis is in progress. (ANL)
Resonances above the a threshold in Mg via the inverse (p,p’) reaction with
2INg beam, felded in Dec 2008 at TRIUMF/ISAC Il uwsing
TIGRESS/Bambino. The data analysis is in progress. (U, of York)
Measurement of octupole collectivity in “*'Ra using Coulomb excitation,
fielded Aug — Sep 2010 at CERN/REX-ISOLDE using the MINIBALL array.
The data analysis is in progress. (U. of Liverpool)
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6. 20.h Relationship to Other Projects:

We have a very close working relationship with the local theory group. For example, the
successful defense of the proposal to study the dynamic effect of neutron halo in ''Be,
can be partially attributed 1o the effort of two local theorists, Peter Navratil made the
calculations under the framework of ab initio no-core shell model for the electromagnetic
properties of bound states and the continuum in '"Be and Neil Summers made the cross
section caleulations under the framework of continuum discretized coupled channel
method for the interaction between ''Be and '"°Pt at low bombarding energy. Their effort
on this proposal is tied very closely to their own projects. They also will join the effort in
the data analysis and the interpretation of the final results. This approved experiment has
been scheduled in June — July 2011 at TRIUMF/ISACIT using TIGRESS/Bambino.

This project has a close relationship with our activities on the applied nuclear science.
We adopt a similar design and fabrication principle of charged-particle detectors used in
the basic nuclear science, to build the detector systems for the need of both WCI and
NAZ22 programs. For example, a low mass fission counter with multiple PPAC’s was
designed and fabricated in LLNL to generate a fast and clean trigger for the Chi-Nu array
at LANL to measure the fission neutron spectrum. A new compact PPAC to detect the
fission fragments was designed and fabricated in LLNL, under NA22 funding, for the
DANCE array at LANL to study the neutron-capture and neutron-induced fission
reactions. A new generation of fast amplifier for PPAC developed under the WCI funding
will be adopted for the approved CHICO?2 charged particle detector array. This is a good
case lo demonstrate the cross-fertilization between the basic and applied nuclear science.
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BOERCEER, DAVID B 925-422-4187 LLNS/LLNL 50
13. Proposal Descriptien (Approach, Anticipated Benefit in 200 words or lass)
The LLNL CUCRE group hag gignificant respongibility within the CUORE cellaboration. The
group overseesd the delivery of high-guality Te02 crystal bolometers, the single largest U85
procurement for the project, that meet stringent performance and radiopurity requirements.
Thia regquires working with a wvendor to ensure that all materials satisfy the radiopurity
reguirements, that the stringent processing procedures that have been developed are strictly
followed, and that the resulting cryetals successfully operate as bolometers. Data analyeis
tools will be developed and uwsed to characterize experimental backgrounda, understand where
they criginate, and determine how to best eliminate these backgrounda. These same tools
will than be used to search for rare decays such as the double beta decay of 130Te and
120Ta.
Mariea Pedretti of the LLNL group hag besen enthusiastically pelected by the CUORE
eollaboration bte serve as the CUORE-0 experimental coordinator. CUORE-0 is primarily a R&D
1d. Contract Work Proposal Manager 15, DOE Field Organization Officdial
[ . (‘
(AR e 5244
(Signature) (Data} (Signatare) (Data)
BOERCEKER, DAVID B SCOTT, RICHARD
16. Detall Attachments: (See Attachments)
a. Facllity Requirements __f. Technical progress __k. Deliverables
_ b. Publications __g. Future Accomplishments 1. perf. Measures/expect.
__ @, Purpoae _h. Eltnghp te Other Proj _ m. ES&H Conaiderations
_d. Background __i. HEPA Reguirements _ n. Human/Animal Subjecte
a. Approach __d. Milestomas __®©. Security Regquirements
_P. Other (Specify)
Mote: Rates are subject to change due bto changes in program funding lewvels, compliance
reguirements, and cost accounting prackices.
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WORE PROPOSAL REQUIREMENTS FOR OPERATING/CAPITAL EQUIFMENT
OCBLIGATIONS AND COSTS

Work Proposal Humber B&R Code Contractor HMame Rav.Fo. Date Prepared
SCWOS1e EB0O401022 LLKS/LLNL 0 05/10/11
PRIOR BY-2 BY-1 BY BY BY +1 BY 42
TEARS REQUEST REQUEST |AUTHORIZED| REQUEST |REQUEST TOTAL TO
FY 11 FY 12 FY 13 FY 13 FY 14 FY 15 COMPLETE
17. LLNL FTEa
. SCTENTIFIC 0.0 0. 1.3 1.3 0.0 1. 0.1 0.0
. OTHER DIRECT .0 0. N 0.0
[T« TOTAL DIRECT i - 0.1 0.0
18, Operabing(-000a)
la. oms. (B 0 154 414 426 0 438 o o
2. COSTS (BO] 0 120 414 426 ] 438 67 1]
19. Equipment (-000a}
a. OBS. (BA) o o o 0 o ] o
1238 COSTS (BO) 1] o o [1+] 0 o 4]
18+1%. Total (§-000)
2. OBS. (BA) 1] 154 414 126 o 438 ] 0
lb. COSTS (BO) 1] 120 414 426 o 438 &7 o
20, Milestone Schedule PROPOSED (KSs)
(tasks) AUTHORIZED (ESg)
Complete production, guality contrel and asau] 414 10711 oas1z

Resulte from Super-KE, SHO,
changing oscillations and therefore have non-zero mass.

21. Reporting Reguirements

and HanLAWND have conclusively shown that neuvtrinos undergo flawvor-
such oscillation experiments

[Degcription)

However,

can only determine the differences in the massas of the neutrinocs, not the absolute mass

scale.

Furthermore,
neutrino are distinct particles (i.e. Dirac type) or identical particles (Majorana type).

there is atill the important iassuve of whether the neutrine and anei-

only known way to anewer both of these gquestione is through neutrincless double beta decay

(DED)

experimentas.

The Cryogenic Underground Observatory for Rare Eventa

(CTUDRE)

ia & next

The

generation experiment designed to search for the neutrinoless DBD of 130Te using a bolometrie

technigue. The detector will be composed of 388 S5x5x5-cm? single crystals of Te02 all housed

in a common dilution refrigerator and operated at a cemperature of 8-10 mK. The total mass of
130Te contained in CUORE will be approximately 203 lkg.

[(Con't see attachment)

Prineipal Inveatigatera:

SCIELZO, NICHOLARS D 925-422-4172
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U.8. DEPARTMENT OF ENERGY FIELD WORK PROPOSAL - FY¥ 2013

1. Work Propogal Mumber 2. Revision Number 3. Date Prepared 3a. Approved
ECW1133 1] 05/17 /11 X
4. Work Froposal Title 5. Budget & Reporting Coda
222;:—3'“-&& parallel-plate avalanche counter, CHICOZ, for KEO4D0000

6. Work Froposal Term

Begin: 10/01/10 End: Q3/30/12
Fame (Last, First, MI) {Phone Mumber] 4. Headquarters Ba. DDE Code
T. Headgquarters Program Manager Crganization
BAKTASH, CYRUS 301-903-0258 JEEice of Huclear Physic SC28
9. DOE Field Element Work Froposal Reviewsr 10. DOE Field Org 10a. DOE Code
SCOTT, RICHARD Livermore Sice Office L0
11. Contractor Work Propoeal Manager 12, Contractor Name 12a. DOR Code
BOERCHER, DAVID B 525-422-4187 LLNS/LLNL 50
12. Proposal Description ([Approach, Anticipated Bemefit im 200 worde or less)

A proposed upgrade of the auxiliary heavy-ion detector CHICO to CHICO2Z invelwves improving
the angle resclution for the ecattered-ion detection by nearly a factor of 10 resulting in
an angular resolution.

Doppler shift correction required for high-resolukion specktroscopy following in-£light :-ray
emission by excited nuclear reaction products recoiling in vacuum. The resultant twofold
improvement in kEhe energy-resolukisn capability will signifieantly enhance the repolving
power of the ;-ray energy tracking arcay GRETINA. Use of the auxiliary detector CHICOZ with
GRETINA will greatly advance the scientific capabilities of the stable and exotic-heam
fagilities, ATLAS/CARIEU, HRIBF, and ReAd/ /12 for studies of the sktructure of nuclel far from
stability. BExtending the nuclear structure study to nuclei far beyond stability ip important
by providing the essential data to validate a comprehsnsive mean-filed description of nuclei
that will hawe a predictive power throughout the nuclear landscape, elucidate the origin of

14.

o @{)pgbq_sr__. 5. 24. |

Contract Work Proposal Manager 15. DOE Field Organization Official

(Sigmature) {Data] {Signakture) {Data)
BOERCKER, DAVID B SCOTT, RICHARD
le. Detail Attachments: (See Attachments)
_a. Pagility Regquirements _ f. Technical progress x k Deliverables
__b. Publications _ 9. Future Accomplishments _ 1. Perf. Measures/expect.
¢. Purpose __h, Rletashp ko Other Proj _m ES&H Considerations
__d. Background __i. WEPA Reguirements 1, Human/Animal Subjects
*x &. Approach x - HMilestonse _©. Security Requirements
p. Other (Specify
Mokte: Rates are subject to change due to changes in program funding levels, compliance
regquirements, amd cost accounting practices.
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WORE PROPOSAL REQUIREMENTS FOR OPERATING/CAPITAL EQUIFMENT
OBELIGATIONS AND COOSTS

Work Froposal Number B&R Code Contractor Hame Rewv.HNo. Date Prepared
SCWL133 EBQ400000 LLNE/LLNL o 05/17/11
PRIOR BY-2 BY-1 BY BY BY +1 BY +2
YEARS REQUEST REQUEST |AUTHORIZED| REQUEST |REQUEST |TOTAL TO
FY 11 FY 12 FY 13 FY 13 FY 14 FY 15 COMPLETE
17. LLNL FTEs
a. SCIENTIFIC .0 0 .0 0.0 0.0 0.0 0.0 0.0
b, OTHER DIRECT .0 .0 a.0 0 .0 .0 0.0
c. TOTRL DIRECT 0. N 0.0 0.0 0.0 0.0 0.0
18. Operating(-000s)
a. OBS. (EA) 0 0 0 0 o 0 o o
. COSTS (BO) 0 o o o 0 a ]
15, Equipment (-000=)
a. OBS. {BA) 0 370 1] o 0 a 0
. COSTS (BO) o 297 TE [1] o L] ] ]
18+19. Total ($-000)
a. OB3. (BEA) 0 aT0 1} 0 1] o
k. COSTS (BO) 0 287 TE 1} o 0 1}
20. Milestone Schedule PROTORED (ESm) ( }
E] TTH
[tanks) A ORIZED (ESs
Coulomb Excitabtion, Transfer reactiona, Deep 370 i0/10 08,12

See attached

Frincipal

WU, CHING-YEN

1. Reporting Regquirements

Investigators:

(Description)

8925-423-958%9
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SCW1133 attachment
ABSTRACT:

A proposed upgrade of the auxiliary heavy-ion detector CHICO to CHICO2 involves
improving the ¢ angle resolution for the scattered-ion detection by nearly a factor of 10
resulting in an angular resolution of A8 = Ad =1, This angle resolution allows for precise
Doppler shift correction reguired for high-resolution spectroscopy following in-flight -
ray emission by excited nuclear reaction products recoiling in vacuum. The resultant
twofold improvement in the energy-resolution capability will significantly enhance the
resolving power of the y-ray energy tracking array GRETINA. Use of the auxiliary
detector CHICOZ with GRETINA will greatly advance the scientific capabilities of the
stable and exotic-beam facilities, ATLAS/CARIBU, HRIBF, and ReA3/12 for studies of
the structure of nuclen far from stability. Extending the nuclear struciure study (o nuclei
far beyond stability 1s important by providing the essential data to validate a
comprehensive mean-filed description of nuclei that will have a predictive power
throughout the nuclear landscape, elucidate the origin of elements in the cosmos, provide
an understanding of matter in the crust of neutron stars, and formulate a scientific
foundation for innovative applications of nuclear science to society.

The CHICO/Gammasphere research program has demonstrated that CHICO?2 is ideally
suited for nuclear structure studies by exploiting the heavy-ion binary reactions; such as
Coulomb excitation, transfer reactions, deep-inelastic reactions, and fission. The principal
investigators have long been leaders in exploiting these experimental techniques for
nuclear structure studies with stable and radioactive beams. The above heavy-ion binary
nuclear reactions typically have the largest cross sections, which, when coupled with high
detection efficiencies for both the reaction-products and deexcitation y-rays, makes viable
the exploration of quadrupole, octupole, and pairing collective modes of motion, as well
as the ability to probe magnetic moments, single-particle structure and unusual isomeric
configurations, all to the farthest limits of isospin and mass. The CARIBU/ATLAS,
HRIBF, and ReA3 facilities have complementary capabilities in providing stable beams
throughout the complete periodic table at energies above the Coulomb barrier as well as
exotic beams ranging from the N ~ Z line, for light to medium mass nuclei, to the whole
mass range of neutron-rich fission fragments. On-sile access to transactinide target
production and handling capabilities will extend studies towards the transactinide limit of
stability. CHICO2, used as an auxiliary detector with either GRETINA or Gammasphere,
will provide the opportunity to exploit these facilities to make the significant advances in
undetstanding of nuelear structure outlined in the 2007 Long Range Plan for Nuclear
Science,

CHICO was designed to match the Gammasphere angular resolution which is limited by
the size of the individual Ge detectors. As a consequence CHICO has insufficient
azimuthal angle resolution to achieve the precise Doppler correction required by y-ray
tracking arrays such as GRETINA. Prototype x-y checkerboard geometry of pixels for
the cathode using the delay-line technique to achieve the angular resolution required by
GRETINA, was developed at LLNL in FY10. The subsequent test together with a new
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generation of fast amplifiers was highly successful and provided the proof of principle
required for this proposal. The linearity of the cathode outputs is excellent and the
position resolution better than 2 mm is achieved.

For CHICO2, pixelated cathodes with 0-¢ sensing for the same angular coverage as
CHICO and fast amplifiers will be developed in LLNL, then assembled and tested in U.
of Rochester. A new VME based data acquisition system will be developed to match that
of GRETINA. The schedule involves 12 months for production of the pixelated boards,
transmission lines, amplifiers, plus production of the GRETINA hemisphere at
Rochester. This will be followed by six months for assembly and testing at Rochester
followed by a month to interface with digital Gammasphere plus a commissioning run at
ATLAS. Assuming a starting date of October 2010 then commissioning will occur by
May 2012 assuming availability of access to a test beam. A technical publication on this
development is anticipated.

The proposal requests the fund for hardware procurement and the cost of manpower will
be provided by our existing funds in U, of Rochester (NSF), LLNL (DOE), and LBNL
(DOE).

PROJECT OBJECTIVE:

As mentioned earlier, the current development of new capability is to extend the nuclear
structure study to nuclei far beyond the stability, which is essential to develop a
comprehensive nuclear model with predictive power, Examples of the scientific goals of
such studies with CHICO2/GRETINA are given below.

Coulomb Excitation: Coulomb excitation is the preeminent probe of collective modes in
nuclear structure and the cross sections are large; consequently it is an ideal probe for
exploiting low-intensity exotic beams. (1) Coulomb excitation of neutron-rich fission
fragments in the A —~ 100 and ~ 130 mass regions will probe the rapid changes in
deformation and shape coexistence that occur in these nuclei. Coulomb excitation will
determine the EX strengths, providing a sensitive probe of collective motion, while the
deorientation effect will measure excited-state magnetic moments as a probe of the shell
structure. Such studies will elucidate the evolution of shell and collective modes with
increasing neutron excess. (2) A longstanding question in nuclear physics is the role of
octupole correlations and reflection asymmetry in nuclear structure. Octupole correlations
are especially strong in nuclei where an intruder state comes close to the Fermi level
giving rise to (1,/:1-37-3) particle-hole configurations at low excitation energies. These
configurations are found near Z=34, 56, and 88 and N=34, 56, 88 and 134 leading to
reflection asymmetry phenomena such as odd-even staggering of positive and negative
parity bands, parity doublets and enhanced ET and E3 strengths. The octupole
correlations will be studied in the '**Ba region using fission-fragment beams and in the
**Ra region using target excitation by stable beams. (3) The successful Coulomb
excitation study of **Am (Tyz=141 ¥) illustrates that it is feasible to study Coulomb
excitation of transactinide nuclei at target activity levels of several millicuries, that is,
halflives longer than 50 y. There are 24 transactinide nuclei with Z > 92 that could be
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studied to high spin using CHICO2 plus Gammasphere or GRETINA providing an
opportunity to probe the role of angular momentum and nuelear structure at the
transactinide limits of stability.

Transfer reactions: Heavy-ion induced transfer reactions offer unique opportunities to
investigate single-particle structure in nuclei. For example, heavy-ion induced neutron-
transfer studies of form factors and spectroscopic strengths for collective bands in
neutron-rich fission products can probe neutron enhancement in the surface region of
neutron-rich nuclei. For the most intense neutron-rich beams it may be possible to probe
two-neutron correlations in the surface region of nuclei by pair transfer.

Deep inelastic reactions: Deep-inelastic reactions with neutron-rich beams and targets
can populate high spin states in neutron rich products. For example, using a 817 target
and a **Ni beam, states in " 'Cu, which has one proton and six neutrons more than the
beam nucleus, have been studied recently. States with spin up to 20 have been observed
in deformed nuclei. Using neutron-rich radioactive beams, the study of nuclear shell
evolution and new collective modes can be extended to even more neutron-rich nuclei
beyond those that can be studied with stable or radioactive beams using Coulomb
excitation and knockout reactions.

However, similar to transfer reactions, the two-body nature of deep inelastic reactions
requires detection of the reaction products with good angular resolution in order (o
perform Doppler correction to restore y-ray energy resolution, Currently, there is no large
arca particle detector system which can provide the necded one degree position
resolution. Thus, many current studies are carried out using a thick target to stop the
products and are limited to the study of states with long life times. This method works
well for isomeric states and non collective states. CHICO2 will broaden the studies to the
collective states and the transition from closed shell nuclei 1o collective behavior,

Nuclear fission: CHICO2 is a sensitive probe of fission decay channels. Exotic-beam
induced reactions could be exploited to study nuclear fission at the boundaries of nuclear
stability. CHICO2 coupled to GRETINA is a very sensitive instrument to measure the y-
ray production of neutron-induced fission of actinides, which is important to the reaclor
fuel design relevant to the Advanced Fuel Cycle Initiative.

CHICO?2 is designed as an auxiliary detector for GRETINA and is a shared
instrumentation for the nuclear physics community. Therefore, it opens to anyone in the
community who is interested in using this detector system for the research,
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Personnel Supported by DOE/SC/NP

Fraction
Scientist Job Code support
Nick Scielzo FX Staff 0.05
Marisa Pedretti | PD (2009-2012) 0.75
Ching-Yen Wu Staff 0.10
Aaron Hurst PD (2008-10) 0.75
Elaine Kwan PD (2010-2013) 0.50
Mark Stoyer Staff 0.05
ENP Group Personnel
Scientist Job Code Major project(s)
Lee Bernstein Staff NIF nuclear science
Darren Bleuel FX Staff NIF nuclear science
Jason Burke Staff Surrogates/Excited states
Mike Moran Staff NIF nuclear science
Jennifer (Jo) Ressler Staff Non-proliferation/RIB
Nick Scielzo FX Staff CUORE/Surrogates/Trapping
Steven Sheets FX Staff Non-proliferation
Wolfgang Stoeffl Staff NIF nuclear science
Mark Stoyer Group Leader NIF nucl. Science/SHE
Ching-Yen Wu Staff Exotic nuclei/RIB/Fission
Robert Casperson PD Excited states/Isomers
Andrii Chyzh PD Fission
Elaine Kwan PD RIB/Fission
Sarah Nelson PD Non-proliferation/SHE
Marisa Pedretti PD CUORE
Daniel Sayre PD NIF nuclear science
Larry Ahle Guest Detector development
John Becker Retiree Fission
Eric Norman Guest Surrogates/Nuclear structure
Ryan Yee Grad. Student Trapping
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Scientific accomplishments
Funding for the past review period is summarized in Table 1 and indicates the magnitude of the
DOE/SC/NP LENP effort at LLNL.

Table 1: Funding profile for FY08-FY11.

| Project  1PI__[FY08(K$) [FY09(K$) [FY10(KS) |FY1I(KS) |

Wu 253 188 175+370% 175
CUORE Scielzo 73 158 175 175 + 250%*

*  CHICO2 funding.
** CUORE-0 Aug. 2011 funding.

Based on the last four-year review in August 2007, we have focused our efforts on two areas of
research, 1) the investigation of collective effects in exotic nuclei in order to understand
fundamental nuclear forces and the evolution of shell structure in the nuclear landscape, and 2)
the search for neutrinoless double-beta decay in order to understand fundamental properties of
the neutrino. These research areas address NSAC priorities specifically under milestones 1) NS9
for 2018, to measure changes in shell structure and collective modes, from the most proton-rich
to the most neutron-rich nuclei accessible, in order to improve our understanding of the nucleus,
and to guide theory in every region of the theoretical roadmap; and 2) F114 for 2017, to extend
the sensitivity of searches for neutrinoless double-beta decay in selected nuclei by a factor of ten
in lifetime, respectively. Thus, funding was re-apportioned to enable support of two PDs (one for
each project including 0.25 FTE support by LLNL G&A for career development activities) and
to enable greater progress in both efforts through the mentoring of PDs. These efforts are
supported by FWP #’s SCW0147 and SCWO0516, respectively. Significant progress was made in
both of these research areas as discussed in detail below.

Exploration of exotic nuclei and the collective properties of nuclei

The nature of the nuclear force binding stable and exotic nuclei as well as the origin of simple
patterns in complex nuclei are among the fundamental issues to be addressed for the future in
nuclear physics, as formulated in the 2007 NSAC Long Range Plan. This provides guidance for
our accelerator-based nuclear physics program.

Based on our prior work on the electromagnetic properties of collective nuclei using low-energy
Coulomb excitation [1], we decided in FY08 to develop a program to extend these studies to
nuclei with extreme neutron/proton ratios becoming available at modern radioactive beam
facilities with a particular focus on the evolution of shell structure far from stability and the
enhanced E1 strength in halo nuclei. Our activities in FY08-FY 11 centered around two different
thrusts. First, we developed particle-gamma coincidence techniques at both TRIUMF and MSU
and performed measurements to study the collectivity of exotic nuclei by measuring low-lying
transition matrix elements in the region of N ~ 8§, 20 at TRIUMF. Second, we studied collective
properties of heavier nuclei in quasi-inelastic reactions with our established collaboration at ANL
using the Gammasphere array coupled to CHICO, and developed CHICO2, a new instrument to
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be coupled to GRETA/GRETINA to provide kinematic reconstruction at a resolution that fully
exploits the resolving power of these next-generation gamma-ray spectrometers.

Probing collectivity in light nuclei with particle-gamma coincidences

In the last proposal cycle, we developed a new capability for particle-gamma coincidence
measurements at TRIUMF by coupling the TIGRESS array to a new particle tracing array called
Bambino. TIGRESS is Canadian 4n Compton-suppressed y-ray energy tracking array and
Bambino consists of two double-side segmented silicon detectors placed at both forward and
backward hemispheres relative to the target position. This particle-gamma coincidence capability
had been successfully deployed in FY07. In FY08-FY 11 we used this new capability to measure
the collectivity in selected nuclei further from stability than had been previously achieved. The
N ~ 8, 20 nuclei were particularly appealing area of study because the breakdown of traditional
“magic” numbers is known to occur as one moves further from stability, yet the number of
nucleons is small enough so that a rich set of theoretical techniques to predict the evolution of
shell structure is available. Our experience at TRIUMF with TIGRESS/Bambino has naturally
led us to play a leadership role in the development of instrumentation needed by the community
in the build up to FRIB. On this front, we have become active members of the JANUS
collaboration (spokesperson: A. Gade of MSU). LLNL’s initial role in this collaboration has
been to lead the development of particle tracking capabilities for Coulomb excitation
experiments at the ReA accelerator.

The evolution of shell structure in Be and Na isotopes at TRIUMF

The TIGRESS/Bambino setup is optimized to provide angular coverage for the detection of
charged particles in low-energy radioactive beam experiments in order to measure transition
strengths of low-lying excited states. TRIUMEF also had excellent success in developing Be and
Na beams, so our collaboration began investigations into the collectivity near N ~ 8, 20 with Be
and Na beams. One long-term scientific goal of the LLNL group is to advance our understanding
of the tail of wavefunctions in halo nuclei, e.g. the one-neutron halo nucleus ''Be. Precision
measurements of the E1 strength in this nucleus provide insight into the development of models
beyond the shell model. These plans are discussed in our FY12-15 research plan. The initial
experiments of the collaboration in this region were an inverse (d,p) reaction with "'Be beam in
search of the halo structure in '*Be [2], where the halo-like structure is fragmented among
excited 0" states and the low-energy Coulomb excitation of '’Be to measure the quadrupole
moment of the first excited state [3], where the importance of the 3-body force is demonstrated.
The neutron-rich Na isotopes with neutron numbers close to 20 is the ideal region to study the
evolution of shell structure, where the energy gap between the neutron sd-pf shells undergoes
significant change in a span of four neutrons from N = 17 to 20 [4]. The LLNL group led the
measurement of the B(E2) in *Na (N=18) [5] to investigate this change in shell structure off
stability. Other work in the collaboration in this region included the low-energy Coulomb
excitation of *’Na [6] and *'Na [7] to study their low-lying structure (a Ph.D. thesis was awarded
for this work to M.A. Schumaker at U. of Guelph). Currently, we are also working on a study of
the resonant states beyond the p-threshold in “*Mg using the inverse (p,p’) reaction with a *'Na
beam, where we have measured properties of the resonant states important to calculations of the
production of Mg in novae (the data analysis is being carried out at U. of York).
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The new B(E2) measurement in *’Na is a compelling demonstration of a decreasing gap between
the sd and pf shells leading to enhanced collectivity. Excitations in *’Na were observed via a
Coulomb interaction on a ''°Pd target as shown in

sof- 110pg Fig. 1. The *Na beam energy was well below the
. 20 Coulomb barrier (Epea=70 MeV), and particle-
% mf_ 2Na gamma coincidences were recorded using the
2 s 3 TIGRESS array [8] together with a LLNL designed
3 F4 % charged-particle detector array, Bambino [5]. Our
° M measured E2 strength for the first excited state,

5_ Lo w s . together with the prior measured static quadrupole

Eo T T moment of the ground state [9], provides strong

e me e e “[tev]m =™ % evidence for the energy-gap between neutron sd-pf

! shells getting smaller as the “magic” number 20 is

Fig. 1 : Particle-y coincident, suppressed, random-  approached, indicating that the shell structure in this

subtracted y-ray energy spectrum observed region is substantially different from nuclei near

following ~70h0£ beam on target corresponding stability. This shell gap narrowing was well
to """Pd(*Na,”’Na") at Eyem = 70 MeV. S ) g

Transitions to ground-state are identified. predicted by a recent calf:ulatlon gt111z1ng Monte-

Carlo shell-model techniques with a SPDF-M

Hamiltonian [10] using a valence shell comprising all the sd-shell orbits and the two lowest

orbits of the pf-shell with both in-shell and cross-shell effective interactions. We plan to

continue these investigations with experiments on *’Na and *'Na using the SeGA array at MSU

as part of a new collaboration, JANUS, or Joint Array for Nuclear Structure.

Bambino2: A particle detector array for JANUS at MSU

The deployment of the auxiliary charged-particle detectors is crucial to the success of in-beam v-
ray spectroscopy experiments using modern 4m y-ray detector arrays. From a coincident
measurement, one obtains not only the impact-parameter dependence of detected y rays but also
the information needed for their Doppler shift corrections that improve the y-ray energy

/ resolution thus maximizing the sensitivity of the y-ray
detector array.

For our initial work at TRIUMF, we have developed a
charged-particle detector array, Bambino, for
TIGRESS. The array consists of two segmented silicon
detectors, each with 24 rings of 1 mm width and 32
sectors covering 2m. This setup has been successfully
employed for six approved experiments since 2006.

e

Fig. 2: Schematic diagram of LLNL’s For our new collgboratlon at MSU, JANUS, we have
Bambino?2 detector for experiments with the finalized the design of the target/detector chamber to
SeGA array. reconcile the SeGA array in a barrel pattern (see Fig.

2). The fabrication of this chamber is currently being
undertaken at MSU. LLNL is leading the development of a Bambino-like charged-particle
detector array and its associated amplifiers. The detectors and amplifiers have been ordered and
received. All the necessary tests will be completed by the end of FY11 and the detector system
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will be delivered to MSU in early FY12. The SeGA/Bambino2 setup will be ready to field
experiments by early 2012.

Probing collectivity in heavy-ion reactions with particle-gamma coincidences

In addition to the activities at the radioactive beam facility at TRIUMF , we also engaged in
experiments using the stable beam facility at ANL to study 1) the population mechanism for the
isomer bands in '"*Hf and 2) the role of /5, neutrons in the rotational alignments in *’Np. The
latter was led by LLNL and the results have been published [11]. These experiments utilized
Gammasphere with CHICO and were intended to investigate collective effects at high angular
momentum.

The Coriolis effect in rotating nuclei leads to the mixing of the K quantum number; the projected
angular momentum on the nuclear symmetry axis. This leads to the band mixing of higher-spin
members with very different K quantum numbers, which, we believe is the pathway to
population of the isomer bands in '"*Hf. Our current effort is directed towards searching for
direct transitions between the ground-state band and isomer bands among the higher-spin
members to confirm the interpretation for the population mechanism of isomer bands. The data
analysis is being performed at U. of Rochester.

Rotational alignment of high-j orbitals such as the i3, in the rare-earth region and jjs, in the
actinides is believed to be the mechanism for observed band cross crossing phenomena in nuclei.
The evidence for the rotational alignment of the i;3,, neutron orbitals is firmly established but not
for the j;s5» neutron orbitals in actinides. The current effort has established a possible scenario of
a strong interaction between the ground-state band and the aligned j;s,, band in **’Np. Rotational
states in the ground band in **’Np were observed for the first time in this experiment using a two
neutron transfer reaction *'Np(''°Sn,'"*Sn)***Np [11].

CHICO2: Upgrading CHICO to provide kinematic reconstruction for GRETA/GRETINA

Nuclear y-ray spectroscopy entered a new era when the first engineering run of GRETINA [12],
the first of a new generation of y-ray tracking arrays, was successfully carried out at LBNL in
early April 2011. A parallel effort has been set up to develop the auxiliary charged-particle
detector arrays with a matching position resolution to fully exploit the potential of GRETINA.
Improving the position resolution of the existing charged-particle detector array, CHICO [13], is
a part of this coordinated effort.

CHICO has proven to be a valuable auxiliary charged-particle detector array for Gammasphere
[14]. It is a highly segmented parallel-plate avalanche counter with position resolution of ~ 1° in
0 and ~ 9° in ¢ and solid-angle coverage of 69% of 4n. Over the period between 1996 and 2008,
a total of 26 experiments were fielded successfully, involving 58 experimentalists from 17
institutions; resulting in 37 publications and 5 Ph.D. theses. The proposal to upgrade CHICO was
approved by DOE/SC at the end of FY10. The plan is to redesign the cathode board and
amplifier to improve the resolution for both © and ¢ coordinates to better than one degree to
match that of GRETINA. This project is scheduled for completion in the summer of 2012.
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A number of tests on the pixelation pattern for the position sensing have been made at LLNL in a
search for the optimal design, which was described in Ref. [15]. We have finalized the design for
position-sensing cathode board by adopting full strips for 6 and pixels for ¢. This hybrid design
will preserve the 0 resolution achieved in CHICO and significantly improve the ¢ resolution over
that of CHICO. The redesign work on the high-gain and high-bandwidth amplifier is in progress.
All of the hardware fabrication will be completed by the end of 2011.
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Search for neutrinoless double-beta decay

Many of the biggest questions in particle and nuclear physics (as underlined by DOE/NSF
Nuclear Science Advisory Committee) revolve around our limited knowledge of the properties of
the elusive subatomic particle, the neutrino. Determining the neutrino mass and the relationship
between the neutrino and antineutrino would provide an explanation for the grand scientific and
philosophical question of how there came about a slight excess of matter over antimatter that
makes up all the matter we observe in the universe today. Neutrinoless double beta decay is a
long sought-after nuclear transition in which two neutrons in a nucleus are converted into two
protons and two beta particles without the emission of accompanying neutrinos (see Fig. 3). A
discovery would have far-reaching scientific consequences — it would determine not only the
neutrino mass and hierarchy but also whether the neutrino is its own antiparticle and therefore
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whether nature violates the conservation of total lepton number. Lepton-number violation is
thought to hold the key to explaining the predominance of matter over antimatter in the universe.
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Fig. 3: On the left, the two neutrino double-beta decay mode and the neutrinoless double beta decay mode are
shown. The corresponding energy spectrum of the two emitted electrons is shown on the right. For the neutrinoless
case, the electrons carry away essentially all of the decay energy and a signal at the Q value is expected.

The Cryogenic Underground Observatory for Rare Events (CUORE) experiment brings together
about 100 American and European scientists to build and operate an array of 988 cryogenic TeO,
bolometers. This will be the largest (~ ton) cryogenic bolometer array ever realized and it will be
used to perform the most sensitive search for the neutrinoless double beta (0vpp) decay of 0T,
Beginning in FY08, the LLNL CUORE group has taken on a significant role in the CUORE
collaboration using funding from the Office of Science (~$73k in FY08) and LDRD ($200k in
FYO08). The research performed by the LLNL CUORE group over the past four years has been
crucial to improve the sensitivity of upcoming *°Te double-beta decay searches by limiting the
sources of backgrounds in experiments that use TeO, bolometers, improving the performance of
the TeO, bolometers, and precisely determining where to expect the neutrinoless double-beta
decay (OvBp) signatures. This work is crucial for exploiting the scientific opportunities afforded
by CUORICINO and CUORE.

In 2008, the LLNL group compared crystals produced by two vendors of TeO, crystals, the
Shanghai Institute of Ceramics, Chinese Academy of Sciences (SICCAS) and Crystal
Technology, Incorporated (CTI) located in Palo Alto, CA and determined that SICCAS produced
the highest radiopurity crystals. Since then, the group has been overseeing the US production of
high-quality TeO; crystal bolometers at SICCAS. The crystals represent the single largest US
procurement for the project. The techniques required to meet the stringent performance and
radiopurity requirements for the CUORE experiment were developed and carried out by LLNL
in collaboration with the Italian colleagues [1]. In order to minimize the contamination of the
crystal bulk, raw materials, reagents, and ancillary materials involved in the crystal production
were monitored for radiopurity using a variety of techniques — inductively-coupled plasma mass
spectrometry (ICPMS), y-ray spectroscopy using high-purity germanium (HPGe) detectors, and
o particle spectroscopy using surface barrier detectors. Special procedures for etching and
polishing the crystal surfaces, and handling and packaging the produced crystals were developed
to minimize the surface contamination of the crystals. Cryogenic tests performed on 5% of the
delivered crystals have verified that the crystals perform well as bolometers with excellent
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energy resolutions (~5 keV FWHM at the 2.5 MeV energy of interest) and have exceeded the
radiopurity requirements of the CUORE experiment [2]. The LLNL group has overseen the
production of the crystals that will be used for CUORE-0 and is currently in the middle of the
production of the remaining US crystals required for the full CUORE array.

As of 2008, the double-beta decay Q values for *°Te, '**Te, and '**Te recommended by the 2003
Atomic Mass Evaluation had uncertainties that were larger than the resolution of the TeO,
bolometric detectors. To precisely determine where to expect the OvB[3 signatures, these QO values
were determined by a LLNL-led team that used the Canadian Penning Trap Mass Spectrometer
at Argonne National Laboratory [3]. The *°Te Q value was determined to be 3 keV lower than
the previously recommended value and the '**Te O value uncertainty was reduced by nearly an
order of magnitude. These results have already had an impact on searches for *°Te Ovpp decay
[4] and "*°Te electron capture with B* emission [5] using CUORICINO data. CUORICINO was
the first tower array of 62 TeO, bolometers with a total mass of 40 kg. The FY11 results for the
search for the *Te OVBp decay using
— Best Ft ‘ the updated Q value is shown in Fig.

g
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- value results demonstrated that the
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due to background from “’Co. This analysis resulted in a half- LLNL-funded appointment for top
life limit of Ty, (OVBP ) > 2.8x10% y (90% C.L.) [4]. Ph.D. students to conduct research at

the laboratory, now called “Lawrence
Scholarship”), Michelle Dolinski conducted her thesis research with the LLNL group to
determine cross sections for neutron interactions on tellurium [6]. The y-ray production cross
sections from neutron interactions as a function of energy were measured at LANSCE at Los
Alamos National Laboratory (LANL) using the GEANIE HPGe array (built in ~1999 by a
LLNL-LANL collaboration) to improve the simulations of neutron-induced backgrounds.

In addition, prior to the successful completion of data-taking with CUORICINO [7], large-area
plastic-scintillator detectors (borrowed from the Department of Homeland Security) were placed
above the CUORICINO detector to better understand the contribution of cosmic-ray muons to
the CUORICINO background [8]. Although a number of additional scintillator detectors were
used in this work, the detectors LLNL provided were the largest, and therefore, provided the
most useful data. This work demonstrated that muon-induced backgrounds contribute negligible
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background for CUORE in the underground site at LNGS and that a muon veto will not be
necessary.

In FY10, LDRD funds were leveraged to develop a system to reliably and reproducibly
instrument bolometer detectors with thermistors (for signal read-out) and heater chips (for signal
stabilization). Previously these pieces were glued by hand to the crystals and significant variation
in the thermal connections was observed from detector to detector. The newly-developed system
enables the user to place these pieces with significantly better precision, which is expected to
result in more uniform performance of the bolometers. This system is now being used to
instrument the CUORE-0 crystals and will be used to instrument all the CUORE crystals.

In the beginning of FY11, Dr. Marisa Pedretti, a LLNL post-doc, was enthusiastically selected to
be the CUORE-0 experimental coordinator by the CUORE collaboration. This is a significant
leadership role in establishing the scientific program and organizing the commissioning and
operation of the CUORE-0 tower. She was selected because of her deep understanding of the
CUORE experiment and the assembly and function of the components of the CUORICINO
experiment as well as her extensive experience with cryogenic bolometers. The CUORE-0 tower,
consisting of 52 TeO, crystal bolometers, is the first step towards the realization of CUORE. She
has been stationed at the experimental site to effectively organize the onsite group of US and
Italian scientific and engineering staff that is working to commission and run the CUORE-0
tower. As a result of Dr. Pedretti’s efforts, there has been no major delay in the CUORE-0
schedule in the past year.

Marisa Pedretti was awarded a Physics Division SPOT award because of her leadership within
the CUORE collaboration and her achievements developing novel cryogenic bolometric
techniques (see for example Ref. [9]) and was featured in a LLNL Newsline article
(www.lInl.gov/news/aroundthelab/2011/Jan/ATL-011011 pedretti.html) on her selection as
CUORE-0 experimental coordinator. The LLNL CUORE effort was featured in LLNL’s 2009
Science & Technology Reviews (see Science & Technology Review, June 2009, pp. 17-18 and
Physical and Life Sciences 2009 Science & Technology Review Highlights, pp. 15-16).
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Four Year Proposed Research Plan (FY12-15)

LLNL Experimental Nuclear Physics Group

We propose to extend prior work in the areas of collective properties of exotic nuclei and
fundamental neutrino physics, and, with a modest increase in funding, initiate a new area of
exploration into the physical and chemical properties of superheavy nuclei in collaboration with
scientists at LBNL. This new research thrust will enable the heavy element group at LLNL to
build on the discovery-class research of the last decade. This three-pronged research plan will
enable three post-doctoral researchers to explore basic research in three forefront research fields:
1) to study of the evolution of nuclear shells in new regions of the chart of nuclides at the leading
radioactive-ion beam facilities around the world; 2) to search for exotic decay modes, namely
neutrinoless double-beta, in order to study the fundamental properties of neutrinos and test the
standard model of nuclear physics; and 3) to investigate the chemical properties of heavy and
superheavy nuclei in order to determine the placement of these heavy elements into the proper
location in the periodic table. Each research area is described more fully in the following
sections.

Exploration of exotic nuclei and the collective properties of nuclei

Activities under this task support the NSAC Subcommittee on Performance Measures report
under milestone NS9 for 2018, to measure changes in shell structure and collective modes, from
the most proton-rich to the most neutron-rich nuclei accessible, in order to improve our
understanding of the nucleus, and to guide theory in every region of the theoretical roadmap. We
propose to continue building on the work from the past four years.

Valuable experience with radioactive-beam experiments was acquired from our initial effort at
TRIUMF. The upcoming low-energy radioactive beam capabilities at MSU and ANL have made
it possible to explore further the evolution of shell structure in new territory of isotopes with
extreme neutron/proton ratios. We propose to take advantage of this opportunity to form new
collaborations to field experiments providing data important for further developing or refining
the cross-shell effective interactions and our theoretical understanding of nuclear collectivity.

For the next proposed period, we will extend our research on several fronts. First, we will move
to heavier nuclei and study of the evolution of shell structure in neutron-rich nuclei of N ~ 20, 28
using the ReA facility at MSU with the JANUS (Joint Array for NUclear Structure) collaboration
(see Fig. 1). These experiments are a major step forward in that we will now have the capability
to move further from stability and to study the collectivity of nuclear excitations in these nuclei
beyond the first excited state. At ANL’s CARIBU facility we will extend our exploration of the
collective properties in heavy nuclei with our Gammasphere/CHICO collaboration using
GRETINA/CHICO2, where the improved y-ray energy resolution by a factor of 2 — 3 allows us
to carry out the experiments with low intensity of radioactive beams.
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In addition, we are responsible for maintaining and
upgrading the auxiliary charged-particle detector
arrays for both the JANUS and GRETINA/CHICO2
collaborations. =~ Our focus at with the
:;:Ji:g:;szf fh:ﬂEP;m‘dd TIGRESS/Bambino collaboration is to further our

understanding of the effect of continuum states on
2B Number of neutrons_ the collectivity of halo nuclei, e.g. ''Be. Details of

Number of protons

(X

. ) _ . our proposed research are described below.
Fig 1: Portion of the chart of nuclides showing

the N=20,28 region taken from D. Dean, Probing collectivity in light nuclei with particle-
Physics Today, Nov. 2007, p.48. Locations of gamma coincidences

larger and. smaller than expected shell gaps are So far, most low-energy radioactive-beam
marked with blue and green dots, respectively. . " -
experiments measure the transition probability for
the first excited state in a nucleus of interest. However, a comprehensive test of predictive power
of nuclear models requires a broader set of measured quantities such as the static moment and the
properties of excitations beyond the first excited state. Listed below are examples we plan to
pursue in the proposed period.

The evolution of shell structure in Na and S isotopes at MSU

One neutron away from the N = 20 shell closure, **Na exhibits characteristics of enhanced
collectivity [1,2] in addition to single-particle degrees of freedom. These characteristics can be
attributed to the significantly reduced energy gap between sd-pf shells or even shell inversion,
described by calculations using Monte-Carlo shell-model techniques with a SPDF-M
Hamiltonian [3]. The enhanced collectivity implies the existence of rotational or vibrational

modes of motion. However, the existence and properties of the second excited state is not firmly
established [2].

We propose to investigate the collectivity of *Na using the low-energy Coulomb excitation
using the SeGA array at MSU, in contrast to previous measurements using intermediate-energy
projectiles above the Coulomb barrier. This measurement exploits our new Bambino2 charged-
particle array coupled to SeGA for the two-body kinematic reconstruction. This new
collaboration, JANUS, includes scientists from LLNL, MSU, and the Univ. of Rochester. Our
initial research focus is outlined in the Letter-of-Intent proposal [4], which was submitted to the
PAC34 of MSU in Dec 2009 and given a high mark by the PAC committee.

In our long-term planning, we keep an eye on *'Na, where the shell closure at neutron number of
20 is totally absent resulting in enhanced collectivity that can be investigated using low-energy
Coulomb excitation. This will provide the needed data to further test the predictive power of
models, specifically with the cross-shell effective interactions involved.

The second example is to measure the static quadrupole moment of the first excited state for
nuclei near **S: The static moment for a given state in nuclei is very sensitive to the orbitals
occupied by the valence nucleons. For neutron-rich nuclei in the vicinity of **S, the static
quadrupole moment besides the transition probability thus provides another avenue to explore
issues related to the evolution of shell structure due to the weakened N = 28 shell gap which
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leads to the occupation of intruder orbitals or mixed configurations. The latter is very sensitive to
the cross-shell effective interactions.

The reorientation effect in the low-energy Coulomb excitation offers the opportunity to deduce
the static quadrupole moment of the first excited state in these nuclei. We are going to propose
these measurements once the ReA facility at MSU is ready to deliver the beam as stated in our
Letter-of-Intent proposal [4].

Completing Bambino2: A particle detector array for JANUS at MSU

To accomplish our proposed program at MSU, an auxiliary charged-particle detector array is
needed for the SeGA array for the particle-gamma coincidence experiments. LLNL leads the
development of this auxiliary detector array based on a pair of double-sided segmented silicon
detectors similar to those we developed for TIGRESS. This detector array, Bambino2, will be
completed by the end of FY11 and delivered to MSU to integrate into the target/detector
chamber, which is under construction at MSU. This integration will be done by early 2012.

Understanding enhanced E1 strength in halo nuclei at TRIUMF

Besides the new initiative discussed above, we propose to analyze and publish the results for the
low-energy Coulomb excitation experiment on ''Be, completed in FY11 at TRIUMF using
TIGRESS/Bambino. The significance of this study on the development of models beyond the
shell model is described in details below. After this measurement, we will investigate additional
cases to improve our understanding of the role of continuum states in shell model physics.

The parity inversion and the strongest E1 strength between bound states in nuclei in ''Be are
difficult to interpret under the standard framework of shell model. The calculation failed to reach
the convergence using the sophisticated ab initio no-core shell model with the basis up to 9ho
[5]. It is doubtful for the viability of this approach to ever describe the properties of halo nuclei.
Therefore, a hybrid model, ab initio no-core shell model + resonating-group method, is being
developed to describe the properties of halo nuclei not only for bound sates but also for the
continuum (unbound scattering states) in a unified manner [6].

The comparison of the E1 strength between measurement and calculation is one of the best ways
to test the predictability of this hybrid model since the enhancement is very sensitive to the
detailed wavefunction. To make this comparison possible, we have proposed to make precision
measurement of the E1 strengths to both bound state and continuum concurrently in ''Be using
the low-energy Coulomb excitation. The proposal has been approved and the experiment is
scheduled from July 27 to August 10, 2011 using the TIGRESS/Bambino setup at TRIUMF.

The El strength between bound states in ''Be has been measured using the Doppler-shift
attenuation method [7,8] and the intermediate-energy Coulomb excitation [9,10,11]. The former
has an uncertainty more than 10% and the latter has the unknown uncertainty for the reaction
mechanism. Separately, the E1 strength to the continuum has been measured using the projectile
breakup reaction at intermediate energy [12,13,14,15]. The measured E1 strength most likely is
contaminated by the '°Be core excitation. For our proposed experiment, we intend to measure the
E1 strengths to both the bound state and continuum using the low-energy Coulomb excitation by
quantifying the effect on the population of bound excited state due to the E1 coupling of the
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ground state to the continuum. This technique avoids all the uncertainty associated with the
intermediate-energy experiments and at the same time provides a precision measurement.

The extended wavefunction for the ground state of ''Be complicates the analysis; that is, the
determination of the El strengths using the technique developed for the stable nuclei [16] is
inappropriate. Instead, an extended continuum discretized coupled channels (XCDCC) method
[11,17], where the extended wavefunction is treated properly, will be used to extract the El
strengths in ''Be. This analysis will be carried out in FY 12 once the experiment is completed in
FY11.

Probing collectivity in heavy nuclei with particle-gamma coincidences

With the CARIBU facility at ANL available soon to the user, we are going to explore the collect
properties of heavy neutron-rich nuclei, in particular, the aspects of the octupole collectivity
using Gammasphere/CHICO or GRETINA/CHICO2 with our existing Gammasphere/CHICO
collaboration. Examples of our research focus are described below in details.

The dominant collective mode of motion exhibited in nuclei is resulting from reflection-
symmetric shapes that arise from the quadrupole degree of freedom. However, nuclei with the
proton number near 34, 56, 88, and the neutron number near 34, 56, 88, 134, can assume reflect-
asymmetric shapes that arise from the octupole degree freedom [18]. The even-odd staggering of
the positive and negative parity yrast bands in even-even nuclei, parity doublets in odd mass
nuclei, and the enhanced El strength due to a displacement between the center of charge and
mass are among the identifiable phenomena associate with the reflect-asymmetric shapes.
Nevertheless, the only observable that provides the unambiguous evidence for the enhanced
octupole collectivity is the measurement of E3 strength since the enhanced E1 is very sensitive to
the shell corrections [19].

The neutron-rich Ba isotopes (Z = 56, N ~ 88) are among the ideal candidates to study the
octupole collectivity in nuclei and can easily be accessed using the spontaneous fission sources
[20,21]. The characteristics of octupole collectivity has been observed in '**Ba and '**Ba from
the measured even-odd staggering of positive and negative parity bands, however, the measured
El in '*Ba is an order of magnitude lower than that in '**Ba. The non-enhanced E1 in '**Ba is
attributed to significant shell corrections [19]. We propose to field a low-energy projectile
Coulomb excitation experiment for both Ba isotopes to measure their E3 strengths at the
CARIBU facility of ANL. This will provide direct evidence of enhanced octupole collectivity in
the Ba isotopes. We will carry out the proposed experiments with our established collaboration at
ANL using Gammasphere together with CHICO or GRETINA together with CHICO2 when
available.

In addition to the opportunity provided by the CARIBU facility at ANL, we also are engaged in a
collaboration at CERN/ISOLDE to explore the octupole collectivity in Rn and Ra isotopes with
mass near 220. We recently completed the measurement of ***Ra and **’Rn using the low-energy
projectile Coulomb excitation with the MINIBALL [22] and a double-side segmented silicon
detector. These measurements are important in the search for permanent atomic electric-dipole
moments [23]. The data analysis of these measurements is being carried out at U. of Liverpool.
We also have a proposal to explore the octupole collectivity for odd-A nuclei in the same mass
region.
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Completing CHICO?2 to provide kinematic reconstruction for GRETA/GRETINA

CHICO2 will be a major auxiliary charged-particle detector array with a matching position
resolution for GRETINA. This upgrade, described elsewhere in the proposal, is a part of
coordinated parallel effort to provide the capability of the particle-gamma coincidence
experiments for GRETINA. LLNL leads the upgrade effort. We have finalized the position-
sensing design with a hybrid pixelation. The fabrication of the position-sensing board and
amplifier will be completed by the end of 2011. The assembling and testing will begin in early
2012 and last for about 6 — 8 months. CHICO2 should be ready for GRETINA by the summer of
2012.

Summary and Deliverables

Our initial effort to study the evolution of shell structure using the radioactive beam facility at
TRIUMF has been successfully carried out in the past few years. The success has encouraged us
to expand our program to the soon available low-energy radioactive beam facilities at MSU and
ANL, where a new territory of nuclei with extreme neutron/proton ratios will be available to
further explore issues related to the evolution of shell structure. We anticipate great success in
this new effort to provide the data to test and improve the predictive power of models. Our
collaboration with many intuitions is the key to the success to our relatively small group at
LLNL and they provide the critically needed equipment and manpower to complete the required
measurements in experiments. In the meantime, we contribute our expertise to design and
fabricate the auxiliary charged-particle detector array for measuring the needed two-body
kinematic for observed 7 rays.

The yearly deliverables for this research effort are:

FY12: Two charged-particle detector arrays, Bambino2 and CHICO2, will be ready for
SeGA at MSU and GRETINA, respectively. We will complete the analysis and publish the
results on the E1 strength for ''Be, which is important for the development of models beyond the
shell model. New initiatives on the excitation beyond the first excited states for neutron-rich
nuclei with N ~ 20, 28 to further address issues related to the evolution of shell structure will be
begun.

FY13: New initiatives on the excitation beyond the first excited states for neutron-rich
nuclei with N ~ 20, 28 to further address issues related to the evolution of shell structure will be
continued — for example the measurement of excitation beyond the first excited state in *°Na.
Depending upon CARIBU schedule, a measurement to firmly establish octupole collectivity in
neutron-rich Ba isotopes will be fielded.

FY14: Depending upon results of previous years work, explorations into collectivity and
shell structure of neutron-rich fission products will continue — for example the static quadrupole
moment near **S. Investigations of other isotopes near N ~20, 28 or even heavier are planned.
Depending upon CARIBU schedule, the measurement to explore octupole collectivity in
neutron-rich Ba isotopes will be continued/finished. Begin work on odd-A nuclei near A=220 at
CERN/ISOLDE.

FY15: Explorations into collectivity and shell structure of neutron-rich fission products
will continue and investigations of other isotopes near N ~20, 28 or even heavier are planned.
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Depending upon CERN/ISOLDE results, finish octupole collectivity studies of odd-A nuclei
near A=220.

[1] B.V. Pritychenko et al., Phys. Rev. C 66, 024325 (2002).

[2] S. Ettenauer et al., Phys. Rev. C 78, 017302 (2008).

[3] Y. Utsuno, T. Otsuka, T. Mizusaki, and M. Honma, Phys. Rev. C 60, 054315 (1999).

[4] Letter of Intent for JANUS collaboration: A. Gade, C.M. Campbell, G.F. Grinyer, D.
Weisshaar, D. Cline, A.B. Hayes, C.Y. Wu, M.A. Stoyer, and J. A. Becker, Dec 2009, LLNL-
PROP-420829.

[5] C. Forssen, , P. Navratil, W.E. Ormand, and E. Cauier, Phys. Rev. C 71, 044312 (2005).

[6] S. Quaglioni and P. Navratil, Phys. Rev. Lett. 101, 092501 (2008).

[7] S.S. Hanna, K. Nagatani, W.R. Harris, and J.W. Olness, Phys. Rev. C 3, 2198 (1971).

[8] D.J. Millener, J.W. Olness, E.K. Warburton, and S.S. Hanna, Phys. Rev. C 28, 497 (1983).
[9] M. Fauerbach et al., Phys. Rev. C 56, R1 (1997).

[10] T. Nakamura ef al., Phys. Lett. B 394, 11 (1997).

[11] N.C. Summer ef al., Phys. Lett. B 650, 124 (2007).

[12] T. Nakamura ef al., Phys. Lett. B 331, 296 (1994).

[13] F.M. Nunes, I.J. Thompson, and R.C. Johnson, Nucl. Phys. A 596, 171 (1996).

[14] R. Palit et al., Phys. Rev. C 68, 034318 (2003).

[15] N. Fukuda ef al., Phys. Rev. C 70, 054606 (2004).

[16] D. Cline, Ann. Rev. Nucl. Part. Sci. 36, 683 (1986).

[17] N.C. Summers, F.M. Nunes, and 1.J. Thompson, Phys. Rev. C 74, 014606 (2006); Phys.
Rev. C 73, 031603(R) (2006).

[18] P.A. Butler and W. Nazarewicz, Rev. Mod. Phys. 68, No 2, 349 (1996).

[19] P.A. Butler and W. Nazarewicz, Nucl. Phys. A533, 249 (1991).

[20] W.R. Phillips et al., Phys. Rev. Lett. 57, 3257 (1986).

[21] J.H. Hamilton ef al., Prog. Nucl. Part. Phys. 35, 635 (1995).

[22] N. Warr et al., Eur. Phys. J. 20, 65 (2004).

[23] J. Dobaczewski and J. Engel, Phys. Rev. Lett. 94, 232502 (2005).

Requested FY12 budget is $250K (an increase of $50K to support Ching-Yen at 20% level and
some small amount for travel).

Exploration of fundamental neutrino physics

Activities under this task support the NSAC Subcommittee on Performance Measures report
under milestone FI14 for 2017, to extend the sensitivity of searches for neutrinoless double-beta
decay in selected nuclei by a factor of ten in lifetime. We propose to continue building on the
work from the past four years.

The Cryogenic Underground Observatory for Rare Events (CUORE) is an experiment that will
search for the neutrinoless double beta decay of *°Te and other rare and exotic decays using a
large array of cryogenic bolometers. Observation of this decay mode would determine the
neutrino mass scale (see Fig. 2) and demonstrate that neutrinos are Majorana in character (i.e.
their own antiparticle). Note that the expected CUORE sensitivity, should Ovp3 decay not be
discovered, eliminates most of the inverted neutrino mass hierarchy from consideration.
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Knowledge gained from this discovery would answer key questions regarding the nature of
neutrinos and may explain why matter dominates over antimatter in the universe.

The group’s efforts to characterize
experimental  backgrounds,  understand
where they originate, and determine how to
best eliminate these backgrounds will

-
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Fig 2: Neutrino mass limits achievable with CUORE-0 2017

and CUORE. The sensitivity depends on the success of

background-rejection efforts. The limits are shown as L L
bands because of uncertainties in the nuclear matrix The LLNL group has significant expertise in

elements. The KKDC red-line is the published claim for low-background, low-energy nuclear physics

discovery of OvBp decay in Ge [1]. Inverted and normal and .bOIOmeterS. (NiChOIaS. D. SCiClZO and
hierarchy allowed regions are shown as grey bands. Marisa Pedretti along with Eric Norman

from the Nuclear Engineering Department at
the UC Berkeley) and a significant portion of the existing US CUORE expertise in developing
sophisticated Monte Carlo simulations of the apparatus have taken research positions at LLNL
(Kareem Kazkaz, Samuele Sangiorgio). In addition, Marisa Pedretti was recently enthusiastically
selected by the CUORE collaboration to be the CUORE-0 experimental coordinator because of
her extensive experience and expertise with cryogenic bolometers and the various components of
the CUORICINO/CUORE-0/CUORE experiments. The group’s efforts to characterize
experimental backgrounds, understand where they originate, and determine how to best eliminate
these backgrounds will be expanded during the CUORE crystal validation runs (CCVR). The
group is unique in its intimate knowledge of the crystal production and therefore potential
sources of contamination. In addition, two graduate students (Barbara Wang — funded through a
Nuclear Forensics Fellowship from the Department of Homeland Security and a second graduate
student funded by the “Nuclear Science and Security Consortium” that was recently awarded by
NNSA to a UC Berkeley led consortium including LLNL) will work with the LLNL group on
CUORE for their Ph.D. research.

The group will continue its years-long effort to optimize the production and delivery of high-
quality TeO, crystal bolometers to meet the stringent performance and radiopurity requirements.
These crystals serve as both the source and the detector for the experiment and if not produced
properly could severely limit the sensitivity of the CUORE experiment by contributing the
dominant radioactive background. The US CUORE crystal production will be complete by the
end of FY12.
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The collaboration is enthusiastic to exploit the first tower in a stand-alone experiment and build a
scientific program, outside of the CUORE construction project, that can be executed in parallel
with the construction of the nineteen CUORE towers that will go on for several years. To
execute the scientific program using the CUORE-0 tower there is a plan to deploy the tower
array in the refurbished cryostat originally used for CUORICINO. The CUORE-0 experimental
coordinator will play a significant leadership role in the scientific program of CUORE-0.

The coordination of the CUORE-0 experimental program, which began in FY11 and will
continue during data-taking and analysis period, is being performed by LLNL. This effort
naturally builds off the group’s crystal production and background characterization efforts. The
CUORE-0 scientific efforts are crucial to understand the issues that will be encountered during
the construction and data-collection phase of the CUORE experiment. Once data collection
begins in FY12, the CUORE-0 tower will be operated for 2 years as a stand-alone double-beta
decay experiment. As a result of reduced backgrounds, this tower will surpass the sensitivity of
CUORICINO within a few months. In FY12-13, the coordination of the R&D efforts to
understand and optimize the detector performance and collect data can for the most part be
carried out from Livermore and therefore it is anticipated that less time will need to be spent at
Gran Sasso.

As the CUORE project transitions from construction to primarily data collection, LLNL
anticipates taking the lead in the US on developing detailed Monte Carlo simulations (using the
GEANTH4 toolkit) required to interpret the observed backgrounds. These data analysis tools will
be developed and used to characterize experimental backgrounds, understand where they
originate, and determine how to best eliminate these backgrounds. This work will be done in
close collaboration with Italian colleagues at the University of Milan who are leading the Italian
efforts. Initial efforts will be focused on determining the nature of any backgrounds observed in
the TeO, bolometers from the CCVR runs and in the CUORE-0 array. Following the insights
gained from these models, a simulation of the entire CUORE array (including support structure,
detector instrumentation, cryostat, and shielding) will be developed and used to understand the
backgrounds.

The simulations used for background studies are also critical for much of the CUORE-0 and
CUORE scientific program. LLNL will take the lead in the searches for rare decays such as the
double-beta decay modes of '*’Te and the double-beta decay of *°Te to excited states in **Xe.
These searches require guidance from a simulation of the detector array which can determine
which decay signature provides the greatest experimental sensitivity for each decay mode. The
development of the simulation model and optimization of the physics searches will begin
immediately with CUORE-0 so that the tools are ready when CUORE begins collecting data.
These science topics would make up a significant portion of a graduate student’s Ph.D. research.

Experimental efforts to directly measure potential backgrounds will also be pursued. Neutron-
induced backgrounds can be determined by irradiating sample TeO; crystals with a neutron beam
that has an energy distribution that mimics the cosmic-ray neutron energy distribution but at
intensities many orders of magnitude higher. Operating a single activated crystal as a bolometer
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months and years after the irradiation can provide insight into some of the backgrounds that will
be observed during the 5-year data collection period with the full 988 crystal CUORE array.

The yearly deliverables for this research effort are:

FY12: Complete production, quality control and assurance, and testing of the US portion
of the TeO; crystals. Complete CUORE-0 as a test and “shake down” of the assembly methods
for CUORE. Begin data collection for the scientific program using the CUORE-0 tower. Collect
data to determine long-lived isotopes resulting from cosmic-ray neutron activation.

FY13: Improve assembly line procedures based on experience from CUORE-0 and
subsequent data collection with this array. Analyze data from cosmic-ray neutron activation
experiment. Develop Monte Carlo simulation of CUORE-0 and CUORE to understand
backgrounds and perform physics studies.

FY14: Begin data collection with CUORE array. Optimize running and operation of
detector array based on experience with CUORE-0. Calibrate the CUORE Monte Carlo to data
collected with the detector array and use it to understand the observed backgrounds. Using data
collected from cosmic-ray neutron activation experiment and Monte Carlo simulation of
CUORE, determine the expected background spectrum from cosmogenic activation in CUORE.

FY15: Apply Monte Carlo simulation to determine the efficiencies for observing various
physics signatures needed for studies of *°Te decays to excited states of **Xe, various '*’Te
decay modes, possible electron decay modes, and other exotic decay modes. Lead the efforts to
search for these decay modes.

[1] H.V. Klapdor-Kleingrothaus et al., Nucl. Instrum. Meth. A 522, 471 (2004).

Requested FY'12 budget is $400K which is the level consistent with CUORE review request.

Exploration of SHE physical and chemical properties

Activities under this task support the NSAC Subcommittee on Performance Measures report
under milestone NS8 for 2015, to measure properties and production mechanisms of the
elements above Z ~ 102 to understand the nature and behavior of these nuclei, and to assist
theoretical predictions for the stability, structure and production of superheavy elements. We
propose to begin a new program in collaboration with Rod Clark, Paul Fallon, Ken Gregorich
and Heino Nitsche at LBNL to investigate the physics and chemistry of the heaviest elements.
LBNL currently plans to concentrate on physics experiments with BGS + a variety of other
auxiliary apparatuses such as the cube focal plane detector coupled with beta, x-ray and gamma-
ray detectors, the gas cell or GRETINA—experiments that would be led by LBNL that we
propose to collaboratively participate in as appropriate. Experiments that would be led by LLNL
would involve the testing of an automated chemistry system (see Fig. 3) using homologue
aqueous chemistry and, when ready, potentially SHE (such as element 114). The automated
chemistry apparatus at LLNL is being developed for nuclear forensics applications, but is easily
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Fig 3: A photo of the LLNL automated chemistry
apparatus in operation in the lab.

modified to perform atom-at-a time
chemistry using micro-volumes
columns on a valve. Incidentally, this
system could also be utilized for
purification of isotopes reliably and
reproducibly with high specific activity, a
potential benefit for the isotopes program
side of the DOE/SC/NP office.

and

State-of-the-art Dirac-Fock calculations
have been performed for atoms and ions
to predict the electronic shell-filling order,
and hence the configuration of the
periodic table for elements with Z < 172
as shown in Fig. 4 [1]. Naturally, as
predictions recede from the region of the

periodic table where chemical investigations of the heaviest elements have been performed (Z ~
109, with some gas-phase investigations of Z=112, 114), uncertainties in the electronic shell
interactions and relativistic effects make predictions less reliable. Note the predicted electronic
shell filling order is interesting (8s < 5g < 8pin < 6f < 7d < 9s < 9p1» < 8p3;2) and the first
element with g-orbital valence electrons is predicted to be Z=121, only three elements heavier

than the heaviest element observed so far, element 118. It is, therefore, critical that we explore
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Fig 4: The extended periodic table predicted in Ref. [1].
Note that the elements do not systematically fill the table

after element 138.

the chemical properties of the heaviest
elements, in conjunction with production
and identification of these elements via
measurement of their decay
properties, in order to experimentally
determine the validity of such theoretical
calculations, and to measure the
magnitude of relativistic effects in these
elements. A number of isotopes (such as
2114 (), = 2.6 s)) have been discovered
with half-lives longer than a few seconds
which are suitable for chemistry
experiments, if a chemical separation
could be reliably repeated continuously or

nuclear

sequentially rapidly during a long
accelerator irradiation. Production of such
isotopes could be enhanced utilizing
thicker targets and higher beam intensities

than possible in separator experiments. At LLNL, we have an interest in exploring atom-at-a-
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time aqueous chemistry, in order to elucidate the chemical behavior of these heaviest elements,
which is distinct from complementary studies of gas-phased chemistry or surface chemistry.
Characterization and testing of such an automated system is essential.

Thus, we specifically propose to investigate methods for putting radioactive products generated
by the 88” cyclotron into solution and by generating several isotopes with different half-lives in
order to measure the shortest time such products could be processed through the system. In order
to successfully perform a transactinide chemistry experiment, a transport mechanism is required
to move reaction products from the target or separator to the aqueous phase of an automated
chemical system. At LLNL, we are currently developing the GLITTAR (Gas-Liquid Interface for
Transferring Transactinides to Automated Radiochemistry) apparatus as an interface between the
Tandem accelerator at the CAMS (Center for Accelerator Mass Spectrometry) at LLNL and the
SHELA (Super Heavy Element Liquid Automation) chemistry system. This type of transport
interface is accelerator specific, which means that a similar system must be designed and
implemented behind the BGS separator at the 88-Inch Cyclotron at LBNL for a future
transactinide chemistry experiment. We require a transport mechanism from any separator
system to the interface to the automated radiochemistry apparatus. Chemical experiments were
carried out at the BGS the past few years [2-7] and may have already provided an appropriate
interface. If not, then such an interface needs to be developed and tested. We are currently
thinking of a traditional He/KCl aerosol transport system into GLITTAR, but certainly other
methods can be considered. Depending on the species to be looked at, the possibility of using a
gas transport without aerosols can be considered, particularly if the species under study is
predicted to have some inert character, as some predictions for the properties of element 114
indicate.

One area of constant need will be to produce appropriate homolog tracers for chemical
development of separation schemes aimed at determining the properties of element 114, or any
other element that has a sufficiently long-lived isotope to permit study. Current production plans
at CAMS can only provide a limited set of isotopes for study. The 88 cyclotron provides access
to essentially the entire chart of the nuclides, which will allow us to produce isotopes such as
®Ge and "'Ge by (a,n) reactions on ™Zn. Appropriate reactions for producing Group 14
elements will be investigated and developed for use at the 88-Inch Cyclotron both for off-line,
bench-top batch chemical studies, and on-line efficiency measurements for system testing.

Heavy element aqueous experiments have long been plagued by the need to evaporate a final
counting sample to dryness prior to successful detection of alpha radiation. We intend to counter
this requirement with functionalized surface technology [8], where extractive molecules are
chemically bound to a surface, currently glass, allowing species of interest to be quickly bound
from an aqueous solution. The solution is removed almost immediately following contact with
the substrate, and the sample is then ready for alpha counting with resolution comparable to an
electroplated source. This technology permits easier access to shorter half-life species, and
allows meaningful experimental statistics to be generated in shorter time periods. The extractive
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species can be tailored to the element under study, and may even offer a rapid alternative to
traditional column type experiments. Fission is also an important decay mode in the super-heavy
elements, and using a glass substrate will permit only single fragment measurement, whereas if
the technology can be extended to a polymer surface, then the potential for being able to do
fission spectroscopy on both fragments becomes possible. Developing this technology using an
appropriate polymer substrate will be a key development.

The yearly deliverables for this research effort are:

FY12: Test techniques for accelerator/automated chemistry interface and measure on-line
efficiency for several homologue isotopes. Utilize approximately 3 shifts of 88” beam time.
Participate in BGS+GRETINA experiments in early FY'12.

FY13: Develop rapid sample preparation techniques and continue development of
aqueous chemistry for group 14. May include some runs at LBL or Texas A&M (TAMU).

FY14: Based on the results of prior tests at 88” cyclotron, determine best location for
element 114 aqueous chemistry experiment (88, Dubna, GSI, or TAMU).

FY15: Based on results from prior developments, attempt the first aqueous SHE
chemistry (eg., element 114).

[1] P. Pyykko, Phys. Chem. Chem. Phys. 13, 161 (2011).

[2] J.P. Omtvedt et al., J. Nucl. Radiochem. Sci. 3, 121 (2002).

[3] L. Stavsetra et al., Nucl. Instrum. Meth. Phys. Res. A 543, 509 (2005).
[4] R. Sudowe et al., Radiochim. Acta 94, 123 (2006).

[5] J.M. Gates et al., Radiochim. Acta 97, 167 (2009).

[6] J.M. Gates ef al., Radiochim. Acta 97, 173 (2009).

[7] Ch.E. Diillmann et al., Radiochim. Acta 97, 403 (2009).

[8] W.J. Oldham et al., J Radioanal. Nucl. Chem. 282, 585 (2009).

Requested start-up budget is $150K for support of 0.5-0.75 PD (institution supports 0.25), travel,
and some chemical and material expenses.
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LLNL institutional support

The Experimental Nuclear Physics Group is part of the Physics Division, in the Physical and Life
Sciences Directorate (PLS) of the Lawrence Livermore National Laboratory (LLNL). The Lawrence
Livermore National Laboratory was established in the 1950’s to design and test nuclear weapons, and
nuclear physics has been an integral part of the Laboratory since its inception. With the lab’s
multidisciplinary structure, we have a long heritage of successfully conducting both large- and small-scale
experiments, and effectively balancing research with our programmatic responsibilities.

We are located in the several buildings at the laboratory including B194 electron accelerator building,
which gives us direct access to laboratory space and infrastructure built up for nuclear physics
experiments at LLNL. In addition to the standard facilities supplied by LLNL such as offices, computers,
and laboratories, the laboratory also supplies specialized engineering support and machine shop precision
metrological capabilities. If needed, the institution also supplies super-computer machine time and
specialized analytical support. We have strong connections with the stockpile stewardship radiochemistry
group in the Chemistry Division within PLS which enables access to radiochemistry laboratories with
both fume hoods and gloved boxes, counting rooms for measurement of emitted radiations, mass
spectrometry laboratories, and both classified and unclassified work areas. We also have access to a wide
range of analytical techniques including automated ion-chromatography, X-ray fluorescence, organic gas
chromatography, mass spectroscopy, detector development laboratories including gamma-ray, x-ray and
particle detectors of varying types, the TPC laboratory, etc.

Our research projects dictate that we participate in experiments at accelerator and reactor facilities around
the world. We have collaborations with the 88" cyclotron at the Lawrence Berkeley National Laboratory,
the ATLAS accelerator at ANL, ISAC at TRIUMF, NSCL and FRIB at MSU, TUNL on the Duke Univ.
campus, LANSCE at LANL, ISOLDE at CERN, JINR at Dubna, Univ. of Oslo, Univ. of Richmond,
Univ. of Maryland, Univ. of Rochester, Rutgers Univ., ORNL, and are developing connections with
Texas A&M. We are currently collaborating with the Heavy Element Group at the Joint Institute for
Nuclear Research in Dubna, Russia, and have the use of their facilities, including several heavy-ion
cyclotrons.

Furthermore, we cooperate with the High-Flux Isotope Reactor at the Oak Ridge National Laboratory,
which has provided us with an extensive inventory of exotic heavy element isotopes of varying
enrichments, suitable for spectroscopic studies themselves, or as target materials for synthesis of heavier
nuclear species. Our ability to make radioactive targets of exotic nuclides on thin substrates is unequalled
by any other facility in the country. We have also used irradiations at HFIR to activate NIF capsules for
development of radiochemistry experiments at NIF.

Through offering an exciting basic nuclear science research component, we are able to effectively recruit
young scientists that are interested in nuclear science as postdoctoral researchers or graduate students.
We routinely have ~6 post doctoral researchers within the group at any time, two of which are directly
supported by DOE/SC/NP. We typically have 1-2 graduate students working with us at any time, mostly
on DOE/SC/NP projects, but they are supported by DHS or NNSA funding through their home
institution. During the summer, we typically have ~6 undergraduate researchers participating in a variety
of projects in the group.
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Publications during 2008-2011

Exotic nuclei studies

1.

9.

10.

A.B. Hayes, D. Cline, K.J. Moody, I. Ragnarsson, C.Y. Wu et al., “Coulomb excitation
of a ***Am isomeric target: E2 and E3 strengths, rotational alignment, and collective
enhancement”, Phys. Rev. C 82, 044319 (2010).

A.M. Hurst, C.Y. Wu et al., “Rotational alignment in ***Np and the possible role of /s
neutrons”, Phys. Rev. C 81, 014312 (2010).

R. Kanungo, et al., “Structure of states in 12Be via the llBe(d,p) reaction”, Phys. Lett. B
682, 391 (2010).

M.A. Stoyer, et al., “Nuclear physics and heavy element research at Lawrence Livermore
National Laboratory”, Russian Chemical Reviews 78(12),1145 (2009).

. M.A. Schumaker, D. Cline, G. Hackman, C.J. Pearson, C.E. Svensson, C.Y. Wu et al.,

“Coulomb excitation of the proton-dripline nucleus **Na”, Phys. Rev. C 80, 044325
(2009).

AM. Hurst, C.Y. Wu et al., “Narrowing of the neutron sd-pf shell gap in *’Na”, Phys.
Lett. B 674, 168 (2009).

U.S. Tandel, S.K. Tandel, P. Chowdhury, D. Cline, C.Y. Wu et al., “Collective oblate
rotation at high spins in neutron-rich 180 Phys. Rev. Lett. 101, 182503 (2008).

. M.A. Schumaker,D. Cline, G. Hackman, A.C. Morton, C.J. Pearson, C.E. Svensson, C.Y.

Wu et al., “Coulomb excitation of radioactive *'Na and its stable mirror *'Ne”, Phys.
Rev. C 78, 044321 (2008).

M. Wiedeking, et al., “Intruder excitations in p, Phys. Rev. C 78, 037302 (2008).

W.D. Kulp, ef al., “Search for intrinsic collective states in 1SZSm”, Phys. Rev. C 77,
061301(R) (2008).

CUORE neutrinoless double-beta decay studies

1.

E. Andreotti et al. “*°Te neutrinoless double-beta decay with CUORICINO”,
Astroparticle Physics 34, 822 (2011).

L. Foggetta et al. “Composite macro-bolometers for the rejection of surface radioactive
background in CUORE-like bolometric experiments for rare events searches”,
Astroparticle Physics 34, 809 (2011).

E. Andreotti ef al. “Search for 7/EC double beta decay of '*°Te”, Astroparticle Physics
34, 643 (2011).

C. Arnaboldi et al. “Production of high purity TeO, single crystals for the study of
neutrinoless double beta decay”, Journal of Crystal Growth 312, 2999 (2010).
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5. E. Andreotti et al. “Muon-induced backgrounds in the CUORICINO experiment”,
Astroparticle Physics 34, 18 (2010).

6. N.D. Scielzo et al. “Double-beta decay Q values of 130Te, 128Te, and lone”, Physical
Review C 80, 025501 (2009).

7. M. Pedretti et al. “CUORE experiment: The search for neutrinoless double beta decay”,
International Journal of Modern Physics A 23, 3395 (2008).

8. M.J. Dolinski. “Neutron interactions in the CUORE neutrinoless double beta decay
experiment”, Ph.D. Thesis, University of California, Berkeley (2008).

9. C. Armaboldi et al. “Results from a search for the neutrinoless double beta decay of
30Te”, Physical Review C 78, 035502 (2008).

In addition, a number of papers are nearly ready to be submitted:

1. E. Andreotti et al. “Study of the double-beta decay of *°Te to the first 0" excited state of
130X e with the CUORICINO detector”, to be submitted (2011).

2. F. Alessandria ef al. “Observation of '*Te electron capture decay from the L atomic
shell”, to be submitted (2011).

3. E. Andreotti ef al. “CUORICINO: construction and operation”, to be submitted (2011).

4. F. Alessandria et al. “Sensitivity of CUORE to neutrinoless double-beta decay”, to be
submitted (2011).

5. F. Alessandria et al. “CUORE crystal validation runs: results on radioactive
contamination and extrapolation to CUORE background”, to be submitted (2011).

Awards:

M. Pedretti — SPOT award from the Physics Division of the Physical and Life Sciences
Directorate, LLNL (2011) for her leadership within the CUORE collaboration.

Recognitions

M. Pedretti — selected as CUORE-0 experimental coordinator (2010).

M. Pedretti — featured in a LLNL Newsline article
(www.lInl.gov/news/aroundthelab/2011/Jan/ATL-011011_pedretti.html) for her selection as
CUORE-0 experimental coordinator (2010).

N.D. Scielzo — featured in LLNL’s Science & Technology Reviews (see Science & Technology
Review, June 2009, pp. 17-18 and Physical and Life Sciences 2009 Science & Technology
Review Highlights, pp. 15-16) for research in double-beta decay (2009).
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Summary Table of Publications

No. papers No. papers
No. career | No. papers H No. papers 2008-2011 career
Scientist papers* | 2008-2011* | index* 1* author (lead role) (lead role)
Nick Scielzo 33 22 9 9 16 25
Marisa Pedretti 64 12 10 11 10 48
Ching-Yen Wu 85 15 19 8 10 60
Aaron Hurst 9 7 4 3 5 6
Elaine Kwan 23 15 6 2 10 18
Mark Stoyer 269 34 31 20 20 180

*Data from ISI Web of Knowledge/Web of Science extracted July 2011.
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Ching-Yen Wu

Education:

Ph.D. in Physics, University of Rochester, (Advisor: Prof. Douglas Cline), 1983
M.A. in Physics, University of Rochester, 1979

B.S. in Physics, National Central University, Taiwan, R.O.C., 1976

Academic Appointments:

Staff Physicist, Lawrence Livermore National Laboratory; 2005 to present
Senior Research Associate, University of Rochester; 1987 to 2005
Research Associate, University of Tennessee; 1985 to 1987

Research Associate, University of Rochester; 1983 to 1985

Professional services:

Referee for Physical Review C, Physical Review Letters, and European Physical Journal A; reviewer for
DOE SBIR/STTR program

Community services:
Member of Gammasphere user executive committee (2010 — 2011, 2002 — 2003)

Selected Publications: (85 total in refereed journals; 15 since 2008)

10. A.M. Hurst, C.Y. Wu et al., “Narrowing of the neutron sd-pf shell gap in *Na”, Phys. Lett. B 674,
168 (2009).

9. M. Jandel et al., “Neutron capture cross section of M Am”, Phys. Rev. C 78, 034609 (2008).

8. A.P. Tonchev et al., “Measurement of the **' Am(n,2n) reaction cross section from 7.6 MeV to 14.5
MeV?”, Phys. Rev. C 77, 054610 (2008).

7. A. B. Hayes, D. Cline, C. Y. Wu, et al., “Spin dependence of K mixing, strong configuration mixing,
and electromagnetic properties of '"*Hf”, Phys. Rev. C 75, 034308 (2007).

6. C.Y. Wu et al., “Evidence for possible shape transitions in neutron-rich Ru isotopes: spectroscopy of
109.HOHLIZR 1 Phys. Rev. C 73, 034312 (2006).

5. A. B. Hayes, D. Cline, C. Y. Wu, et al., “Breakdown of K selection T8HP, Phys. Rev. Lett. 96,
042505 (2006).

4. C.Y. Wu, H. Hua, and D. Cline, “The role of the intrinsic E2 matrix element between the first two 0+
states in their configuration mixing in '“Zr”, Phys. Lett. B 541, 59 (2002).

3. C.Y. Wu and D. Cline, “Triaxiality in quadrupole deformed nuclei”, Phys. Rev. C 54, 2356 (1996).

2. C.Y. Wu and D. Cline, “Fragmentation of two-phonon gamma-vibration strength in deformed nuclei”,
Phys. Lett. B382, 214 (1996).

1. C.Y. Wu, W. von QOertzen, D. Cline, and M.W. Guidry, “Pairing correlations and two-nucleon transfer
between heavy nuclei”, Ann. Rev. Nucl. Part. Sci. 40, 285 (1990).

Synergistic Activities:
1. Current PI for
a. Fission-neutron measurement (WCI); responsible to develop a new generation of fission
chamber to provide a fast and clean trigger for the Chi-Nu neutron detector array.
b. Evolution of shell structure in neutron-rich nuclei (DOE/SC); exploring the structure of
nuclei with extreme isospin with radioactive beams.
d. Neutron capture measurement at DANCE (NA22); improving the (n,y) measurement for
238241pyy by developing a new fission detector system for DANCE.
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2. Particle detector: Key person in developing a) Gas avalanche fission-trigger counters as
auxiliary detectors for the (n,y) and (n,f) measurements with actinide targets, b) Bambino, a
segmented silicon array for TIGRESS in TRIUMF, and ¢) CHICO2, a pixelated parallel-plate
avalanche counter with a matching position resolution for GRETINA.

3. Coulomb excitation: Key role in developing both the experimental and analysis tools for the
second-generation of Coulomb excitation study of collective modes of motion in nuclei.

4. Spectroscopy of neutron-rich nuclei: Pioneer role in establishing the nuclear structure of
neutron-rich nuclei, produced in the fusion-fission reaction.

Collaborators:

1. Chi-Nu collaboration: R. Haight et al. (LANL)

2. DANCE collaboration: J. Ullmann et al. (LANL)

3. TIGRESS/Bambino collaboration: 52 participants from 15 institutions

4. Gammasphere/CHICO collaboration: 58 participants from 17 institutions
5. JANUS collaboration : 9 participants from 3 institutions

Postdoctoral Advisees in LLNL:
Aaron Hurst (2007 — 2009, curent location : LBNL), Andrii Chyzh (2010 — present), Elaine
Kwan (2010 — present)
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Elaine Kwan

Physics Division, Physical and Life Sciences Directorate
Lawrence Livermore National Laboratory

Phone: 925-424-3420

Email: kwanl2@1lnl gov

Education:

+ PhD in Physics (Advisor: University Distinguished Professor David . Morrissey).
Michigan State University, East Lansing. MI. United States, 12/2006.

* M.S. in Physics. Michigan State University. East Lansing, MI. United States, 2002.

+ B.A i Mathematics. University of Michigan-Dearborn, Dearborn, MI Umited States,
1998

* B.S. in Physics. University of Michigan-Dearborn. Dearborn, MI United States, 1998

Relevant Work History:

* Lawrence Livermore National Laboratory, Livermore, CA, United States, Postdoctoral
Researcher, from 6/2010 to present.

+  Duke University, Durham  NC, United States, Postdoctoral Researcher, from 01/2007 to
6/2010.

*  Michigan State University and National Superconducting Cyclotron Laboratory. East
Lansing. MI, United States, Graduate Student Researcher, from 2003 to 12/2006.

Professional Leadership and Service:

reviewer for Atomic Data and Nuclear Data Tables

Three Most Important Publications:

“Discrete deexcitations in > U below 3 MeV from nuclear resonance fluorescence” E. Kwan, G.

Rusev, A. Adekola, F. Dénau, 5. L. Hammond, C. R. Howell, H. |. Karwowski, ]. H. Kelley, R. 5.
Pedroni, R. Raut, A.P. Tonchev, W. Tornow, Phys. Rev. C 83, 041601(R) (2011)

“Precision Mass Measurements of Rare Isotopes Near N = Z=33 Produced by Fast Beam
Fragmentation” P. Schury, C. Bachelet, M. Block, G. Bollen, D. A. Davies, M. Facina, C. M.
Folden III, C. Guénaut, ]. Huikari, E. Kwan, A. Kwiatkowski, D. ]. Morrissey, E. Ringle, G.K.
Pang, A. Prinke, |. Savory, H. Schatz, 5. Schwarz, C. S. Sumithrarachchi, T. Sun, Phys. Rev. C.
75,055801 (2007)

“Experiments with Thermalized Rare Isotope Beams from Projectile Fragmentation: A Precision
Mass Measurement of the Superallowed [ Emitter “°Ca” G. Bollen, D. Davies, M. Facina, J.
Huikari, E. Kwan, P. A. Lofy, D. ]. Morrissey, A. Prinke, R. Ringle, ]. Savory, P. Schury, 5.
Schwarz, C. Sumithrarachchi, T. Sun, L. Weissman, Phys. Rev. Lett. 96, 152501 (20086)
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Aaron M Hurst

Isotopes Project, Nuclear Science Division
Lawrence Berkeley National Laboratory
Phone: 510-486-6152

Email: AMHurst@]lbl.gov

Education:

e Ph.D. in Nuclear Physics. University of Liverpool, Liverpool, United Kingdom, 09/2006.

e M. Sc. in Nuclear and Radiation Physics. University of Manchester, Manchester, United
Kingdom, 10/2002.

e B.Sc. (Honours) in Chemistry. University of Nottingham, Nottingham, United Kingdom,
06/2000.

Work History:

e Lawrence Berkeley National Laboratory, Berkeley, CA, United States, Physicist Project
Scientist, from 03/2010 to present.

e Lawrence Livermore National Laboratory, Livermore, CA, United States, Postdoctoral
Fellow, from 02/2007 to 02/2010.

e University of Liverpool, Liverpool, United Kingdom, Graduate Student Researcher, from
10/2002 to 09/2006.

Awards and Honors:
Spot Award, Physics Division, Lawrence Livermore National Laboratory, 2009.
Three Most Important Publications:

AM. Hurst, C.Y. Wu, J.A. Becker, M.A. Stoyer, C.J. Pearson, G. Hackman, M.A. Schumaker,
C.E. Svensson, R.A.E. Austin, G.C. Ball, D. Bandyopadhyay, C.J. Barton, A.J. Boston, H.C.
Boston, R. Churchman, D. Cline, S.J. Colosimo, D.S. Cross, G. Demand, M. Djongolov, T.E.
Drake, P.E. Garrett, C. Gray-Jones, K.L. Green, A.N. Grint, A.B. Hayes, K.G. Leach, W.D.
Kulp, G. Lee, S. Lloyd, R. Maharaj, J.-P. Martin, B.A. Millar, S. Mythili, L. Nelson, P.J. Nolan,
D.C. Oxley, E. Padilla-Rodal, A.A. Phillips, M. Porter-Peden, S.V. Rigby, F. Sarazin, C.S.
Sumithrarachchi, S. Triambak, P.M. Walker, S.J. Williams, J. Wong, J.L. Wood. “Narrowing of
the neutron sd-pf shell gap in *’Na”, Physics Letters B 674, 168 (2009).

J. Cederkall, A. Ekstrom, C. Fahlander, A.M. Hurst, M. Hjorth-Jensen, F. Ames, A. Banu, P.A.
Butler, T. Davinson, U. Datta Pramanik, J. Eberth, S. Franchoo, G. Georgiev, M. Gorska, D.
Habs, M. Huyse, O. Ivanov, J. Iwanicki, O. Kester, U. Koster, B.A. Marsh, O. Niedermaier, T.
Nilsson, P. Reiter, H. Scheit, D. Schwalm, T. Sieber, G. Sletten, I. Stefanescu, J. Van de Walle,
P. Van Duppen, N. Warr, D. Weisshaar, F. Wenander. “Sub-Barrier Coulomb Excitation of
"10Sn and Its Implications for the ""’Sn Shell Closure”, Physical Review Letters 98, 172501
(2007).
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A.M. Hurst, P.A. Butler, D.G. Jenkins, P. Delahaye, F. Wenander, F. Ames, C.J. Barton, T.
Behrens, A. Burger, J. Cederkall, E. Clement, T. Czosnyka, T. Davinson, G. de Angelis, J.
Eberth, A. Ekstrom, S. Franchoo, G. Georgiev, A. Gorgen, R.-D. Herzberg, M. Huyse, O.
Ivanov, J. Iwanicki, G.D. Jones, P. Kent, U. Koster, T. Kroll, R. Krucken, A.C. Larsen, M.
Nespolo, M. Pantea, E.S. Paul, M. Petri, H. Scheit, T. Sieber, S. Siem, J.F. Smith, A. Steer, 1.
Stefanescu, N.U.H. Syed, J. Van de Walle, P. Van Duppen, R. Wadsworth, N. Warr, D.
Weisshaar, M. Zielinska. “Measurement of the Sign of the Spectroscopic Quadrupole Moment
for the 2* State in "’Se: No Evidence for Oblate Shape”, Physical Review Letters 98, 072501

(2007).
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Nicholas D Scielzo

Physics Division, Physical and Life Sciences Directorate
Lawrence Livermore National Laboratory

Phone: 925-422-4172

Email: scielzol @lInl.gov

Education:

e Ph.D. in Nuclear Physics. University of California, Berkeley, Berkeley, CA, United
States, 05/2003.

e B.A. in Chemistry and Physics. Harvard University, Cambridge, MA, United States,
06/1997.

Work History:

e Lawrence Livermore National Laboratory, Livermore, CA, United States, Staff Physicist,
from 08/2009 to present.

e Lawrence Livermore National Laboratory, Livermore, CA, United States, Lawrence
Fellow, from 10/2006 to 08/2009.

e Argonne National Laboratory, Argonne, IL, United States, Postdoctoral Researcher, from
07/2003 to 10/2006.

e Lawrence Berkeley National Laboratory, Berkeley, CA, United States, Interim
Postdoctoral Researcher, from 05/2003 to 06/2003.

e Lawrence Berkeley National Laboratory, Berkeley, CA, United States, Graduate Student
Researcher, from 06/1998 to 05/2003.

Awards and Honors:

Outstanding Performance Award, Lawrence Berkeley National Laboratory, 2000.
Lawrence Fellow Award, Lawrence Livermore National Laboratory, 2006.

Professional Leadership and Service:

Physical Review C, Reviewer, from 2011 to Present
Physics Letters B, Reviewer, from 2007 to Present
SIGMA, Reviewer, from 2006 to Present

Three Most Important Publications:

G. Savard, F. Buchinger, J.A. Clark, J.E. Crawford, S. Gulick, J.C. Hardy, A.A. Hecht, J.K.P.
Lee, A.F. Levand, N.D. Scielzo, H. Sharma, K.S. Sharma, 1. Tanihata, A.C.C. Villari, Y. Wang.
"Q value of the superallowed decay of V-46 and its influence on V-ud and the unitarity of the
Cabibbo-Kobayashi-Maskawa matrix", Physical Review Letters 95, 102501 (2005).

N.D. Scielzo, S.J. Freedman, B.K. Fujikawa, P.A. Vetter. "Measurement of the beta-nu
correlation using magneto-optically trapped Na-21", Physical Review Letters 93, (2004).


mailto:scielzo1@llnl.gov
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J.R. Guest, N.D. Scielzo, I. Ahmad, K. Bailey, J.P. Greene, R.J. Holt, Z.-T. Lu, T.P. O'Connor,
D.H. Potterveld. "Laser trapping of Ra-225 and Ra-226 with repumping by room-temperature
blackbody radiation”, Physical Review Letters 98, 093001 (2007).
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Marisa Pedretti

Physics Division, Physical and Life Sciences Directorate
Lawrence Livermore National Laboratory

Phone: 925-424-5945
Email: pedretti2@lInl.gov

Education:

e Ph.D. Insubria University, Como, Italy, 01/2004. Thesis title: “The single module for
Cuoricino and CUORE detectors: tests, construction and modelling”.
http://www.romal .infn.it/exp/cuore/thesis/phd/Pedretti phd.pdf . Advisor: A. Giuliani.

e Laurea (Italian M.S. degree). Milano University, 05/2000. Dissertation title:
“Development of low temperature detector arrays for the measurement of electron
antineutrino mass”’ (written in Italian). Advisor: E. Fiorini.

Work History:
Jan. 2009 — present:
May 2005 — Dec 2008:
Jan. 2004 — Dec. 2004:

Jun. 2001 — Aug. 2001:

Awards and Honors:

Post-doctoral Researcher at Lawrence Livermore National
Laboratory.

Post-doctoral Fellowship of Instituto Nazionale di Fisica Nucleare
(INFN) at Milano-Bicocca University.

Post-doctoral Fellowship of Insubria University.

Research period at the Kamerlingh Onnes Laboratory (Leiden
University, Netherlands) on superconductive transducers for
cryogenic gravitational wave antennas.

SPOT award — Physics Division of the Physical and Life Sciences Directorate, LLNL (2011).
Short-listed in 2010 for a scientific staff position at SLAC Laboratory.

Short-listed in 2009 for a tenure-track position at Columbia University.

Obtained INFN “researcher qualification” status in astroparticle physics after competing in an
INFN national competition (2005).

Three Most Important Publications:

C. Arnaboldi et al. “New limit on the neutrinoless beta bb decay of 130Te”, Physical Review

Letters 95, 142501 (2004).

C. Arnaboldi et al. “First results on neutrinoless double beta decay of 130Te with the
calorimetric CUORICINO experiment”, Physics Letters B 584, 260 (2004).

C. Arnaboldi ef al. “CUORE: A cryogenic underground observatory for rare events”, Nuclear
Instruments and Methods in Physics Research Section A 518, 775 (2004).


mailto:pedretti2@llnl.gov
http://www.roma1.infn.it/exp/cuore/thesis/phd/Pedretti_phd.pdf
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Mark A. Stoyer

L-414

Physics Division

Physical and Life Sciences Directorate
7000 East Ave.

Lawrence Livermore National Laboratory
Phone: 925-423-3079

Email: stoyerl@llnl.gov

Education:

University of California, Berkeley, Berkeley, CA, United States, attended from 08/1985 to 11/1990, PhD,
Nuclear Chemistry, 11/1990.

Purdue University, West Lafayette, IN, United States, attended from 08/1981 to 12/1984, B.S. in
Chemistry, 12/1984.

Work History:

1/85 - 8/85 Research Assistant at LLNL, Nuclear Chemistry Division, with Dr. Richard Meyer
8/85-11/90 Grad. Student Research Assistant at LBL with Dr. John Rasmussen

11/90 - 2/91 Post Doctoral Research Assistant at LBL with Dr. John Rasmussen

2/91 - 8/93 Post-Doctoral Research Assistant at LLNL with Dr. Eugene Henry

8/93 - 6/95 Post-Doctoral Research Assistant at LBL with Dr. Michael Nitschke

6/95 —2/07 Staff Scientist, Stockpile Stewardship Radiochemistry Group, LLNL

6/01 - 9/03 Deputy Program Element Leader, Stockpile Stewardship Radiochem Group, LLNL
6/02 - 7/03 Nuclear Chemistry Counting Facility Manager

7/03 - 7/04 Sabbatical in the Chemistry Dept., University of Maryland w/Dr. William B. Walters
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7/03 - Present Visiting Professor, Chemistry Dept., Univ. of Maryland
7/03 - Present Senior Staff Scientist (26 years LLNL service in Jan. 2011)
06/95 to Present Guest LBNL, Berkeley, CA

2/07 — present Experimental Nuclear Physics Group Leader, Physics Div., LLNL

Professional Memberships:

American Physical Society (Nuclear Physics Division)
American Chemical Society (Nuclear Chemistry Division)
American Association for the Advancement of Science

Sigma Chi Science Society

Awards and Honors:

NNSA Certificate of Appreciation, 2009.
13 Directorate Awards, 1999-2011.

US DOE certificate of appreciation, 2008.

Distinguished service award, 2004.

Professional Leadership and Service:

American Chemical Society, Past Chair, from 2010 to 2011.

American Chemical Society, Chair, from 2009 to 2010.

American Chemical Society, Chair Elect, from 2008 to 2009.

American Chemical Society, Vice Chair, from 2007 to 2008.

Los Alamos National Laboratory, LANSCE Users Group Executive Committee, Member from

2008 to 2010.

NNSA, Stockpile Stewardship Academic Alliance, Proposal Reviewer from 2005 to present.

e DOE/SC/NP, Nuclear Physics, Proposal Reviewer from 2004 to present .

e Los Alamos National Laboratory, LANSCE Program Advisory Committee, Member from 2001
to 2003.

e Referee Phys. Rev. C, Phys. Rev. Lett.,, NIMA, Radiochem. Acta, J. Phys. G, Nature

Three most important publications:
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1. “Intense High Energy Proton Beams from Petawatt Laser Irradiation of Solids” R.A. Snavely,
M.H. Key, S.P. Hatchett, T.E. Cowan, M. Roth, T.W. Phillips, M.A. Stoyer, E.A. Henry, T.C.
Sangster, M.S. Singh, S.C. Wilks, A. MacKinnon, A. Offenberger, D.M Pennington, K. Yasuike,
A.B. Langdon, B.F. Lasinski, J. Johnson, M.D. Perry, and E.M Campbell, Phys. Rev Lett. 85
(2000) 2945.

2. “Synthesis of Superheavy Nuclei in the **Ca + **’Pu Reaction” Yu.Ts.Oganessian,

V .K.Utyonkov, Yu.V.Lobanov, F.Sh.Abdullin, A.N.Polyakov, I.V.Shirokovsky, Yu.S.Tsyganov,
G.G.Gulbekian, S.L.Bogomolov, B.N.Gikal, A.N.Mezentsev, S.Iliev, V.G.Subbotin,
A.M.Sukhov, G.V.Buklanov, K.Subotic, M.G.Itkis, K.J.Moody, J.F.Wild, N.J.Stoyer,
M.A.Stoyer, R.W.Lougheed, Phys. Rev. Lett. 83 (1999) 3154.

3. “Synthesis of a New Element with Atomic Number Z=117" Yu. Ts. Oganessian, F.S. Abdullin,
P.D. Bailey, et al., Phys. Rev. Lett. 104 (2010) 142502.
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Budget Form For
Low Energy Research Programs
At National Laboratories

ORGANIZATION
Fwpy_ SCW0147
PRINCIPAL INVESTIGATOR(S) & EMAIL(S):

Ching-Yen W WU24@lInl.gov

Budget Page # () LE RESEARCH FUNDS (KB0401) KS
VERSION () DATE:( Aug.12011) All costs are fully burdened

TIFIC PERSONNEL/STAFF NP Funded Effort in FY 11 Actual

e for each person (FTE) FY 2011 FTEs
L Ching-Yen Wu 0.10 40.0 400 | 406 | 412 | 418 0.05) 0.1 0.1 0.09 0.09 0.08]
B
s
B
s
f
7 SUBTOTALOF ADDITIONAL PERSONNEL (show breakdown on a 20d page)
s C ) TOTALSCIENTIFIC PERSONNEL (17) | | 0.10 40.0 400 | 406 | 412 | 418 0.0
B. OTHER Scientific Personnel (Show number of people in bracket & provide names & details on explanation sheet) B. OTHER Scicntific Personncl
L( 0.6 ) Term Appointments.including POST DOCS 075 | 1250 | 1450 [ 1472 | 1494 [ 1516 0.6 0.6 0.6 0.6 0.6 0.6
2. ) GRADUATE STUDENTS (Stipend) 0.00
5. ) VISITING SCIENTISTS 0.00
m ) OTHER PROFESSIONAL (TECHL IT, PROGRAMMER_ ETC) 0.00
5.0 ) SECRETARIAL- CLERICAL | 0.00
o.( ) ANY OTHER (¢ 2., Visitors) | 0.00
SUBTOTALSALARIES AND WAGES () 1250 [ 1450 | 1472 [ 1494 [ 1516 | 0.0
C. TOTAL Fully Burdencd SALARIES (A+B) 165.0 | 1850 | 187.8 [ 1906 | 1935 | 0.0
D. PERMANENT EQUIPMENT (Not applicable to Labs)
TOTALPERMANENT EQUIPMENT 0.0 0.0 0.0 0.0 0.0 0.0
E. _TRAVEL(STAFF & POSTDOCS) | DOMESTIC
2. FOREIGN
Provide breakdown on explanation sheet; .¢., experiment, meetings &conferences, cic.
TOTALTRAVEL 10.0 10.0 10.2 10.3 10.5 0.0
. Fully burdencd STUDENT/TRAINEE COSTS (Show names, & Univ affiliations on sheen)
L TUITION &FEES GRADUTE STUDENTS
2. TUITION &FEES UNDRGRADUATE STUDENTS |
3. TRAVEL(Provide breakdown on £ experiment, me c)
4. oTER
TOTALSTUDENT/TRAINEE COSTS 0.0 0.0 00 [ 00 | 00 0.0

G. OTHER COSTS

I_MATERIALS AND SUPPLIES

2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION (provide breakdown on ion sheet)
4. IT &COMPUTER SERVICES not covered under indircct
[ T T T T T ]
6. OTHER
TOTALOTHER COSTS 0.0 0.0 0.0 0.0 0.0 0.0
H._TOTAL COSTS for A THROUGH G 175.0 195.0 [ 197.9 | 200.9 [ 203.9 0.0
Scnario A
1. Cost of Living Adj pi' 0% 0% 1.5% ] 15%| 1.5%
. CARRY FORWARD & RESERVES (accrucd from prior years) Total FTEs (provide breakdown on explanation sheet)
s c Personnel & associated costs charged to PROJECTS & MIEs

s c Personnel & associated costs charged to WFO

Scientific Personnel & associated costs charged to LDRD

BEGE

s

¢ Personnel & associated costs charged to Org Burden

0. Scientific Personnel & associated costs charged to Fellowships & Awards of finite duration
COMMENTS & NOTES (identify each item by a label, e.g., F.3); add additional rows as needed:
BI. Elaine Kwan




LLNL-TR-497871

Budget Form For

Low Energy Research Programs

At National Laboratories

ORGANIZATION

FTEs
0.05] 0.05 0.05] 0.04 0.03 0.03
0.75 0.75. 0.74; 0.72] 0.7 0.68;
(provide breakdown on sheet)

Total F

(provide breakdown on explanation sheet)

rwei  SCW0516
PRINCIPAL INVES TIGATOR(S) & EMAIL(S):
Nick Scielzo scielzo1@IInl.gov
Budget Page # ( ) LE RESEARCHFUNDS (KB0401) KS
VERSION () DATE:( Aug.12011) All costs are fully burdened
TIFIC PERSONNEL/STAFF NP Funded Effort in FY 11 Actual
e for cach person (FTE) FY 2011
List additional personnel on a 2nd sheet; show SUBTOTAL on line 7 Rescarch | (Res.ony) | py20n [ Fy2oi | Fy20u | Fy2ois | Fy2os
1 Nick Scielzo 0.05 200 200 | 203 | 206 [ 209
2
B
B
s
o
7 SUBTOTALOF ADDITIONAL PERSONNEL (shov breakdown ona 2nd page)
s ( ) TOTALSCIENTIFIC PERSONNEL (1-7) 0.05 20.0 200 | 203 | 206 | 209 0.0
B. OTHER Scicntific Personncl (Show number of people in bracket & provide names & details on explanation sheet)
1.(_0.8 ) Term Appoinments, including POST DOCS 0.75 145.0 1450 | 147.2 | 1494 | 1516
2.( ) GRADUATE STUDENTS (Stipend) 0.00
3.( ) VISITING SCIENTISTS 0.00
4. ) OTHER PROFESSIONAL (TECH, IT, PROGRAMMER, ETC) 0.00
5.0 ) SECRETARIAL- CLERICAL | 0.00
o.( ) ANY OTHER (¢ 2., Visitors) | 0.00
SUBTOTALSALARIES AND WAGES (B) 145.0 1450 | 147.2 | 1494 [ 1516 0.0
C. TOTAL Fully Burdencd SALARIES (A+B) 165.0 1650 | 167.5 | 170.0 [ 1725 0.0
D. PERMANENT EQUIPMENT (Not applicable to Labs)
TOTALPERMANENT EQUIPMENT 0.0 0.0 0.0 0.0 0.0 0.0
E.TRAVEL(STAFF & POSTDOCS) L DOMESTIC
2. FOREIGN
Provide breakdown on explanation sheet;¢.5., experiment, meetings &conferences, etc
TOTALTRAVEL 10.0 10.0 10.2 10.3 10.5 0.0
F. Fully burdened STUDENT/TRAINEE COSTS (Show names, & Univ affiliations on sheet)
L. TUITION &FEES GRADUTE STUDENTS
2. TUITION &FEES UNDRGRADUATE STUDENTS
3. TRAVEL(Provide breakdown on . ent 1)
4. OTHER
TOTALSTUDENT/TRAINEE COSTS 0.0 0.0 0.0 0.0 0.0 0.0
G. _OTHER COSTS
L MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION
3. CONSULTANT SERVICES
4. IT &COMPUTER SERVICES not covered under indircct
5. SUBCONTRACTS
6. OTHER
TOTALOTHER COSTS 0.0 0.0 0.0 0.0 0.0 0.0
H.__TOTAL COSTS for A THROUGH G 175.0 175.0 177.6 | 180.3 [ 183.0 0.0
Scnario A
1. Cost of Living Adj pi' 0% 0% 1.5% ] 15%| 1.5%
J. CARRY FORWARD & RESERVES (accrued from prior years)
K_s c Personnel & associated costs charged to PROJECTS & MIEs
L s c Personnel & associated costs charged to WFO
M._Scientific Personnel & associated costs charged to LDRD
N. s c Personnel & associated costs charged to Org Burden
ific Personnel & associated costs charged to Fellowships & Awards of finite duration

BI. Marisa Pedretti

0. sci
COMMENTS & NOTES (identify each item by a label, e.g., F.3); add additional rows as needed:
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Budget Form For
Low Energy Research Programs
At National Laboratories

ORGANIZATION

Fwpy_ SCW0147

PRINCIPAL INVESTIGATOR(S) & EMAIL(S):

Ching-Yen W WU24@lInl.gov

FTEs
FY 2010 FY 2011 FY 2012 FY 2013 FY 2014 FY 2015
0.05] 0.1 0.1 0.1 0.1 0.1
B. OTHER Scientific Personnel
0.6 0.6 0.6 0.6 0.6 0.6)
(provide breakdown on sheet)

Budget Page # ( ) LE RESEARCHFUNDS (KB0401) KS
VERSION () DATE:( Aug.12011) All costs are fully burdened
TIFIC PERSONNEL/STAFF NP Funded Effort in FY 11 Actual
e for each person (FTE) FY 2011
List additional persomel on a 2nd sheet; show SUBTOTAL on ine 7 Research | (Res.only) | py2on | Fy2oi [ Fv2om | Fvaois | Fv2oi
L Ching-Yen Wu 0.10 40.0 412 | 424 | 437 | 450
B
s
B
s
f
7 SUBTOTALOF ADDITIONAL PERSONNEL (show breakdown on a 20d page)
s C ) TOTALSCIENTIFIC PERSONNEL (17) | | 0.10 40.0 412 | 424 | 437 | 450 0.0
B. OTHER Scientific Personnel (Show number of people in bracket & provide names & details on explanation sheet)
L(_ 0.6 ) Term Appointments,including POST DOCS 0.75 1250 | 1288 | 132.6 | 1366 | 1407
2. ) GRADUATE STUDENTS (Stipend) 0.00
3. ) VISITING SCIENTISTS 0.00
4.( ) OTHER PROFESSIONAL (TECH, IT. PROGRAMMER, ETC.) 0.00
5.0 ) SECRETARIAL- CLERICAL | 0.00
o.( ) ANY OTHER (¢ 2., Visitors) | 0.00
SUBTOTALSALARIES AND WAGES () 1250 [ 1288 | 132.6 [ 1366 | 1407 | 0.0
C. TOTAL Fully Burdencd SALARIES (A+B) 165.0 [ 170.0 | 1750 [ 1803 [ 1857 | 0.0
D. PERMANENT EQUIPMENT (Not applicable to Labs)
TOTALPERMANENT EQUIPMENT 0.0 0.0 0.0 0.0 0.0 0.0
E. _TRAVEL(STAFF & POSTDOCS) | DOMESTIC
2. FOREIGN
Provide breakdown on explanation sheet;e.2., experiment, meetings &conferences, ctc
TOTALTRAVEL 10.0 10.3 10.6 10.9 113 0.0
. Fully burdencd STUDENT/TRAINEE COSTS (Show names, & Univ affiliations on sheen)
L TUITION &FEES GRADUTE STUDENTS
2. TUITION &FEES UNDRGRADUATE STUDENTS |
3. TRAVEL(Provide breakdown on £ experiment, me c)
4. oTER
TOTALSTUDENT/TRAINEE COSTS 0.0 0.0 0.0 0.0 0.0 0.0
G._OTHER cosTs
L MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION
3. CONSULTANT SERVICES
4. IT &COMPUTER SERVICES not covered under indirect
5. SUBCONTRACTS
6. OTHER
TOTALOTHER COSTS 0.0 0.0 0.0 0.0 0.0 0.0
H._TOTAL COSTS for A THROUGH G 175.0 180.3 185.7 | 191.2 [ 197.0 0.0
Scnario B
1. Cost of Living Adj pi' 0% 3% 3% 3% 3%

CARRY FORWARD & RESERVES (accrued from prior years)

s c Personnel & associated costs charged to PROJECTS & MIEs

Total F

(provide breakdown on explanation sheet)

s c Personnel & associated costs charged to WFO

Scientific Personnel & associated costs charged to LDRD

BEGE

s

¢ Personnel & associated costs charged to Org Burden

ific Personnel & associated costs charged to Fellowships & Awards of finite duration

0. sci
COMMENTS & NOTES (identify each item by a label, e.g., F.3); add additional rows as needed:
BI. Elaine Kwan
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Budget Form For

Low Energy Research Programs

At National Laboratories

ORGANIZATION

FTEs
0.05] 0.05 0.05] 0.05] 0.04 0.04
. OTHER Scicatific Personnel
0.75 075 075 0.75 075 075
(provide breakdown on sheet)

rwei  SCW0516
PRINCIPAL INVES TIGATOR(S) & EMAIL(S):
Nick Scielzo scielzo1@IInl.gov
Budget Page # ( ) LE RESEARCHFUNDS (KB0401) KS
VERSION () DATE:( Aug.12011) All costs are fully burdened
TIFIC PERSONNEL/STAFF NP Funded Effort in FY 11 Actual
e for cach person (FTE) FY 2011
List additional personnel on a 2nd sheet; show SUBTOTALon line 7 Rescarch | (Res.ony) | py20n [ Fy2oi | Fy20u | Fy2ois | Fy2os
1 Nick Scielzo 0.05 20.0 206 | 212 | 219 | 225
2
s
4
s
6
7 SUBTOTALOF ADDITIONAL PERSONNEL (show breakdown on a 2nd page)
s ( ) TOTALSCIENTIFIC PERSONNEL (1-7) 0.05 20.0 206 | 212 | 219 | 225 0.0
B. OTHER Scientific Personnel (Show number of people in bracket & provide names & details on explanation sheet)
1.(_0.8 ) Term Appointments, including POST DOCS 0.75 145.0 149.4 153.8 | 1584 | 1632
2.( ) GRADUATE STUDENTS (Stipend) 0.00
3.( ) VISITING SCIENTISTS 0.00
4. ) OTHER PROFESSIONAL (TECH, IT, PROGRAMMER, ETC) 0.00
5. ) SECRETARIAL- CLERICAL 0.00
o.( ) ANY OTHER (¢ 2., Visitors) | 0.00
SUBTOTALSALARIES AND WAGES (B) 145.0 149.4 153.8 | 1584 | 163.2 0.0
C. TOTAL Fully Burdened SALARIES (A+B) 165.0 170.0 175.0 | 1803 | 185.7 0.0
D. PERMANENT EQUIPMENT (Not applicable to Labs)
TOTALPERMANENT EQUIPMENT 0.0 0.0 0.0 0.0 0.0 0.0
E. TRAVEL(STAFF & POSTDOCS) I DOMESTIC
2. FOREIGN
Provide breakdown on explanation sheet;¢.5., experiment, meetings &conferences, etc
TOTALTRAVEL 10.0 10.3 10.6 10.9 113 0.0
F. Fully burdencd STUDENT/TRAINEE COSTS (Show names, & Univ affiliations on sheet)
L TUITION &FEES GRADUTE STUDENTS
2. TUITION &FEES UNDRGRADUATE STUDENTS
3. TRAVEL (Provide breakdown on . ent. tc)
4. OTHER
TOTALSTUDENT/TRAINEE COSTS 0.0 0.0 0.0 0.0 0.0 0.0
G._OTHER COSTS
L MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/ DISSEMINATION
3. CONSULTANT SERVICES
4. IT &COMPUTER SERVICES not covered under indircct
5. SUBCONTRACTS
6. OTHER
TOTALOTHER COSTS 0.0 0.0 0.0 0.0 0.0 0.0
H._TOTAL COSTS for A THROUGH G 175.0 180.3 185.7 | 191.2 [ 197.0 0.0
Scnario B
1. Cost of Living Adj pi' 0% 3% 3% 3% 3%

CARRY FORWARD & RESERVES (accrued from prior years)

s

c Personnel & associated costs charged to PROJECTS & MIEs

Total F

(provide breakdown on explanation sheet)

s c Personnel & associated costs charged to WF

o

Scientific Personnel & associated costs charged to LDRD

BEGE

s

¢ Personnel & associated costs charged to Org Burden

ific Personnel & associated costs charged to Fellowships & Awards of finite duration

BI. Marisa Pedretti

0. sci
COMMENTS & NOTES (identify each item by a label, e.g., F.3); add additional rows as needed:
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Budget Form For

Low Energy Research Programs

At National Laboratories

ORGANIZATION

Fwp ¢ SCW0147,SCWO0516+new

PRINCIPAL INVESTIGATOR(S) & EMAIL(S):

FTEs
FY 2010 FY 2011 FY 2012 FY 2013 FY 2014 FY 2015
0.05] 0.1 0.2! 0.2 0. 0.2!
0.05] 0.05 0.1 0.1 0. 0.1
0 0 0.5! 0.5] 0. 0.5
0 0 0.05 0.05 0.0! 0.05
B. OTHER Scientific Personnel
1.5 1.5 225 225 225 225
s (provide breakdown on sheet)

Ching-Yen Wu, Nick Scielzo. Mark Stoyer wu24@linl.gov scielzo1@lInl.gov mastoyer@linl.gov
Budget Page # ( ) LE RESEARCHFUNDS (KB0401) KS
VERSION () DATE:(_August L2011 ) All costs are fully burdened
A. SCIENTIFIC PERSONNEL/STAFF NP Funded Effort in FY 11 Actual
One line for cach person (FTE) FY 2011
List additional personnel on a 2nd sheet; show SUBTOTALon line 7 Rescarch | (Res.ony) | py20n [ Fy2oi | Fy20u | Fy2ois | Fy2os
1 Ching Yen Wu 0.01 20.0 80.0 | 824 | 849 | 874
2. Nick Scielzo 0.05 20.0 400 | 412 | 424 | 437
3. Marisa Pedretti 0.00 0.0 200.0 | 2060 | 2122 | 2185
4. Mark Stoyer 0.00 0.0 200 | 206 | 212 | 219
s
6
7 SUBTOTALOF ADDITIONAL PERSONNEL (show breakdown on a 2nd page)
s ( ) TOTALSCIENTIFIC PERSONNEL (1-7) 0.06 40.0 350.2 | 360.7 | 3715 0.0
B. OTHER Scientific Personnel (Show number of people in bracket & provide names & details on nsheet)
1(_2 ) Term Appointments, including POST DOCS 2.00 290.0 445.6 | 4589 | 4727
2.( ) GRADUATE STUDENTS (Stipend) 0.00
3.( ) VISITING SCIENTISTS 0.00
4. ) OTHER PROFESSIONAL (TECH, IT, PROGRAMMER, ETC) 0.00
EX ) SECRETARIAL- CLERICAL 0.00
o.( ) ANY OTHER (¢ 2., Visitors) | 0.00
SUBTOTALSALARIES AND WAGES (B) 290.0 432.6 445.6 | 4589 | 472.7 0.0
C. TOTAL Fully Burdened SALARIES (A+B) 330.0 772.6 819.7 | 8442 0.0
D. PERMANENT EQUIPMENT (Not applicable to Labs)
TOTALPERMANENT EQUIPMENT 0.0 0.0 0.0 0.0 0.0 0.0
E. TRAVEL(STAFF & POSTDOCS) I DOMESTIC
2. FOREIGN
Provide breakdown on explanation sheet;¢.5., experiment, meetings &conferences, etc
TOTALTRAVEL 20.0 350 36.1 37.1 382 0.0
F. Fully burdencd STUDENT/TRAINEE COSTS (Show names, & Univ affiliations on sheet)
L TUITION &FEES GRADUTE STUDENTS [
2. TUITION &FEES UNDRGRADUATE STUDENTS |
3. TRAVEL(Provide breakdown on . 1. meet 1)
4. OTHER
TOTALSTUDENT/TRAINEE COSTS 0.0 0.0 0.0 0.0 0.0 0.0
G._OTHER COSTS
L MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/ DISSEMINATION
3. CONSULTANT SERVICES
4. IT &COMPUTER SERVICES not covered under indircct
5. SUBCONTRACTS
6. OTHER
TOTALOTHER COSTS 0.0 0.0 0.0 0.0 0.0 0.0
H._TOTAL COSTS for A THROUGH G 350.0 807.6 | 831.8 | 856.8 [ 882.5 0.0
Scnario A
1. Cost of Living Adj pi' 0% 3% 3.0%| 3.0%| 3.0%

CARRY FORWARD & RESERVES (accrued from prio

ryears)

Scientific Personnel & associated costs charged to P)

ROJECTS & MIEs

Total FTEs (provide breakdown on explanation sheet)

Scient

c Personnel & associated costs charged to WFO

Scientific Personnel & associated costs charged to LDRD

BEGE

Scientific Personnel & associated costs charged to Org Burden

Scientific Personnel & associated costs charged to F.

cllowships & Awards of finite duration

BI. Elain Kwan (PD), Marisa Pedretti (as FX), new PD f

o.
COMMENTS & NOTES (identify each item by a label, e.g., F.3); add additional rows as needed:

for 3rd task
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Budget Justification/Explanation

Budget scenario A and B spreadsheets were prepared using required guidance and therefore
don’t require additional explanation.

The grand-total proposed budget for these efforts (+ new SHE effort) requires further
explanation. It should be noted that LLNL is a laboratory different than Office of Science
laboratories in that we leverage funding from other parts of DOE such as NNSA, DNDO, and
NA22 and even other funding agencies (DOD).

Exotic Nuclei Studies

The FY11 budget for this effort was $175K. Not included in the budget sheets was the one time
additional $370K for Chico2 development. The FY11 funding supported Ching-Yen Wu at 10%
time and a PD (Elaine Kwan) at 60% time (LLNL G&A supports 25% of a PD for career
development activities). The remaining funding was used for travel to experiments
(approximately one trip per year to TRIUMF, ANL and MSU) and some materials. We request a
small amount of additional funding FY12-FY'15 (~$40K) to increase Ching-Yen’s time to 20%
effort. This additional funding is required for development of experiments at MSU moving
towards FRIB and support of experiments at TRIUMF, ANL and MSU.

CUORE Neutrinoless Double-beta Decay

The FY11 budget for this effort was $175K + $250K additional allocated in Aug. 2011 as an
advance which was not added to base funding. We continue to request an additional amount of
funding to be added to the base starting in FY 13 in order to achieve ~425K level principally for
support Marisa as a staff person rather than PD. The total amount is included in the budget sheets
distributed as funding to convert Marisa Pedretti (currently PD) to staff and support her at 50%
(other 50% support is programmatic), to increase Nicholas Scielzo to 10% effort, and to increase
travel funding by ~$20K. The LLNL group currently consists of Nicholas Scielzo (staff) and
Marisa Pedretti (post-doc), who are funded through the Office of Science and Eric Norman
(staff), and Barbara Wang (grad student), who are funded through UC Berkeley and external
funding, and Kareem Kazkaz (staff), and Samuele Sangiorgio (post-doc), who participate in the
LLNL CUORE effort but currently receive no funding through Office of Science (they receive
funding through LLNL or other sources). The group is looking to add a graduate student through
the Nuclear Science and Security Consortium led by UC Berkeley Nuclear Engineering
Department. Marisa Pedretti is currently a post-doctoral researcher at LLNL who started in
January 2009 and it is LLNL’s intention to hire her as a research staff member before her post-
doc appointment ends in January 2012. In addition, LLNL contributes an additional 0.25 FTE
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per year for each post-doc from a G&A account for career development activities. A new post-
doc will be supported at the 0.75 FTE level after Marisa Pedretti’s term as a post-doc ends in
FY12. InFY08-10, the group has leveraged LLNL resources of a Lawrence Postdoctoral
Fellowship (Nicholas Scielzo) and a three-year Exploratory Research LDRD.

The LLNL group currently has much of the US CUORE team members that developed the US
Monte Carlo simulation to study scientific and background signatures. With the additional
funding, the LLNL group effort will be able to implement the four-year research plan described
above including participating in the background determination and elimination in the bolometers
and overseeing two graduate student theses on these backgrounds and a search for exotic double
beta decays.

Travel:

Domestic:
Yearly travel to 1 domestic CUORE collaboration meeting for three LLNL members.
Yearly travel to 1 domestic conference for two LLNL members.

International:
In FY11 only, Marisa Pedretti will travel to LNGS for 9-12 months for her role as the
CUORE-0 experimental coordinator.
Yearly travel to 2 CUORE collaboration meetings for three LLNL members.
For FY12-15, travel (14 weeks total) is anticipated for experimental shifts at LNGS for
the LLNL group.
Yearly travel to 1 foreign conference for two LLNL members.

SHE Automated Chemistry Development

New funding of $150K is requested for support of 0.5-0.75 PD (institution supports 0.25), travel,
and some material expenses—to investigate the chemistry of the heaviest elements using an
automated chemical apparatus. We have a candidate PD, but this person would still have to be
hired. This request is the source of $150K increase in FY 12 budget and additional FY13-15
outyears. Without additional funding, this effort would not be performed.

Summary

The large increase from FY11 to FY12 ($350K = $807K), a $457K increase, is explained as
follows: the $250K Aug. 2011 CUORE-0 advance is included here, the new $150K SHE request
is included here, and an additional $50K for exotic nuclei in order to increase Ching-Yen’s time
to 20%.
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Description of LLNL BURDENS

PERSONNEL COSTS:

%

Payroll Burden costs are incurred for employee fringe benefits and
employer paid payroll taxes and emplovee insurance. 56%

OTHER DISTRIEUTED CHARGES:

B

Last update: 1710011

Program Management Charge (PMC) costs are incurred for managing
and administering programs within a Principal Directorate. Major
activities/functions include Program Management, Financial Management,
Program Development. and other indirect functions in support of direct
programmatic activities. Varies

General & Administrative (G&A) costs cover management, financial. or
other expenses mcurred for the general management and administration of
the Laboratory as a whole. Activities include Semior Management
Administration. External Relations & Communications, Staff Relations,
Legal. Internal Audit, Human Resources, Finance and Budget.
Procurement, Prime Contract Management, Integrated Performance and
Pay Admimstration, and non-programmatic workforce management.
17.6%

There 15 a special allocation distributed to the National Ignition Campaign
(NIC), via the G&A NIC rate, for G&A functions/activities specifically
wdentifiable with NIC construction. Some Standard G&A functions are the
same as the G&A NIC. but only costs that are caused by or specifically
wdentifiable with NIC construction are included in the G&A NIC.

Hazardous Waste Charge (HWC) 1s allocated to all Non-DOE Work-
for-Other (WFQ) projects and represents the Non-DOE WFO programs’
share of LLNL s Waste Management costs. 1.5%

Lab Directed Research & Development (LDRD) 15 an assessment
annually approved by the DOE that funds research and development work
selected by the Laboratory’s Director or designee that enhances the
scientific and technological vitality of the Lab. 9.1%

DOE Federal Administrative Charge (FAC) represents an allocation of
DOE’s depreciation and administrative costs to Non-DOE funded projects.

3%

Safeguards and Security Charge (S&S) 1s allocated to all Non-DOE
Wortk-for-Other (WFO) projects and represents the Non-DOE WFO
programs’ share of LLNLs Safeguards and Security costs. 2.3%
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Last update: 1/10M11

Strategic Mission Support (SMS) costs are incurred for science and
technology strategic planning, outreach, special employees, library,
institutional capabilities, and other activities that enhance the Laboratory’s
ability to address future missions.

Management Fee is paid to LLNS. LLC for oversight and management of
the Laboratory. Maximum available fee is established in the contract and
consists of a fixed and performance incentive portion. The fee 1s applied
to DOE. DHS, NNSA. and work for others funds, except for those cost
estimates where fee 1s specifically excluded by contract. There are 3
management fee rates m effect: DOE. non-DOE (reimbursable work
including DHS). and National Ignition Campaign (NIC).

Site Support covers the costs necessary for the management,
maintenance, and upgrades of the general purpose facilities and property,
and for the provision of basic infrastructure services and safety on-site.
Activities include Computer Support, Networks, Telecommunications,
Information Technology Management & Services, Health Services,
Environmental Protection, Hazards Control, Site Emergency
Preparedness, Facilities Management, Facilities Maintenance, Roads &
Grounds Mamtenance, Fire Protection Services, ES&H Compliance,
Shipping. Receiving, Mail Services, and Taxi Services. Costs in the pool
also include Institutional General Purpose Equipment (IGPE) and
Institutional General Plant Projects (IGPP). which consist of capital
equipment and construction projects of a general use or mstitutional nature
that 1s required for general purpose site wide needs. The Site Support NIC
1s a special allocation distributed to the National Ignition Campaign (NIC)
project via a Site Support NIC rate.



LLNL-TR-497871

U. S. Department of Energy
Mational Nuclear Security Administration

" YA | =) Livermore Site Office
U | '__‘ PO Box 808, L-293
7000 East Avenue
Livermore, California 94551-0808
OCT 01 2010

4220
COR-CABM-10/1/2010-288087

Ms. Linda Rakow

Chief Financial Officer

Lawrence Livermore National Security, LLC
Lawrence Livermore National Laboratory
7000 East Avenue, L-435

Livermore, CA 94550

Subject: Contract DE-ACS52-0TNA27344, Clause I-110, Approval of Revised Provisional
Billing and Forward Pricing Rates for Fiscal Year 2011

Dear Ms. Rakow:

The enclosed Fiscal Year (FY) 2011 rates proposed by Lawrence Livermore National Security,
LLC (LLNS) on September 30, 2010, are hereby approved for forward pricing and for interim
billing during FY 2011.

In accordance with Federal Acquisition Regulation 42.704, rates may be prospectively or
retroactively revised by mutual agreement, or unilaterally determined by the Contracting Officer,
pending establishment of final indirect cost rates. Additionaliy, the elements of indirect cost and
the base or bases used in computing billing rates shall not be construed as determinative of the
indirect costs to be distributed or of the bases of distribution to be used in the final settlement.

LLNS shall continue to submit a comparison of actual rates versus approved forward pricing and
billing rates for all indirect cost pools and standard salary rates on a quarterly basis for the first
six months of the FY and on a monthly basis thereafter. In accordance with the approved
Performance Evaluation Plan, estimated vear-end variances between actual and approved rates
shall be managed to within the lower of 5% of pool costs or $10 million by pool.

If you should have any questions, please contact me at (925) 424-2986.

Sincerely,

W
Homér Willilamson

Contracting Officer
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L. Rakow

Enclosure: 10-009DP (D). Payne/H. Williamson), Proposed FY2011 Rilling Rares, dated
September 30, 2010

cc:
G. Gilliland, OFFM
J. Parenti

D. Goett

D. Boyd

A, Moser

D. Payne

K. Baker

P. Rosenkoetter
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Current or pending support:

N.D. Scielzo received LDRD funding ($150-200k per year) as PI for “Research and
Development for a Cryogenic Bolometer for Double-Beta Decay Research” (08-ERD-049) over
the three-year period FY08-10. This successful project developed new techniques to improve the
sensitivity of bolometric detectors to rare radioactive decays such as the long-sought-after
neutrinoless double-beta decay by reducing detector backgrounds, improving detector
instrumentation methods, and developing analysis tools to determine the source of any remaining
backgrounds and the sensitivity to various scientific signals of interest. This research has had an
immediate impact on the CUORE project as the tools developed to instrument bolometers with
thermistor and heater chips is being used in the CUORE-0 assembly and will ultimately be used
to instrument all the CUORE crystals. The LLNL group will continue to seek funding through
LLNL LDRD to support research and development efforts related to advanced scintillating
and/or isotopically enriched bolometers.
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Student education and training supported by the group:

Exotic Nuclear Studies

Education is an important component of this program. Many students including the
undergraduates and postdocs are involved in our fielded experiments. A total of five Ph.D.’s
were awarded over a period of 16 years in our Gammasphere/CHICO collaboration. One Ph.D.
was awarded so far and more in the pipeline for our TIGRESS/Bambino collaboration. We
anticipate numerous Ph.D.’s will be awarded in the future for our newly formed JANUS
collaboration with MSU. These collaborations pursue the physics of mutual interest but also
provide a fertile ground to nurture the next generation of nuclear physicists.

CUORE neutrinoless Double-beta Decay Studies

The LLNL CUORE group has had a strong connection with UC Berkeley through Eric
Norman of the Department of Nuclear Engineering:

Michelle Dolinski was funded through a LLNL fellowship (the SEGRF fellowship, now
called “Lawrence Scholarship”) to work with the LLNL group. Her thesis topic was “Neutron
Interactions in the CUORE Neutrinoless Double Beta Decay Experiment”. She graduated in the
fall of 2008 and has since taken a post-doctoral researcher position in neutrino physics at
Stanford Univeristy.

Barbara Wang has joined the LLNL group and is funded through a Nuclear Forensics
Graduate Fellowship through the Department of Homeland Security. She will be analyzing the
backgrounds that are expected in the CUORE experiment and in particular the signals at both
low energies and in the Ovf3[3 region that result from cosmogenic activation.

The LLNL group is expecting to attract a second graduate student from the “Nuclear
Science and Security Consortium” that was recently awarded by NNSA to a UC Berkeley led
team that included LLNL. The LLNL group’s CUORE research was featured as one of the
research topics for graduate students. This Consortium would provide funding for a graduate
student to work at Livermore with the LLNL group.

In addition, a UC Berkeley undergraduate student, Jessica Mintz, was involved in the
tellurium double-beta decay Q value measurements during 2008-2009. She played an important
role in collecting the data using the Penning trap and travelled to Gran Sasso to learn about the
CUORE experiment and participate in the onsite research and development activities. She is
currently attending graduate school in nuclear engineering at Purdue University.
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PAC34 — LETTER OF INTENT

Low-energy Coulomb excitation, inelastic scattering and transfer reaction
measurements at ReA3 with the JANUS setup

A Gade, C.M. Campbell, G.F. Grinyer, and D. Weisshaar
National Superconducting Cyclatron Laboratary,
Michigan State University,

East Lansing, 48824, Mi, USA.

D. Cline and A B. Hayes
Department of Physics and Astronomy,
University of Rochester,

Rochester, 14627, NY, USA.

C.Y. Wu, M. A. Stoyer and J.A. Becker
Lawrence Livermore National Laboratory,
Livermore, 94550, CA, USA.

Summary

We propose to inifiate a nuclear structure program at ReA3 that utilizes low-energy nuclear reactions —
barrier-energy Coulomb excitation, inelastic scattering and light-ion induced fransfer reactions — for
nuclear structure studies of exofic nuclei provided at NSCLs reaccelerator. The science program will be
enabled by the JANUS (Joint Array for NUclear Structure) sefup, which will combine the detection,
identification and tracking of projectile-like reacfion residues i fwo annular double-sided Si strip
detectors with gamma-ray detection using the Segmented Germanium Array SeGA. The emerging
physics opportunities are manifold and will complement the capabilities presently provided by NSCL's
fast-beam program. We present first physics cases that constitute initial measurements of broad research
programs that our collaboration proposes to pursue at ReA3 and its energy upgrades.

Physics Justification

General considerations of the complementarities to existing programs at NSCL

EA matrix elements provide the preenunent probe of collective correlations in nuclear structure, while A41
matrx elements and single-nucleon spectroscopic factors are the most direct probes of single-particle
confisurations. Coulomb excitation directly and selectively populates collective states with cross sections
that are a direct measure of the EA transition strengths. Pioneering studies at the NSCL have exploited fast
beams for intermediate-energy Coulomb excitation measurements of B(E2.0";—>27)) strengths in light
radioactive beams leading to significant advances in knowledge of the evolution of nuclear structure with
isospin far from stability. Although intermediate-energy Coulomb excitation is an effective probe of the
B(E2:0">2")) strengths for weak beams. the short inferaction time suppresses multistep excitation
processes and Coulomb-nuclear interference effects limit guantitative studies to single step [Gla98]
processes.

Multistep Coulomb excifation processes become domunant for collective nuclei excifed by high-Z nucler
at bombarding energies close to the Coulomb barrier. This allows for the identification and spectroscopy
of the vrast and yrare structures beyond the first 27 state in even-even nuclei and for particle-core coupled
structures in odd-4 and odd-odd nuclei [Cli86. Hay(7a]. For example, multiple Coulomb excitation at
barrier energies populated states up to spin 40h in “*U[Sim00] and spin 38h in U [Wu07]. At
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bombarding energies below the Coulomb barrier the interaction is dominated by the well-known
electromagnetic force allowing for quantitative studies of nuclear structure unimpeded by uncertainties in
knowledge of the interaction or reaction mechamsm that plague many other spectroscopic probes mn
muclear science. Sub-barrier mmultiple Coulomb excifation has been developed to the stage where a
significant fraction of the EJ, E2 and E3 transition matrix elements coupling low-lying states, as well as
the static E2 moments, have been measured for low-lying states up to high spin in collective nuclei
[C1i88]. The nmuch improved sensitivity of modern photon and heavy-ion detectors even allows study of
collective bands buult on long-lived 1someric states [Hay(7b].

Low-lying quadmupole collectivity in even-even nuclei contimies to provide strong indications of changes
in the nuclear shell structure and allows classifying collective phenomena like rotation, vibration and
critical-point symmetries. Intermediate-energy Coulomb excitation of projectile beams at energies
exceeding 50 MeV/u typically excites selectively the first 2” states in even-even nuclei in a single step
and thus allows for a clean determination of the B(E2;07>2") quadrupole excitation strength in the
regime of low beam rates and thick reaction targets [Gla98.Gad08]. Cross sections measured in
intermediate-energy Coulomb excitation are typically angle-integrated and sensitive to the transition
matrix elements only, which do not carry information on the magnitude and sign of the static quadmpole
moment and thus the nuclear shape. At low beam energies, however — driven by the significance of the
adiabaticity parameter in low-energy cellisions — the reonientation of the projectile spin during a collision
resulting in Coulomb excitation 1s appreciable and leads to the excitation amplifude bemng proportional to
the quadrupole moment including its sign in second order perfurbation theory (special case of a nmlti-step
excitation where the second step happens within the m-substates of the excited level). Therefore, low-
energy Coulomb excitation provides the unique opporfunity to determine nuclear shapes from the
measurement of the magnitude and sign of the static quadrupole moment.

Exotic odd-A muclei have rarely been studied with intermediate-energy Coulomb excitation although the
fragmentation of quadrupole strength poses stringent tests for nuclear shell-model calculations, in
particular in the vicinity of developing or disappearing shell gaps. One problem is the nmltipolarity of the
excitations, which typically has to be deduced in comparison to nuclear models, limiting the power of this
approach. For barrier-energy Coulomb excitation, the shape of the differential cross section do/d0), which
can easily be measured over a substantial angular range, is sensitive to the nwmltipolarity of the
electromagnetic excitation and promises to add low-energy Coulomb excitation of odd-A nuclei to the
arsenal of sensitive probes of the nuclear shell model in the regime of exotic nuclei.

For light mucle1, with Z< 10, nuclear contributions in intermediate-energy Coulomb excitation have been
found to become substantial even if the impact parameter of the collision 1s restricted fo “safe” distances
via scattening-angle cuts as fypically performed [Gad08]. This means that for light. exotic nucle,
Coulomb excitation below the Coulomb barrier allows for the highest precision and eliminates the model
dependency that is inherent to intermediate-energy Coulomb excitation of low-Z nuclei where a modeling
of the nuclear contribution — based on poorly known optical models — is mandatory.

At higher beam energies, with ReAl2 or a ReA6 upgrade. inelastic proton scattering will become
interesting as a complementary approach. Coulomb excitation probes only proton density distributions,
whereas proton inelastic scattering is sensitive to both proton and neutron densities. Combining both
measurements can thus disentangle the neutron and proton contributions to excited states. At ReA3
energies, resonant proton scattering might be of interest for experiments with a focus on muclear
astrophysics.

Our planned setup will also allow for gamma-tagged p or d-induced single nucleon transfer reactions and
thus will extend the existing fransfer reaction program with beams of =20MeV/u towards the lowest
energies. An atiractive feature is the strong influence of linear and angular momentum matching on
transfer cross sections. At ReA3 energies, the lowest-/ orbits will be selectively populated. providing a
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very clean spectroscopy of the 5 and p states that are suspected fo descend in energy and influence the
nuclear shell structure as the neutron dripline is approached [Ham07]. Quasi-elastic heavy-ion induced
reactions at barrier energies have been used successfully to study single-nucleon and pair-transfer cross
sections in order to probe the interplay of single-nucleon spectroscopic factors or pairing correlations with
collective degrees of freedom [Wu@(]. For intense beams. such studies could complement p or 4 induced
transfer studies where multistep coupling is absent.

The JANUS collaboration combines the NSCL group expertise in development and exploitation of
intermediate-energy Coulomb excitation and transfer, with the over 4-decades of Rochester/LLNL group
expertise in development and exploitation of multiple Coulomb excitation and transfer at barrier energies.
The synergy of this combined expertise bodes well for the success of this planned new research initiative.

In the following we outline a few physics programs that we propose to address with beams available at
NSCL’s reaccelerator.

Probing collectivity and shape changes in regions of shape coexistence

The shape of the atomic nuclens is determined by the interplay of macroscopic and microscopic effects
within the fermonic many-body system. For certain proton and neutron numbers, the rearrangement of a
few nucleons among close-lying orbits can lead to sudden and dramatic changes of the nuclear shape and
magnitude of deformation. This shape coexistence — where very different shapes or collective structures
with different deformation compete in a nucleus at low excitation energy — is prominent in several regions
of the nuclear chart.

The even-even self-conjugate nuclei with 28 < N =Z = 50 and their neighborhood have posed a long-
standing experimental challenge. The fp shell with the deformation-driving go, orbital is large enough for
these nuclel to exhibit all aspects of collective behavior including a remarkable diversity of shapes,
sizable ground-state deformations, triaxiality, and the coexistence of oblate and prolate shapes at low
excitation energy. These effects are generally attributed to the occurrence of well-pronounced, deformed
shell gaps in the Nilsson diagram amplified by the sinmltaneous occupancy of identical orbitals by
valence protons and nevtrons. The ground-state shape along the N=Z line in the nuclear chart is supported
by limited experimental information and is predicted to change from triaxial (¥Ge). oblate (%Se. "“Kr).
strongly prolate ("°S1, ¥Zr). to spherical (¥*Mo) as N=Z increases [Joh02.Sat01). These even-even self-
conjugate nuclei also are of considerable interest since the rapid-proton capfure process path follows
along the N~Z line in this mass regime enhancing the importance of understanding the structure of these
nuclel.

We propose fo study this region of the nuclear chart with low-energy Coulomb excitation to (1) map the
evolution of collectivity beyond the first 27 state in multiple Coulomb excitation and to (i1} determine the
magnitude and sign of the static quadrupele moments of excited states to pinpoint the shape (prolate or
oblate) for cases where statistics permits.

Two different methods have been pursued at SPIRAL/GANIL and ISOLDE/CERN to infer the shape of
an excifed state or band structure from a direct or indirect measure of the sign of the static quadrupole
moment. Due to the reonentation effect in low-energy Coulomb excitation, the measured excitation cross
section for a state depends on the transitional and the diagonal matrix element (which is proportional fo
the static quadrupole moment). This is illustrated in Figure 1 with the Coulomb excitation of "Se
performed at ISOLDE. The measured cross section provides a band of possible B{E2; 27— (7) values —
ranging from 600 ¢*fm” to 300 e'fm’ (+/— 1 sigma) — as function of the static quadrupole moment. Now,
when the B(E2) value or life-time is already known from intermediate-energy Coulomb excitation or a
life-time measurement. for example, the static quadripole moment can be restricted as shown in Figure 1,
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where two contradicting life-time measurements point at either prolate or oblate deformation for “Se.
These integral measurements do not require excessive amounts of statistics and can be done at fairly low
beam rates. At the energies available at ReA3, rates ~10° pps are expected to be sufficient for a typical 5-

day experiment and an integral measurement in this mass region.
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Figure 1: Determination of prolate and oblate shapes from integral low-energy Coulomb excitation experiments and life-time
measurements. [Figure adapted from A. Goergen, ™se Coulomb excitation performed at ISOLDE). We note that the Moe
Coulomb excitation [Hurd7] was performed well below the barrier, leading to a small excitation cross section and preventing
multi-step excitations. At ReA3, the experiments can be done at higher energy, leading to increased cross sections and multi-
step excitations.

The most direct and reliable determination of the sign is when the statistics is sufficient to measure the
angular distribution of the excitation cross section with reasonable accuracy. This was the method of
choice for the extensive stable-beam reorientation effect measurements performed in the 1960°s [CL69],
and has been used at SPIRAL/GANIL. Figure 2 shows how the cross section distibution discriminates
between prolate and oblate shapes in multiple Coulomb excitation. As shown in the spectrum. excitations
up the 8 state and levels on top of excited 07 states were observed. A measurement of this quality was
possible at SPIRAL/GANIL in 150 h of 10° pps on a Pb target at 4.7 MeV/u [Cle07] (We note, however.
that the EXOGAM full-energy peak eﬂicienc;( exceeds the SeGA efficiency by about a factor of 1.4).
Nuclei initially in reach are. for example. “Se [4 x 10° pps] for which the result is still highly
controversial (Figure 1. left). ¥Ge [3 x 10* pps] where first evidence for shape coexistence was
established recently [$ta07]. and ®Se [1 x 10* pps] for which a transitional character is predicted [Obe09].
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Figure 2: Left: Direct discrimination of prolate and oblate shapes from differential cross sections measured in multi-step
Coulomb excitation. (Figure adapted from W. Korten, experiment performed at SPIRAL). Right: Gamma-ray spectrum
detected in multi-step Coulomb excitation of hrat 4.7MeVu and 10° pps (150 h) at SPIRAL{GANIL. [Figure from [Cle07]}.

Other regions of the nuclear chart, where shape coexistence dominates the low-lying states, are the
“Island of Inversion™ around N=20 and neutron-rich nuclei in the vicinity of #g around N=28. Here,
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intruder configurations — np-nh excitations across the reduced N=20 and N=2& shell gaps — lead fo
coexisting shapes and configurations. Their study 15 of great importance for an understanding of the shell
structure in this region as the details of the shape coexistence quantify the core-breaking and provide
important benchmarks for the development of much needed cross-shell effective interactions.

For example. sulfur isotopes approaching N=28 *S — 5 [7 x 10* pps]. Argon isotopes up to *Ar [0 x 10*

pps] would be mvaluable to study the competing shapes and descending intruder configurations as N=28
breaks down in ¥'Si.
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Figure 3: Ground-state shapes across the nuclear chart predicted by Hartree-Fock-Bogoliubow calculations based on the D15
Gogny force (M. Gired and 5. Hilaire, CEA).

The examples specified above are a non-exclusive outline of possible first experiments. Figure 3 shows
recent Hartree-Fock-Bogoliubov calculations of ground-state shapes across the nuclear chart and
illustrates the rich regions where our program in the mid- and long-term future will contribute toward an
understanding of the evolution of shapes and collective properties in exotic nuclei.

Collectivity beyond the first excited state in the “Island of Inversion™

Historically, measurements of the mass of the neutron-rich 03N 1sotopes revealed that they are more
tightly bound than expected if one assumes a spherical shape and the validity of the conventional shell
closure at neutron number N = 20 [Thi75]. Further evidence for an onset of deformation in neutron-rich
muclei around “'Na emerged from the low excitation energy of the first 27 state of 3‘Mg_. and from the
large B(E2; 0" = 27) excitation strength. Shell-model calculations that allow for neutron particle-hole
excitations across the N =20 shell gap reproduced the experimentally observed onset of deformation in
this region. The r’sd}']{@)ﬂ particle-hole “‘intruder’” configurations were proposed fo dominate the
ground states of neufron-rnich nuclel with 10 = 2 = 12 and 20 = N = 22. This region, where the
deformation-driving intruder states are energetically favored over the normal shell-model configurations,
1s called the “‘“island of inversion™ [War20].

The main body of evidence for deformation in this region stems from Coulomb excitation measurements
of the first 2° state in even-even nuclei [Gad08]. The Tokyo Monte-Carlo Shell Model with the SDPF-M
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effective interaction has been very successful in describing the onset of low-lying quadmpole collectivity
observed in experiments on even-even nuclei [Uts99]. However, intermediate-energy Coulomb excitation
experiments on the odd-odd nucleus **Na [Ett08]. which plays a key role in this region due to its
sensitivity to the size of the N=20 shell gap [Uts04], revealed a significant overprediction of the
collectivity by the state-of-the-art shell-model Hamiltonian as it provided no evidence for the E=2
rotational band predicted by shell model on top of the 27 ground state [Uts04,Ett08]. On the other hand,
the recent study of low-energy Coulomb excitation of **Na shows the evidence for the neutron sd-pf shell
gap narrowing, which is consistent with the predictions of the Monte-Carlo Shell Model with the SDPF-
M effective interaction [Hur09]. Multiple Coulomb excitation experiments on even-even, odd-odd and
odd-mass nuclei in the “island of inversion™ and its vicinity would provide very stringent tests of the
present effective interaction (SDPF-M) and its successors to be developed in the future. Also shape
coexistence is predicted to occur all along the N=20 line with spherical (normal-order shell-model
configurations) and strongly deformed shapes (fp intruder configurations) competing at low excitation
energy where N=20 breaks down Low-energy Coulomb excitation might allow disentangling the
competing shapes and deformations and their evolution at the boundaries of the “island™.

For the “island of inversion™ around N=20, the boundary regions approaching the “island” (i) from higher
Z-Si(si Jﬁ x 10* pps]. ¥Si [2 x 10* pps]) — and (ii) towards N=20 along the chains of Ne and Mg -
*Ne [2 x 10° pps] - and Mg - *Mg [10° pps] and **Mg [4 x 10° pps] - would be important and expected to
be in reach at ReA3 with sufficient intensity as well as the odd-odd and odd-mass nuclei *Na [6 x 10°
pps). *Na [2 x 10° pps]. **Na [400 pps]. *Mg [3 x 10° pps]. and *Mg [2 x 10° pps].

Effect of the continuum on the population of the bound excited state in
Be at low bombarding energy

The study of electromagnetic properties of nuclei is among the most sensitive tests of the predictions of
muclear structure models. For the ab initic modeling of muclei, the electromagnetic properties in "Be
provide one of the best possible cases for probing the limits of this approach. "Be is a one-neutron halo
mucleus and exhibits one of the strongest known E1 transitions between bound states in a nucleus as well
as a strong EJ coupling to the continuum. This strength in the continuum is peaking at ~ 800 ke above
the ground state with a long tail extending to higher excitation energy and an integrated EJ strength about
1.0 &'fim’ [Nak94 Nun96 Pal03,Fuk(4], measured by the intermediate-energy breakup reaction of 'Be.
We propose to determine indirectly the integrated EI strength to the continbum by measuring the
population of the bound excited state at 320 keV using a ''Be beam at < 25 MeV on a "W target. The
effect of the confinuum on the population of the bound excited state will be quantified by using the
contimmm discretized coupled channels (CDCC) method [Sak86,5um0§] for the analysis of the data. The
determined EJ strength to the continuum will be compared to the ab initio predictions, which are ~ 80%
larger than that provided by a phenomenological approach, where 'Be is described as a cluster consisting
of a "Be core plus one neutron and where core excitations are allowed via deformation [Nun96]. This
will provide the crucial data on EJ strength for both, bound states and the continuum, needed for
improving and testing the ab initio calculations. This measurement is possible with a beam intensity of ~

107 pps.

Experimental Details

We propose to inifiate a program with ReA3 that utilizes gamma-ray tagged low-energy nuclear reactions
— inelastic scattering and light-ion induced transfer reactions — for nuclear structure studies. For this, the
JANUS (Joint Array for NUclear Structure) setup is presently developed within our nmlti-instifutional
collaboration. For the detection and the angle tracking of projectile-like particles and the detection of
recoiling target nuclei, three anmular, double-sided Si detectors of 140 pm thickness have been purchased.
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The detectors are of the type used in the BAMBINO=-TIGRESS sefup that is presently emploved at
ISAC/TRIUMEF for similar low-energy scattering and reaction measurements. The front of these detectors
is segmented into 32 sector strips, while the back side consists of 24 annular strips (a total of 56 51
channels to be read out per detector). The distance to the target then determines the angular coverage. In
a typical configuration with two detectors at TRIUMFE, one of the Si detectors is mounted 3 cm
downstream of the target, providing a range of forward laboratory angles of 20.1° to 49.4° [Hur(9]
(similar for the backward angles).

For gamma-ray detection we plan to use the SeGA array in ifs existing barrel configuration, usually called
betaSeGA, where 16 of the 32-fold segmented Ge detectors are arranged in a barrel around the beam pipe
Figure 4, left). We note that the segmentation of SeGA is optimal for an arrangement like this. The 51
detectors, their mounts and the target mechanism of JANUS, will be located within the beam pipe —
similar to the plunger life-time setup used at NSCL in the past. The efficiency of SeGA in the envisioned
barrel configuration is about 7.4% at 1 MeV. This is comparable to the efficiency of MINIBALL at
ISOLDE as used for the ""Se Coulomb excitation discussed above and is about 65% of the efficiency of
EXOGAM at SPIRAL/GANIL.
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Figure 4: Left: Existing 5eGA barrel configuration envisioned for the JANUS setup at Redx. Middle: BAMBIMNO at TRIUMF. We
note that for our SeGA configuration a particle-detector setup inside a beam pipe is optimum [similar to the NSCL plunger],
while the CLOVER detector array TIGRESS at TRIUMF requires BAMBIND to have a more complicated, spherical chamber.
Right: Concept of the particle detection setup which JANUS follows [Figure adapted from M. Jones, TRIUMF, 2008).

The projectile excitation cross sections will be measured relative to well-known target excitation cross
sections. The semi-classical Coulomb excitation least-squares search code GOSIA [gosia] will be used
for the Coulomb excitation calculations and the analysis and decomposition of transition and diagonal
matrix elements. This code, originally developed at Rochester in 1980, has been extensively updated in
recent years to better match the needs of the newer detector systems plus the use world-wide for analysis
of radioactive beam studies, and the Rochester group remains heavily involved in further upgrades.

Educational impact

This project involves graduate students and postdoctoral research associates at various stages in their
careers and will broaden their expertise in low-energy nuclear structure experiments - from the
development and the implementation of the sefup to the execution of experiments at ReA3 and its
envisioned future energy upgrades. We anticipate that experiments performed with the JANUS setup will
result in numercus PhD theses in the future.
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January 29, 2010

Dr. Alexandra Gade

NSCL

Michigan State University
East Lansing, MI 48824-1321

Dear Alexandra:

The Program Advisory Committee (PAC 34) of the National Superconducting Cyclotron
Laboratory met on January 19-20, 2010 to consider proposals for beam time at the
Coupled Cyclotron Facility and letters of intent for experiments at the upcoming
reaccelerated beam facility. Your proposal, Low-Energy Coulomb Excitation, Inelastic
Scattering and Transfer Reaction Measurements at ReA3 with the JANUS Setup (No.
09058), was included in this review.

The Committee viewed your letter of intent favorably. They felt that the proposed
JANUS facility promises to become a standard setup for a wide range of experiments at
ReA3 The Committee was pleased to see example experiments listed that would be
difficult to do at other facilities, and view these as priorities for future proposals. They
noted that one of the compelling aspects of this LOI was that 1t will enable a wide range
of interesting measurements at beam intensities in the 10° to 10* pps range. It could
therefore likely be able to take advantage of ReA3 early on. We look forward to future
proposals along this line using ReA3.

Please notify your colleagues on the letter of intent of this decision. Thank you for vour
interest in performing experiments at the reaccelerated beam facility.

Sincerely,

C. Konrad Gelbke
Director



