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Executive Summary

ARUNA, the Association for Research at University Nuclear Accelerators, consisting of 10 institutions and
176 registered users, is an association of university-based accelerator laboratories and the scientists performing
nuclear research at them. This white paper was produced as the outcome of a workshop held June 12 and
13, 2014 on the campus of the University of Notre Dame. The workshop was attended by 59 registered
participants from 20 institutions and centered its discussion around 34 plenary presentations. The program
is available at http://aruna.physics.fsu.edu/Workshop.html. The goal of the meeting was to document
the scientific impact of the programs at the university-based accelerator laboratories and formulate a vision
of their future role for the scientific community.

The university-based ARUNA laboratories pursue research programs in nuclear astrophysics, low energy
nuclear physics, fundamental symmetries, and a rapidly growing number of nuclear physics applications,
building bridges to other research communities. Their efforts are advancing the priorities for low-energy
nuclear science as expressed in the NSAC long-range plans, and are also pioneering new initiatives, new
scientific directions and developments in the field.

The ARUNA laboratories span a range of sizes and comprise a very diverse portfolio of research instruments
and programs. All ARUNA facilities benefit from their location on university campuses, where a large fraction
of the research is carried out. The faculty and scientists at these facilities represent an important intellectual
resource for the national nuclear program. They not only provide new ideas for their local facilities, but
represent a large fraction of the user community for the national laboratories. ARUNA facilities are the
testing ground for new ideas and new technical developments; the nation’s first radioactive beam facilities
were developed at ARUNA laboratories, ARUNA facilities provide now the design for critical instrumentation
for FRIB as the major new tool for low energy nuclear physics.

Some ARUNA laboratories have developed unique capabilities in mono-energetic neutrons, high intensity
mono-energetic y—photon beams, providing new ideas for large scale international facilities such as ELI in
Europe. ARUNA laboratories have also developed techniques for generating and utilizing high-intensity
low-energy beams, which will be an important asset towards the development of the next generation of
underground accelerator laboratories. Utilization of these probes is essential for addressing many of the
scientific goals and challenges in low energy nuclear physics and astrophysics. The facilities are characterized
by their flexibility to perform long term experiments or experimental programs that are not possible within
the environment of the national user facilities.

ARUNA laboratories provide an important fraction of the nuclear workforce. Through their location on
university campuses, they attract undergraduate and graduate students into the field, and they provide a
unique training environment for students and postdocs from a very early stage on. A large fraction of today’s
nuclear physics research community has been trained at university facilities. The ARUNA laboratories play
a major role in the workforce rejuvenation of the national nuclear science endeavor and are often the flagship
facilities at their host institutions.

To maintain this role for the broader community continuing support for university based laboratories is
essential.
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In order to ensure the long-term health of the field and the education of the next generation of scientists, it is
critical to maintain a balance between funding of major facilities and the needs of university-based programs,
for their research operations, science and new initiatives.



1 Introduction

ARUNA (Association for Research at University Nuclear Accelerators) is an association of the accelerator
laboratories at Florida State University, Hope College, Ohio University, Texas A&M University, TUNL (Duke
University, University of North Carolina at Chapel Hill, North Carolina State University), Union College,
the University of Kentucky, the University of Massachusetts Lowell, the University of Notre Dame and the
University of Washington. It was founded in 2011 to enhance communication and exchange between the
partner institutions and to strengthen the research and educational opportunities at these laboratories.

The ARUNA research programs presented in this white paper are characterized as nuclear astrophysics, low-
energy nuclear physics, fundamental symmetries and applications. In cases, overlap with research questions
and needs of other science communities exists. ARUNA scientists are primarily funded through DOE and
NSF for the nuclear physics core program. Most ARUNA groups operate their facilities as a means to
achieve the grant-funded scientific goals, with the exceptions of the Texas A&M cyclotron, TUNL and the
University of Washington. These three are operated as DOE Centers of Excellence. Currently (FY 2014),
the ARUNA groups receive 15.5 million dollars in grant funding, of which between 20 and 30% are used
to support the accelerator operations, a total of around 3.7 million dollars. The grant funding to ARUNA
laboratories is strongly leveraged by the hosting universities, which, almost everywhere, over-match the
operations budgets by providing staff positions, utilities, and other contributions. The universities consider
their respective ARUNA laboratories as scientific flagships with a big role in innovative and independent
research developments and a unique role in graduate and, even more so, undergraduate student training.

The National Science Foundation has traditionally made education and training a cornerstone of their
research support. The topic of workforce development and its impact on the DOE mission has also become
a primary focus at the DOE Office of Science and has been addressed in a report to NSAC [2]. Several
challenges in fulfilling the workforce needs of fundamental and applied nuclear science were identified. The
report concludes that early exposure of undergraduate students to nuclear methods is a big factor in addressing
these needs. All ARUNA laboratories support undergraduate research projects, many are hosts to groups from
undergraduate colleges and two ARUNA accelerator labs are located at undergraduate institutions. Through
these links, ARUNA laboratories are playing an important role in rejuvenating the nuclear workforce.

During the last four years, the Holifield Radioactive Beam Facility (HRIBF) at Oak Ridge National Labora-
tory and the Wright Nuclear Structure Laboratory at Yale University have ceased operations. These facilities
were supporting internal and external user programs with around 7500 hours of experiment time per year.
Access to experimental facilities in low-energy nuclear science has reached a critically low level, which, if it
continues, will endanger scientific progress, the quality of education and the number of experimental nuclear
Ph.D’s. ARUNA laboratories are needed to alleviate the impact of the nationwide reduction in experimental
facilities for low-energy nuclear science and nuclear astrophysics.

ARUNA scientists provide intellectual and scientific leadership, not only at their own institutions. They
also play a leading role for the nation’s nuclear physics endeavor, as users and innovators at national research
facilities and through developments for these programs. Many of the scientific goals and developments in
the low energy nuclear physics and astrophysics community have been spearheaded, tested, and developed
at ARUNA institutions.

The intellectual potential at work in ARUNA provides great benefits for the national nuclear physics
program. ARUNA laboratories and their broader intellectual and scientific networks provide the link between
disciplines that foster new ideas and innovations. Without their continuous and strengthened support, nuclear
physics may well disappear as an academic field from many university campuses.



2 The Scientific Impact of
ARUNA: Nuclear Astro-

physics

2.1 Introduction

Nuclear Astrophysics is a field where ARUNA labo-
ratories have made fundamental contributions over
the last two decades. ARUNA facilities presently
assume a leading role in the nuclear astrophysics
community. They have pioneered the development
of radioactive beams, they are leading in the use of
high-intensity stable beams and pioneered new in-
direct techniques and methods complementing the
direct study of nuclear reactions at quiescent and
explosive burning. They have initiated a worldwide
network of experimentalists, theorists and observers
to identify the scientific goals and priorities, and to
test the results against predictions and observations.

Figure 1 demonstrates the key role that nuclear
physics plays in the universe and in the development
of the isotopic and elemental abundances from the
first minute to the present time. It shows a snapshot
of the distribution of v radiation from the radioiso-
tope 20Al, a fingerprint of the ongoing nucleosyn-
thesis distributed over the galactic plane. ARUNA
scientists lead the laboratory effort for explaining
various quiescent and violent nucleosynthesis pro-
cesses. Their work is not limited to their “home”
facilities, but they provide essential contributions
to the scientific plan and agenda of FRIB as the
world’s leading radioactive beam facility.

The following sections will specify the contribu-
tions of ARUNA based research in investigating the
contributions to stellar burning and in exploring the
far-off stability reaction sequences that drive stel-
lar explosion. In addition, this section provides
on overview of achievements and long-term research
plans at ARUNA laboratories that cannot be per-
formed anywhere else in the United States.

Stellar Burning and Stellar Evolution

Stable-beam experiments have been a major con-
tributor to our understanding of nuclear astro-
physics since the field began in the 1930s. Photon

beams are a relative newcomer but also have signif-
icant impact. Here, we focus on quiescent burning
in stars and explosive nucleosynthesis, where signif-
icant progress using stable and ~y-photon beams is
anticipated. This is not to say that these approaches
are not useful in other scenarios, for example Big-
Bang Nucleosynthesis (BBN). In the case BBN, it is
already a triumph of stable-beam experiments that
the important reactions have been measured in the
Gamow window, although some experimental data
still requires re-measurement with higher accuracy
and precision. Further experimental work in the
area of BBN could be motivated by high-precision
primordial abundance measurements, e.g., of deu-
terium.

Planned stable and «-photon beam experiments
directly address two of the key questions for nuclear
science identified in the 2007 Long Range Plan:

e What is the origin of the elements in the
cosmos?

e What are the nuclear reactions that drive
stars and stellar explosions?

How Do Stars Work?

Almost all questions in astrophysics ultimately re-
quire a detailed understanding of stars and stellar
properties, thus challenging stellar models to be-
come more sophisticated, quantitative and realistic
in their predictive power. Such improvements de-
mand a more detailed understanding of the input
physics, such as thermonuclear reaction rates and
opacities. Experimental efforts to measure cross
sections and related spectroscopic information ad-
dress the question of reaction rates and will pro-
vide significantly more accurate rates in the future.
Ultimately, the improvement of our understanding
of stars requires systematic studies from many sub-
fields of science, including: observations, theoretical
astrophysics, nuclear experiment, and nuclear the-
ory (e.g., to guide extrapolations of cross sections
to lower energies). Observations are taken broadly
here to include the entire electromagnetic spectrum
as well as neutrino and meteoritic abundances mea-
surements, and are essential for validating stellar
models. The systematic nature of this work implies



Figure 1: Map of the Galaxy in radioactive 2Al gamma-rays as obtained from the NASA Compton Obser-
vatory mission and its COMPTEL telescope (Plueschke et al. 2001).

that a broad range of isotopes is considered and that
careful error analysis is undertaken for all ingredi-
ents of the models as well as for the observations.

Key areas of interest for stable beams are the pp
chain and CNO reactions that occur in our sun,
due to the continuing interest in the solar neutri-
nos produced by these processes. The measure-
ments of solar neutrinos (e.g., via the Borexino ex-
periment) have entered a phase of high-precision
spectroscopy, making it imperative that the nuclear
physics be understood at a comparable level. In gen-
eral, these reaction rates can be improved via two
approaches: (1) improved precision or (2) measure-
ments at lower energies. Measurements at low en-
ergies are made difficult by the small cross sections
and it should be noted that a lower-energy measure-
ment with poor precision compared with other data
is not helpful. What is thus required are dedicated
facilities which can supply the beam time and lumi-
nosity required to perform the measurements with
small statistical and systematic uncertainties. Such
facilities are discussed in more detail below. Spe-
cific reactions where improvements are desired in-
clude 3He(a, v)"Be, 2C(p,7)**N, “N(p, )70, and
7O(p, 7)'*F.

Hydrogen burning is of fundamental importance
in essentially all stars. In addition to the CNO reac-
tions already mentioned, quiescent hydrogen burn-
ing can affect abundances all the way up to A = 40,

and important questions remain to be answered.

After the hydrogen fuel in the core of a star is ex-
hausted, the star enters the helium burning phase.
The key reactions here are the triple-alpha pro-
cess which burns three « particles into ?C and the
2C(ar,)1%0 reaction. In massive stars, which un-
dergo type-II supernova explosions and are largely
responsible for enriching the interstellar medium in
heavy elements, the rates of these reactions have sig-
nificant impact on the nucleosynthesis of elements
in the A = 12 — 40 range and also have impor-
tant consequences for understanding the masses of
the post-supernova remnant of these stars (neutron
star or black hole). The ?C(a,~)'®O reaction is
particularly uncertain, due to a complicated reso-
nant reaction mechanism near zero a + 2C energy.
This reaction rate can be most directly addressed
via stable beam measurements at low energies us-
ing a specialized and dedicated facility. It should
also be noted that this is a reaction where y-photon
beams can be fruitfully applied to study the inverse
reaction. Indirect information is also very helpful for
this reaction. For example, measurements of cross
sections and angular distributions at higher energies
than presently available would be very helpful for
constraining the so-called background terms which
affect the extrapolation of the cross section to as-
trophysical energies.

The slow neutron capture process (s process), to-



gether with the rapid neutron capture process, are
responsible for the synthesis of the majority of el-
ements heavier than iron. The neutron sources for
the s process are the *C(a,n) and **Ne(a, n) reac-
tions. The thermonuclear reaction rates for these
processes are not known for the needed tempera-
tures of (1 —3) x 10® K, depending on the reaction.
These reaction rates are an essential ingredient for
a complete understanding of the s process, which
must explain the astrophysical sites, neutron den-
sities, and temperatures where this occurs. The
most straightforward approach is improved direct
measurements, which demand dedicated facilities,
with intense beams and low-background detection
techniques. Indirect methods are also helpful; for
example recent (7,7') measurements using photon
beams have supplied valuable spectroscopic infor-
mation that constrains the **Ne(a, n) reaction.

Near the final stages of the evolution of mas-
sive stars, the heavy-ion burning reactions, such as
20 + 2C and 0 + 0 are responsible for en-
ergy generation and nucleosynthesis. The 2C + 2C
reactions are particularly poorly understood, due
to the presence of resonances in the cross section.
Improved measurements of this reaction, including
charged-particle exit channels, are planned for the
future.

Explosive Nucleosynthesis

There is considerable current interest in the nuclear
physics associated with explosive events such as no-
vae, x-ray bursts, type la supernovae (explosions of
white dwarfs), and core-collapse supernovae. Exper-
iments with stable and y-photon beams contribute
in several ways to our understanding of these events.
In some cases, the important reactions involve sta-
ble isotopes, and thus direct measurements, simi-
lar to those discussed in the previous section, are
practical. An excellent example of this approach
is provided by the "O(p,~)'8F reaction. Classi-
cal novae are thought to be the dominant source
of 170 in our galaxy, and this reaction significantly
impacts the quantity produced. In Fig. 2, some re-
cent experimental results are displayed along with
older data. It is seen that the new results have much
smaller error bars and reach significantly lower en-

ergies. One attractive aspect of this case is that,
due to the higher temperatures involved, it is possi-
ble to perform the measurements within the Gamow
window. Another example is again the 2C 4 12C
reaction, which also determines the ignition condi-
tions for type Ia supernovae and the ignition of the
recently discovered superbursts in accreting binary
systems.

Many of the reactions involved in explosive nucle-
osynthesis involve radioactive nuclei. In these cases,
stable beam facilities are able to make significant
advances in our understanding using indirect ap-
proaches. Most of the reaction rates for A < 40
are dominated by a few resonances, making statis-
tical approaches inapplicable. However, it is often
possible to measure the spectroscopic properties of
the resonant states (excitation energy, spin, parity,
and partial widths) using indirect approaches. In
favorable cases, the needed reaction rates can be
determined with the required precision solely us-
ing indirect methods. Many of these reactions will
also be studied in the future using radioactive ion
beams at large national facilities. The indirect mea-
surements taking place at university facilities are
highly complementary to these efforts. The indirect
approaches can identify the locations of the reso-
nances with high precision, often with spin and par-
ity information. Thus, the valuable radioactive ion
beam time can be devoted to measurements of the
strength of resonances at known locations, greatly
increasing the efficiency of the process. In addition,
some resonances will likely never be possible to mea-
sure directly, due to the weak resonance strength, so
indirect methods will be the only approach available
in some cases.

In novae and x-ray bursts, chains of (p,~), (p, @),
and («,p) reactions occur on the proton-rich side
of the stability line. Transfer reactions on stable
targets can often be utilized to probe the relevant
resonance states. Excellent energy resolution is of-
ten required, due to the relatively close spacing of
the levels. The best resolution is typically available
using reactions with light projectiles and ejectiles,
such as (p,t), (p,n), (°*He,d), (*He, t), and (®He,n).
In addition, more exotic multi-nucleon transfer re-
actions, such as (*?C,!5C) and (*2C,%He), can be
used to study the structure of nuclei farther off the
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Figure 2: Plot of the world-wide data of the astrophysical S-factor for the 17O(p, )18 F reaction as a function
of the proton beam energy in the c.m. system. The solid red circles are the new data from the LENA facility
at TUNL and the hashed area is the Gamow window.

stability line, which is applicable for reactions oc-
curring in x-ray bursts. Also, the proton transfer
reactions (*He, d) and (d,n) are of special interest
as they can supply information about the proton
widths of resonances using well-established transfer
reaction theory. It should be noted that indirect
techniques are not limited to resonances but can
also be used to study non-resonance cross sections;
the Asymptotic Normalization Coefficient (ANC)
method or the Trojan Horse Method (THM) are
two implementations in this case. Two particularly
compelling cases of resonant reactions where indi-
rect techniques are being utilized are studies of the
8F(p, a)'0 reaction (involving states in '?Ne) and
the 25 Al(p, v)?%Si reaction (involving states in 26Si).

2.2 Direct Measurements

Specialized Facilities: At TUNL-LENA and Uni-
versity of Notre Dame:
This experimental program in nuclear astrophysics

Figure 3: The planned reconfiguration of the FSU
experimental hall with the Enge split-pole spectro-
graph.

requires specialized and dedicated facilities. For
direct measurements, high beam currents, efficient
and low-background detection methods, and long
running times are required. Backgrounds can be
reduced by utilizing pulsed beams, ultra-pure tar-
gets, passive and active shielding, coincident detec-
tion techniques, and/or by performing the measure-



ments deep underground. The existing Laboratory
for Experimental Nuclear Astrophysics (LENA) at
TUNL is presently performing such measurements
with normal kinematics and is planning an up-
grade which will increase the available beam in-
tensity. An underground accelerator, called CAS-
PAR, is presently being developed at the Univer-
sity of Notre Dame. This facility plans to study
the s-process neutron source reactions, which are
cases where the background reduction coming from
being underground is particularly compelling. An-
other approach to direct measurements is inverse
kinematics, where a heavy ion beam bombards a
gas target of hydrogen or helium and the heavy re-
action products are detected in a recoil separator.
The recently-completed heavy-ion accelerator and
recoil separator (St. Ana and St. George) at the
Notre Dame Nuclear Science Laboratory (NSL) is
an example of this approach, which is designed to
measure alpha induced reaction processes of rele-
vance for late stellar burning scenarios using inverse
kinematics techniques.

pp-reactions: At University of Notre Dame
Critical measurements for reducing the uncertainty
in the *He(w, ) Be reaction have been performed
at Notre Dame. The experimental results allow a
self-consistent r-matrix simulation of the entire cross
section curve, which translates into a more reliable
extrapolation of the experimental data in the solar
energy range and limits the uncertainties in the pro-
duction rate of the solar neutrinos from the second
and third pp-chain. Future efforts at Notre Dame
will focus on the study of proton capture reactions
on lithium isotopes which still suffer from substan-
tial uncertainties in the low energy range.

CNO reactions: At University of Notre Dame and
TUNL-LENA:

The CNO cycle in the sun is of limited relevance for
the solar energy budget but it may provide a new
and independent measure of the solar core metal-
licity through the analysis of the CNO neutrinos
at Borexino and other neutrino detectors. This re-
quires an improved understanding of the low en-
ergy reaction cross sections of the CNO reactions.
The Notre Dame group has systematically stud-
ied the radiative capture processes that lead to the
production of CNO neutrinos through the S de-

cay of the reaction product such as N(p,~)?0,
N(p, )0, and "O(p,v)'®F. The measurements
were performed over a wide energy range and were
complemented by an extensive set of elastic scat-
tering experiments. A multi-channel multi-level R-
matrix has been developed to analyze all the data,
taking into account the new measurements as well as
existing data for all reaction channels has been per-
formed for all these processes. The results demon-
strate in some cases substantial deviations to long-
accepted values for low energy extrapolation.

These studies are being expanded to the measure-
ment of 12C(p,~)1 and %O(p, gy to study the con-
tribution of *N and '"F decay neutrinos to the solar
CNO neutrino flux.

NeNa reactions: At University of Notre Dame
and TUNL-LENA:

The NeNa cycles play a role in shell hydrogen burn-
ing of massive stars and in explosive nova events
that correspond to thermonuclear runaways at the
surface of accreting white dwarfs. The Notre Dame
group reinvestigated the slow ?°Ne(p, v reaction and
the possible contribution of a subthreshold state in
the 2'Na compound nucleus. This reaction deter-
mines the cycle period for the NeNa cycle.

At the LENA facility at TUNL, the **Na(p, )
has been measured using the high intensity ECR
platform.

HI fusion At Florida State University, with a group
from Indiana University, at University of Notre
Dame, at Texas A&M University

Fusion reactions between carbon and oxygen iso-
topes dictate the fate of the star during its last burn-
ing phases. Heavy ion fusion experiments at ANL
have indicated a possible hindrance mechanism that
reduces the fusion probability at very low energies.
These energies are only available at university accel-
erator facilities. A number of stellar fusion reaction
studies such as 12C + 2C, 12C + 13C and 2C + 160
are being pursued at Notre Dame. Complementary
transfer reactions for probing the 2C cluster struc-
ture in the compound nuclei have been and are being
measured at FSU and Texas A&M.

2.3 Indirect Methods

At the University of Notre Dame, at Ohio Univer-



sity, at TUNL-HIvS, at Florida State University

The Notre Dame group introduced a program for
mapping critical resonant states for reactions in the
ap-reaction path using (p,t) and (*He,*He) reac-
tions at the Grand Raiden Spectrometer at RCNP
Osaka. The program was completed, mapping the
entire ap-process from ¥Ne to **Cr and a complete
set of resonance data is now available for direct
measurement at radioactive beam facilities such as
CARIBU using the HELIOS detector, or at ReA3
using ANASEN. The Grand Raiden experiments
were complemented by (*He,n) reaction studies at
the Notre Dame tandem accelerator using the time
of flight techniques for neutron spectroscopy and
measuring the decay channels of the populated res-
onance states. The TwinSol facility was modified
to serve as a medium-resolution spectrometer to de-
termine the strength of break-out reactions such as
B0(a, v)¥Ne from the hot CNO cycles by using co-
incidence techniques between F(*He, t)'?Ne trans-
fer reactions and subsequent o and vy decay prod-
ucts. This method is presently being refined by con-
verting TwinSol into a HELIOS type spectrometer
device to increase the efficiency of transfer reaction
studies.

The above example shows the power of indirect
methods and stable ion beams, relying upon spe-
cialized detection systems. In the case of charged-
particle reaction products, the best resolution is pro-
vided by magnetic spectrometers, a capability which
is presently lacking in North America. However,
two laboratories have plans to rectify this situation;
the John D. Fox Accelerator Laboratory at Florida
State University (FSU) is planning to install the
Enge split-pole spectrograph that was previous uti-
lized at Yale University and TUNL is planning to
upgrade and refurbish their Enge split-pole spectro-
graph. The planned configuration the split pole at
FSU is shown in Fig. 3. For the cases of neutrons in
the final state, high-resolution neutron spectroscopy
is carried out using pulsed beams and long flight
paths at Ohio Universitys Edwards Accelerator Lab-
oratory.

Photon beams are becoming increasingly impor-
tant for nuclear astrophysics. The High-Intensity
v-ray Source (HIyS) at TUNL provides quasi-

monoenergetic v-photon beams that can be utilized
to bombard suitable samples. Direct measurements
of radiative capture cross sections can be obtained
by measuring the reverse reaction and applying the
reciprocity theorem. An excellent example is the
160(y, )*C reaction, which can be studied to de-
termine the 2C(a, v)*®O cross section. In addition,
nuclear resonance fluorescence, i.e., the (,7) reac-
tion, can be utilized to locate potential resonances
and determine their quantum numbers.

2.4 In-flight Radioactive Beam Ex-
periments: TWIN-SOL and
RESOLUT

At University of Notre Dame and Florida State
University

The university laboratories at Notre Dame and
Florida State University have developed in-flight ra-
dioactive beam capabilities.

TwinSol is a facility for producing beams of light
radioactive ions at energies near the Coulomb bar-
rier. Commissioned in 1998, it is one of the first in-
struments to produce intense radioactive beams in
this energy region. Seven Physical Review Letters
and over 50 other papers in refereed journals have
so far been published based on research done with
TwinSol. One of the early PRLs was the subject of
a short article in the CERN Courier, and several of
the papers have received 150 or more citations. A
collaboration between the University of Notre Dame
and the University of Michigan, TwinSol also has an
active national and international user community.

The most recent work with TwinSol has uti-
lized novel detectors, such as the prototype active-
target time projection chamber (pTPC) developed
at Michigan State University, and deuterated liquid
scintillators that produce a neutron energy spec-
trum without the need for time-of-flight measure-
ments. The neutron detectors were recently used to
study (d,n) reactions on "Be and F.

The pTPC has been used to study proton and
alpha-particle elastic and inelastic scattering from
radioactive nuclei, to measure an entire near- and
sub-barrier fusion excitation function at a rate of



only 100 particles per second, and to investigate the
angular correlation of alpha particles from the de-
cay of the Hoyle state by visualizing their tracks.
Planned future experimental programs with this de-
vice include the study of charged-particle-induced
transfer reactions in inverse kinematic using 'H |
2H and *He targets.

Florida State University has been operating the
RESOLUT in-flight radioactive beam facility since
2006. This facility, like TwinSol, uses two supercon-
ducting solenoids to focus reaction products onto a
secondary target, but uses in addition a supercon-
ducting RF resonator and a large-acceptance mag-
netic spectrometer to sharpen the beam energy and
select the beam isotopes more cleanly. RESOLUT
has recently been used to perform a series of (d,n)
transfer reactions to study the resonance spectrum
for (p,y) reactions, an indirect technique which can
supply information about the partial proton widths,
in addition to the excitation energy, spin, and parity.
RESOLUT has also been used to measure proton
and a-resonance scattering using the new ANASEN
active—target detector, see also 2.7. ANASEN will
be used at RESOLUT and ReA3 to measure ex-
citation function cross sections of («,p) reactions
with the aim of calibrating the astrophysical reac-
tion rates of the ap process.

2.5 Neutron Source Reactions

At University of Notre Dame and TUNL-HIvS
The identification and understanding of stellar neu-
tron sources and neutron poisons is critical for a
reliable model description of the s-process which is
responsible for the production of about 50% of the
heavy elements. The s-process is a major signature
for mapping and understanding the chemical evolu-
tion of our universe through the chemical analysis
of meteoritic inclusions. Both direct and indirect
measurement techniques can be profitably applied
to the neutron source reactions.

There has been a combined effort by the UNC and
ND groups using the HIvS facility at TUNL to un-
derstand critical resonance states in ?2Ne(a, n) neu-
tron source through 2Mg(~,~’) nuclear resonance
fluorescence measurements.

Direct measurements are planned using inverse
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kinematic techniques at the Notre Dame St. George
separator and forward kinematics at the future
CASPAR underground accelerator facility.  Di-
rect measurements have already been performed at
Notre Dame on the 17O/®O(a,n) as well as on the
Mg /*Mg(a, n) reactions, which showed substan-
tial differences from tabulated results that have so
far been used in s-process site simulations.

2.6 Unambiguous Identification of
the Second 21 State in °C

At TUNL-HIvS

Late-stage red giant stars produce energy in their
interiors via helium («) burning. The outcome of
helium burning in red giant stars is the formation
of the two elements: carbon and oxygen. The ratio
of carbon to oxygen at the end of helium burning
has been identified as one of the key open questions
in nuclear astrophysics. Helium burning proceeds
through the 3a process to produce carbon, which
eventually burns to oxygen via the ?C(a, v)'0 re-
action.

(om)

(em)

Figure 4: Typical image of three alpha par-
ticles detected recorded in the the optical
time-projection chamber from the reaction

2C(v,a0),2Be(— a+a). Both a-—products of
the 8Be-decay are contained in the top-left track.

An excited 07 state in 2C, named the Hoyle State
after Fred Hoyle who predicted its existence, plays



a central role in determining the rate of the 3a pro-
cess. This prediction was the first and quite possi-
bly still the best example of an application of the
anthropic principle in physics. Soon after the dis-
covery of this excited state in 2C, predictions of the
rotational band structure of the Hoyle state led to
a fifty-year search for an excited state built upon
the Hoyle state. An excited state having the prop-
erties of the Hoyle state excitation was unambigu-
ously identified at the HIvS laboratory TUNL and
was reported in a letter publication. The state was
identified using the ?C(v, a)®Be reaction. The al-
pha particles produced by the photodisintegration
of 12C were detected using an optical time projec-
tion chamber (OTPC). Data were collected at beam
energies between 9.1 and 10.7 MeV using the in-
tense nearly monoenergetic y-photon beams at the
HI~S facility. The measured angular distributions
determine the cross sections and the E1-E2 relative
phases as a function of energy leading to an unam-
biguous identification of the second 2* state in 2C
at 10.13(60) MeV. This work was a collaborative
effort which includes TUNL, the University of Con-
necticut, Yale University, Physikalisch-Technische
Bundesanstalt, Germany, and the Weizmann Insti-
tute of Science, Israel. In Figure 4, a v ray of 9.5
million electron-volts (MeV) (not seen in the image)
breaks apart a carbon nucleus into a helium frag-
ment and a ®Be fragment. The ®Be immediately de-
cays into two « particles and appears as two tracks
merged into each other. A fast, high-resolution, and
image intensified camera creates this image. Other
components of the OTPC gather information on the
energy of these fragments and the angles at which
they are ejected to provide a complete picture of
this reaction.

W.R. Zimmerman, M.W. Ahmed, B. Bromberger,
S.C. Stave, A. Breskin, V. Dangendorf, Th. Delbar,
M. Gai, S.S. Henshaw, J.M. Mueller, C. Sun, K. Tit-
telmeier, H.R. Weller, and Y.K. Wu Unambiguous
Identification of the Second 2+ State in C'? and the
Structure of the Hoyle State Physical Review Let-
ters, 110, 152502 (2013).
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2.7 Detector and Method Develop-
ment: ANASEN

At Florida State University, with groups from
Louisiana State University and Texas A&M Uni-
versity

The Array for Nuclear Astrophysics Studies with
Exotic Nuclei (ANASEN) is a charged-particle de-
tector array developed specifically for experiments
with radioactive ion beams, primarily to measure
the nuclear reactions important in stellar explo-
sions. ANASEN is a collaborative project between
scientists at Louisiana State University, Florida
State University (FSU) and Texas A&M Univer-
sity. ANASEN was constructed and commissioned
at the FSU accelerator laboratory, using more than
12 weeks of beam-time. The completed array has
been in operation since Summer 2012, performing
measurements with beams of radioactive ions from
the RESOLUT facility at FSU. ANASEN was also
used in the commissioning exotic beam experiment
at the new ReA3 facility of the National Supercon-
ducting Cyclotron Laboratory of Michigan State,
measuring the elastic proton scattering from a beam
of 37K.

ANASEN is a universal device that can be used
in active target mode (target gas serving as an ac-
tive medium for tracking detectors) and also in solid
target mode. ANASEN has three major compo-
nents: An array of resistive strip and double-sided
silicon strip (DSSD) detectors, backed by an ar-
ray of CsI(T1) scintillators with PIN-diode readout.
The active target is realized through a position-
sensitive proportional counter of more than 40 cm
active length. The readout is performed by Appli-
cation Specific Integrated Circuits (ASICs) coupled
with conventional electronics. A schematic repre-
sentation of ANASEN is shown in Fig. 5. ANASEN
has cylindrical geometry around the beam axis, with
a proportional counter and silicon barrel array ar-
ranged as concentric cylinders. A photo of the com-
ponents is shown in Fig. 6

The ANASEN active target detector system (see
sect. 2.7) will be used to create a very sensitive sys-
tem to study transfer reactions of the (d,p) type.
ANASEN can operate with an effective target thick-



ness of ~ 2 mg/cm?, without losing substantially
in resolution, which is more than a factor ten in-
crease in luminosity over fixed targets of deuterated
polyethylene.

ANASEN will be used as a traveling device, per-
forming experiments and developing its capabilities
at the FSU radioactive beam facility RESOLUT and
delivering a very high sensitivity for the most ex-
otic beams available at the re-accelerated beam pro-
grams of the NSCL and FRIB.

Figure 5: Schematic representation of ANASEN.
The beam enters from the left, proceeding through
the gas-filled chamber. Light charged particles are
tracked through the position-sensitive proportional
counter and silicon detectors.

Figure 6: ANASEN being prepared for experi-
ments. Two rings of Silicon-CsI detector rings sur-
round the multi-wire proportional counter.
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3 The Scientific Impact of

ARUNA: Nuclear Struc-
ture and Reactions

Today’s experiments in low energy nuclear science
are characterized by a diversity of experimental
methods. Some experimental programs described
in the next sections are based on unique experi-
mental capabilities available at ARUNA laborato-
ries, such a mono-energetic neutron or ~y—photon
beams. Even in the coming era of FRIB, the big
questions of the field will be studied in the context
of individual nuclides and a variety of methods, re-
quiring individually optimized experimental setups.
The energy range and diversity of the experiments
envisioned for the re-accelerated beam program at
FRIB is commensurate with many of the ARUNA
laboratories, which makes them ideal places to de-
velop new experimental equipment and methods.
The area of nuclear structure and nuclear reac-
tions examine the complexity of the nuclear many-
body problem and how its properties can be un-
derstood from first principles. In the past decade,
the topics of nuclear structure and nuclear reac-
tions have become understood as two closely re-
lated aspects of the same scientific topic, a devel-
opment that is represented within the programs of
ARUNA laboratories described below. These cou-
pled research areas are the foundation for the many
applications of nuclear physics, especially in the con-
text of astrophysics, which was described in Section
2. These topics were summarized as the following
“big questions” of nuclear science in the 2007 Nu-
clear Science and Nuclear Astrophysics White Pa-
per, which are quoted to introduce the following
paragraphs and sections.
How does shell structure evolve with neutron
number ?
How do NNN forces impact structure and re-
action properties of nuclei ?
Many features of near-stable nuclei relate to the con-
cept of “single-particle orbits” that group to form
closed shells at certain “magic” numbers of neutrons
and protons. These shells arise naturally in a mean-
field picture and are due to energy gaps between
the single-particle orbits. A central question is how



shell closures along these so-called magic numbers
are modified in the presence of a large neutron ex-
cess.

While the forces between pairs of protons and
neutrons are relatively well known and were summa-
rized as nucleon-nucleon (NN) potentials, the same
cannot be said for the forces between larger groups
of nucleons. Recent results in theoretical nuclear sci-
ence show that the experimental properties of light
nuclei cannot be entirely derived from the known
NN potentials alone. The presence of three-body
forces, or NNN potentials, manifests itself in the
stability of light “Borromean” nuclei like “®*He, Be,
and "Li. Studies at ARUNA laboratories relating
to the topic of the relation of the nuclear mean field
to the fundamental nucleonic interactions are de-
scribed in Sections 3.1 and 3.4.

What is the impact of the continuum on nu-
clear properties?

As we probe exotic nuclei near the neutron drip line,
the neutron separation energy decreases, and the
role of open channels increases. A consistent de-
scription of the interplay between scattering states,
resonances and bound states in a weakly-bound nu-
cleus requires an “open quantum system” formula-
tion of the many-body problem, such as the con-
tinuum extension of the nuclear shell model. There
are many examples of the impact of many body cor-
relations and continuum coupling on the structural
properties of neutron-rich nuclei. Nuclear halos with
their low-energy decay thresholds and cluster struc-
tures are obvious examples. This convergence of nu-
clear reaction methods with nuclear structure the-
ory, the communication between the inside and out-
side of the nuclear system, will be a central theme
of nuclear science in the coming decade. ARUNA
laboratories are pursuing research programs on the
physics of open quantum systems, as described in
Sect.3.2.

What is the origin of simple patterns in com-
plex nuclei?

One overarching theme in nuclear science is the
emergence of collective, coherent phenomena out of
the inherent complexity of the nuclear multi-particle
system. Collective modes like vibrations and ro-
tations are common examples. Often, such simple
patterns reflect underlying symmetries of the many-
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body system. For instance, the collective excitations
of the proton-neutron system are an expression of
the underlying isospin-symmetry of the nuclear in-
teraction. As the interest of nuclear structure sci-
ence is focused on nuclei with very large neutron
excess, such proton-neutron excitations can be used
to investigate the resulting changes in the collective
wave functions. Research on the emergence of sim-
ple patterns is described in Sections 3.5 and 3.6.

What is the equation of state (EOS) of nu-
clear and neutron matter?

The bulk properties of nuclear systems play a key
role in several areas of physics. Of obvious impor-
tance is the equation of state of nuclear and neu-
tron matter, which governs the properties of neutron
stars, plays an important role in core-collapse su-
pernovae, and may be measurable in intermediate-
energy heavy-ion collisions. At present, large uncer-
tainties in the pairing interaction and the bulk sym-
metry energy lead to substantially unconstrained
descriptions of neutron matter. From a purely mi-
croscopic point of view, it remains an open question
if ab initio based calculations can be performed for
neutron matter with NNN interactions. Also, ba-
sic questions about the EOS above saturation den-
sity remain open, since non-relativistic descriptions
in terms of neutrons and protons are expected to
break down at a certain point. As a result, thresh-
old densities for the appearance of strange baryons
and/or partially deconfined quarks, their effect on
the EOS, and the consequences for neutron star and
supernova models, need to be understood. Investi-
gations of the bulk properties of nuclear matter are
described in Section 3.10.

In the area of nuclear structure and reaction
physics, the ARUNA laboratories pursue the same
scientific goals as the national community and are
often tightly linked to programs at national user fa-
cilities. In the following, examples of results from
ARUNA laboratories pursuing the above listed top-
ics are given and their plans for near-future projects
described.



3.1 Investigation of the Nucleon-

Nucleon Force: First Measure-
ments of Spin-Dependent Cross
Sections for the Photodisinte-
gration of 3He

At TUNL-HIyS

Determination of the nucleon-nucleon force is at
the very basis of developing a comprehensive the-
ory of the atomic nucleus. To this end, experiments
establishing direct observables for few-nucleon dy-
namics are essential for advancing ab initio nuclear
reaction and structure calculations. Recently, the
double polarization (polarized beam and polarized
target) cross section for photodisintegration of 3He
was measured at HIyS for the first time.

These new data provide stringent tests of state-
of-the-art three-nucleon calculations that use realis-
tic nucleon-nucleon and three-nucleon interactions.
The measurements were performed at 12.8 and 14.7
MeV using a 3He target polarized by the spin-
exchange optical pumping technique and the cir-
cularly polarized mono-energetic gamma-ray beam
at HIyS. The measured spin-dependent double-
differential cross sections are compared to state-of-
the-art three-body calculations in Figure 7. The
good agreement between the data and calculations
gives confidence in the theoretical treatment of this
reaction. Furthermore, these data are used to deter-
mine the integrand for the Gerasimov-Drell-Hearn
(GDH) sum rule for *He which relates the dynamics
of the photoabsorption process to the static mag-
netic moment of the nucleus.

This work was published in G. Laskaris et al.,
Phys. Rev. Lett. 110, 202501 (2013).

TUNL is developing a new program to measure
precision data on the neutron-neutron quasi-free
scattering and search for the di-neutron bound state
by studying the y-induced v+t — n+n+p breakup
of tritium.

3.2 Nuclei as Open Systems -—
Super-radiance in Competing
Decay Channels

At Florida State University, with a group from

14

Laser light

~ /
\A

N

Flux
i Monitor

(nb/sr MeV)

d’ir
I'An n
'
T
F '

(ub/sr MeV)

d’o
Lll\ n
'
T
]

{ub/sr MeV)

s
d'o
di_dE
, o 95,
T T

(ub/sr MeV)

o
d’c
di_dE
, ol dE
T T
i
i
F \

(nb/sr MeV)

d’r
I'*n n
'
T

Figure 7: (Top) Schematic of the experimental ap-
paratus: The movable 3He target system is sur-
rounded by 16 liquid scintillator detectors.(Bottom)
Spin-dependent double-differential cross sections for
parallel (left panel) and anti-parallel (right panel)
states as a function of the neutron energy. The
data are compared with two theoretical calcula-
tions made with (dashed curves) and without (solid
curves) the Coulomb interaction. The band at the
bottom shows the systematic uncertainties.



Louisiana State University

A new research program at FSU is designed to
study the presence of the super-radiant or doorway-
state mechanism in the presence of competing
particle-decay channels. The phenomenon of super-
radiance is based on the mixing interaction of mul-
tiple unbound quantum states through the contin-
uum part of their wave functions, which in effect
concentrates the respective decay strength in one
state. The effect is based on a general mechanism
and has been studied in the context of quantum op-
tics, atomic and nuclear scattering.

An interesting facet of the super-radiant mech-
anism for the stability of exotic nuclei is the pres-
ence of multiple, competing particle-decay channels.
It can be speculated that the mechanism of super-
radiance will, in effect, separate neutron— from a—
resonances in the spectrum.

In the coming years, the details of the super-
radiance effect in nuclei will be studied using the
new split-pole spectrograph setup at the FSU labo-
ratory (see also Sect.2.3), in conjunction with neu-
tron detectors and a silicon-detector array. The
mechanism of super-radiance is a natural ingredi-
ent of the continuum shell model, which has been
successfully applied to sd-shell nuclei.

3.3 Cross-shell Excitations Investi-
gated by y—Spectroscopy

At Florida State University
The shell model using the USD, USD-A, and USD-
B interactions provides the best description of the
positive-parity excitations of the shell orbits over
a wide range of nuclei between °0 and *°Ca. A
group at the FSU laboratory is studying a range
of moderately exotic nuclei between mass 20 and
40 through ~v-ray spectroscopy. The experiments
have established a set of negative-parity cross-shell
intruder excitations, which was used to test differ-
ent cross-shell interactions of the shell-model. The
WBP-a interaction describes one-particle-one-hole
cross-shell excitations quite well, but does not agree
with some other states, which presumably involve
either multi-particle-multi-hole states or excitations
across more than one shell.

A wider range of moderately neutron-rich nuclei
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will be investigated in the coming years at FSU,
with the goal of anchoring the spectrum of cross-
shell excitations, which also determine the proper-
ties of exotic nuclei. This research program is di-
rectly connected to studies of exotic nuclei at the
NSCL and at Argonne National Laboratory, using
the SEGA, Gammasphere and GRETINA ~-ray de-
tector arrays.

3.4 Shell-Modification Studies using
Transfer Reactions on Radioac-
tive Beams

At Florida State University, with a group from
Louisiana State University

The modification of shell structure at the limits of
nuclear binding and interaction with the continuum
of unbound states will gain center stage at FRIB.
The excitations of neutrons in particular can be ex-
pected to deviate from the behavior found in ordi-
nary nuclei, as they are solely confined by the strong
force. As an example, the location of the neutron
drip-line in 2O has been attributed to the presence
of three-body forces, which raise the neutron ds/,
orbital to be unbound and influence the excitation
spectra of less exotic isotopes.

The experimental methods required for such stud-
ies are being developed today and are already being
used in experiments at ARUNA laboratories, and
the re-accelerated RIB facility ReA3. The spectrum
of bound states in 2°0 was studied at Argonne Na-
tional Lab with HELIOS, establishing good agree-
ment of the experimental data with the wave func-
tions predicted by the phenomenological USD-A
and USD-B shell-model interactions, while the ds/;
strength is almost entirely expected to be unbound.
The ANASEN detector (see Sect.2.7) is being devel-
oped by this group as a highly efficient spectrom-
eter for (d,p) reactions on exotic nuclei, with the
aim to establish the systematic behavior of the ds/;
strength in moderately neutron-rich nuclei of the sd
shell. The development of neutron-resonance spec-
troscopy through the (d,p) reaction at the FSU ac-
celerator laboratory aims at a program investigating
the shell structure of exotic nuclei with REA3 and



FRIB.

3.5 Microscopic Origin of Deforma-
tion Coexistence

At Florida State University

The high-spin structure of nuclei in the f-p-g shell
(28 < N,Z < 50) has been studied for its rich spec-
trum of well formed rotational bands and exhibits
coexistence of prolate and oblate deformations. A
renewed interest in nuclei of this mass region comes
from the vastly increased capability of large-space
shell-model calculations.

In exploratory calculations, several rotational
bands are predicted, as a result of microscopic pre-
dictions. Many other characteristics can also be in-
ferred from the wave functions with the addition
of small amounts of additional code. The promis-
ing ability to achieve a better understanding of the
microscopic structure of apparently collective rota-
tional bands will strongly motivate further experi-
mental study and will be a future focus of the y—ray
spectroscopy program at FSU.

3.6 “Scissors Mode”, Mixed-

Symmetry States and Multi-
Phonon Excitations

At University of Kentucky, and at TUNL-HIvS

The lowest collective nuclear excitations with
proton-neutron degrees of freedom are the so-
called mixed-symmetry states, which contain both
proton-neutron symmetric, and proton-neutron
anti-symmetric components in their wave-functions.
In these excitations, the isovector character is
thought to be limited to the valence nucleons only.
These excitations, characterized by their enhanced
M1 decays, lie between 2 and 3 MeV (see Fig.8)
and have been established in many medium-mass
and heavy nuclei, most prominently through nuclear
resonance fluorescence studies of the 11 “scissors
mode”.

An active research program into these excitations
is pursued at the TUNL-HI4S facility, which de-
livers the worlds most intense mono-energetic, tun-
able v-photon beam, produced by inverse Compton-
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scattering of photons from a free-electron laser. The
photon beam is used to selectively excite collective
1" and 1~ states and observe their decay through
high-resolution vy-ray spectroscopy. The capability
to produce polarized beams and the direct electro-
magnetic excitation mechanism makes these studies
very sensitive, selective, and of high precision in the
measurement, of ground-state electromagnetic ma-
trix elements.

A complementary technique of inelastic neutron-
scattering is used at the University of Kentucky Ac-
celerator Laboratory (UKAL), taking advantage of
mono-energetic, tunable neutrons, which are pro-
duced by intense proton and deuteron beams on
gaseous deuterium and tritium targets. The inelas-
tic neutron scattering reaction generally excites lev-
els with spins up to I=6 at energies up to the inci-
dent neutron energy. Their decays can be observed
using high-resolution y-ray spectroscopy. The de-
cay lifetimes are measured through Doppler-shift
methods and ~-ray multipolarities are determined
through angular distribution measurements. This
method has proven to be well suited to study the
spectrum of 27 states of mixed-symmetry charac-
ter, as well as multi-phonon states.

The UKAL group has recently performed a series
of measurements with solid, isotopically enriched
XeF, targets, which were used in experiments at
both UKAL and HIvS, filling an important gap in
nuclear structure information of these nuclides and
studying nuclear excitations with potential impact
on neutrinoless double—( decay studies, described
in Section 3.8.

3.7 Fine Structure of the Giant M1
Resonance in °Zr

At TUNL-HIyS

Understanding the magnetic dipole and Gamow-
Teller responses in nuclei are long-standing chal-
lenges in nuclear physics. Because of the close re-
lationship between the M1 excitation and neutrino-
nucleus processes, knowledge of the M1 excitation is
particularly important for the estimate of neutral-
current cross sections in supernova explosions and
terrestrial detection of supernova neutrinos.
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Figure 8: Schematic representation of collective nuclear excitations studied by real photon probes.
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“scissors mode” around 2..3 MeV, two-phonon excitations around 4 MeV, the “pygmy” dipole resonance
around 5-10 MeV and the giant dipole resonance above 10 MeV.

As a general observation, measurements find con-
siderably less magnetic strength than theoretically
expected. This is known as the “quenching” phe-
nomenon of the nuclear spin-flip magnetic response.
Explaining the dynamics of quenching means un-
derstanding the coupling of the two-quasiparticle
doorway states to many-quasiparticle configura-
tions. The M1 excitations in “Zr were studied in a
photon-scattering experiment with mono-energetic
and 100% linearly polarized photon beams from 7 to
11 MeV. The results of the experiment are displayed
in Fig.9. More than 40 1% states were identified from
observed ground-state transitions, revealing the fine
structure of the giant M1 resonance for the first
time. The concentration of M1 strength around
9 MeV is further confirmed in three-phonon quasi-
phonon model calculations and explained as frag-
mented spin-flip excitations. The observed strongly
fragmented M1 strength and its absolute value can
be explained only if excitations more complex than
the single particle-hole excitations are taken into ac-
count. The theoretical investigations of the frag-
mentation pattern of the M1 strength indicate a
strong increase of the contribution of the orbital
part of the magnetic moment due to coupling of
multiphononon states. The effect is estimated to
account for about 22% of the total M1 strength be-
low threshold.
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This work was published in G. Rusev, N. Tsoneva,
F. Donau, S. Frauendorf, A. S. Adekola, S. L. Ham-
mond, C. Huibregtse, J. H. Kelley, E. Kwan, H.
Lenske, R. Schwengner, A. P. Tonchev, W. Tornow,
and A. Wagner. Phys. Rev. Lett. 110, 022503
(2013).

3.8 Nuclear Structure Studies for
Ov33 Decay

At TUNL-HIvS, University of Kentucky

A research program using multiple instruments
at TUNL is in progress to study the nuclear
physics context of neutrinoless double-3 decay
(OvBf3). Quasiparticle random phase approximation
(QRPA) theory is used to calculate the matrix ele-
ments of OvBS decays. The validity of such calcu-
lations is tested by measuring the fragmentation of
the pygmy dipole strength using nuclear resonance
fluorescence spectroscopy in mass 40-150 nuclides.
A new program has been initiated at the TUNL
tandem laboratory with the aim to study the same
decay matrix elements through the (*He,n) reac-
tion, measuring neutron time-of-flight with a pulsed
3He beam. The studies, which connect the same
initial and final states as the Ovf3S decay include
Ge(*He,n)"®Se and similar experiments on "Ge,
748e7 768e7 126Te, 128Te,130Te,132Xe,134Xe, 136Xe.
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Figure 9: Results for (a) the measured B(M1)

strength of discrete levels in *°Zr compared with the
detection limits (red solid line) and (b) predictions
from the quasiparticle phonon model. A compari-
son of the measured and calculated QPM cumula-
tive M1 strength is shown in panel (c¢). The shaded
area gives the uncertainty of the experimental val-
ues.

Another study at the University of Kentucky is
aimed at characterizing background signals in neu-
trinonless double-( decay experiments. The Uni-
versity of Kentucky Van de Graaff accelerator was
used to produce fast, mono-energetic neutrons to
measure y-ray spectra following (n,n’y) reactions
on %Ge, 3Xe and 36Xe, which may create neutron-
induced background signals in OvfSS experiments.
In "Ge, two excited states were identified, which
decay by the emission ~v-rays, within the detector
resolution of the Ovps Q-value. A similar result
was obtained in ¥*Xe, where a 2485-keV v ray could
create background signals for the EXO experiment,
which contains 20% of 13*Xe in its liquid xenon TPC
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detector.

3.9 Statistical Nuclear Physics

At Ohio University and University of Notre-Dame

Hauser-Feshbach (HF') theory of compound nu-
clear reactions is the main tool to calculate cross
sections at low energies for middle- and high- mass
nuclei. Despite the fact that the underlying physics
is simple and well understood, the accuracy of such
calculations does not reach the predictive power re-
quired for many astrophysical problems. Uncertain-
ties can reach the factor of two for nuclei close to the
stability line and even higher for radioactive nuclei.

The accuracy of HF theory is determined by the
accuracy of its input parameters, namely the optical
potential parameters, level densities and y—strength
functions. A very active program at the Edwards
Accelerator Laboratory of Ohio University is pur-
suing research to determine these input parame-
ters, using systematic studies of particle evaporation
spectra obtained from experiments with deuteron,
3He, and ®7Li projectiles. The objective is to es-
tablish reliable information on the behavior of the
HF input parameters for nuclei off stability and de-
formed nuclei. Another objective of the research
is an independent determination of the ~—strength
functions, which are studied in collaboration with
the Cyclotron Laboratory of Oslo University. One
important recent finding is that the y-strength func-
tion experiences a considerable enhancement in the
low energy region (E, < 3 MeV) for nuclei in the
mass range 50-60 and around 90. This is in con-
tradiction with current theoretical models and has
a very large impact on (n,) cross sections off the
stability line.

Although these parameters have been determined
experimentally for some stable nuclei, they are com-
pletely unknown for nuclei off of the line of stabil-
ity. This motivates studies with radioactive beams
from the next generation of nuclear physics facil-
ities (NSCL/FRIB/Atlas etc...). Development of
such an experimental program will also provide the
necessary experimental ground for refining nuclear
reaction codes such as EMPIRE and TALYS used
for the evaluations of nuclear reaction data for the



U.S. nuclear data program and for the prediction of
astrophysical cross sections.

Results from this program were published in
A. V. Voinov, S. M. Grimes, C. R. Brune, M. J.
Hornish, T. N. Massey, and A. Salas, Phys. Rev.
C76, 044602 (2007).
S. M. Grimes, Phys. Rev. C88, 024613 (2013).
A. Voinov, S. M. Grimes, C. R. Brune, M. Gut-
tormsen, A. C. Larsen, T. N. Massey, A. Schiller,
and S. Siem, Phys. Rev. C81, 024319 (2010).
A. Voinov, E. Algin, U. Agvaanluvsan, T.Belgya, R.
Chankova, M. Guttormsen, G. Mitchell, J.Rekstad,
A. Schiller, and S. Siem, Phys. Rev. Lett. 93,
142504 (2004).

A research program which is actively pursued at
the Nuclear Structure Laboratory of Notre Dame
concerns the effects and implications on cross sec-
tion calculations arising from HF input models. Re-
cent r-process simulations, performed using rates
obtained from the TALYS and NON-SMOKER
codes, have indicted that model dependent features,
such as those originating from nuclear input pa-
rameters in Hauser-Feshbach calculations, can prop-
agate through to abundance predictions. These
model differences stem from two primary sources,
including code-dependent numerical effects, and in-
put parameter implementation details. An active
effort at Notre Dame has been focused on examining
these two aspects. This has involved developing two
new HF codes, CIGAR (Capture Induced GAmma-
ray Reactions) and SAPPHIRE (Statistical Anal-
ysis for Particle and Photon capture and decay of
HIgh energy REsonances). The codes have been de-
veloped to contain an overlapping set of identically
implemented nuclear model input parameters, al-
lowing the effects of numerical approximations and
truncation on HF calculations to be directly inves-
tigated.

The investigation of cutting edge input models on
HF cross section calculations is also a very active
research area at the NSL. The objective is to re-
fine HF cross sections with the latest available data
and models in order to produce high quality cal-
culations for other applications. Current theoreti-
cal efforts are centered on three main aspects. The
first is the origin and modeling of the low energy ~-
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strength function enhancement, indicated by shell-
model calculations to be M1 in nature, which has
been observed for some nuclei. An ongoing effort
is focused on including a new M1 y-strength func-
tion model into HF calculations. The second aspect
is investigating the effects of a new, state-of-the-art
spin and parity-dependent shell-model level-density
treatment for HF calculations. The third area of re-
search being actively pursued at the NSL is the in-
clusion and investigation of a new global a-particle
optical-model potential on HF calculations.
Results from the HF research program have been
published in M. Beard, E. Uberseder, R. Crowter
and M. Wiescher, Phys. Rev. C 90, 034619 (2014).

3.10 Nuclear Equation of State

Studies of the Nuclear Compressibility
through Measurement of the Breathing
Mode State : At Texas A&M University

The compressibility of nuclear matter (Kny)
and the asymmetry behavior (Kgyy) is studied
through measurements of the breathing mode, Gi-
ant Monopole Resonance (GMR) state. In the last
five years, an experimental program at the Texas
A&M cyclotron laboratory has shown (1) that the
results for Mg and 28Si agree with a Kyy from
heavier nuclei (Kxy =~ 230 MeV) but (2) the po-
sition of the breathing mode state in some nuclei
(particularly in %2Zr and Mo but also in Ca and
Ni isotopes) is NOT explained by mean field calcu-
lations (Figure 10), suggesting a significant nuclear
structure effect. This effect might alter the presently
accepted Ky extracted from breathing mode ener-
gies using mean field calculations. Understanding
the nuclear structure effects will provide a better
basis for KNM and KSYM‘

With the ongoing progress of the T-Rex labora-
tory upgrade for re-accelerated exotic ion beams,
similar experiments will be performed on exotic nu-
clei at Texas A&M, with the goal to study the sys-
tematic dependence on the neutron-proton asymme-
try. The experiments will be performed with new
light-particle detectors covering the full solid angle
in coincidence with the residual heavy nucleus, to be
measured in the Multipole-Dipole-Multipole Spec-
trometer.
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Figure 10: Squares: HFB-QRPA: Sly4 with pair-
ing, Kny=252 MeV, K,.=-500 MeV, P. Vesely et al.
PRC 86, 024303(2012). Circles: K4 from TAMU
GMR data. Colors correspond to particular isotopes
as shown, while for the color brown no correspond-
ing calculations are given.

First Observation of the Asymmetry De-
pendence of the Caloric Curve :
At Texas A&M University
The nuclear equation of state (EOS) is of funda-
mental importance in describing properties of nu-
cleonic systems, and as such is a recurring theme
in the Long Range Plan (LRP). The EOS, which
describes the relationship between the thermody-
namic parameters and the bulk nuclear properties,
is relevant in heavy ion collisions and environments
of nucleosynthesis. The nuclear EOS is well char-
acterized near beta-stability, so the neutron-proton
asymmetry is increasingly studied in relation to the
EOS. The lack of understanding in how the asym-
metry impacts the caloric curve represented an op-
portunity to make a leap forward in understanding
the nuclear equation of state.

We have studied the decay of isotopically recon-
structed quasi-projectiles (QPs) produced in heavy
ion collisions at 35 MeV/u. The excitation energy
is determined from charged particle kinetic energies,
neutron multiplicities, and the Q-value of the QP
breakup. The neutron-proton asymmetry of the QP
is calculated directly from the charged particles and
neutrons attributed to the decay of the QP. The
temperature of the QP is calculated using several
charged particles as probes and multiple methods
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of temperature determination.

Figure 11 shows the ~1 MeV decrease in tempera-
ture with increasing asymmetry. For all probes, the
temperature rises with increasing excitation energy
as expected and decreases significantly with increas-
ing asymmetry. The strength of this measurement
lies in the knowledge of the composition of the ex-
cited system (via isotopic reconstruction of the QP),
which allows this measurement to succeed where
others had failed. In this way, we have measured
for the first time a clear asymmetry dependence of
the nuclear caloric curve, which represents a leap
forward toward understanding the nuclear equation
of state.

Confirmation of this seminal observation ought to
probe the caloric curve in an independent manner,
avoiding the necessity of a free neutron measure-
ment. For these measurements, the system com-
position must be fully constrained by the entrance
channel and the reaction mechanism. By measur-
ing the evaporation residue and evaporated particles
without reliance on free neutrons, the temperature
may be extracted with minimal systematic uncer-
tainty. Moreover, the density and pressure will be
extracted to gain a larger perspective of the asym-
metry dependence of the relations between the ther-
modynamic parameters.

The recently commissioned QTS Spectrometer
at the Texas A&M University Cyclotron Institute
is ideally suited to measuring the heavy residues
with good efficiency and resolution. The focusing
spectrometer may be used in conjunction with the
charged-particle detector FAUST to measure the
evaporated particles with good energy resolution
and position resolution. Such a detector suite is
well poised to take advantage of heavy rare-isotope
beams when they become available.

Effects of Clusterization on the Low-
Density Equation-of-State :

At Texas A&M University

Conventional theoretical calculations of nuclear
matter properties based on mean-field approaches
fail to give the correct low-temperature, low-density
limit, which is governed by correlations, in partic-
ular by the appearance of bound states. New data
from heavy-ion collisions have been used to probe
clusterization at temperatures and densities compa-
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Figure 11: Caloric curves for isotopically recon-

structed sources extracted with the momentum
quadrupole fluctuation method using protons as the
probe particle. Each curve corresponds to a narrow
range in source asymmetry (ms).

rable to those expected for the neutrinosphere in a
supernova explosion. These data are being used to
test astrophysical equations of state at low density.
From the data, in-medium cluster binding energies
for d, t, 3He, and a-clusters, produced in low density
nuclear matter and the free symmetry energy and
the internal symmetry energy at sub-saturation den-
sities and temperatures are extracted. The symme-
try energy of nuclear matter is a fundamental ingre-
dient in the investigation of exotic nuclei, heavy-ion
collisions, and astrophysical phenomena. A recently
developed quantum statistical (QS) approach that
takes the formation of clusters into account predicts
symmetry energies that are in very good agreement
with the experimental data. Proper treatment of in-
medium effects in astrophysical equations of state
should improve the utility of those for modeling as-
trophysically interesting events.

K. Hagel, J.B. Natowitz and G. Roepke, The
equation of state and symmetry energy of low-
density nuclear matter European Physical Journal
A 50 39-1 - 39-16 (2014) and references therein.

3.11 Prospects for Discovering New
Super-Heavy Elements

At Texas A&M University
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In the last 15 years, several super-heavy elements
have been discovered using a single, exceptional pro-
jectile: ¥Ca. These discoveries used nuclear re-
actions where two nuclei fuse together to form a
“compound nucleus” containing all of the protons
and neutrons originally in the two reacting nuclei.
48(Ca has an unusually high neutron-to-proton ratio,
and this impacts its ability to form super-heavy el-
ements. Unfortunately, all possible reactions which
could potentially produce new elements using *8Ca
have already been studied, so a new projectile will
be needed. Experiments at Texas A&M University
have been evaluating whether *°Sc and °Ti could
be used as projectiles to produce new super-heavy
elements. The data suggest that these projectiles
create compound nuclei which are more likely to
fission (to split back into two nuclei) rather than
stay fused. As a result, forming new super-heavy
elements will likely be extremely difficult, possibly
requiring upgrades to existing facilities.

D. A. Mayorov, T. A. Werke, M. C. Alfonso,
M. E. Bennett, and C. M. Folden, III Production
cross sections of elements near the N=126 shell in
Ca48-induced reactions with Gd154,Tb159,Dy162,
and Ho165 targets Phys. Rev. C 90, 024602 (2014)

3.12 Surrogate Reactions for n-

Induced Fission

Texas A&M University, with a group from the Uni-
versity of Richmond

The Richmond group carries out an active program
on surrogate reactions for neutron-induced fission
and inelastic neutron scattering on actinide targets,
performed with the STARLITER array at Texas
A&M University. The surrogate reaction program
aims to test the efficacy of the surrogate reaction
technique to extract (n,f) and (n,xn7y) cross sec-
tions for unstable nuclei. Direct measurements of
such cross sections are difficult or impossible for
short-lived species. The surrogate reaction produces
the same compound system as the direct neutron-
induced reaction but exploiting a stable beam and
target combination. A measurement of the de-
cay probabilities and a calculation of the forma-
tion probability yields the cross section of interest,
assuming the system is equilibrated and that the



spin/parity /excitation energy distributions are sim-
ilar.

The primary apparatus for these investigations
at Texas A&M University is the STARLITER ar-
ray. STARLITER, developed and commissioned by
a group at LLNL, consists of a highly segmented Si
detector array (STARs, the Silicon Telescope Array
for Reaction studies) to detect light charged-particle
and fission fragments coupled to the 5-6 Compton-
suppressed Ge detectors of the LITER (LIvermore
TExas Richmond) array. Typical detection efficien-
cies are 20% for light charged particles, 30% for
fission fragments and 5% (200 keV) and 1.5% (1.3
MeV) for v rays.

The results for (n,f) cross sections show remark-

able agreement with the evaluated databases: agree-
ment is typically within 5-10% of the accepted val-
ues for multiple different reactions and nuclei. The
latest results, 22Pu,?3” Pu and 23®*Pu(n, f) measure-
ments based on a recent experiment at the Texas
A&M Cyclotron Laboratory, have been published.
The results for 2723¥Pu(n, f) show good agreement
with the database values. However, the surrogate
cross section for 23¢Pu(n, f) deviates significantly, in
both magnitude and trend, from the ENDF values.
It is of note that in this case there are essentially no
data to guide the database (model) values.
R.O. Hughes, C.W. Beausang, T.J. Ross,
J.T. Burke, R.J. Casperson, N. Cooper, J.E. Es-
cher, K. Gell, E. Good, P. Humby, M. McCleskey,
A. Saastimoinen, T.D. Tarlow, and I.J. Thompson,
Pu®S(n,f), Pu®"(n,f), and Pu**®(n,f) cross sec-
tions deduced from (p,t), (p,d), and (p,p) surrogate
reactions, Phys. Rev. C 90, 014304 (2014).

4 The Scientific Impact of
ARUNA:
Fundamental Symmetry
Studies

Many groups working on studies of fundamental in-
teractions or searches for physics beyond the Stan-
dard Model have found the ideal environment, com-
plementary to that of the national laboratories
and large nuclear physics facilities, at some of the

22

ARUNA labs. These experiments usually need ex-
tended experimental studies to understand and min-
imize systematic un